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List of symbols and abbreviations

Symbol Description Unit

BW bandwidth of the wanted signal Hz

C capacitance F

c linearized quantizer gain for a ZA ADC

Co() matched filter

CCh conditioning channel

d linearized DAC gain for a TA ADC

dBrs ratio (in decibels) of the signal power compared to the full- dBgs
scale power of a digital data format

DR dynamic range; i.e. ratio of the maximum signal power to the
minimum detectable signal power in the same bandwidth

DRyp DR expressed in decibels dB

DSP Digital Signal Processing

F implementation factor, i.e. the ratio of FOM(ADC) over
FOM (reference ADC)

fa transition frequency from a high-order to a first-order slope Hz

of a transfer function
FFB-ADC filtering-feedback A ADC

fug unity-gain bandwidth Hz

fs Nyquist sample rate

fow average switching frequency; i.e. the inverse of the average Hz
number of 0 — 1 transitions in a digital data sequence

IM; ratio of the amplitude of the third-order intermodulation

component, to the amplitude of the fundamental signais. The
fundamental signals both are applied at half of the full-scale

level.
IM; 48 IM; expressed in decibels dB,
k Boltzmann’s constant equaling 1.38 x 10~23J/K JK
L order of the loop filter of a A ADC
m over-sampling factor
MASH multi-stage noise shaping

N number of bits of a quantizer



LIST OF SYMBOLS

iv
Symbol Description Unit
NTF noise transfer function
p ratio between the bandwidth of the entire signal (including
the wanted and interferer channels) and the bandwidth of the
wanted signal only
P power consumption w
q ratio of the amplitude of an overall signal, consisting of both
wanted and interferer components, to that of the wanted sig-
nal only
SINAD signal/noise-and-distortion ratio; i.e. ratio of the power of the
wanted signal to the sum of the noise power and the distortion
power. All are integrated over the channel bandwidth and are
present simultaneously
SINAD SINAD expressed in decibels dB
SNR signal/noise ratio; i.e. ratio of the power of the wanted sig-
nal to the noise power. Both are integrated over the channel
bandwidth and are present simultaneously
SNR g SNR expressed in decibels dB
STF signal transfer function
T absolute temperature K
N instantaneous amplitude of a wanted signal \Y%
Vwnx minimum amplitude of a wanted signal \%
Dyiax maximum amplitude of a wanted signal A%
Vi short-hand notation for the rms value of an input-referred, V
equivalent noise source, measured over the wanted channel
only
Vbp positive supply voltage \Y%
Vss negative supply voltage A%



Contents

List of symbols and abbreviations

1 Introduction

2

1.1
1.2
1.3

Background . . . . . ... Lo L
Scope ...
Outline . . . . ... . ... e

The signal conditioning channel

2.1
22
23
24

25
26

Generic communication channel . . . . . ... ..o 000
Performance parameters . . . . . . .. ... ... L. L.
Conventional conditioning channels . . . . . . .. .. ... ... . ..
Evolution . . . . . . ... . ... ...
241 Technologyadvances . . . . . ... ... ... ..........
242 Systemdemands . . ... . ... ... ... ...
2.43 Advances in digital signal processing and analog circuit design . .
2.44 Digitization of the architecture . . . . . . .. . ... ... .. ..
Nomenclature . . . . . . ... ... . .. ...
Conclusions . . . . . .. ... .. ...

ZA A/D conversion

3.1
32

i3

34

35

Historical overview . . . . .. . ... ... ... ... ..........
State-of-the-art in A A/D conversion . . . . . . . . . ... ... ... .
3.2.1 Architectural considerations . . . . . .. ... ...
322 Implementationaspects. . . . ... ... ... .. ... ....
3.2.3 Performance metrics for XA ADCs
YA ADCs in future conditioning channels . . . . . .. ... ... ... .
3.3.1 The Shannon theorem and XA based signal conditioning . . . . .
3.3.2  Comparison of Nyquist and £A based signal conditioning . .

3.3.3  Survey of published power/performance values . . . . . . . . ..
Limitations of ZA A/Dconversion . . . . . . .. .. .. ... ......
34.1 Lipearlimitations . . . . . . ... ... .. ... .........

10
10
11
12
13
14
14
17
19



vi CONTENTS

4 Power consumption in channel building blocks 37
4.1 Literature on power/performance analysis . . . . .. ... ........ 37
4.2 Figures-of-merit . . . . . . . . ... 38

4.2.1 FOMrelatedto thermalnoise . . . . ... .. ... ....... 38
422 FOMincluding distortion . . . . . . ... ... ......... 39
4.2.3 FOM related to signal resolution . . . . .. ... ......... 39
4.3 Power consumption in analog conditioning circuits . . . . ... .. ... 41
43.1 Power/performancerelations . . . . ... ... ... ... .. .. 41
432 Discussion . . . .. ... 42
4.4 Powerconsumptionina XA ADC . . . . ... ... ... ... ... 44
4.4.1 Power/performancerelations . . . . . . ... ... ... .. ... 44
442 Discussion . . . ... ... 45
4.5 Power consumption in digital conditioning circuits . . . . . ... .. .. 47
45.1 Filterfunctions . . . ... .. ... ... ... ... ....... 49
4.5.2 Power/performancerelations . . . . ... .. ... ........ 50
453 Discussion . . ... .. ... ... 50
46 Comparison . . . . . .. ... .. ... ... 52
47 Conclusions . . . . . .. .. ... ... 55
5 Full-analog and fuli-digital conditioning channels 57
5.1 Full-analog conditioning channel . . . . . .. ... .. ... ... . .. . 57
5.1.1 Theconditioning channel . . . . . . . ... ... ... ... ... 58
5.2 Full-digital conditioning channet . . . . . .. ... .. ... .. ... .. 59
5.2.1 Theconditioning channel . . . . . . .. ... ... ......,. 59
5.2.2 Power/performance analysis . . . . ... ... .......... 61
53 Conclusions . . . ... ... 65
6 Conditioning *A ADCs 67
6.1 Generic conditioning TAADC . . . . . ... ... ... ... ... ... 67
6.1.1 Conceptofoperation . . . . ... ... ... .. ........ .. 67
6.1.2 Universal model of a XA medulator . . . . . .. ... ... ... 72
6.1.3 Interfererimmunity . . . . . . ... ... L. 72
6.1.4 Power/performance analysis . . . . ... ... ... ... .. ... 77
6.2 Signal conditioning in the decimation filter . . . . . . . ... .. ... .. 79
6.2.1 Interfererimmunity . . . . . .. ... ... . ... .. .. ... 80
6.2.2 The conditioningchannel . . . . . .. ... ... ... . ... .. 81
6.2.3 Power/performance analysis . . . . .. ... ... ... ..... 82
6.3 Signal conditioning with a restricted filtering STF . . . . . . . ... . .. 84
6.3.1  Imterfererimmunity . . . . . ... ... .. ... ... ... 85
6.3.2 The conditioning channel . . . . ... ... ... .. ... . ... 87
6.3.3 Power/performance analysis . . . . . ... ... ......... 89
6.3.4 Conditioning hybrid TA ADC . . . . ... ... ... ...... 92
6.4 Signal conditioning by unrestricted STFdesign . . . . ... ... .. .. 94
6.4.1 Interfererimmunity . . . . . ... ... ... ... .. .. .. .. 96

6.42 The conditioning channel . . . . . . .. ... . ... ... .. . 98



CONTENTS vii

6.4.3 Power/performance analysis . . . .. ... ... ... ...... 98

6.5 Comparison of conditioning ADCs . . . . .. . ... ..... . .99
6.5.1 Comparison of topologies . . . . .. ... ...... .. ..., 100
652 Flexibility . . . . . . . ... oL 101

6.5.3 Powerconsumption . . . . . . . .. .. ... 102

654 Guidelines . . .. ... .. ... 103

6.6 Conclusions . . . . . . . . . ... ... ~ . 103
7 Digitization of the inter-die interface 105
7.1 Comsiderations . . . . . .. ... . .. ... ... 105
72 Powerintheinterface . . . . . .. ... ... ... L. 106
72.1 Analoginterface . . .. ... ... ... ... ... ... ... 108

7.2.2 Digital interface after decimation . . . . . . . ... ... .. .. 108

7.2.3 Digital interface before decimation . . . . . ... ... ... . 108
724 Comparison . . . . . . . .. ... 110

7.3 Application to the conditioning channels . . . . . ... ... ... .. . 10
74 Conclusions . . . . . . .. .. 111
8 Highly analog and highly digital channels for FM/AM radio 113
81 System. .. ... ... 113
8.1.1 Conventional radio with analog demodulation . . . . . . ... .. 114

8.1.2 Radio with digital demodulation . . . . . .. .. ... .. ... .. 115

82 VGAdesign . . . . . ... ... 116
8.2.1 Highly linear VGAdesign . . . . ... ... ........... 117

822 Evaluation . ... . ... ... .. ... ... .. ... .. 120

83 ADCdesign . . . .. .. . ... ... 124
8.3.1 Conventional solutions . . . . .. . ... ... . ... ... ... 124

832 XA ADC with integrated passive mixer . . . . . .. ... . . .. 125

833 Evaluation . ... .. ... ... ... ... ... ... . .... 131

84 Evaluationof the channel . . . . . . . . . ... 135
84.1 Discussion . .. ... .. ... .. ... ... 135

842 Benchmark . .. ... .. ... ... ... ... ... . ... 136

85 Conclusions . . . . . ... ... 137
9 Conditioning A ADCs for Bluetooth 139
C9.0 System. .. 139
9.1.1 Conventional radio with analog demodulation . . . . . . . . . .. 140

9.1.2  Radio with digital demodulation and analog signal-conditioning . 141

9.1.3  Radio with digital demodulation, without analog signal-conditioning14 1

92 Feedforward TA ADC . . . . .. ... . ... ... 142
921 Design ... ... ... 143
922 Evaluation .. ....... .. .. . ... . ... ... ... . 150

9.3 Conditioning feedback TA ADC . . . . . . ... ... ... ... ... . 156
93.1 Design . ... ... ... 157

9.3.2 Evaluation



References

viii CONTENTS
94 FFB-ADC . . . . . . . .. e 170
941 Design . .. ... .. 171

942  Bvaluatioh . . ... ... ... ... ... 176

9.5 Evaluationofthechannels . . . .. .. ... ... . ... .. ... ... 181
9.5.1 Benchmark with published ADCs . . . . ... ... .. ... .. 182

9.5.2 Comparison of the presented ADCs . . . ... ... . ... .. 182

9.5.3 Benchmark with published Bluetooth conditioning channels . . . 187

9.6 Conclusions . . . . . ... ... L 188

10 General conclusions 191
A Overview of published A ADCs 193
B Power/performance relation of analog circuits 199
B.1 Simple differential pair . . . . . . ... . ..., 199
B.2 Differential pair in a global feed-back configuration . . . . . . ... . .. 200
B.3 Degenerated differential pair . . . . . . . ... ... ... ..., 201

C Power/performance relation of digital filters 203
C.1 Analysisofthe filtertopology . . . . .. ... ... . .... ... . ., 203
C.2 Calculation of filter parameters . . . . . . . .. ... ... ... . ... . 204
C.3 Calculation of power consumption . . . . . .. .. ... ... ... ... 205
C.4 Extension to other implementations . . . . ... . ... ... ... . . . 206

D Third-order distortion in analog circuits and XA ADCs 207
E Power consumption in a data interface 211
E.l1 Analogdatainterface . . . .. .. .. .. ... ... .. ... . . 211
E.2 Digitaldatainterface . . . ... ... ..., ... . ... ... .. .. 212

215



Chapter 1

Introduction

1.1 Background

Moore’s Law predicts a decrease by a factor of two in the feature size of CMOS tech-
nology every three years and has been valid for years. It implies a doubling of the op-
eration speed and a four times higher transistor count per unit of area, every three years.
The combination leads to an eight times higher processing capability per unit of area.
This on-going miniaturization allows the integration of complex electronic systems with
millions of transistors (Very-Large-Scale-Integration) and enables the integration of elec-
tronic systems.

An electronic system

A generic picture of an integrated electronic system is shown in fig. 1.1. The heart of
the system is the signal processing core. This core supports a wide variety of functions,
such as customization and programmability of multiple applications, channel coding, the
definition of the user interface, etc. These functions are enabled by DSP, a controller CPU
and various blocks of memory. In advanced ICs these blocks provide (almost) all signal
processing and usually dominate in the overall power and area consumption of integrated
systems. The huge data rates involved, require high-speed busses for communication
between these blocks. A power-management unit fuels the system by providing the ap-
propriate supply voltages and currents.

Communication with the physical world is realized by a chain of mixed-signal, ana-
log and RF-circuitry. This chain acts as a “signal-conditioning channel”. It translates
physical signals into binary representations or vice versa. This channel also comprises
amplification, filtering and possibly frequency translation. It is the challenge of present
day mixed-signal and RF design to integrate the signal-conditioning channel at a low
power consumption and a high performance level.
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Mobile com- . " . 3 Wireless
ansceiver A % software | Transceiver i
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SRR

Figure 1.1: Electronic system including “signal-processing” units and some
example “signal-conditioning” channels for communication to the
physical world [1]

Digital signal processing

More and more digital systems and standards have been conceived: DECT has replaced
analog cordless systems, CD has overtaken the market of analog audio and digital cam-
eras are conquering conventional photography. These new standards offer higher quality
and more features thanks to the digital signal processing. The digital solution is moreover
easily scalable to new technologies and changing systems.

Clearly, in the signal-processing arena “full-digital” is becoming a fact for the ma-
Jority of systems. A similar evolution is happening to the signal-conditioning channels
shown in fig. 1.1 although the feasibility and economics of “highly-digitized signal con-
ditioning” have not yet been proven.

Digitization of signal conditioning

Fig. 1.2 depicts a conventional (i.e. dominantly analog) implementation of an A/D and a
D/A type of signal-conditioning channel. In fact, this could be the block diagram detailing
any of the signal-conditioning channels introduced in fig. 1.1. These channels select the
wanted signal in the time and the frequency domain, amplify the wanted signal, suppress

interferer signals and noise, perform A/D or D/A conversion and de- or encoding of the
signal.
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Figure 1.2: Block schematic of conventional A/D and D/A conditioning channel

The signal conditioning happens in either the analog or the digital domain'. Pre-
dominant analog signal conditioning relaxes the bandwidth and the dynamic range re-
quirements of all the following blocks. Predominant digital conditioning reduces the
number of analog blocks needed, while the implementation of the digital blocks benefits
from Moore’s Law. The requirements imposed on the data converters, however, become
substantially stricter. As the ADC and DAC move towards the antenna a much higher
sample rate and significantly higher resolution and linearity are required (see example on
page 15). :

While digital processing seems to come for free in advanced CMOS technologies,
any performance increase of analog circuitry leads to higher power consumption. More-
over, migration of an analog circuit to a new technology generation may imply a power
increase, even at constant performance requirements [3], [4]. Although some transistor
parameters have improved in advanced technologies, the negative effect of the decreasing
supply voltage has over-compensated this for generations beyond 0.254m-CMOS [5].
Therefore, new circuit techniques need to be developed in order to bridge this perfor-
mance gap. Evolution in analog circuit techniques is, however, very slow in comparison
with the revolution that has taken place in the complexity of digital processing and algo-
rithms.

Obviously, digitization of the signal-conditioning channel in an advanced CMOS
technology, imposes a substantial burden on the analog circuits and on the data convert-
ers especially. All-digital signal conditioning is therefore not necessarily the best option
in view of the overall optimization of the signal-conditioning channel.

Digitization of inter-die interfaces

The signal-conditioning channel can be integrated on a single die or often it extends over
multiple dies (in order to take advantage of a dedicated technology or for reasons of stan-
dardization of the interface). In the latter case, digitization of the channel may lead to a

'In this book, it is assumed that de- and encoding of the signal occurs in the digital domain. This is obvi-
ous for digital communication schemes but is also becoming the de-facto implementation for analog systems.
A good example are FM radio receivers in which analog demodulation -although adequate and low-cost- is
substituted by digital demodulation [2] featuring all the previously mentioned advantages.
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(signal-)conditioning channel =

analog/digital filtering + variable gain/word-length scaling + data conversion
’ '

signal conditioning

Figure 1.3: Nomenclature with respect to the signal-conditioning channel

new inter-die interface: as the ADC or DAC shifts towards the antenna a previously analog
interface may be replaced by a digital interface. Hence, the cost of an inter-die interface
will strongly depend on the degree of digitization of the signal-conditioning channel, and
must be included in the overall optimization of the cost/performance ratio of the channel.

1.2 Scope

This book studies the digitization of the signal-conditioning channel. In particular, it
focuses on the consequences of digitization on the power consumption of the channel
in relation to the performance target. The target “performance” is evaluated in terms of
noise, distortion and bandwidth. In generic terms, the aim of this book is to improve the
power/performance relation of the conditioning channel by balancing analog and digital
signal conditioning. This is pursued while striving for a highly-digitized solution. Some
limitations on the scope of the text are briefly motivated next.

Baseband A/D conditioning channels

The text focuses on signal conditioning in an A/D type of channel, operating at baseband.
The key circuits in the analysis are filters, variable-gain amplifiers and data converters. At
present. digitization of this (part of the) signal-conditioning channel -though very chal-
lenging still- is becoming feasible for various systems. On the contrary, power-efficient
digitization at the IF or RF frequency can be considered as a next -but further-off- step. In
addition, the de- and encoding of the signal are left out because the digitization of these
blocks has become a reality already.

The nomenclature as defined in fig. 1.3 will be used. “Conditioning channel” is used
as a shorthand notation for “signal-conditioning channel”. As explained above, it only
refers to the conditioning actions identified in fig. 1.3. Moreover, the term “signal con-
ditioning™ only refers to filtering and variable gain or word-length scaling, without the
data conversion. In chapter 6, this functionality is integrated into a £A ADC. Then, the
terminology of “a conditioning LA ADC” is used.

Continuous-time single-bit sigma-delta conversion

The choice for sigma-delta data conversion is motivated by the evolution of CMOS tech-
nology and the system need for low power data conversion (see chapters 2 and 3) and by
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the potential of sigma-delta converters for digitizing the conditioning channel in a power
efficient way. The latter argument is demonstrated throughout the book.

This choice does limit the analysis to channels with a “narrow” bandwidth. At
present, XA ADCs with a signal bandwidth up to 40MHz have been reported [6] in
CMOS. For this range of bandwidths A converters enable low-power, high-performance
conditioning channels.

This is especially true in case a continuous-time loop filter is used as this allevi-
ates the requirements on preceding anti-aliasing filtering. In addition, most continuous-
time implementations have a better power/performance ratio than their switched-capacitor
counterparts often due to lower bandwidth requirements on the filter stages [7].

Single-bit quantization provides high-linearity. This is a major specification on the
ADC in case analog conditioning -limiting bandwidth and DR of the input signal- is traded
for digital conditioning.

Motivated by the above promise of an attractive cost/performance ratio the text con-
centrates on continuous-time, single-bit TA -ADCs (see also 3.2.1).

CMOS technology

The choice for a baseband mixed-signal channel justifies a further narrowing of the scope
to CMOS technology only. While CMOS is gaining ground in many application areas, it
is certainly doing so in the field of analog and mixed-signal baseband design. This follows
from the number of scientific publications in this area.

Power consumption as cost parameter

The optimization of the signal-conditioning channel is performed in a single cost dimen-
sion, being power consumption. This is certainly a viable choice for portable applications
aiming at long stand-by times and small and light-weight battery packs. In general, low
power consumption can be an important asset in view of limited heat sinking capabilities
of packages, in view of area required by fans, etc.

The analysis aims at calculating the relation between the current consumption and
the performance requirements. The maximum supply voltage is assumed to be dictated
by the technology choice.

Performance parameters

In view of the comparison of various architectures for the conditioning channel a limited
set of performance parameters needs to be identified. These parameters need to represent
a fundamental specification on a generic signal-conditioning channel, influence the bal-
ancing of analog and digital conditioning and influence the power consumption. Based
on Shannon’s theory on the capacity of a generic communication channel a meaningful
set of parameters is derived in section 2.2. These parameters relate to signal bandwidth,

signal amplitude, noise power and distortion. The associated nomenclature is discussed
in section 2.5.
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For now it is mentioned that only (white) thermal circuit noise is taken into account.
Other noise sources like flicker noise and shot noise only occur in a limited frequency
band and therefore are less generic.

Only differential circuits are considered such that third-order distortion dominates.
Differential operation is preferable in a mixed-signal environment anyway. Furthermore
it is assumed that all circuits operate under weakly non-linear conditions which implies
that the response at the n harmonic is only determined by the n™ order non-linearity.

1.3 Outline

The book starts with a study of a generic signal-conditioning channel in chapter 2. Apply-
ing Shannon’s theory, the choice of the performance parameters is further motivated. It is
explained how system evolution and technology advances affect the conditioning channel
and digitization is identified as a key challenge. In addition, some nomenclature is intro-
duced.

Chapter 3 presents an overview of state-of-the-art in A A/D converter design and
motivates the assets of A converters for digitization of the conditioning channel. For
completeness, we briefly touch upon limitations on the application of ZA converters.

In chapter 4, power/performance relations for the building blocks of the conditioning
channel -i.e. for a major class of analog circuits, for the ZA ADC and for the decimation
filter- are derived. This leads to conclusions on how to proceed in view of power-efficient
digitization. Further on, these results are used to compare conditioning channels, with a
varying degree of digitization, in terms of their power/performance balance.

In chapter 5, we study a full-analog and a full-digital conditioning channel. These
represent the two extremes in terms of digitization and are compared with respect to power
consumption.

Chapter 6 introduces the concept of “conditioning XA ADCs”. Instead of having
analog conditioning, in front of the ADC, or performing the conditioning in the digital do-
main, it is integrated into the £A loop. This concept is enabled by the fact that LA ADCs
are largely immune to interferers. The analysis of the interferer immunity and of the lim-
itations thereon, is a key topic of this chapter. In addition, various TA topologies are
evaluated in this perspective and a “filtering-feedback LA ADC” -explicitly designed for
interferer immunity- is presented. Again, the power/performance balance of the various
solutions is assessed as well.

Often, the signal-conditioning channel extends over multiple dies. In that case, dig-
itization of the conditioning channel, may lead to digitization of the inter-die interface as
well. This is the topic of chapter 7.

Chapters 8 and 9, present design examples as an illustration of the theory of chapters 5
and 6 respectively. A dual-mode receiver for FM/AM radio is considered in chapter 8. In
FM mode, the signal conditioning is highly analog. In AM mode, it is highly digitized
using multi-channel A/D conversion. In chapter 9, three implementations of a “conditio-
ning A ADC” for use in a Bluetooth receiver are discussed. The first design is attractive
for systems requiring a high SNR for the digital processing. The other two designs enable



