Stefan Krone

Wireless Communications with Coarse Quantization:
Information-Theoretic Analysis and System Design Aspects






Beitrage aus der Informationstechnik

Mobile Nachrichtenubertragung

Nr. 58

Stefan Krone

Wireless Communications with Coarse
Quantization: Information-Theoretic
Analysis and System Design Aspects

p's

VOGT

Dresden 2012



Bibliografische Information der Deutschen Bibliothek

Die Deutsche Bibliothek verzeichnet diese Publikation in der Deutschen
Nationalbibliografie; detaillierte bibliografische Daten sind im Internet Gber
http://dnb.ddb.de abrufbar.

Bibliographic Information published by the Deutsche Bibliothek

The Deutsche Bibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibiograpic data is available in the internet at
http://dnb.ddb.de.

Zugl.: Dresden, Techn. Univ., Diss., 2012

Die vorliegende Arbeit stimmt mit dem Original der Dissertation
,Wireless Communications with Coarse Quantization: Information-
Theoretic Analysis and System Design Aspects® von Stefan Krone Uberein.

© Jorg Vogt Verlag 2012
Alle Rechte vorbehalten. All rights reserved.

Gesetzt vom Autor
ISBN 978-3-938860-51-9

Jorg Vogt Verlag
Niederwaldstr. 36
01277 Dresden
Germany

Phone: +49-(0)351-31403921
Telefax: +49-(0)351-31403918
e-mail:  info@vogtverlag.de
Internet : www.vogtverlag.de



TECHNISCHE UNIVERSITAT DRESDEN

Wireless Communications with Coarse
Quantization: Information-Theoretic

Analysis and System Design Aspects

Stefan Krone

von der Fakultat Elektrotechnik und Informationstechnik
der Technischen Universitat Dresden

zur Erlangung des akademischen Grades eines

Doktoringenieurs

(Dr.-Ing.)

genehmigte Dissertation

Vorsitzender: Prof. Dr.-Ing. Eduard A. Jorswieck
Gutachter: Prof. Dr.-Ing. Gerhard P. Fettweis
Prof. Dr. techn. Josef A. Nossek

Tag der Einreichung: 06. Februar 2012
Tag der Verteidigung: 20. April 2012






Abstract

Wireless communications systems have seen enormous advancements over the last decades and
have emerged as an integral part of everyday’s life. This great success creates ever more ambitious
applications such as wideband radio links in computer racks or wide area sensor networks with
devices that shall consume almost no energy. Applications like these impose serious challenges on
the required hardware, which is calling for new system design paradigms. One of the most serious
hardware issues is the data conversion at the transmitter and receiver. It is restricted to coarse
quantization when large sampling rates and /or minimum energy consumption shall be achieved.
New system concepts have to account for this limitation, which necessitates a fundamental
understanding of theoretical performance limits and corresponding system design aspects. This
thesis analyzes these aspects from an information-theoretic perspective.

The analysis builds on a general model of wireless communications systems with limited data
conversion. The model is simplified throughout the thesis to deduce channel models that can be
treated analytically, e.g., to calculate the channel capacity with coarse quantization at the re-
ceiver. Common data converter architectures are reviewed, and their technological limitations are
discussed. It is shown that large sampling rates and coarse quantization are reasonable and most
energy-efficient for future system designs. Concepts for optimizing a given quantization charac-
teristic are derived and compared. The results indicate that an amplitude distortion perspective
is not appropriate to address the maximum data rate of a system when the quantization resolu-
tion is low. The metric to be considered for the optimization is the mutual information. Using
this metric, it is shown for conventional modulation schemes and additive white Gaussian noise
channels that the quantization resolution at the receiver can be kept sufficiently small without de-
grading the maximum data rate. More fundamentally, the capacity and capacity-achieving trans-
mit schemes are studied for different types of wireless channels with coarse quantization at the
receiver. The Cutting Plane algorithm is used to calculate the capacity of additive white Gaus-
sian noise channels with coarse quantization. A closed-form capacity expression is derived for
the special case of 1-bit quantization. Capacity lower bounds are discussed for time dispersive
channels, because an exact capacity calculation is rather impossible. Frequency-flat fading chan-
nels are considered for the case of 1-bit quantization, which yields closed-form solutions for
the ergodic channel capacity and the optimal outage behavior. Furthermore, oversampling is
considered together with 1-bit quantization. It is shown that additive noise and inter-symbol-
interference can improve the channel capacity with oversampling as they increase the effective
quantization resolution to more than 1bit. This effect results from stochastic resonance and
may have a significant impact on future system designs. The last part of the thesis derives linear
channel (pre-)equalization schemes that incorporate the data conversion at the transmitter and
receiver. It is shown, that fractionally-spaced (pre-)equalization, which builds on oversampling,
can be conveniently combined with time-interleaved data converter architectures.

In general, it is found that coarse quantization may not be a drawback but an important enabler
for emerging wireless applications.




Zusammenfassung

Drahtlose Kommunikationssysteme habenin den letzten Jahrzehnten grofle Fortschritte erfahren
und sind Bestandteil des Alltags geworden. Dieser Erfolg antizipiert immer herausfordernde An-
wendungen, so zum Beispiel breitbandige Funkverbindungen in Computerracks und drahtlose
Sensornetzwerke mit Sensoren, die minimale Energie verbrauchen. Solche Anwendungen stellen
hochste Hardwareanforderungen, die nur mit neuen Systementwurfsparadigmen realisierbar sind.
Eines der groiten Probleme ist die Datenwandlung am Sender und Empfanger. Sie ist auf geringe
Quantisierung beschriankt, wenn hohe Samplingraten und /oder minimaler Energieverbrauch
erreicht werden sollen. Neuartige Systemkonzepte miissen dies beriicksichtigen. Dafiir miissen
die theoretischen Grenzen der Systemleistungsfihigkeit und geeignete Entwurfsaspekte bekannt
sein. Die vorliegende Arbeit widmet sich diesen Punkten aus informationstheoretischer Sicht.

Der Analyse liegt ein allgemeines Modell fiir Kommunikationssysteme mit limitierter Datenwand-
lung zu Grunde. Dieses wird vereinfacht, um Kanalmodelle abzuleiten, die analytisch untersucht
werden konnen, um beispielsweise die Kanalkapazitat mit Quantisierung am Empfinger zu be-
rechnen. Ubliche Datenwandlerarchitekturen werden betrachtet und die technologischen Grenzen
diskutiert. Es wird gezeigt, dass hohe Samplingraten und grobe Quantisierung sehr sinnvoll und
energieeffizient fiir zukiinftige Systementwiirfe sind. Konzepte zur Optimierung gegebener Quan-
tisierungscharakteristiken werden hergeleitet und verglichen. Die Ergebnisse zeigen, dass sich eine
Betrachtung der Amplitudenverzerrung nicht eignet, um die maximale Datenrate von System zu
bestimmen, wenn die Quantisierungsauflosung gering ist. Die fiir die Optimierung notwendige
Metrik ist die Transinformation. Unter Verwendung dieser Metrik wird fiir konventionelle Modu-
lationsverfahren und Kanéle mit additivem weiflen Gaufischen Rauschen gezeigt, dass die Quanti-
sierungsauflosung am Empfinger gering sein kann, ohne die maximale Datenrate zu beeintréchti-
gen. Noch grundlegender werden die Kapazitiat und kapazititserreichende Sendeschemata fiir ver-
schiedene Funkkanéle mit grober Quantisierung am Empfanger untersucht. Der Cutting-Plane-
Algorithmus wird zur Berechnung der Kapazitdt von Kanélen mit additivem weiflen Gauf3schen
Rauschen und grober Quantisierung verwendet. Ein geschlossener Kapazititsausdruck wird fiir
1-Bit Quantisierung hergeleitet. Fiir zeitdispersive Kanéle werden untere Kapazitatsgrenzen dis-
kutiert, da eine exakte Berechnung schwierig ist. Frequenzflache Schwundkanéle werden fiir den
Fall von 1-Bit Quantisierung betrachtet. Dies liefert geschlossene Losungen fiir die ergodische Ka-
pazitiit und optimales Ausfallverhalten. Zudem wird 1-Bit Quantisierung in Verbindung mit Uber-
abtastung untersucht. Es zeigt sich, dass Rauschen und Intersymbolinterferenz die Kapazitat mit
Uberabtastung erhohen, da sie die effektive Quantisierungsaufldsung auf iiber 1 Bit steigern. Dies
beruht auf stochastischer Resonanz und kann neuartige Systemkonzepte ermdglichen. Der letzte
Abschnitt der Arbeit leitet lineare Kanalentzerrungsschemata her, welche die Datenwandlung
an Sender und Empfinger einbeziehen. Es wird gezeigt, dass sich eine Kanalentzerrung mit
Uberabtastung geeignet mit zeitverschachtelten Datenwandlerarchitekturen kombinieren lasst.

Insgesamt zeigt die Arbeit auf, dass grobe Quantisierung kein Nachteil sein muss, sondern neuar-
tige Anwendungen der drahtlosen Kommunikation erst ermdoglicht.
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Acronyms
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Optimized number of quantization levels.
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Length of the discrete time impulse response of the overall channel.
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Number of occurrences of a given b in a simulation.
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Sampling rate.
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Effective distortion signal amplitude in the i-th fractionally-spaced path.
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Chapter 1
Introduction

1.1 Wireless Data Transmission

Over the last decades, wireless data transmission has become an integral part of human society.
Wireless communications systems have found their way into almost every area of life. They
add to an increased quality of life and play in important role in public infrastructure. The
great success of these systems motivates ever new applications. Wireless data transmission does
not only provide the flexibility to communicate with mobile devices, it can even mitigate the
limitations and costs of conventional wire-based systems.

An example for the latter is the replacement of copper strips in computer racks using steerable
radio beams. This can reduce the wiring complexity while still providing more flexible data links
between the circuits mounted on different computer boards. Other emerging applications are,
e.g., an ultra-fast wireless file transfer between any type of business or multimedia equipment,
and wide-area wireless sensor networks that connect billions of battery-driven sensor devices to
the Internet from every place all over the world. This is depicted in Figure 1.1.

Referring to these emerging applications, wireless data transmission faces two major challenges:
The first challenge is the demand for ever higher data rates to be supported. A solution to
this is the utilization of ever larger frequency bands. Only recently, regulatory bodies around
the world have made available up to 9 GHz of bandwidth in the 60 GHz frequency band. Using
this large amount of bandwidth, upcoming wireless standards will allow for data rates of several
Gbps [ECMO08, TEE09, IEE11]. This advancement is even expected to open the gate for data
rate requirements beyond 1 Thps [FGK11]. The second challenge, which gains more and more
importance, is the constraint for a minimum energy consumption of the devices. This is driven
by the impact of an ever growing device number on the world’s ecosystem, but it also relates to

p MN?g

(a) Wireless links in computer racks.  (b) Ultra-fast wireless file transfer. (c) Wireless sensor networks.

Figure 1.1: Emerging applications of wireless data transmission.
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maximizing the operating time of battery-driven devices. Wireless system designs that address
these challenges require a joint optimization of the system and transceiver architecture, with
a strong focus on the transceiver hardware that is limiting the data rate and dominating the
energy consumption. Considering todays technologies it appears that the hardware part which
realizes the data conversion at the transmitter and receiver can have a severe impact on both.

1.2 Data Conversion Bottleneck

One of the key enablers for the advancements of wireless communications has been digital signal
processing. Digital signal processing provides a high reliability and robustness towards hardware
variations, but also better means for reconfigurability and scalability, and easier ways for imple-
menting complex systems, as compared to analog signal processing. The transmission channel of
a wireless communications system remains, however, always analog. This requires to translate
the digital signals, that are carrying the data, to the analog domain at the transmitter and back
to the digital domain at the receiver. This is referred to as data conversion. The data conversion
is in both cases determined by a resolution in time, which corresponds to the sampling rate of the
digital signals, and a quantization resolution which follows from the number of amplitudes that
are available to generate or approximate the analog signal.

For the design of communications transceivers that support very large bandwidths and /or which
are constrained to consume very little energy, the data conversion turns out to be a major bottle-
neck with todays integration technologies. That is, conventional system architectures that rely on
high quantization resolution at the transmitter and receiver cannot be implemented or will be
subject to a performance loss due to limitations of the data conversion. At large sampling rates,
which are required to support large bandwidths, technological limits restrict the quantization
resolution of the data conversion. Furthermore, the larger the quantization resolution is the
higher is the power dissipation of the data conversion. This can be crucial even for smaller
sampling rates when targeting at lowest energy consumption.

The data conversion bottleneck can be tackled in two ways: One solution is to further improve the
available integration technologies, e.g., by technology scaling. This will always involve substantial
costs and may also delay the realization of emerging applications. Despite that, it will also call for
alternative solutions once fundamental technological bounds are reached. The second solution
is the design of system architectures that cope with constraints on the data conversion, i.e.,
with coarse quantization at the transmitter and receiver. Such architectures may differ from
conventional system designs and require parts of the digital signal processing to be moved to
the analog domain. A practical example for the latter is the 60 GHz system that has been
designed for high-speed wireless point-to-point links and verified with a hardware demonstrator
in the research project EASY-A (http://www.easy-a.de). The system is restricted to 1-bit data
conversion and requires a frequency synchronization in the analog receiver frontend to achieve
date rates of multiple Gbps. A description of the system is given in Appendix A, pp. 183. The
developed demonstrator shows that it is possible to cope with limited data conversion, but an
important question remains: What is an optimal system design with limited data conversion to
satisfy the ever increasing demands of wireless communications.

Finding an answer to this question necessitates a theoretical characterization of the system
performance under the constraints of limited data conversion. The theoretical maximum of the
system performance can serve as a valuable benchmark for the development of system concepts
and corresponding design paradigms. The performance metric to be considered for this purpose




1.3 Outline of the Thesis

is the maximum data rate that can be achieved. It can be assessed with an information-theoretic
system characterization, which is the main objective of this thesis. For selected cases, the thesis
shows that it is even possible to derive an analytical descriptions of optimal system designs.
This is, e.g., the case when the quantization resolution at the receiver is as low as 1 bit. It is also
shown that this minimum resolution is very reasonable from different perspectives, including the
requirement for maximum energy-efficiency.

1.3 Outline of the Thesis

This thesis studies the maximum data rate of wireless communications systems that are limited
by the data conversion at the transmitter and receiver. The limitations reflect in a coarse quan-
tization of the transmitted and received signals, where the quantization resolution can be as low
as 1bit. The investigations are based on an information-theoretic analysis for different types of
wireless transmission channels to obtain analytical and numerical results for the maximum data
rate. This includes a derivation and computation of the channel capacity, which is different and
more complicated as compared to the case without quantization. Furthermore, system design
requirements to achieve the maximum data rate are discussed and evaluated from a practical
perspective. These requirements range from an optimized calibration of the data conversion up
to the design of optimal transmission schemes. For certain channel types, such as time-dispersive
channels, it turns out that optimal transmission schemes are difficult to derive. As a solution
for practical system designs, sub-optimal schemes with linear channel (pre-)equalization that
incorporate the data conversion at the transmitter and receiver are derived. To emphasize the
need for these investigations, the technological limitations of state-of-the-art data converters
and bounds on future improvements are discussed, as well. The latter includes an analysis of
fundamental physical limits to the representation of digital signals. The findings on the power
dissipation of data converters are applied to the information-theoretic results to identify system
designs that ensure an energy-efficient data conversion at a target data rate.

The thesis is structured as follows:

o Chapter 2 provides the theoretical foundations for analyzing wireless data transmission with
coarse quantization from an information-theoretic perspective. It starts with a classification of
different signal types and provides a mathematical description of data conversion. A generic
model for wireless communications systems is derived, which is considered throughout the
thesis. The mutual information and the channel capacity are introduced as information-
theoretic metrics, and possible ways for their computation are outlined.

o Chapter 3 starts with a review of common data conversion architectures and their techno-
logical limitations. The minimum power dissipation of data converters and ultimate physical
limits to the representation of digital signals are discussed. Existing work is extended by
considering these limitations from a pure information-theoretic perspective. The findings
motivate system designs with large bandwidth but low quantization resolution to satisfy the
emerging requirements on data rate and energy-efficiency.

o Chapter 4 discusses different concepts to assess and optimize the quality of quantized signals
in communications transceivers. The quantization is considered from an amplitude distortion
perspective, which is most common, and from an information-theoretic perspective. Opti-
mized quantization characteristics are derived and compared for the two cases of minimum
amplitude distortion and maximum mutual information. This is done for signals which are
not affected by any other distortion and for distorted signals that occur in communication
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systems. The information-theoretic investigations in this chapter extend previous work by
considering complex-valued communications signals that can be subject to arbitrary phase
offsets and by providing a geometric interpretation of the optimized quantization characteris-
tics. Numerical examples are shown to illustrate that the quantization resolution can be kept
conveniently small with the optimization while maintaining the system performance.

o Chapter 5 addresses the fundamental question of what an optimal system configuration would
be to maximize the data rate with coarse quantization at the receiver. The chapter derives
and analyses the capacity and respective transmit schemes for different types of wireless
channels with quantization at the receiver. For additive white Gaussian noise channels, the
capacity and respective transmit schemes are obtained analytically and illustrated by nu-
merical examples. Existing work is extended by considering complex-valued signals and by
taking into account coarse quantization at the transmitter, too. The power dissipation of the
data conversion is incorporated in the analysis to discuss energy-efficient system designs. For
time-dispersive channels, lower bounds of the channel capacity are derived, because the true
capacity is difficult to calculate. Finally, frequency-flat fading channels are considered for
the particular case of 1-bit quantization. The ergodic channel capacity, the optimal outage
behavior and the respective transmit schemes are analytically derived for these channels.

o Chapter 6 analyzes the prospects and constraints of 1-bit quantization with oversampling at
the receiver. For additive white Gaussian noise channels with rectangular pulse shaping, the
channel capacity and optimal transmission schemes are calculated and illustrated by numeri-
cal examples. An important observation is the effect of stochastic resonance, which maximizes
the system performance at signal-to-noise ratios below infinity. Band-limited transmission
channels are analyzed numerically in terms of capacity lower bounds. It is shown that inter-
symbol-interference due to the band-limitation can be utilized in the same way as channel
noise to improve the performance. The findings of Chapter 6 can be regarded as a generaliza-
tion of previous work, which has only considered corner cases, i.e., noise-free signal reception
and infinitely large oversampling.

o Chapter 7 derives linear channel (pre-)equalization schemes for time-dispersive channels with
coarse quantization at the transmitter and receiver. These schemes account for the distortion
of the data conversion. The (pre-)equalization criterion is the minimum mean-squared-error
between the transmitted and received data symbols. The derived schemes build on existing
work that has focused on frequency flat multiple-antenna channels with coarse quantization.
The (pre-)equalization performance is evaluated in terms of the mutual information that can
be achieved. It is shown that a performance degradation due to coarse quantization can be
mitigated with higher sampling rates and fractionally-spaced (pre-)equalization that builds
on a system design with time-interleaved data conversion.

o Chapter 8 summarizes the main results and outlines important directions for further research
to integrate the findings of this thesis into future system designs.

Each of the Chapters 3 to 7 concentrates on a specific topic. Related literature and the very
particular contributions of this thesis are detailed at the beginning of each of the chapters.

As mentioned before, a brief description of the 60 GHz demonstrator that has been developed
in the EASY-A project is given in Appendix A. An in-depth explanation of different ways to
compute the mutual information and channel capacity under various constraints is provided
in Appendix B. Appendix C contains parameter tables and selected derivations for optimized
quantization characteristics which are considered in this thesis. The proofs of all theorems of
this thesis are given in Appendix D.




