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Abstract

The scaling of CMOS technologies has increased the performance of general
purpose processors and DSPs while analog circuits designed in the same
process have not been able to utilize the process scaling to the same extent,
suffering from reduced voltage headroom and reduced analog gain. In order to
design efficient analog‐to‐digital converters in nanoscale CMOS there is a need
to both understand the physical limitations as well as to develop new
architectures and circuits that take full advantage of what the process has to
offer.
This thesis explores the power dissipation of Nyquist rate analog‐to‐digital
converters and their lower bounds, set by both the thermal noise limit and the
minimum device and feature sizes offered by the process. The use of digital
error correction, which allows for low‐accuracy analog components leads to a
power dissipation reduction. Developing the bounds for power dissipation
based on this concept, it is seen that the power of low‐to‐medium resolution
converters is reduced when going to more modern CMOS processes, something
which is supported by published results.
The design of comparators is studied in detail and a new topology is
proposed which reduces the kickback by 6x compared to conventional
topologies. This comparator is used in two flash ADCs, the first employing
redundancy in the comparator array, allowing for the use of small sized, low‐
power, low‐accuracy comparators to achieve an overall low‐power solution.
The flash ADC achieves 4 effective bits at 2.5 GS/s while dissipating 30 mW of
power.
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The concept of low‐accuracy components is taken to its edge in the second
ADC which does not include a reference network, instead relying on the
process variations to generate the reference levels based on the mismatch
induced comparator offsets. The reference‐free ADC achieves a resolution of
3.69 bits at 1.5 GS/s while dissipation 23 mW showing that process variations
not necessarily must be seen as detrimental to circuit performance but rather
can be seen as a source of diversity.
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Automatic gain control
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Integral non‐linearity
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Least significant bit
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Phase‐locked loop
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Part I
Design of High Speed ADCs
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Chapter 1
Introduction

1.1 Introduction to Analog‐to‐Digital Converters
An analog‐to‐digital converter (ADC) acts as a bridge between the analog and
digital worlds. It is a necessary component whenever data from the analog
domain, through sensors or transducers, should be digitally processed or when
transmitting data between chips through either long‐range wireless radio links
or high‐speed transmission between chips on the same printed circuit board
(PCB).

1.2 Brief History and Trends
The first documented example of an ADC was a 5‐bit, electro‐optical and
mechanical flash‐type converter patented by Paul Rainey in 1921, used to
transmit facsimile over telegraph lines with 5‐bit pulse‐coded modulation
(PCM) [1].
The first all‐electrical implementation came in 1937 by Alec Harvey Reeves,
this also had a 5‐bit resolution and the ADC was implemented by converting
3
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the input signal to a train of pulses which was counted to generate the binary
output at a sample rate of 6 kS/s [1].
Following this, the successive approximation ADC was developed in 1948 by
Black, Edson and Goodall to digitize voice to 5‐bits at 8 kS/s [1]. Also in 1948, a
96 kS/s, 7‐bit ADC was developed and it was implemented using an electron
beam with a sensor placed on the other side of a mask. The mask had holes
patterned according to the binary weights so that all bits were simultaneously
detected, the pattern also employed Gray coding of the output in order to
reduce the effect of errors in the most significant bit (MSB) transition [1], much
as is done in modern high‐speed flash ADCs [2].
Following the development of the transistor in 1947 and the integrated
circuit in 1958, the ADC development continued in the 1960’s with for example
an 8‐bit, 10 MS/s converter that was used in missile‐defense programs in the
United States [1]. During the same decade, all the currently used high‐speed
architectures were developed including pipeline ADCs with error‐correction.
In the recent years there has been a trend in ADC research to use low‐
accuracy analog components which are compensated for through the use of
digital error correction [3]. The motivation behind this is that analog design
have not been able to benefit from process scaling in the same way as digital
logic and therefore the relatively area‐cheap digital logic is used to compensate
for the shortcomings of expensive analog circuits.

1.3 Applications
There are many applications for analog‐to‐digital converters, ranging from
sensors, audio and data acquisition systems to video, radar and
communications interfaces. The applications which require the highest sample‐
rates in the ADC are typically found in the video, radar and communication
areas. Two examples taken from the communication domain are given here.

1.3.1 Ultra‐Wideband Radio
Ultra‐wideband (UWB) targets high data rates for personal wireless
connectivity within 10 meters of range. The definition states that any signal
which occupies more than 500 MHz of bandwidth within the 3.1‐10.6 GHz band
and follows the spectral mask as given in [5] is UWB. No IEEE standard for UWB
communication exists and the 802.16.3a task group assigned to develop such a
standard was dissolved in 2006 [6]. However, the development and research
supporting this technology has proceeded.

1.4 Motivation and Scope of the Thesis
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A system implementation of a receiver containing a minimum of analog
components is given in [4] and shown in Figure 1.1. The design challenges are
the wideband LNA and AGC, a fast switching reference phase‐locked loop (PLL)
to facilitate the frequency hopping and a high bandwidth, high sample‐rate
low‐to‐medium resolution ADC.
LNA

AGC

ADC
DAC

DSP

Data out

Figure 1.1 ‐ An all‐digital UWB receiver.
The actual resolution requirement of the ADC was analyzed in [4] with the
conclusion that a 4‐bit resolution is enough for UWB applications. Given that
the AGC conditions the input signal in an optimal way, an effective resolution
of 3‐bit is enough according to [7].
Given the high sampling rates and low resolution requirements of the ADCs,
the flash architecture is the most commonly used in these systems. The design
of such ADCs is explored in Chapter 3 as well as the research papers presented
in this thesis.

1.3.2 Serial‐Link Applications
In current 10 Gb/s Ethernet links, multimode fibers (MMF) are used for the
optical transmission over distances less than 1 km [10]. The multimode
propagation of these fibers causes signal dispersion similar to those resulting
from multi‐path fading in wireless links. This requires electronic dispersion
compensation (EDC) implemented in the transceivers. The receiver
implementation is moving towards maximum‐likelihood sequence detectors
(MLSD) which requires medium resolution, high speed ADCs in order to be
feasible [8], [9], [10].
Moving towards even high data rates with the coming 40 Gb and 100 Gb
Ethernet standards there is a need for ADC sample rates of 56 GS/s [11] forcing
the use of interleaving architectures in order to implement these in the
standard complementary metal‐oxide‐semiconductor (CMOS) processes.

1.4 Motivation and Scope of the Thesis
When pushing for increasing data rates and longer battery life time there is a
corresponding increase in the demands of bandwidth and power dissipation in
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the receivers for wireless and wireline applications. The advance in CMOS
technologies has increased the performance of general purpose processors and
DSPs while analog circuits designed in the same process have not been able to
utilize the process scaling to the same extent. In order to design efficient
analog‐to‐digital converters in nanoscale CMOS there is a need to both
understand the physical limitations as well as to develop new architectures and
circuits that take full advantage of what the process has to offer.
In Paper I, the power dissipation of Nyquist rate analog‐to‐digital converters
is explored and the lower bounds, as set by the thermal noise limits, are
investigated. The paper explores the use of digital error correction in order to
use low‐accuracy components with the precision requirements set by the noise
level and resolution. Also, the bound on capacitance values when determined
by mismatch is explored and overall it is seen that there is a gain in reduced
power dissipation when going to more modern CMOS processes, especially for
the low resolution regions.
The design of comparators is studied in Paper II, which proposes a new
comparator topology which reduces the kickback by 6x compared to
conventional topologies.
This comparator was then used in Paper III which presents a flash ADC with 4
effective number of bits at 2.5 GS/s and which dissipates 30 mW. This is
achieved through the use of low‐accuracy components, utilizing redundancy to
meet the desired resolution. The comparators are designed with small device
sizes in order to get low power dissipation at the cost of lower accuracy. The
reference levels are then stochastically distributed from their nominal levels as
determined by the reference network. In order to save power, comparators
which does not contribute to an increase in resolution are disabled in order to
achieve a good trade‐off between power and resolution.
Finally, the concept of low‐accuracy components is taken one step further in
Paper IV which presents a flash ADC which has removed the reference network
altogether and uses the stochastically distributed nature of the comparator
levels as a source of references. This ADC achieved a resolution of 3.69 bits at
1.5 GS/s while dissipating 23 mW showing that the process variations not
necessarily must been seen as detrimental to circuit performance but can also
be viewed of as a source of diversity.

1.5 Organization of the Thesis
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1.5 Organization of the Thesis
This thesis is organized into two parts:
• Part I – Design of High Speed ADCs
• Part II – Papers
In the first chapter of Part I, an introduction to analog‐to‐digital converters is
given. Chapter 2 presents the basic concepts of analog‐to‐digital conversion,
highlights difficulties and also describes how the converters can be
characterized. In Chapter 3, common architectures used to implement high‐
speed ADCs are described. Chapter 4 discusses the CMOS process and the
limitations associated with implementing ADCs in these processes. Chapter 5
investigates the challenges and design considerations associated with designing
high‐speed ADCs, such as lower bounds on power dissipation, which is further
discussed in Paper I. Chapter 5 also explores the design of one of the
fundamental ADC building blocks, the comparator. Several different
comparator topologies are presented together with the topology suggested in
Paper II. The design of ADCs typically involves trade‐offs between certain
performance parameters, such trade‐offs are also discussed together with the
results of Paper III and Paper IV which proposes techniques to circumvent some
of these trade‐offs.
Concluding the thesis is Part II which contains the full versions of the
research papers.
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Chapter 2
Analog‐to‐Digital Conversion Basics

2.1 The Analog‐to‐Digital Converter
The conversion of an analog signal to digital quantizes the input in both time
and amplitude [1]. Quantization in time (referred to as sampling) is performed
either by an explicit track‐and‐hold circuit, as is done in most ADC
architectures, or distributed across several comparators as is done in flash
ADCs. The amplitude quantization (referred to just as quantization)
approximates the input signal given a set of fixed reference levels. The number
of possible quantization levels determine the resolution of the ADC, which is
typically described with the number of binary bits, n, needed to represent the
quantization level.

2.2 Quantization Error
The sampling of an input signal with bandwidth fb with a sample rate of fs of
twice the signal bandwidth is referred to as Nyquist sampling and given fixed
and equidistant sampling instances this process does not introduce any error as
the signal can be ideally reconstructed [2].
9
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In contrast to sampling, the quantization introduces errors which cannot be
removed [2]. This is illustrated for a 3‐bit ideal ADC in Figure 2.1 showing how a
normalized input between 0 and 1 is mapped to the corresponding output
codes using the mid‐riser convention given in [3], where the first transition
occurs qs above Vmin. Here, qs correspond to the quantization step size, defined
as in (2.1), and Vmin is the lower end of the input range.

qs =

VF S
2n

(2.1)

Where VFS is the full‐scale input range and is defined as:

VF S = Vmax − Vmin

(2.2)

If the analog input signal is approximated with a corresponding analog output,
Vout as in (2.3) where Dout is the decimal value of the output code then the
quantization error, ε, is described by (2.4).

111

Output Code

110
101
100
011
010
Input signal
001
Quanzed output
000
1
8

2
8

3 4 5
8 8 8
Input Level

Figure 2.1 – Quantization of the input signal.
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Vout = qs

1
+ Dout
2


(2.3)

 = Vout − Vin

(2.4)

Quanzaon Error

Ideally, the quantization error is then bound between –qs/2 and qs/2 and varies
with the input signal as shown in Figure 2.2.

qs/2
0
-qs/2
Input Level
1
8

2
8

3
8

4
8

5
8

6
8

7
8

Figure 2.2 – Quantization error as a function of input level.
For converters with very low resolution there is a strong relationship
between the quantization error and the input signal. However, when the
resolution increases the quantization error becomes less correlated to the
input and can be approximated as noise. The distribution of the quantization
noise can be approximated as uniform white noise [4], given that the resolution
of the ADC is above approximately 4 bits [1]. With this approximation, the
quantization noise power can be calculated as in (2.5).

2

=
=
=


1 −qs /2 2
 d
qs −qs /2
 −qs /2
1 3
qs 3 −qs /2
qs2
12

(2.5)

A sinusoidal input signal with an amplitude of VFS/2 then results in an output
signal‐to‐noise‐ratio (SNR) as expressed by (2.6). Expressing this result in
decibels then results in the famous formula of (2.7).

12
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SN R =

Psig
Pnoise

=

VF2S
8
qs2
12

=

VF2S
8
VF2S
22n · 12

=

3 · 22n
2

SN R = 6.02n + 1.76 [dB]

(2.6)

(2.7)

2.3 Static Errors
Besides the quantization noise, another error source in non‐ideal ADC is the
deviation between the ideal quantization levels and the actual quantization
levels in the ADC. This result in both linear and non‐linear deviation of the
transfer function between the analog input and the digital output compared to
that of an ideal ADC. Following [3], the linear error can be quantified with
offset and gain error, defined as the values which the input should be
multiplied with, and added to in order to minimize the mean square error
between from the output values. The linear error sources could be important,
depending on the application [2], but are often not reported.
The non‐linear errors are quantified using differential non‐linearity (DNL) and
integral non‐linearity (INL). In the IEEE standard for measurements of ADCs [3],
they are defined as:
• DNL[k] – The difference between the code bin width of code k and the
average code bin width, divided by the average code bin width after
correcting for gain and offset.
• DNL – The maximum absolute value of DNL for all k.

2.4 Dynamic Errors
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• INL[k] – The difference between the ideal and actual code transition
level k after correcting for gain and offset.
• INL – The maximum absolute value of INL for all k.
The non‐linear error sources are shown for a 4‐bit ADC in Figure 2.3.

Digital Output

DNL[10] + 1 LSB

INL[12]
Ideal Transfer funcon
INL[8]

Transfer funcon

Input Level

Figure 2.3 – Non‐linear static errors in ADCs.

2.4 Dynamic Errors
In order to completely quantify ADC performance, also sampling and input
frequency dependant error sources should be characterized. The terms used to
describe the dynamic performance are, as defined in [1]:
• SNR – The ratio of the signal power to the total noise power at the
output, measured typically for a sinusoidal input.
• Signal‐to‐noise‐and‐distortion (SNDR, also SINAD) – The ratio of the
signal power to the total noise and harmonic power at the output,
when the input is a sinusoid.
• Effective number of bits (ENOB) – Defined as in (2.8), where SNDR is
the maximum SNDR for the converter, measured in decibel.

14
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EN OB =

SN DR − 1.76
6.02

(2.8)

• Dynamic Range (DR) – The ratio of the power of a full‐scale input
sinusoidal to the power of a sinusoidal input for which SNR = 0 dB.
There is a wide variety of sources responsible for causing degradation of the
dynamic performance. Architecture independent examples are finite circuit
bandwidth and clock jitter in sampling circuits, some examples related to
specific architectures will be discussed in Chapter 3 and dynamic errors related
to the comparator functionality can be found in Chapter 5.

2.5 References
[1]. B. Razavi, Principles of Data Conversion System Design, IEEE Press, 1995.
[2]. R.J. van de Plassche, CMOS Integrated Analog‐to‐Digital and Digital‐to‐
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Converters, IEEE Standard 1241‐2000, 2000.
[4]. P.R. Perez‐Alcazar, A. Santos, “Relationship between sampling rate and
quantization noise, “ in 14th International Conference on Digital Signal
Processing, pp. 807 – 810, July 2002.

Chapter 3
High‐Speed ADC Architectures

There is a wide variety of different ADC architectures available depending on
the requirements of the application. They can range from high‐speed, low
resolution flash converters to the high‐resolution, low‐speed oversampled
noise‐shaping sigma‐delta converters. This thesis deals mainly with the design
high‐speed Nyquist rate converters. The architectures which are considered
high‐speed in this context are:
• Flash ADCs – The most parallel converter architecture. The entire
conversion is complete within one clock cycle.
• Folding and Interpolating ADCs – These are closely related to flash
ADCs but using a multi‐step implementation. The conversion is often
finished within one clock cycle.
• Successive approximation and algorithmic ADCs – These architectures
typically generate one bit per clock cycle, the benefits are the low area
needed for the implementation.
• Pipeline ADCs – Several algorithmic stages are pipelined to form the
pipeline ADC architecture. The latency is the same as for the
algorithmic architecture but the throughput is increased at the cost of
additional area.
15
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Figure 3.1 – Performance regions of different high‐speed ADC architectures.
An overview of the performance regions for the different architectures is
shown in Figure 3.1

3.1 Flash ADCs
The flash ADC architecture offers the highest potential sample rate of all the
different architectures with the principle being shown in Figure 3.2. The correct
quantization level is decided through the parallel comparison of the input
signal to all 2n‐1 reference levels. The reference levels are typically generated
through a resistor ladder where 2n equally sized resistor are used to generate
the reference voltages. Each comparator will then decide whether the input
signal is larger than this reference level, generating a ‘1’ on the output if this is
case and a ‘0’ otherwise. The output from the comparator array will then be
thermometer coded, named from the analogy with the mercury level in a
classical thermometer. In the thermometer code, the transition from ‘1’s to ‘0’s
is indicating the best approximation of the input signal. A decoder is then used
in order to convert the thermometer code to an n‐bit digital output word.
The flash ADC is most suitable for low resolutions as the hardware needed
doubles for a resolution increase of 1 bit, whereas the power dissipation

3.1 Flash ADCs
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Vin

Decoder

Vref+

Digital output
n-bits

VrefFigure 3.2 ‐ Flash ADC architecture.
increases by more than a factor of two, something which is further explored in
Chapter 5.
The flash architecture often results in a high input capacitance, in
comparison with other architectures, due to the high parallelism.

3.1.1 Inherent Sample and Hold
Because the correct quantization level is decided within one clock cycle there
is no requirement to precede the comparator array with a sample‐and‐hold
circuit as sampling is inherently performed by the comparators.
The absence of a sample‐and‐hold increases the circuit requirements and
introduces several error sources. For example, timing skew between the
comparators would result in signal dependant distortion as the comparators
would sample different time instances of the input signal. This can be solved by
careful layout and delay matching of the signal and clock paths.
The finite rise time of the clock signal to the comparators gives rise to an
input‐slew dependant sampling instant [3]. This effect can be reduced by
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increasing the rise time of the clock signal, resulting in a power dissipation
increase in the clock driver.
All these error sources results in signal (and clock) frequency dependant
harmonic distortion, reducing the signal to noise and distortion ratio. The
power saved by not including an explicit sample‐and‐hold must then be
weighed against the respective costs mentioned above.

3.1.2 Flash Decoders
The choice of decoder topology has an effect on the ADC latency and
robustness to comparator offset and noise. The most straightforward
implementation of a decoder consists of first detecting the ‘1’‐to‐‘0’ transition
in the thermometer code, this transition point is then used to address a line in
a ROM which contains the corresponding binary coded output word. The
problem with this solution is that imperfections in the thermometer code, so
called bubble‐errors, would result in several lines in the ROM being addressed
at the same time thereby introducing significant errors, especially for input
signals in proximity to the major code transition. One way to correct for the
above error is to use bubble‐suppressing logic which cancels the effect of
bubbles when appearing near the ‘1’‐to‐‘0’ transition. However, the
appearance of bubbles further away from the correct transition point requires
more complex circuits to be corrected [4]. In order to reduce the effect of these
bubble errors the contents of the ROM can be grey coded. In this way, when
two nearby ROM lines are simultaneously addressed the error would then be
minimal.
Another decoder topology which is able to optimally correct for bubble‐
errors is the Wallace tree decoder [5]. By summing all the comparator output
values the bubbles are suppressed and the binary output is generated at the
cost of extra hardware.
For all the decoder topologies the digital hardware implementation can be
pipelined in order to increase the digital throughput at the cost of extra latency
and power dissipation.

3.1.3 Flash ADC Performance
Flash ADCs mainly target the high sampling rate applications that could be
hard or impossible to reach with other architectures. Table 3‐1 summarizes the
performance of flash ADCs showing the high sampling rate achieved in both
CMOS and BiCMOS processes. Based upon published results, the resolution of
flash ADCs are typically limited to 5 bits but also higher resolutions have been

3.2 Interpolating and Folding ADCs
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Table 3‐1 ‐ Performance summary of flash ADCs.
Author
Year

Effective
Number
of Bits
(ENOB)

Sampling
Frequency
(fs)

Effective
Resolution
Bandwidth
(ERBW)

Process

Power
Dissipation
(P)

[6]
2009

3.7

35 GS/s

8 GHz

0.18 µm
SiGe BiCMOS

4.5 W

[8]
2008

7.0

1.25 GS/s

1.3 GHz

90 nm
CMOS

207 mW

[9]
2004

6.0

4 GS/s

1 GHz

0.13 µm
CMOS

990 mW

[10]
2008

5.3

5 GS/s

2.5 GHz

65 nm
CMOS

320 mW

[11]
2006

3.7

1.25 GS/s

3.3 GHz

90 nm
CMOS

2.5 mW

Paper III

4.0

2.5 GS/s

300 MHz

90 nm
CMOS

30 mW

Paper IV

3.69

1.5 GS/s

600 MHz

90 nm
CMOS

23 mW

achieved for full flash architectures as is seen in the same table. This table also
shows the results achieved for the flash ADCs of Paper III and Paper IV

3.2 Interpolating and Folding ADCs
Interpolation and folding are two techniques which are often used together
to increase the linearity and reduce the hardware of flash ADCs. The goal is to
design fast converters with higher resolution than full flash ADCs, without the
expensive power‐resolution trade‐off that comes with the flash architecture.
Interpolation is used to reduce the number of required comparator pre‐
amplifiers. This is done by interpolating the output of the pre‐amplifiers in
order to generate additional zero‐crossing points which can be detected by the
comparators as shown in Figure 3.3. This is valid as long as the both the
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Figure 3.3 – The principle of interpolation in ADCs.
adjacent pre‐amplifiers are still operating in their linear region [2]. Depending
on the output impedance of the pre‐amplifiers, there is also a certain amount
of averaging between all the pre‐amplifiers. This has the benefits of
suppressing the pre‐amplifier offsets while it also generates significant
distortion near the edges of the input region reducing the useful input range to
about 70% [1][2]. In order to compensate for this, additional pre‐amplifiers
needs to be added to restore the input range. Also different values for the
interpolation resistances can be used, but this makes the ADC more susceptible

Vout

n+m bits

Fine
ADC
Coarse
ADC

Vin

Folding
Circuit

m bits

n bits

Figure 3.4 – The folding ADC architecture and functionality.
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to process variations because matching is best for resistors of equal physical
dimensions.
Folding is another technique to reduce the hardware needed to achieve a
certain resolution at the cost of increased conversion time. The concept is
shown in Figure 3.4, in order to achieve a resolution of n+m bits the work is
divided into two parts. A course quantizer decides the most significant n bits. In
parallel with this, a folding circuit folds the input range according to the Figure
3.4, shown for n = 2. The fine quantizer, which has fixed reference levels,
decide the least significant m bits. In Figure 3.4 the ideal folding function is
indicated by the dashed line, the real implementations of the folding circuits
will result in smoothing of the folding signal near the edges indicated by the
solid line. This smoothing will decrease the linearity and limits the achievable
resolution.
The folding and interpolating ADC finish the conversion within one clock
cycle, therefore there is, as was the case for flash ADCs, no need to include a
front‐end sample‐and‐hold. Another potential bandwidth limitation, besides
those seen in full flash ADCs, is that the signal delay through the folding circuit
must be handled by the ADC in order to prevent the coarse and fine ADCs to
process different sets of data.

3.2.1 Folding ADC Performance
Table 3‐2 summarizes the performance of different folding and interpolating
ADCs for both CMOS and alternative processes. This again shows a wide spread
in the performance with both high‐speed and high‐resolution ADCs using this
architecture. The table also highlights the performance differences between
CMOS, GaAs and the high performance InP technology which has been used
lately. Most notable is the difference in conversion rate and power dissipation.
Compared to the full flash architectures at the same conversion rate, the
folding architecture is more efficient but cannot reach the highest conversion
rates of the flash ADCs.

3.3 Successive Approximation and Algorithmic ADCs
Where the flash ADC corresponds to the maximally parallel implementation
the successive approximation register (SAR) is the sequential equivalent. The
SAR functionality can best be described as the implementation of a binary
search algorithm as shown in Figure 3.5. First, the input signal is sampled at a
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Table 3‐2 ‐ Performance summary of Folding and Interpolating ADCs.
Author
Year

Effective
Number
of Bits
(ENOB)

Sampling
Frequency
(fs)

Effective
Resolution
Bandwidth
(ERBW)

Process

Power
Dissipation
(P)

[7]
1994

5.6

4 GS/s

1.8 GHz

GaAs/AlGaAs
HBT

5.7 W

[12]
2008

6.0

5 GS/s

7.5 GHz

InP HBT

8.4 W

[13]
2008

5.7

1 GS/s

200 MHz

0.18 µm
CMOS

60 mW

[14]
2009

9.2

1 GS/s

1 GHz

0.18 µm
CMOS

1.2 W

[15]
2009

4.7

1.75 GS/s

878 MHz

90 nm
CMOS

2.2 mW

[16]
2009

5.8

2.7 GS/s

1.35 GHz

90 nm
CMOS

50 mW

Vin

S&H

frequency of fs, the digital outputs are then sequentially determined starting
with the MSB by first comparing the input signal to the reference level at VFS/2.
Depending on the comparator decision, a new reference level is generated and
successively the input level is approximated by the SAR ADC. The internal logic

fs

fclk

SAR
n bit Digital Output
DAC

Figure 3.5 – Successive approximation architecture.
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and comparator is clocked with a frequency of nfs, which will limit the sample
rate of the SAR in comparison the flash architecture.
Because the difference between input signal and reference successively gets
smaller, circuit noise will limit the achievable resolution. A faulty comparator
decision means that further iterations will not provide additional information
of the input signal.
Where the SAR ADC successively alter the reference level to match the input
signal the algorithmic ADC uses a fixed reference level and re‐samples a residue
value. The first cycle, an input signal Vin is compared against the reference level
of VFS/2. Depending on the decision of the comparator, x0, the input value of
the next clock cycle will be 2Vin‐x0∙VFS. Multiplication by two is often
implemented using operational amplifiers employed in switched‐capacitor
feedback configuration where the gain of the op‐amp and matching of the
capacitors determine the accuracy of the multiplication.
In contrast to the SAR, the average value of the difference between the input
signal and reference remains constant making the algorithmic ADC less
susceptible to comparator noise. However, a faulty decision will overdrive the
input range to the following iterations, again with irreversible effect. The
additional noise generated by the multiplication circuit, as well as the
multiplication accuracy will limit the achievable resolution.
Aside from the reduced hardware, the input capacitance of SAR ADCs are
often low, typically constraint by noise. This makes the SAR ADC a very
attractive candidate for use in the interleaved ADCs described in Chapter 3.5.

3.3.1 Redundancy or Reduced Radix
Because of the significant impact of a faulty comparator decision,
redundancy, or reduced radix, can be employed which allows for faulty
comparator decisions when the input signal is close to the reference level.
Redundancy in SAR ADCs can be implemented by increasing the sub‐ADC
resolution while still only increasing the reference resolution by one bit per
cycle or by reducing the radix when switching the references. In the algorithmic
ADCs, either the sub‐ADC resolution can be increased, maintaining a gain of
two, or the implemented gain can be reduced to allow an overlap of the
possible input regions for the next cycle. Because of this overlap, a faulty
comparator decision will not overdrive the input range to the succeeding stage
which would saturate the following stages. The redundancy can correct for

24

High‐Speed ADC Architectures

Table 3‐3 ‐ Performance summary of SAR ADCs.
Author
Year

Effective
Number
of Bits
(ENOB)

Sampling
Frequency
(fs)

Effective
Resolution
Bandwidth
(ERBW)

Process

Power
Dissipation
(P)

[17]
2008

8.6

40 MS/s

32 MHz

90 nm
CMOS

820 µW

[18]
2009

9.4

100 kS/s

50 kHz

0.18 µm
CMOS

3.8 µW

[19]
2009

10.2

11 MS/s

5.5 MHz

0.13 µm
CMOS

3.6 mW

comparator noise and offset, but the noise generated by the algorithmic
amplifier and stored on the sampling capacitor will be treated as part of the
input signal and therefore, cannot be corrected using this technique.
The redundancy requires additional hardware to generate the correct binary
output and also requires additional clock cycles to attain the same resolution.
However, the maximum achievable resolution is increased because the impact
of comparator noise and offset is reduced.

3.3.2 Performance of Successive Approximation ADCs
SAR ADCs are sometimes used for their low power dissipation, often with
lower requirements on the conversion rate. But as they are also used in the
interleaved ADCs some are also designed with lower resolution and higher
conversion rate. The performance of these high‐speed SAR ADCs will be
presented in the section of interleaved ADCs. Table 3‐3 summarizes the
performance of CMOS SAR ADCs showing the low power and high resolution
capacity of this architecture.

3.4 Pipeline ADCs
The pipeline ADC architecture combines the benefits of high throughput and
an input capacitance bound by noise constraints. This is at the cost of extra
hardware, power dissipation and the same high latency associated with the
SAR ADCs. The architecture is shown in Figure 3.6. Each stage samples the input

a1 bit
stage 1

a2 bit
stage 2

an bit
stage n

Vin
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S&H
stage

3.4 Pipeline ADCs

a1

a2

an

Time re-alignment and Digital Correcon
a1 + a2 + ... +an bits

Figure 3.6 – The architecture of a pipeline ADC.

a bit
DAC

Gain

a bit
ADC

Vin

S&H

signal and generates ak additional bits of information of the input. An output
residue is sent to the succeeding stages with the last stage typically
implemented as a flash ADC.
Each stage, known as a multiplying DAC (MDAC), is based on the same
principle as the algorithmic ADC and is shown in Figure 3.7. The input signal is
sampled and quantized by an a‐bit sub‐ADC, this is converted back to analog
and subtracted from the input signal, resulting in the sub‐ADC quantization
error. This is amplified to cover the full input range which has the advantage
that all pipeline stages can be designed identically, simplifying the
implementation.
As with SAR ADCs, redundancy can be utilized in order to remove the effect
of comparator offset and noise. A common scheme is to use 1.5 bit stages with

a bit Digital Output
Figure 3.7 – A pipeline MDAC.

Vresidue
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Table 3‐4 ‐ Performance summary of pipeline ADCs.
Author
Year

Effective
Number
of Bits
(ENOB)

Sampling
Frequency
(fs)

Effective
Resolution
Bandwidth
(ERBW)

Process

Power
Dissipation
(P)

[20]
2009

9.0

500 MS/s

233 MHz

90 nm
CMOS

55 mW

[21]
1999

7.5

500 MS/s

250 MHz

27 GHz fT
BiCMOS

950 mW

[22]
2007

5.3

800 MS/s

400 MHz

0.18 µm
CMOS

105 mW

[23]
2009

12.8

125 MS/s

150 MHz

0.18 µm
CMOS

385 mW

two comparators and a gain of two in the multiplier. With this, the architecture
is immune to comparator noise and offsets within a magnitude of VFS/8.

3.4.1 Pipeline ADC Performance
As with the other ADC architectures the spread of ADC performance is large
with both high‐speed pipeline ADCs approaching 1 GS/s and high resolution
ADCs with above 12 effective bits as is seen in Table 3‐4. Regarding the high
sample‐rate pipeline ADCs, most of these are utilized in interleaved ADCs and
their performance is summarized in that part of this chapter.

3.5 Interleaved ADCs
In order to achieve very high sampling rates, especially at medium
resolutions, then a single ADC is not sufficient and time‐interleaving of ADCs is
needed to increase the sample rate. For this each sub‐ADC samples the input in
a sequential manner. The concept of interleaving is shown in Figure 3.8 where
n parallel ADCs are used to increase the effective sample rate n times. In Figure
3.8, an input stage presented in [24] is also shown. The main sample‐and‐hold
samples the input signal at the frequency fs, this is later re‐sampled the by the
sub‐S&H at the frequency of fs/n but with a clock duty cycle of 1/n. The clock
signal to each sub‐S&H is phase shifted to uniformly sample the input signal.

ADC

S&H

φsampling

k bits Digital Output

k bits
Output Mulplexer

ADC

S&H
φchannel,2

k bits

Vin

Main
S&H

φchannel,1

k bits

ADC
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φchannel,n

Figure 3.8 – Interleaving of ADCs with the use of double sampling.
Using this input technique, the high bandwidth and sample rate requirements
are placed on the input stage alone, allowing the input stage of the sub‐ADCs
to be designed with a bandwidth set by the Nyquist rate of that individual ADC.
Any architecture of the sub‐ADCs is viable, but common choices are SAR and
pipeline ADCs due to their low input capacitance. This is beneficial because the
aggregate input capacitance has a direct impact on the power dissipation of the
input stage which needs to maintain the high bandwidth requirement.
When interleaving several ADCs the mismatch between the inter‐channel
gain and offset and also skew from the ideal samplings instants results in non‐
harmonic spurs. These error sources can be compensated for through various
techniques, for example the blind equalization technique in [25] or, as
considered part of the channel and compensated for using MIMO techniques
as in [26].

3.5.1 Performance of Interleaved ADCs
The applications for interleaved ADCs are for example in digital oscilloscopes
as in [27] or for multi‐Gb/s transceivers as in for example [28], [30] and [31].
Noteworthy is the performance of the individual pipeline sub‐ADCs in [28] and
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Table 3‐5 ‐ Performance summary interleaved ADCs.

Author
Year

Effective
Number
of Bits
(ENOB)

Sampling
Frequency
(fs)
/
Channel
Sampling
Frequency

Effective
Resolution
Bandwidth
(ERBW)

[27]
2003

6.5

20 GS/s
250 MS/s

[28]
2008

5.8

[29]
2005

Process

Channel
Architecture
/
Interleaving
Factor

Power
Dissipation
(P)

2 GHz

0.18 µm
CMOS

Pipeline
80

10 W

10.3 GS/s
1.3 GS/s

4 GHz

90 nm
CMOS

Pipeline
8

1.6 W

3.4

6 GS/s
600 MS/s

2.2 GHz

0.18 µm
CMOS

Pipeline
10

780 mW

[30]
2009

4.8

4.8 GS/s
1.2 GS/s

6.1 GHz

0.13 µm
CMOS

Pipeline
4

300 mW

[24]
2006

8.8

1 GS/s
125 MS/s

400 MHz

0.13 µm
CMOS

Pipeline
8

250 mW

[31]
2008

5.3

24 GS/s
150 Mhz

4 GHz

90 nm
CMOS

SAR
16x10

1.2 W

[32]
2009

5.4

2.5 GS/s
156 MHz

1.25 GHz

45 nm
CMOS

SAR
16

50 mW

[30] with sampling rates of 1.3 and 1.2 GS/s respectively as seen in Table 3‐5.
Also, for the SAR architecture the highest rates exist in interleaved form in [31]
and [32] with 150 MS/s per SAR sub‐ADC.

3.6 References
[1]. R.J. van de Plassche, CMOS Integrated Analog‐to‐Digital and Digital‐to‐
Analog Converters, 2nd Edition, Kluwer Academic Publishers, 2003.
[2]. B. Razavi, Principles of Data Conversion System Design, IEEE Press, 1995.

3.6 References

29

[3]. B. Peetz, B.D. Hamilton, J. Kang, ”An 8‐bit 250 Megasample per second A/D
Converter, ” in IEEE Journal of Solid State Circuits, Volume 21, Issue 6, pp.
997 ‐ 1002, Dec. 1986.
[4]. C.W. Mangelsdorf, “A 400‐MHz input flash converter with error correction,
“in IEEE Journal of Solid‐State Circuits, Volume 25, Issue 1, pp. 184 ‐ 191,
Feb. 1990.
[5]. F. Kaess, R. Kanan, B. Hochet, and M. Declercq, “New encoding scheme for
high‐speed Flash ADC’s,” in IEEE Symposium on VLSI Circuits, pp. 5 – 8, Jun.
1997.
[6]. S. Shahramian, S.P Voinigescu, A.C.S. Carusone, “A 35‐GS/s, 4‐Bit Flash ADC
With Active Data and Clock Distribution Trees, “ in IEEE Journal of Solid‐
State Circuits, Volume 44, Issue 6, pp. 1709 – 1720, June 2009.
[7]. K. Poulton, et.al., “A 6‐bit, 4 GSa/s ADC fabricated in a GaAs HBT process, “
in 16th Annual Gallium Arsenide Integrated Circuit (GaAs IC) Symposium,
pp. 240 – 243, Oct. 1994.
[8]. H. Yu and M.‐C. F. Chang, “A 1‐V 1.25‐GS/S 8‐bit self‐calibrated Flash ADC
in 90‐nm digital CMOS,” in IEEE Transactions on Circuits and Systems II,
Volume 55, Issue 7, pp. 668 – 672, Jul. 2008.
[9]. C. Paulus, et al., “A 4GS/s 6b Flash ADC in 0.13 µm CMOS,” in IEEE
Symposium on VLSI Circuits, pp. 420 ‐ 423, June 2004.
[10]. M. Choi, L. Jungeun, L. Jungho, H. Son, ”A 6‐bit 5‐GSample/s Nyquist A/D
converter in 65nm CMOS,” in IEEE Symposium on VLSI Circuits, pp. 16 ‐ 17,
June 2008.
[11]. G. Van der Plas, S. Decoutere, S.A. Donnay, “A 0.16pJ/Conversion‐Step
2.5mW 1.25GS/s 4b ADC in a 90nm Digital CMOS Process, “ in IEEE
International Solid‐State Circuits Conference, pp. 2310, Feb. 2006.
[12]. B. Chan, B. Oyama, C. Monier, A. Gutierrez‐Aitken, ”An Ultra‐Wideband
7‐Bit 5‐Gsps ADC Implemented in Submicron InP HBT Technology, “ in IEEE
Journal of Solid‐State Circuits, Volume 43, Issue 10, pp. 2187 – 2193, Oct.
2008.

30

High‐Speed ADC Architectures

[13]. D. Lee, S. Yeo, H. Kang, D. Kim, J. Moon, M. Song, “Design of a 6‐bit
1GSPS fully folded CMOS A/D converter for Ultra Wide Band (UWB)
applications, “ in IEEE International Conference on Integrated Circuit Design
and Technology and Tutorial, ICICDT, pp. 113 – 116, June 2008.
[14]. R.C. Taft, P.A. Francese, M.R. Tursi, O. Hidri, A. MacKenzie, T. Hoehn, P.
Schmitz, H. Werker, A. Glenny, “A 1.8V 1.0GS/s 10b self‐calibrating unified‐
folding‐interpolating ADC with 9.1 ENOB at Nyquist frequency, “ in IEEE
International Solid‐State Circuits Conference, pp. 78 – 79, Feb. 2009.
[15]. B.Verbruggen, J. Craninckx, M. Kuijk, P. Wambacq, G. Van der Plas, ”A 2.2
mW 1.75 GS/s 5 Bit Folding Flash ADC in 90 nm Digital CMOS, “ in IEEE
Journal of Solid‐State Circuits, Volume 44, Issue 3, pp. 874 – 882, Mar. 2009
[16]. Y. Nakajima, A. Sakaguchi, T. Ohkido, T. Matsumoto, M. Yotsuyanagi, “A
self‐background calibrated 6b 2.7GS/s ADC with cascade‐calibrated
folding‐interpolating architecture, “ in IEEE Symposium on VLSI Circuits, pp.
266 ‐ 267, June 2009.
[17]. V. Giannini, P. Nuzzo, V. Chironi, A. Baschirotto, G. Van der Plas, J.
Craninckx, “An 820µW 9b 40MS/s Noise‐Tolerant Dynamic‐SAR ADC in
90nm Digital CMOS, “ in IEEE International Solid‐State Circuits Conference,
pp. 238 – 610, Feb. 2008.
[18]. A. Agnes, E. Bonizzoni, P. Malcovati, F. Maloberti, ”A 9.4‐ENOB 1V 3.8μW
100kS/s SAR ADC with Time‐Domain Comparator, “ in IEEE International
Solid‐State Circuits Conference, pp. 246 – 610, Feb. 2008.
[19]. J.J. Kang, M.P. Flynn, “A 12b 11MS/s successive approximation ADC with
two comparators in 0.13μm CMOS, “ in IEEE Symposium on VLSI Circuits,
pp. 240 ‐ 241, June 2009.
[20]. A. Verma, B. Razavi, ”A 10b 500MHz 55mW CMOS ADC, “ in IEEE
International Solid‐State Circuits Conference, pp. 84 – 85, Feb. 2009.
[21]. K. Irie, N. Kusayanagi, T. Kawachi, T. Nishibu, Y. Matsumori, “An 8 b 500
MS/s full Nyquist cascade A/D converter, “ in IEEE Symposium on VLSI
Circuits, pp. 77 ‐ 78, June 1999.

3.6 References

31

[22]. D‐L. Shen, T‐C. Lee, “A 6‐bit 800‐MS/s Pipelined A/D Converter With
Open‐Loop Amplifiers, “ in IEEE Journal of Solid‐State Circuits, Volume 42,
Issue 2, pp. 258 – 268, Oct. 2007.
[23]. S. Devarajan, L. Singer, D. Kelly, S. Decker, A. Kamath, P. Wilkins, ”A 16b
125MS/s 385mW 78.7dB SNR CMOS pipeline ADC, “ in IEEE International
Solid‐State Circuits Conference, pp. 86 ‐ 87, Feb. 2009.
[24]. S. Gupta, M. Choi, M. Inerfield, J. Wang, “A 1GS/s 11b Time‐Interleaved
ADC in 0.13/spl mu/m CMOS, “ in IEEE International Solid‐State Circuits
Conference, pp. 2360 – 2369, Feb. 2006.
[25]. J. Elbornsson, F. Gustafsson, J.‐E. Eklund, “Blind adaptive equalization of
mismatch errors in a time‐interleaved A/D converter system, “ in IEEE
Transactions on Circuits and Systems I: Regular Papers, Volume 51, Issue 1,
pp. 151 – 158 , Jan. 2004.
[26]. O.E. Agazzi, et.al., “A 90 nm CMOS DSP MLSD Transceiver With Integrated
AFE for Electronic Dispersion Compensation of Multimode Optical Fibers at
10 Gb/s,” in IEEE Journal of Solid‐State Circuits, Volume 43, Issue 12, pp.
2939 – 2957, Dec. 2008.
[27]. K. Poulton, R. Neff, B. Setterberg, B. Wuppermann, T. Kopley, R. Jewett, J.
Pernillo, C. Tan, A. Montijo, “A 20 GS/s 8 b ADC with a 1 MB memory in
0.18 μm CMOS, “ in IEEE International Solid‐State Circuits Conference, pp.
318 – 496, Feb. 2003.
[28]. A. Nazemi, et.al., “A 10.3GS/s 6bit (5.1 ENOB at Nyquist) time‐
interleaved/pipelined ADC using open‐loop amplifiers and digital
calibration in 90nm CMOS”, in IEEE Symposium on VLSI Circuits, pp. 18 –
19, June 2008.
[29]. A. Varzaghani, C.‐K.K. Yang, “A 6GS/s, 4‐bit receiver analog‐to‐digital
converter with embedded DFE, “ in IEEE Symposium on VLSI Circuits, pp.
322 ‐ 325, June 2005.
[30]. A. Varzaghani, C.‐K.K. Yang, “A 4.8 GS/s 5‐bit ADC‐Based Receiver With
Embedded DFE for Signal Equalization, “ in IEEE Journal of Solid‐State
Circuits, Volume 44, Issue 3, pp. 901 – 915, Oct. 2009.

32

High‐Speed ADC Architectures

[31]. P. Schvan, J. Bach, C. Fait, P. Flemke, R. Gibbins, Y. Greshishchev, N. Ben‐
Hamida, D. Pollex, J. Sitch, W. Shing‐Chi, J. Wolczanski, “A 24GS/s 6b ADC
in 90nm CMOS, “ in IEEE International Solid‐State Circuits Conference, pp.
544 – 634, Feb. 2008.
[32]. E. Alpman, H. Lakawala, L.R. Carley, K. Soumyanath, ”A 1.1V 50mW
2.5GS/s 7b Time‐Interleaved C‐2C SAR ADC in 45nm LP Digital CMOS”, in
IEEE International Solid‐State Circuits Conference, pp. 76 – 77, Feb. 2009.

Chapter 4
The CMOS Process and its Limitations

When designing analog‐to‐digital converters, the choice of technology is
often restricted to CMOS [1]. This is because modern mixed‐signal systems are
integrated with DSP core, memory, ADC and RF front‐end on the same die [2].
The process scaling, with the advance in number of transistors and
performance increase as predicted by Moore’s Law [3], is mainly driven by, and
advantageous for, digital integrated circuits and some parts of scaling is even
detrimental to analog circuit performance. The aim of this chapter is to provide
an introduction to the effects of scaling on the performance of analog‐to‐digital
converters.

4.1 Effects and Limitations due to Scaling
4.1.1 Reduced Supply Voltage
Together with the scaling of process geometry, the supply voltage is reduced
in order to both reduce the digital power dissipation and the rate of device
degradation. Although this leads to significant improvement for digital circuits,
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Figure 4.1 ‐ Expected change in supply voltage according to the ITRS.
it degrades the DC performance the transistors, specifically transistor voltage
gain, defined as gm/gds, and linearity [2]. The reason for this is the reduced
voltage headroom for transistor biasing and also reduced signal swings. The
projected supply voltage for high performance CMOS processes according to
ITRS 2008 [4] is shown in Figure 4.1 and shows that the problem will continue
to get worse over time.

4.1.2 Increased Transit Frequency
In contrast the DC parameters of voltage gain and linearity, the AC
performance of the transistor does increase with technology scaling. The
transit frequency, fT, determines the frequency at which the small‐signal
current gain of a transistor has dropped to unity (4.1) and is indicative of the

Figure 4.2 ‐ Expected change in transit frequency according to the ITRS.
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device speeds offered by the process. fT scales inversely proportional to the
transistor gate length and therefore increases with the scaling of the process,
offering higher device speeds and therefore higher bandwidth [2]. The
expected growth in fT for the high performance processes according to ITRS
2008 [4] is shown in Figure 4.2 and shows a steady increase in the predicted
device speeds.

fT =

gm
2πCG

(4.1)

4.2 Matching and Process Variations
Besides the above mentioned challenges in designing analog circuits in
nanoscale CMOS, there is also the issue with process variations in that the
manufactured transistors will deviate from the nominal behavior through both
variations in the manufacturing process as well as the stochastic nature of
some process steps.
Besides the variations introduced during the manufacturing process, there
are also environmental effects causing variations in temperature and voltage
across the chip [14]. These variations could have an effect of the analog
circuitry, changing offset, gain or non‐linearity performance over time.
The variations due to process manufacturing could be of both systematic and
random nature. Systematic variations include for example variations in
interconnect thickness resulting from non‐uniform metal density during the
chemical‐mechanical polishing (CMP) process [14] as well as transistor
geometry variations because of the limited lithography resolution. This latter is
layout dependant and is exemplified in Figure 4.3. The random effects causing
variations in transistor behavior include random discrete dopant fluctuations,
line‐edge roughness and variations in the channel‐length [10], [11]. Highlighted
in Figure 4.4 are the two issues of random dopant fluctuation and line edge
roughness. When going to the 22nm process node and below, these will
become significant contributors to the overall variations [15]. With the small
gate areas possible at these nodes, the number of dopants has been reduced to
the extent that individual atoms, both in quantity and location, have an impact
of the transistor behavior [16]. The roughness of the edges defined by
lithography will also cause random variations in the effective gate length and
width. On a chip both the passive and active devices will be subject to the
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Poly

Figure 4.3 – Lithography limitations leading to systematic errors in transistor
widths after fabrication.
variations caused by the inaccuracies of the photolithographic process [13].
Because the control of geometry precision in the lithography process will
reduce with decreasing feature sizes [12], these effects can be expected to
further increase in future process nodes.

“Ideal” transistor

Transistor with rough gate
edges and discrete dopants

Figure 4.4 – The source of two major process variation contributors, line edge
roughness and random discrete dopant variations.
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4.3 Overcoming Scaling and Process Variations
As seen, the process scaling introduces both benefits and drawbacks for the
design of analog‐to‐digital converters. A solution, as proposed in [2], to
overcome the issue with reduced supply voltage is to operate critical analog
circuits at a higher supply voltage. Without special considerations this would
result in higher stress of the transistors with oxide breakdown, hot‐carriers and
NBTI breakdown [5], [6] to follow at an accelerated rate. The use of thick‐oxide
transistors, which are often an option at modern CMOS processes, can allow
higher supply voltage and effectively means that analog parts can be run with
transistor performance equal to that of older processes, with increased
linearity and analog gain but reduced speeds.
An alternative solution is to follow the trend shown in publications and panel
discussions as [7], [8] and [9] where the digital processing power in modern
processes are used to correct for the analog circuit shortcomings. For example,
matching is less of a concern when the accuracy can be compensated for
digitally. This also applies to non‐linearity which allows for the use of low‐
accuracy, non‐linear analog circuits which are corrected by digital circuits,
thereby utilizing the capability of modern processes.
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Chapter 5
Design Considerations for High Speed ADCs

In the design of high‐speed ADCs, an understanding of the fundamental
limitations from both the process and the underlying physical phenomena is
necessary in order to design high‐performance and efficient converters. The
first part of this chapter provides an introduction to the lower limits of power
dissipation in ADCs as set by the noise constraints and is followed by a
discussion on the design of a critical ADC component, the comparator. The final
part then discusses some of the trade‐offs involved when designing ADCs.

5.1 Power Dissipation of ADCs
There is a need for low power analog‐to‐digital converters, especially so in
portable systems with a limited power budget. In order to better understand
the power dissipation of ADCs knowledge of the fundamental limits is
necessary. If the power dissipation is high, the ADC is often designed so that
the quantization noise dominates over thermal noise meaning that the power
dissipation is unnecessarily large. When scaling down the power and current
levels the noise power will start to dominate and if the design is not done
carefully, the signal to noise degradation will be large, severely degrading
performance.
41
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5.1.1 Noise of Sampling
When sampling a signal onto a capacitor Csample, as shown in Figure 5.1a
noise is introduced through the on‐resistance of the sampling switch. An
equivalent model, used to calculate the sampled noise is shown in Figure 5.1b.

vRn

Ron vnoise

Csample

Csample
(a)

(b)

Figure 5.1 – (a) Sampling an input signal on a capacitor and (b) the equivalent
model with the switch on‐resistance and noise source.
The noise generated by a resistor is white, with a spectral density given by
(5.1) [1].
2 = 4kT R
vRn
on

(5.1)

The noise will be filtered by the first order RC filter formed by the sampling
capacitor and the switch on‐resistance, the total integrated noise is then given
by the spectral density times the noise bandwidth. The noise bandwidth is
defined as the being the cut‐off frequency of an ideal brick‐wall filter for which
the output rms noise is identical to that of the low‐pass filter. The output noise
is then given by (5.2):
2
2 ·
vnoise
= vRn

π
f−3dB
2

(5.2)

Inserting (5.1) and the 3dB bandwidth gives the famous ‘kT/C’ noise formula:
2
vnoise
= 4kT Ron

1
π
kT
=
2πRon Csample 2
Csample

(5.3)

This shows that the sampled noise is independent of the switch on‐resistance
as increasing the resistance both increases the spectral noise power but also
decreases the bandwidth.
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It is interesting to note that this is result also follows from statistical
thermodynamics, which says that a system with one degree of freedom (in this
case only Vnoise can vary) will fluctuate with energy kT/2 [2]. Therefore (5.3) can
also be derived as:

Csample

2
vnoise
kT
=
2
2

2
vnoise
=

kT
Csample

(5.4)

(5.5)

By setting the sampled noise equal to the quantization noise (5.6) of an n‐bit
ADC, an estimation of the minimum capacitance needed to sample the signal
can be derived. Note that the exact balance between thermal and quantization
noise can vary, but as is mentioned in the discussion in Paper I it has little effect
on the overall estimations. Using this minimum capacitance, an estimation of
the minimum sampling power shown in (5.7) can then be derived.

VF2S −2n
2
12

(5.6)

Ps = 24kT fs22n

(5.7)

2 =
vqn

5.1.2 Power Dissipation Bounds
The minimum sampling power was used as a minimum bound for the power
dissipation of ADCs in [3], Paper I seeks to improve these bounds by modeling
the power dissipation of flash and pipeline Nyquist ADCs taking into account
both the thermal noise limits as well as the minimum possible device sizes
realizable in a process. The latter is important as the low capacitance values
which is sufficient from a thermal noise point of view can be several order of
magnitudes lower than what can be implemented. In the paper, the lower
capacitance limit is set to the input capacitance, Cmin, of a minimum size
inverter with a 3x wider pMOS than nMOS.
The energy efficiency of ADCs have improved over the over the past 12 years
as can be seen in Figure 5.2, which contains publication data from ISSCC and
VLSI Symposium between 1997‐2009 [4]. The converters from 2009 were
especially power efficient, reducing the trend slope from halving P/fs every 2.5
years to every 2.2 years.
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Figure 5.2 ‐ Trend of decreasing power dissipation for flash and pipeline ADCs.
P/fs has halved every 2.2 years over the past twelve years.
In Paper I bounds are derived for both flash and pipeline ADCs under the
assumption that the accuracy control for comparators and gain stages are
managed by digital error correction. The correction logic, given the efficiency of
digital logic in modern processes, is considered cheap in area and power
compared to their analog counterparts. This assumption, or approximation, is
probably justified for thermal noise limited converters with medium to high
resolutions of 8‐14 bits or higher. At the low resolutions the converters are
often limited by the process itself in terms of minimum device sizes and devices
sized for speed rather than noise. This means that the capacitive load, and
therefore the power dissipation, of both an analog building block such as a
comparator and a digital gate are of the same order. The logic required to
correct for the analog inaccuracies would likely require more gates than the
number of analog building blocks which would make the power dissipation of
the digital correction logic a dominant part.
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An attempt to include the power dissipation of the digital correction logic
would be to estimate the power needed for correcting the digital output
through the use of a look‐up table (LUT). The LUT can be modeled by a
capacitance with the value of 2n∙n∙Cmin which, assuming the worst case activity
ratio, needs to charged every second clock cycle, resulting in a dynamic power
dissipation, given from (5.8). Figure 5.3 shows the estimated bound of flash

Figure 5.3 – Power dissipation in relation to Ps for flash ADCs of the last 12
years together with the results of the converters of Paper III and Paper IV.
The power dissipation bound of flash converters derived in Paper I is shown
with a solid line, shown as a dashed line is the power dissipation bound when
the digital power of a LUT is also included.
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Pdynamic =

1
αV 2 Cload fs
2 dd

(5.8)

ADCs from Paper I together with the same bound but which includes the LUT
power. In the figure, the flash converters from [4] and the results from the
flash ADCs in Paper III and Paper IV are also included. As the theoretical bounds
from Paper I does not include the power dissipation of, for example, the clock
driver and I/O circuits, there is a certain gap expected. Because of this, the
power dissipation of just the flash comparator arrays from Paper III and Paper
IV are also showed in the figure.
Discussing the specific case of the ADC in Paper III, the comparator array
dissipates 1.7 mW, which when compared to the theoretical bound from Paper
I is a factor of 19x higher than predicted. This deviation can be explained by the
fact that the comparators are differential and employs buffer circuits between
the comparator and the digital decoder. Also the transistors in the comparator
are increased from the minimum size in order to achieve higher sampling rates,
spending more power in order to overcome the speed limitations posed by the
process. A more detailed explanation for some of these deviations for two case
studies can be found in Paper I.
The estimation of the LUT power can be justified by comparing the sum of
the power dissipation of the comparator array and digital logic of the same
flash ADC to the theoretical bound including the LUT power that was plotted in
Figure 5.3. In this case, the ratio is 18x and again, the overhead can be
explained because of the speed limitations. This makes the LUT power
estimation good for a first approximation.

5.1.3 Approaching Thermal Noise Limited Pipeline ADCs
The theoretical bounds for pipeline ADCs derived in Paper I also showed a
tendency for published converters to better follow and approach the bounds
for the thermal noise limited region. Figure 5.4 shows the pipeline converters
from [4], highlighting the ones from the last two years together with the
theoretical bound as well as the bound including a LUT power component. The
figure shows that particularly the ADCs presented the last two years are
approaching the thermal noise limits. Studying these publications, one can see
a trend that the use of error correction techniques that allow analog
inaccuracies are becoming more frequent in order to design for low power in
the nanoscale processes as is the case in [5]. Also, [6] is a very interesting
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publication utilizing a technique of replacing the op‐amps with a current source
and comparator which allows the capacitances to be charged by slewing, the
most energy efficient way.

Figure 5.4 – Power dissipation in relation to Ps for pipeline ADCs of the last 12
years especially highlighting the ones from the last two years showing a
significant improvement in power efficiency. The bound for pipeline ADCs
from Paper I is shown as a solid line and the dashed line is the sum of the
power dissipation bound and the power dissipation of a digital correction
LUT.
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5.2 Comparator Design
The comparator is a fundamental component in the design of analog‐to‐
digital converters, especially so in the parallel flash architecture and those
employing multi‐bit stages, as most pipeline and some SAR or algorithmic ADCs
do. The comparator typically operates in voltage mode and generates a binary
decision depending on the polarity of the input signal, which can be either
single‐ended or differential. As the comparators should be able to resolve a
small input signal to digital full swing signal it is in effect an amplifier with large
gain, but without any requirement on the linearity of the amplification. This
allows the use of positive feedback to realize the large gain, often through the
use of cross‐coupled inverter pairs [7].
The CMOS comparators can be implemented in many ways, the circuit
topology often changing slightly between all publications, but two main types
of comparators can be characterized, being either the pre‐amplifier and latch
comparator, shown in Figure 5.5 [7], or the sense‐amplifier based comparator
shown later in Figure 5.6.

5.2.1 Pre‐Amplifier and Latch Topology
The pre‐amplifier and latch comparator, which is investigated in depth in [7],
is typically the faster topology of the two. During the tracking mode when Φ is
low, the input signal is amplified with the gain given by (5.9). When Φ goes

M6

M7

VoutVout+

M10

Vin

M2 M3

Vbias

M1

Vref

M4

M8

Φ

Φ
Φ

M9

M5

Figure 5.5 – Comparator consisting of a pre‐amplifier and a latch.
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high, the input pair and M10 turns off and the latch formed by the cross‐
coupled inverters M6 – M9 turns on and amplifies the residual voltage over M10
to full swing.

AV =

gm23 Ron,10
2 − gm67 Ron,10

(5.9)

5.2.1.a Comparator Noise
In order to estimate the effect of thermal noise in the pre‐amplifier and latch
topology we first identify the output impedance as:

Rout =

Ron,10
2 − gm67 Ron,10

(5.10)

Then, we use an approximation given in [7], which assumes a sizing ratio
between M6,7 and M10 (5.11) which results in a well controlled tracking gain.

gm67 Ron,10 ≈ 1

(5.11)

The tracking gain can then be approximated with:

AV ≈ gm23 Ron,10

(5.12)

The spectral density of the mean squared noise voltage on the output node is
then given by:



2 = 4kT
vn,o

4
4
1
gm23 + gm67 +
3
3
Ron,10



2
Rout

(5.13)

With a load capacitance Cload at each output node, filtering this noise by the
first order filter formed by the output impedance and the load capacitance and
referring this noise to the input through (5.14) will yield the expression for the
total mean squared input referred noise as given by (5.15). Note that this
analysis only accounts for noise during the tracking phase.

2
vn,i

1
1
4Rout Cload A2v


4 1
kT
7 1
=
+
Cload 3 AV
3 A2v

(5.14)
(5.15)

The actual input referred noise in a pre‐amplifier and latch comparator
depends on both the actual transistor configurations as well as the sizing. With
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a gain close to unity the expression is close to the approximation given for
strobed comparators in [8] shown in (5.16).
2 =
vn,i

8 kT
3 Cload

(5.16)

5.2.1.b Comparator Speed
High sampling rate of the pre‐amplifier and latch comparator is achieved
because the voltage of the output nodes are biased around the metastable
point of the regenerative latch at the time the comparator enters the
regeneration phase. Also, at this time instant, there is already a differential
voltage developed across M10 given by the gain of the comparator.
The size of the latch transistors and the parasitic capacitance together with
load, Ctot, determines the regeneration time constant which is given by (5.17).

τreg ≈

Ctot
gm67 + gm89

(5.17)

The effect of transistor M10 is two‐fold, first affecting the tracking gain, but
also it is responsible for the recovery from the latching to tracking mode. The
recovery time constant is given by (5.18).

τrec ≈ 2Ron,10 Ctot

(5.18)

Through a calculation on the small signal equivalent of the circuit, the time
constant comes out to be Ron,10Ctot, but because transistor M5 just has turned
off, transistors M8 and M9 are still on which effectively slows down the
regeneration until the tail node is charged to the point which turns them off.
Assuming a parasitic capacitance at this node of the same size as the
capacitance in the regenerative nodes, the equivalent time constant comes out
to be roughly 2Ron,10Ctot.

5.2.2 Sense‐Amplifier based Comparator
While the pre‐amplifier and latch comparator achieves high speed through
creating a voltage imbalance on the latching nodes during the tracking mode
the pre‐amplifier draws constant current during tracking mode leading to
relatively high power dissipation. This can be circumvented by using the sense‐
amplifier based comparator shown in Figure 5.6.
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Figure 5.6 – Sense‐amplifier based comparator.
The comparator operates in two phases. During the reset phase the output
nodes are pre‐charged to Vdd and equalized through the transistors M8 ‐ M10.
The actual transistor configurations vary for different publications, some
employing only the pre‐charge transistors, some only the equalization
transistor and some utilizing both. When Φ goes high, the comparator enters
the evaluation phase. The difference in input voltages gives rise to a current
imbalance causing the two output nodes to be discharged at different speeds.
Once one output voltage falls below the trip‐point of the cross‐coupled inverter
pair M4 – M7, the output levels are amplified to full swing.
5.2.2.a Comparator Noise
A rigorous analysis of the noise in sense‐amplifier based comparators is given
in [9] which calculate the comparator noise by dividing the evaluating phase
into sub‐phases depending on the transistors mode of operation. In each of
these sub‐phases, the resultant noise is calculated by solving stochastic
differential equations and propagating the earlier sampled noise. The result is
the ‘kT/C’ contributions from each noisy transistor with factors depending on
the sizing ratios of the transistors. The total resulting equivalent factor of a
standard sized comparator comes out to be close to 3, being not far from the
approximations for the pre‐amplifier and latch comparator (5.15) and (5.16).
5.2.2.b Comparator Speed
While the pre‐amplifier and latch comparator achieves the high speed by
biasing the back‐to‐back inverters at the trip‐point, the output nodes of the
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regenerative comparators are at Vdd or Vdd‐Vth (depending on the topology) at
the beginning of the evaluation phase. Before the output nodes can effectively
be amplified by the positive feed‐back inverters the node voltages must be
discharged to enter the high gain region at which point the regeneration time
constant is equal to that of the pre‐amplifier and latch comparator and given
by (5.19). This effectively reduces the maximum comparator speed in
comparison with the other topology but has the benefit of having lower power
dissipation as power, during the reset phase, is only dissipated until the output
nodes have reached Vdd or Vdd‐Vth.

τreg ≈

Ctot
gm45 + gm67

(5.19)

5.2.3 Comparator Offset
Offset is the result of random and systematic variations of the device
parameters and latches are very sensitive to this, often having high offsets [7].
The device variations and mismatch means that an equivalent input difference,
the offset voltage, must be applied to the input pair in order to overcome the
mismatch and bring the comparator to the metastable state. Sources of this
mismatch are threshold voltage variations in the input as well as the latching
transistors, width and length variations of the same and also capacitive
imbalance of the internal and output nodes [10], [11]. A capacitive imbalance
means the voltage slope for equal input current is different but also that feed‐
through from for example the clock signal results in different transient
magnitudes.

5.2.4 Kickback
Kickback noise in a comparator is the result of signals which capacitively
couple back to the input and reference network. In Figure 5.7, the source of
kick‐back noise in sense‐amplifier based comparators is shown. Transients at
the drain of the input transistors couple back to the input and reference
through the gate‐drain capacitance and the transients at the input pair tail
node couple back through the gate‐source capacitance. When Φ goes high the
nodes X, Y and P are initially charged high and when M1 turns on, these nodes
are discharged to bring M2 and M3 first into saturation and shortly afterwards
to the linear region. This discharge leads to fast transients at these nodes which
will couple back to the input and reference. Although the transients will lead to
common‐mode kickback, the difference in impedance at the input and
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Figure 5.7 – Part of a sense‐amplifier based comparator, highlighting the
source of the kickback noise.
reference will lead to different voltage transients at those ends. Depending on
the time‐constant at the input and reference those transients decay at
different rates and could potentially affect the signal in the next sampling
moment, therefore leading to a noisy differential component.
Once the regeneration of the output nodes start the two nodes X and Y will
also see a differential change, although in the sense‐amplifier based
comparator the swing and slope at these nodes is significantly lower than that
of the output nodes. This will create a differential component in the kickback
charge which, for the pre‐amplifier and latch comparator, is significantly larger
than that of the sense‐amplifier based comparator.
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Figure 5.8 – Proposed kick‐back reduced sense‐amplifier based comparator.
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Depending on the magnitude of transistor mismatch, the common‐mode
rejection ratio of the differential input pair is degraded and the common‐mode
component of the input will also give rise to a differential output component.
Adding additional pre‐amplifiers in front of the comparator will suppress the
kickback noise experienced at the input and reference at the cost of increased
power dissipation and additional signal delay.
In Paper II, a comparator is proposed in which the common‐mode kickback is
reduced. The proposed comparator is shown in Figure 5.8 and is a sense‐
amplifier based comparator. Two clocked transistors M4 and M5 are added
between the input pairs and the cross‐coupled latching inverters. The role of
these is to prevent the pre‐charge of nodes X, Y and P from in Figure 5.7. At the
beginning of the evaluation phase the voltage at these nodes remain low and
the common‐mode kickback charge mentioned earlier is reduced by 6x as
shown in Paper II.

5.2.5 Metastability
Metastability in a comparator occurs when the differential input signal is so
small so that the latch does not have enough time to regenerate the nodes to
acceptable logic levels. This depends on the regeneration time constant of the
comparator as well as the available time, decided by the sampling rate of the
analog‐to‐digital converter. As the comparator outputs have not yet reached
well‐defined logic levels, digital circuits connected to the comparator outputs
could possibly interpret the signal levels differently, leading to substantial error
magnitudes. Often from a receiver point of view, a bit‐error‐rate is defined
which therefore places a limit on either the sampling rate or the regeneration
time‐constant of the comparator [12]. Based on a uniformly distributed input
signal, the probability of the comparator not regenerating the outputs to full
swing is approximately given by (5.20), [13]:
−

2

P (error) ≈ e τreg fs

(5.20)

5.3 Design Trade‐offs
The design of any VLSI circuit is associated with trade‐offs between design
specifications. In the design of analog‐to‐digital converters these trade‐offs are
often between the conversion speed, resolution and power dissipation and is
analogous, and even related, to the gain‐bandwidth product for amplifiers.
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Consider for example a pipeline ADC which utilizes operational amplifiers with
switched capacitance feedback to realize a certain effective stage gain. The
amplifier gain has an impact on the ADC resolution in that reduced gain leads
to settling errors whereas the bandwidth naturally relates to the speed of
operation. For a fixed architecture these trade‐offs are typically bound by the
process and improving this would require changing the architecture or
changing the circuit topologies.

5.3.1 Trade‐offs in Flash ADCs
If a flash ADC is designed in a traditional method, maintaining accuracy in the
comparators and pre‐amplifiers then, following the discussion in [14] and [15],
the process dependence of the design parameters can be expressed. The speed
of the ADC is then proportional to the transit frequency:

Speed ∝

gm
2πCg

(5.21)

and the comparator accuracy (5.22) is related to the input referred offset,
which can be divided into two components, threshold variations and variations
in the transistors beta factor as in (5.23).
2
σof
1
f set
≈
2
Accuracy 2
VDD
2

Vgs
2
2
σβ
σof f set ≈ σVth +
2

(5.22)
(5.23)

With the power dissipation given as:

P ower ≈ I · VDD

(5.24)

the trade‐off between the design parameters then becomes:

Speed · Accuracy 2
1
∝
P ower
Cox A2vt

(5.25)

This trade‐off is fixed and mainly dependant on the process parameters of
oxide thickness and relative transistor matching. Improving upon this would
require one to either go to a different process or changing ADC architecture.

5.3.2 Redundancy
A concept which is explored in Paper III and Paper IV is comparator
redundancy, which is used to bypass the fixed accuracy‐sizing trade‐off in
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(5.22). Comparator accuracy is closely related to the static linearity metrics of
INL and DNL and achieving comparator threshold close enough to the desired
values can be done through redundancy where low‐power, low‐accuracy
components can be used to achieve a better overall trade‐off. The use of
redundancy is one form of the digital correction methods mentioned
throughout this thesis, with the advantage that low‐accuracy in the building
blocks does not relate to low‐accuracy on the system level [16]. Note that the
precision and dynamic requirements of the components and other circuits still
exist although digital correction can, in some cases, assist also with this.
In Paper III, redundancy is used to relax the comparator accuracy
requirements, which is ideally determined by mismatch in the comparator and
resistor ladder reference network. Paper IV further explores this concept by
removing the reference network altogether, utilizing the comparator offset as
the source of reference levels.
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