Preface

When, in 1994, I wrote the very first draft of this book in the form of lecture notes for a wireless
course, the preface started by justifying the need for giving such a course at all. I explained at
length why it is important that communications engineers understand wireless systems, especially
digital cellular systems. Now, more than 10 years later, such a justification seems slightly quaint
and outdated. Wireless industry has become the fastest growing sector of the telecommunica-
tions industry, and there is hardly anybody in the world who is not a user of some form of
wireless technology. From the ubiquituous cellphones, to wireless LANs, to wireless sensors that
are proliferating — we are surrounded by wireless communications devices.

One of the key challenges in studying wireless communications is the amazing breadth of
topics that impacts this field. Traditionally, communications engineers have concentrated on, for
example, digital modulation and coding theory, while the world of antennas and propagation
studies was completely separate — “‘and never the twain shall meet”. However, such an approach
does not work for wireless communications. We need an understanding of all aspects that
impact the performance of systems, and make the whole system work. This book is an
attempt to provide such an overview, concentrating as it does on the physical layer of
wireless communications.

Another challenge is that not only practical wireless systems, but also the science on which
they are based is constantly changing. It is often claimed that while wireless systems rapidly
change, the scientific basis of wireless communications stays the same, and thus engineers can
rely on knowledge acquired at a given time to get them through many cycles of system changes,
with just minor adjustments to their skillsets. This thought is comforting — and unfortunately
false. For example, 10 years ago, topics like multiple-antenna systems, OFDM, turbocodes and
LDPC codes, and multiuser detection, were mostly academic curiosities, and would at best be
treated in PhD-level courses; today, they dominate not only mainstream research and system
development, but represent vital, basic knowledge for students and practicing engineers. I hope
that, by treating both new aspects as well as more “classical” topics, my book will give today’s
students and researchers knowledge and tools that will prove useful for them in the future.

The book is written for advanced undergraduate and graduate students, as well as for
practicing engineers and researchers. Readers are assumed to have an understanding of
elementary communication theory, like modulation/demodulation as well as of basic aspects
of electromagnetic theory, though a brief review of these fields is given at the beginning of
the corresponding chapters of the book. The core material of this book tries to get students
to a stage where they can read more advanced monographs, and even research papers; for all
those readers who want to dig deeper, the majority of chapters include a ‘““further reading”
section that cites the most important references. The text includes both mathematical
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formulations, and intuitive explanations. I firmly believe that such a dual approach leads to the
deepest understanding of the material. In addition to being a textbook, the text is also intended
to serve as a reference tool for researchers and practitioners. For this reason, I have tried to
make it easier to read isolated chapters. All acronyms are explained the first time they occur in
each chapter (not just at their first occurrence in the book); a list of symbols (see p. XXXix)
explains the meaning of symbols used in the equations. Also, frequent cross-references should
help for this purpose.

Synopsis

The book is divided into five parts. The first part, the introduction, gives a high-level overview of
wireless communications. Chapter 1 first gives a taxonomy of different wireless services, and
then describes the requirements for data rate, range, energy consumption, etc., that the various
applications impose. This chapter also contains a brief history, and a discussion of the economic
and social aspects of wireless communications. Chapter 2 describes the basic challenges of
wireless communications, like multipath propagation and limited spectrum resources. Chapter
3 then discusses how noise and interference limit the capabilities of wireless systems, and how
link budgets can serve as simple system-planning tools that give a first idea about the achievable
range and performance.

The second part describes the various aspects of wireless propagation channels and antennas.
As the propagation channel is the medium over which communication happens, understanding it
is vital to understanding the remainder of the book. Chapter 4 describes the basic propagation
processes: free space propagation, reflection, transmission, diffraction, diffuse scattering, and
waveguiding. We find that the signal can get from the transmitter to the receiver via many
different propagation paths that involve one or more of these processes, giving rise to many
multipath components. It is often convenient to give a statistical description of the effects of
multipath propagation. Chapter 5 gives a statistical formulation for narrowband systems,
explaining both small-scale (Rayleigh) and large-scale fading. Chapter 6 then discusses
formulations for wideband systems, and systems that can distinguish the directions of
multipath components at the transmitter and receiver. Chapter 7 then gives specific models
for propagation channels in different environments, covering pathloss as well as wideband
and directional models. Since all realistic channel models have to be based on (or confirmed
by) measurements, Chapter 8 summarizes techniques that are used for measuring channel
impulse responses. Finally, Chapter 9 briefly discusses antennas for wireless applications,
especially with respect to different restrictions at base stations and mobile stations.

The third part of the book deals with the structure and theory of wireless transceivers. After a
short summary of the components of a RF transceiver in Chapter 10, Chapter 11 then describes
the different modulation formats that are used for wireless applications. The discussion not only
includes mathematical formulations and signal space representations, but also an assessment of
their advantages and disadvantages for various purposes. The performance of all these modems
in flat-fading as well as frequency-selective channels is then the topic of Chapter 12. One critical
observation we make here is the fact that fading leads to a drastic increase in error probability,
and that increasing the transmit power is not a suitable way of improving performance. This
motivates the next two Chapters, which deal with diversity and channel coding, respectively. We
find that both these measures are very effective in reducing error probabilities in a fading
channel. The coding chapter also includes a discussion of near-Shannon-limit-achieving codes
(turbocodes and low-density parity check codes), which have gained great popularity in recent
years. Since voice communication is still the most important application for cellphones and
similar devices, Chapter 15 discusses the various ways of digitizing speech, and compressing
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information so that it can be transmitted over wireless channels in an efficient way. Chapter 16
finally discusses equalizers, which can be used to reduce the detrimental effect of frequency
selectivity of wideband wireless channels. All the chapters in this part deal with a single link —
i.e., the link between one transmitter and one receiver.

The fourth part then takes into account our desire to operate a number of wireless links
simultaneously in a given area. This so-called multiple-access problem has a number of different
solutions. Chapter 17 discusses frequency domain multiple access (FDMA) and time domain
multiple access (TDMA), as well as packet radio, which has gained increasing importance for
data transmission. This chapter also discusses the cellular principle, and the concept of frequency
reuse that forms the basis not only for cellular, but also many other high-capacity wireless
systems. Chapter 18 then describes spread spectrum techniques, in particular CDMA, where
different users can be distinguished by different spreading sequences. This chapter also discusses
multiuser detection, a very advanced receiver scheme that can greatly decrease the impact of
multiple-access interference. Another topic of Part IV is “advanced transceiver techniques’.
Chapter 19 describes OFDM (orthogonal frequency domain multiplexing), which is a
modulation method that can sustain very high data rates in channels with large delay spread.
Chapter 20 finally discusses multiple-antenna techniques: “‘smart antennas”, typically placed at
the base station, are multiple-antenna elements with sophisticated signal processing that can
(among other benefits) reduce interference and thus increase the capacity of cellular systems.
MIMO (multiple-input—multiple-output) systems go one step further, allowing the transmission
of parallel datastreams from multiple-antenna elements at the transmitter, which are then
received and demodulated by multiple-antenna elements at the receiver. These systems achieve
a dramatic capacity increase even for a single link.

The last part of the book describes standardized wireless systems. Standardization is critical so
that devices from different manufacturers can work together, and also systems can work
seamlessly across national borders. The book describes the most successful cellular wireless
standards — namely, GSM (Global System for Mobile communications), IS-95 and its
advanced form CDMA 2000, as well as Wideband CDMA (also known as UMTS) in
Chapters 21, 22, and 23, respectively. Furthermore, Chapter 24 describes the most important
standard for wireless LANs — namely, IEEE 802.11.

A companion website (www.wiley.com/go/molisch) contains some material that I deemed as
useful, but which would have made the printed version of the book overly bulky. In particular,
the appendices to the various chapters, as well as supplementary material on the DECT (Digital
Enhanced Cordless Telecommunications) system, the most important cordless phone standard,
can be found there.

Suggestions for courses

The book contains more material than can be presented in a single-semester course, and spans
the gamut from very elementary to quite advanced topics. This gives the instructor the freedom
to tailor teaching to the level and the interests of students. The book contains worked examples
in the main text, and a large number of homework exercises at the end of the book. Solutions to
these exercises, as well as presentation slides, are available to instructors on the companion
website of this book.

A few examples for possible courses include:

e Introductory course:

—introduction (Chapters 1-3);
—basic channel aspects (Sections 4.1-4.3, 5.1-5.4, 6.1, 6.2, 7.1-7.3);
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—elementary signal processing (Chapters 10, 11, and Sections 12.1, 12.2.1, 12.3.1, 13.1,
13.2, 13.4, 14.1-14.3, 16.1-16.2);
—multiple access and system design (Chapters 17, 22 and Sections 18.2, 18.3, 21.1-21.7).

e  Wireless propagation:

—introduction (Chapter 2);

—Dbasic propagation effects (Chapter 4);

—statistical channel description (Chapters 5 and 6);

——channel modeling and measurement (Chapters 7 and 8);

—antennas (Chapter 9).
This course can also be combined with more basic material on electromagnetic theory
and antennas.

e Advanced topics in wireless communications:

—introduction and refresher: should be chosen by the instructor according to audience;
—CDMA and multiuser detection (Sections 18.2, 18.3, 18.4);

—OFDM (Chapter 19);

—ultrawideband communications (Sections 18.5, 6.6);

—multiantenna systems (Sections 6.7, 7.4, 8.5, 13.5, 13.6, and Chapter 20);

—advanced coding (Sections 14.5, 14.6).

e  Current wireless systems:

—TDMA-based cellular systems (Chapter 21);

—CDMA-based cellular systems (Chapters 22 and 23);

—cordless systems (supplementary material on companion website);

—wireless LANs (Chapter 24); and

—selected material from previous chapters for the underlying theory, according to the
knowledge of the audience.
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