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Preface

elcome to the second edition of Mobile Communications — and wel-
w come to the confusing, complex, but very interesting world of

wireless and mobile technologies! In the last few years, we have all
experienced the hype and frustration related to mobile technology. Once
praised as the Internet on the mobile phone, the frustration with third genera-
tion mobile phone systems came at the same time the dotcoms crashed. The
reader should remember that all technologies need their time to develop.

Nevertheless, we are experiencing huge growth rates in mobile communica-
tion systems (mainly in Asia), increasing mobility awareness in society, and the
worldwide deregulation of former monopolized markets. While traditional com-
munication paradigms deal with fixed networks, mobility raises a new set of
questions, techniques, and solutions. For many countries, mobile communica-
tion is the only solution due to the lack of an appropriate fixed communication
infrastructure. Today, more people use mobile phones (over one billion!) than
traditional fixed phones. The trends mentioned above create an ever-increasing
demand for well-educated communication engineers who understand the devel-
opments and possibilities of mobile communication. What we see today is only
the beginning. There are many new and exciting systems currently being devel-
oped in research labs. The future will see more and more mobile devices, the
merging of classical voice and data transmission technologies, and the extension
of today’s Internet applications (e.g., the world wide web) onto mobile and wire-
less devices. New applications and new mobile networks will bring ubiquitous
multimedia computing to the mass market; radios, personal digital assistants
(PDAs), laptops and mobile phones will converge and many different functions
will be available on one device — operating on top of Internet technologies.

This book is an introduction to the field of mobile communications and
focuses on digital data transfer. The book is intended for use by students of EE
or CS in computer networking or communication classes, engineers working
with fixed networks who want to see the future trends in networking, as well as
managers who need a comprehensible overview in mobile communication. The
reader requires a basic understanding of communication and a rough knowl-
edge of the Internet or networking in general. While resources are available
which focus on a particular technology, this book tries to cover many aspects of
mobile communications from a computer science point of view. Furthermore,
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the book points out common properties of different technical solutions and
shows the integration of services and applications well-known from fixed net-
works into networks supporting mobility of end systems and wireless access. If
the reader is interested in more detailed information regarding a certain topic,
he or she will find many pointers to research publications or related websites.

Teachers will find this book useful for a course that follows a general data
communication or computer networking class. The book can also replace parts
of more general courses if it is used together with other books covering fixed
networks or aspects of high-speed networks. It should be straightforward to
teach a mobile networking class using this book together with the course mater-
ial provided online via the following link:

http://www.jochenschiller.de/

The material comprises all of the figures, over 500 slides in English and
German as PDF and PowerPoint™ files, a list of all acronyms, and many links to
related sites. Additionally, the questions included in the book can provide a
good self-test for students. Solutions to all the questions in the book can be
found at the publisher’s password-protected site:

http://www.booksites.net/schiller

This book addresses people who want to know how mobile phone systems
work, what technology will be next in wireless local area networks, and how
mobility will influence applications, security, or IP networks. Engineers working in
fixed networks can see paths of migration towards mixed fixed/mobile networks.

The book follows a ‘tall and thin’ approach. It covers a whole course in
mobile communication, from signals, access protocols, up to application require-
ments and security, and does not stress single topics to the neglect of others. It
focuses on digital mobile communication systems, as the future belongs to digi-
tal systems such as CDMA, GSM, DECT, W-CDMA, cdma2000, UMTS, DAB. New
and important topics in the higher layers of communication, like the wireless
application protocol (WAP), i-mode, and wireless TCP are included.

Chapter 1 introduces the field of mobile and wireless communication, pre-
sents a short history and challenges for research, and concludes with a market
vision, which shows the potential of mobile technology. Chapter 2 follows the
classical layers of communication systems and explains the basics of wireless
technology from a computer science point of view. Topics in this chapter are
signal propagation, multiplexing, and modulation. Profound electrical engineer-
ing knowledge is not required; however, it is necessary to comprehend the basic
principles of wireless transmission to understand the design decisions of higher
layer communication protocols and applications. Chapter 3 presents several
media access schemes and motivates why the standard schemes from fixed net-
works fail if used in a wireless environment.

Chapters 4-7 present different wireless communication systems and may
be read in any order. All the systems involve wireless access to a network and
they can transfer arbitrary data between communication partners. Chapter 4
comprises the global system for mobile communications (GSM) as today’s most
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successful public mobile phone system, cordless phone technology, trunked
radios, and the future development with the universal mobile telecommunica-
tions system (UMTS). Satellite systems are covered in chapter 5, while chapter 6
discusses digital broadcast systems such as digital audio broadcasting (DAB)
which can be one component of a larger communication system providing end-
users with mass data. Wireless LANs as replacement for cabling inside buildings
are presented in chapter 7. Examples are IEEE 802.11, HiperLAN2, and
Bluetooth. A special feature of HiperLAN2 is the provisioning of quality of ser-
vice (QOS), i.e., the system can give guarantees for certain parameters, such as
bandwidth or error rates.

Chapter 8 mainly presents mobile IP, the extension of the Internet protocol
(IP) into the mobile domain. Ad-hoc networks with their requirements for spe-
cific routing protocols are also covered. The subsequent layer, the transport
layer, is covered in chapter 9. This chapter discusses several approaches of adapt-
ing the current transmission control protocol (TCP), which is well known from
the Internet, to the special requirements of mobile communication systems.
Chapter 10 presents the wireless application protocol (WAP) standard that
enables wireless and mobile devices to use parts of the world wide web (www)
from today’s fixed Internet. Additionally, this chapter shows the migration to
WAP 2.0, which includes components from i-mode and the Internet. The book
closes with an outlook to fourth generation systems in chapter 11.

The book is based on a course I have taught several times at the University
of Karlsruhe and the Free University of Berlin. The course typically consists of
14 lectures of 90 minutes each (typically, not every topic of the book is covered
during the lecture in the same detail). Over 100 universities, colleges, and other
institutions around the world have already used the material compiled for this
book. Teachers may include the online material in their courses or even base
whole courses on the material.

What is new in the second edition?

Over three years have passed since the publication of the first edition. During
this time, many new ideas showed up, several ideas were dropped, and many
systems have been improved. The main changes, besides updates of all refer-
ences and links, are the following:

e Integration of higher data rates for GSM (HSCSD, GPRS).

e Complete new section about third generation systems with in-depth discus-
sion of UMTS/W-CDMA.

e Addition of the new WLAN standards for higher data rates: 802.11a, .11b,
.11g and HiperLANZ2.

e Extension of the Bluetooth section: IEEE 802.15, profiles, applications.
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e More on ad-hoc networking and wireless profiled TCP.
e Migration of WAP 1.x and i-mode towards WAP 2.0.

You are encouraged to send any comments regarding the book or course
material to schiller@computer.org. Finally, I hope you enjoy reading this com-
pletely revised book and forgive me for simplifications I have used to avoid
blurring the big picture of mobile communications. Many such details may
change as research and standards evolve over time. As this book covers many
aspects of mobile communications it cannot dig into each and every detail with
the same scientific depth. Finally, the famous quote from Goethe is valid for this
book, too:

Properly speaking, such work is never finished; one must declare it so when,
according to time and circumstances, one has done one's best.
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Introduction

hat will computers look like in ten years? No one can make a wholly

accurate prediction, but as a general feature, most computers will cer-

tainly be portable. How will users access networks with the help of
computers or other communication devices? An ever-increasing number with-
out any wires, i.e., wireless. How will people spend much of their time at work,
during vacation? Many people will be mobile - already one of the key charac-
teristics of today’s society. Think, for example, of an aircraft with 800 seats.
Modern aircraft already offer limited network access to passengers, and aircraft
of the next generation will offer easy Internet access. In this scenario, a mobile
network moving at high speed above ground with a wireless link will be the
only means of transporting data to and from passengers. Think of cars with
Internet access and billions of embedded processors that have to communicate
with, for instance, cameras, mobile phones, CD-players, headsets, keyboards,
intelligent traffic signs and sensors. This plethora of devices and applications
show the great importance of mobile communications today.

Before presenting more applications, the terms ‘mobile’ and ‘wireless’ as used
throughout this book should be defined. There are two different kinds of mobil-
ity: user mobility and device portability. User mobility refers to a user who has
access to the same or similar telecommunication services at different places, i.e.,
the user can be mobile, and the services will follow him or her. Examples for
mechanisms supporting user mobility are simple call-forwarding solutions known
from the telephone or computer desktops supporting roaming (i.e., the desktop
looks the same no matter which computer a user uses to log into the network).

With device portability,! the communication device moves (with or without
a user). Many mechanisms in the network and inside the device have to make sure
that communication is still possible while the device is moving. A typical example
for systems supporting device portability is the mobile phone system, where the
system itself hands the device from one radio transmitter (also called a base sta-
tion) to the next if the signal becomes too weak. Most of the scenarios described in
this book contain both user mobility and device portability at the same time.

1 Apart from the term ‘portable’, several other terms are used when speaking about devices (e.g.,
‘mobile’ in the case of ‘mobile phone’). This book mainly distinguishes between wireless access to a
network and mobility of a user with a device as key characteristics.
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With regard to devices, the term wireless is used. This only describes the
way of accessing a network or other communication partners, i.e., without a
wire. The wire is replaced by the transmission of electromagnetic waves through
‘the air’ (although wireless transmission does not need any medium).

A communication device can thus exhibit one of the following characteristics:

e Fixed and wired: This configuration describes the typical desktop computer
in an office. Neither weight nor power consumption of the devices allow for
mobile usage. The devices use fixed networks for performance reasons.

e Mobile and wired: Many of today’s laptops fall into this category; users
carry the laptop from one hotel to the next, reconnecting to the company’s
network via the telephone network and a modem.

e Fixed and wireless: This mode is used for installing networks, e.g., in his-
torical buildings to avoid damage by installing wires, or at trade shows to
ensure fast network setup. Another example is bridging the last mile to a
customer by a new operator that has no wired infrastructure and does not
want to lease lines from a competitor.

e Mobile and wireless: This is the most interesting case. No cable restricts
the user, who can roam between different wireless networks. Most technol-
ogies discussed in this book deal with this type of device and the networks
supporting them. Today’s most successful example for this category is GSM
with more than 800 million users.

The following section highlights some application scenarios predestined for the
use of mobile and wireless devices. An overview of some typical devices is also
given. The reader should keep in mind, however, that the scenarios and devices
discussed only represent a selected spectrum, which will change in the future.
As the market for mobile and wireless devices is growing rapidly, more devices
will show up, and new application scenarios will be created. A short history of
wireless communication will provide the background, briefly summing up the
development over the last 200 years. Section 1.3 shows wireless and mobile
communication from a marketing perspective. While there are already over a
billion users of wireless devices today and the wireless business has experienced
some problems in the last few years, the market potential is still tremendous.

Section 1.4 shows some open research topics resulting from the fundamen-
tal differences between wired and wireless communication. Section 1.5 presents
the basic reference model for communication systems used throughout this
book. This chapter concludes with an overview of the book, explaining the ‘tall
and thin’ approach chosen. Tall and thin means that this book covers a variety
of different aspects of mobile and wireless communication to provide a com-
plete picture. Due to this broad perspective, however, it does not go into all the
details of each technology and systems presented.
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1.1 Applications

Although many applications can benefit from wireless networks and mobile
communications, particular application environments seem to be predestined
for their use. The following sections will enumerate some of them - it is left to
you to imagine more.

1.1.1 Vehicles

Today’s cars already comprise some, but tomorrow’s cars will comprise many
wireless communication systems and mobility aware applications. Music, news,
road conditions, weather reports, and other broadcast information are received
via digital audio broadcasting (DAB) with 1.5 Mbit/s. For personal communica-
tion, a universal mobile telecommunications system (UMTS) phone might be
available offering voice and data connectivity with 384 kbit/s. For remote areas,
satellite communication can be used, while the current position of the car is
determined via the global positioning system (GPS). Cars driving in the same
area build a local ad-hoc network for the fast exchange of information in emer-
gency situations or to help each other keep a safe distance. In case of an accident,
not only will the airbag be triggered, but the police and ambulance service will
be informed via an emergency call to a service provider. Cars with this technol-
ogy are already available. In the future, cars will also inform other cars about
accidents via the ad-hoc network to help them slow down in time, even before a
driver can recognize an accident. Buses, trucks, and trains are already transmit-
ting maintenance and logistic information to their home base, which helps to
improve organization (fleet management), and saves time and money.

Figure 1.1 shows a typical scenario for mobile communications with many
wireless devices. Networks with a fixed infrastructure like cellular phones (GSM,
UMTS) will be interconnected with trunked radio systems (TETRA) and wireless
LANs (WLAN). Satellite communication links can also be used. The networks
between cars and inside each car will more likely work in an ad-hoc fashion.
Wireless pico networks inside a car can comprise personal digital assistants
(PDA), laptops, or mobile phones, e.g., connected with each other using the
Bluetooth technology.

This first scenario shows, in addition to the technical content, something
typical in the communication business — many acronyms. This book contains
and defines many of these. If you get lost with an acronym, please check the
appendix, which contains the complete list, or check the terms and definitions
database interactive (TEDDI) of ETSI (2002).

Think of similar scenarios for air traffic or railroad traffic. Different prob-
lems can occur here due to speed. While aircraft typically travel at up to
900 km/h and current trains up to 350 km/h, many technologies cannot oper-
ate if the relative speed of a mobile device exceeds, e.g., 250 km/h for GSM or
100 km/h for AMPS. Only some technologies, like DAB work up to 900 km/h
(unidirectional only).



Figure 1.1

A typical application of
mobile communications:
road traffic

Mobile communications

UMTS, WLAN, DAB,
GSM, cdma2000,

Personal Travel Assistant,
DAB, PDA, laptop,
GSM, UMTS, WLAN,

(O/ <. Bluetooth, ...

1.1.2 Emergencies

Just imagine the possibilities of an ambulance with a high-quality wireless con-
nection to a hospital. Vital information about injured persons can be sent to the
hospital from the scene of the accident. All the necessary steps for this particu-
lar type of accident can be prepared and specialists can be consulted for an early
diagnosis. Wireless networks are the only means of communication in the case
of natural disasters such as hurricanes or earthquakes. In the worst cases, only
decentralized, wireless ad-hoc networks survive. The breakdown of all cabling
not only implies the failure of the standard wired telephone system, but also the
crash of all mobile phone systems requiring base stations!

1.1.3 Business

A travelling salesman today needs instant access to the company’s database: to
ensure that files on his or her laptop reflect the current situation, to enable the
company to keep track of all activities of their travelling employees, to keep data-
bases consistent etc. With wireless access, the laptop can be turned into a true
mobile office, but efficient and powerful synchronization mechanisms are needed
to ensure data consistency. Figure 1.2 illustrates what may happen when employ-
ees try to communicate off base. At home, the laptop connects via a WLAN or
LAN and DSL to the Internet. Leaving home requires a handover to another tech-
nology, e.g., to an enhanced version of GSM, as soon as the WLAN coverage ends.
Due to interference and other factors discussed in chapter 2, data rates drop while
cruising at higher speed. Gas stations may offer WLAN hot spots as well as gas.
Trains already offer support for wireless connectivity. Several more handovers to
different technologies might be necessary before reaching the office. No matter
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when and where, mobile communications should always offer as good connectiv-
ity as possible to the internet, the company’s intranet, or the telephone network.

1.1.4 Replacement of wired networks

In some cases, wireless networks can also be used to replace wired networks,
e.g., remote sensors, for tradeshows, or in historic buildings. Due to economic
reasons, it is often impossible to wire remote sensors for weather forecasts,
earthquake detection, or to provide environmental information. Wireless con-
nections, e.g., via satellite, can help in this situation. Tradeshows need a highly
dynamic infrastructure, but cabling takes a long time and frequently proves to
be too inflexible. Many computer fairs use WLANS as a replacement for cabling.
Other cases for wireless networks are computers, sensors, or information dis-
plays in historical buildings, where excess cabling may destroy valuable walls or
floors. Wireless access points in a corner of the room can represent a solution.

1.1.5 Infotainment and more

Internet everywhere? Not without wireless networks! Imagine a travel guide for
a city. Static information might be loaded via CD-ROM, DVD, or even at home
via the Internet. But wireless networks can provide up-to-date information at
any appropriate location. The travel guide might tell you something about the
history of a building (knowing via GPS, contact to a local base station, or trian-
gulation where you are) downloading information about a concert in the
building at the same evening via a local wireless network. You may choose a
seat, pay via electronic cash, and send this information to a service provider
(Cheverst, 2000). Another growing field of wireless network applications lies in
entertainment and games to enable, e.g., ad-hoc gaming networks as soon as
people meet to play together.

1.1.6 Location dependent services

Figure 1.2

Mobile and wireless
services — always best
connected
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Many research efforts in mobile computing and wireless networks try to hide
the fact that the network access has been changed (e.g., from mobile phone to
WLAN or between different access points) or that a wireless link is more error
prone than a wired one. Many chapters in this book give examples: Mobile IP
tries to hide the fact of changing access points by redirecting packets but keep-
ing the same IP address (see section 8.1), and many protocols try to improve
link quality using encoding mechanisms or retransmission so that applications
made for fixed networks still work.

In many cases, however, it is important for an application to ‘know’ some-
thing about the location or the user might need location information for
further activities. Several services that might depend on the actual location can
be distinguished:

e Follow-on services: The function of forwarding calls to the current user
location is well known from the good old telephone system. Wherever you
are, just transmit your temporary phone number to your phone and it redi-
rects incoming calls.? Using mobile computers, a follow-on service could
offer, for instance, the same desktop environment wherever you are in the
world. All e-mail would automatically be forwarded and all changes to your
desktop and documents would be stored at a central location at your com-
pany. If someone wanted to reach you using a multimedia conferencing
system, this call would be forwarded to your current location.

e Location aware services: Imagine you wanted to print a document sitting
in the lobby of a hotel using your laptop. If you drop the document over
the printer icon, where would you expect the document to be printed?
Certainly not by the printer in your office! However, without additional
information about the capabilities of your environment, this might be the
only thing you can do. For instance, there could be a service in the hotel
announcing that a standard laser printer is available in the lobby or a
color printer in a hotel meeting room etc. Your computer might then trans-
mit your personal profile to your hotel which then charges you with the
printing costs.

e DPrivacy: The two service classes listed above immediately raise the question
of privacy. You might not want video calls following you to dinner, but
maybe you would want important e-mails to be forwarded. There might be
locations and/or times when you want to exclude certain services from
reaching you and you do not want to be disturbed. You want to utilize loca-
tion dependent services, but you might not want the environment to know
exactly who you are. Imagine a hotel monitoring all guests and selling these
profiles to companies for advertisements.

e Information services: While walking around in a city you could always use

2 Actually, this is already done with the phone network - your phone just handles some signalling.
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your wireless travel guide to ‘pull’ information from a service, e.g., “‘Where
is the nearest Mexican restaurant?’ However, a service could also actively
‘push’ information on your travel guide, e.g., the Mexican restaurant just
around the corner has a special taco offer.

Support services: Many small additional mechanisms can be integrated to
support a mobile device. Intermediate results of calculations, state informa-
tion, or cache contents could ‘follow’ the mobile node through the fixed
network. As soon as the mobile node reconnects, all information is avail-
able again. This helps to reduce access delay and traffic within the fixed
network. Caching of data on the mobile device (standard for all desktop
systems) is often not possible due to limited memory capacity. The alterna-
tive would be a central location for user information and a user accessing
this information through the (possibly large and congested) network all the
time as it is often done today.

1.1.7 Mobile and wireless devices

Even though many mobile and wireless devices are available, there will be many
more in the future. There is no precise classification of such devices, by size,
shape, weight, or computing power. Currently, laptops are considered the upper
end of the mobile device range.? The following list gives some examples of
mobile and wireless devices graded by increasing performance (CPU, memory,
display, input devices etc.). However, there is no sharp line between the cate-
gories and companies tend to invent more and more new categories.

Sensor: A very simple wireless device is represented by a sensor transmitting
state information. One example could be a switch sensing the office door. If
the door is closed, the switch transmits this to the mobile phone inside the
office which will not accept incoming calls. Without user interaction, the
semantics of a closed door is applied to phone calls.

Embedded controllers: Many appliances already contain a simple or some-
times more complex controller. Keyboards, mice, headsets, washing
machines, coffee machines, hair dryers and TV sets are just some examples.
Why not have the hair dryer as a simple mobile and wireless device (from a
communication point of view) that is able to communicate with the mobile
phone? Then the dryer would switch off as soon as the phone starts ringing
— that would be a nice application!

Pager: As a very simple receiver, a pager can only display short text mes-
sages, has a tiny display, and cannot send any messages. Pagers can even be
integrated into watches. The tremendous success of mobile phones, has
made the pager virtually redundant in many countries. Short messages have
replaced paging. The situation is somewhat different for emergency services

3 Putting a mainframe on a truck does not really make it a mobile device.
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where it may be necessary to page a larger number of users reliably within
short time.

e Mobile phones: The traditional mobile phone only had a simple black and
white text display and could send/receive voice or short messages. Today,
mobile phones migrate more and more toward PDAs. Mobile phones with full
color graphic display, touch screen, and Internet browser are easily available.

e DPersonal digital assistant: PDAs typically accompany a user and offer
simple versions of office software (calendar, note-pad, mail). The typical
input device is a pen, with built-in character recognition translating hand-
writing into characters. Web browsers and many other software packages
are available for these devices.

e Pocket computer: The next steps toward full computers are pocket comput-
ers offering tiny keyboards, color displays, and simple versions of programs
found on desktop computers (text processing, spreadsheets etc.).

e Notebook/laptop: Finally, laptops offer more or less the same performance
as standard desktop computers; they use the same software — the only tech-
nical difference being size, weight, and the ability to run on a battery. If
operated mainly via a sensitive display (touch sensitive or electromagnetic),
the devices are also known as notepads or tablet PCs.

The mobile and wireless devices of the future will be more powerful, less heavy,
and comprise new interfaces to the user and to new networks. However, one big
problem, which has not yet been solved, is the energy supply. The more features
that are built into a device, the more power it needs. The higher the perfor-
mance of the device, the faster it drains the batteries (assuming the same
technology). Furthermore, wireless data transmission consumes a lot of energy.

Although the area of mobile computing and mobile communication is
developing rapidly, the devices typically used today still exhibit some major
drawbacks compared to desktop systems in addition to the energy problem.
Interfaces have to be small enough to make the device portable, so smaller key-
boards are used. This makes typing difficult due to their limited key size. Small
displays are often useless for graphical display. Higher resolution does not help,
as the limiting factor is the resolution capacity of the human eye. These devices
have to use new ways of interacting with a user, such as, e.g., touch sensitive
displays and voice recognition.

Mobile communication is greatly influenced by the merging of telecommu-
nication and computer networks. We cannot say for certain what the telephone
of the future will look like, but it will most probably be a computer. Even today,
telephones and mobile phones are far from the simple ‘voice transmission
devices’ they were in the past.* Developments like ‘voice over IP’ and the gen-
eral trend toward packet-oriented networks enforce the metamorphosis of
telephones (although voice services still guarantee good revenue). While no one

4 Chapter 4 will present more features of modern mobile phone systems, including the growing
demand for bandwidth to use typical Internet applications via the mobile ‘phone’.
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can predict the future of communication devices precisely, it is quite clear that
there will still be many fixed systems, complemented by a myriad of small wire-
less computing devices all over the world. More people already use mobile
phones than fixed phones!

1.2 A short history of wireless communication

For a better understanding of today’s wireless systems and developments, a
short history of wireless communication is presented in the following section.
This cannot cover all inventions but highlights those that have contributed fun-
damentally to today’s systems.

The use of light for wireless communications reaches back to ancient times.
In former times, the light was either ‘modulated’ using mirrors to create a cer-
tain light on/light off pattern ("amplitude modulation’) or, for example, flags
were used to signal code words ("amplitude and frequency modulation’, see
chapter 2). The use of smoke signals for communication is mentioned by
Polybius, Greece, as early as 150 BC. It is also reported from the early (or west-
ern) Han dynasty in ancient China (206 BC-24 AD) that light was used for
signaling messages along a line of signal towers towards the capitol Chang’an
(Xi’an). Using light and flags for wireless communication remained important
for the navy until radio transmission was introduced, and even today a sailor
has to know some codes represented by flags if all other means of wireless com-
munication fail. It was not until the end of the 18th century, when Claude
Chappe invented the optical telegraph (1794), that long-distance wireless com-
munication was possible with technical means. Optical telegraph lines were
built almost until the end of the following century.

Wired communication started with the first commercial telegraph line
between Washington and Baltimore in 1843, and Alexander Graham Bell’s
invention and marketing of the telephone in 1876 (others tried marketing
before but did not succeed, e.g., Philip Reis, 1834-1874, discovered the tele-
phone principle in 1861). In Berlin, a public telephone service was available in
1881, the first regular public voice and video service (multimedia!) was already
available in 1936 between Berlin and Leipzig.

All optical transmission systems suffer from the high frequency of the car-
rier light. As every little obstacle shadows the signal, rain and fog make
communication almost impossible. At that time it was not possible to focus
light as efficiently as can be done today by means of a laser, wireless communi-
cation did not really take off until the discovery of electromagnetic waves and
the development of the equipment to modulate them. It all started with
Michael Faraday (and about the same time Joseph Henry) demonstrating elec-
tromagnetic induction in 1831 and James C. Maxwell (1831-79) laying the
theoretical foundations for electromagnetic fields with his famous equations
(1864). Finally, Heinrich Hertz (1857-94) was the first to demonstrate the wave
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character of electrical transmission through space (1886), thus proving
Maxwell’s equations. Today the unit Hz reminds us of this discovery. Nikola
Tesla (1856-1943) soon increased the distance of electromagnetic transmission.

The name, which is most closely connected with the success of wireless
communication, is certainly that of Guglielmo Marconi (1874-1937). He gave
the first demonstration of wireless telegraphy in 1895 using long wave transmis-
sion with very high transmission power (> 200 kW). The first transatlantic
transmission followed in 1901. Only six years later, in 1907, the first commer-
cial transatlantic connections were set up. Huge base stations using up to
thirty 100 m high antennas were needed on both sides of the Atlantic Ocean.
Around that time, the first World Administration Radio Conference (WARC)
took place, coordinating the worldwide use of radio frequencies. The first radio
broadcast took place in 1906 when Reginald A. Fessenden (1866-1932) trans-
mitted voice and music for Christmas. In 1915, the first wireless voice
transmission was set up between New York and San Francisco. The first com-
mercial radio station started in 1920 (KDKA from Pittsburgh). Sender and
receiver still needed huge antennas and high transmission power.

This changed fundamentally with the discovery of short waves, again by
Marconi, in 1920 (In connection with wireless communication, short waves have
the advantage of being reflected at the ionosphere.) It was now possible to send
short radio waves around the world bouncing at the ionosphere - this technique
is still used today. The invention of the electronic vacuum tube in 1906 by Lee
DeForest (1873-1961) and Robert von Lieben (1878-1913) helped to reduce the
size of sender and receiver. Vacuum tubes are still used, e.g., for the amplification
of the output signal of a sender in today’s radio stations. One of the first ‘mobile’
transmitters was on board a Zeppelin in 1911. As early as 1926, the first tele-
phone in a train was available on the Berlin-Hamburg line. Wires parallel to the
railroad track worked as antenna. The first car radio was commercially available
in 1927 (‘Philco Transitone’); but George Frost an 18-year-old from Chicago had
integrated a radio into a Ford Model T as early as 1922.

Nineteen twenty-eight was the year of many field trials for television
broadcasting. John L. Baird (1888-1946) transmitted TV across the Atlantic
and demonstrated color TV, the station WGY (Schenectady, NY) started regular
TV broadcasts and the first TV news. The first teleteaching started in 1932
from the CBS station W2XAB. Up until then, all wireless communication used
amplitude modulation (see section 2.6), which offered relatively poor quality
due to interference. One big step forward in this respect was the invention of
frequency modulation in 1933 by Edwin H. Armstrong (1890-1954). Both
fundamental modulation schemes are still used for today’s radio broadcasting
with frequency modulation resulting in a much better quality. By the early
1930s, many radio stations were already broadcasting all over the world.

After the Second World War, many national and international projects in
the area of wireless communications were triggered off. The first network
in Germany was the analog A-Netz from 1958, using a carrier frequency of
160 MHz. Connection setup was only possible from the mobile station, no
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handover, i.e., changing of the base station, was possible. Back in 1971, this
system had coverage of 80 per cent and 11,000 customers. It was not until 1972
that the B-Netz followed in Germany, using the same 160 MHz. This network
could initiate the connection setup from a station in the fixed telephone net-
work, but, the current location of the mobile receiver had to be known. This
system was also available in Austria, The Netherlands, and Luxembourg. In
1979, the B-Netz had 13,000 customers in West Germany and needed a heavy
sender and receiver, typically built into cars.

At the same time, the northern European countries of Denmark, Finland,
Norway, and Sweden (the cradle of modern mobile communications) agreed
upon the nordic mobile telephone (NMT) system. The analogue NMT uses a
450 MHz carrier and is still the only available system for mobile communication
in some very remote places (NMT at 900 MHz followed in 1986). Several other
national standards evolved and by the early 1980s Europe had more than a
handful of different, completely incompatible analog mobile phone standards.
In accordance with the general idea of a European Union, the European coun-
tries decided to develop a pan-European mobile phone standard in 1982. The
new system aimed to:

use a new spectrum at 900 MHz;
allow roaming® throughout Europe;
be fully digital; and

offer voice and data service.

The ‘Groupe Spéciale Mobile’ (GSM) was founded for this new development.

In 1983 the US system advanced mobile phone system (AMPS) started (EIA,
1989). AMPS is an analog mobile phone system working at 850 MHz. Telephones
at home went wireless with the standard CT1 (cordless telephone) in 1984, (fol-
lowing its predecessor the CTO from 1980). As digital systems were not yet
available, more analog standards followed, such as the German C-Netz at 450 MHz
with analog voice transmission. Hand-over between ‘cells’ was now possible, the
signalling system was digital in accordance with the trends in fixed networks (§57),
and automatic localization of a mobile user within the whole network was sup-
ported. This analog network was switched off in 2000. Apart from voice
transmission the services offered fax, data transmission via modem, X.25, and
electronic mail. CT2, the successor of CT1, was embodied into British Standards
published in 1987 (DTI, 1987) and later adopted by ETSI for Europe (ETS, 1994).
CT2 uses the spectrum at 864 MHz and offers a data channel at a rate of 32 kbit/s.

The early 1990s marked the beginning of fully digital systems. In 1991, ETSI
adopted the standard digital European cordless telephone (DECT) for digital
cordless telephony (ETSI, 1998). DECT works at a spectrum of 1880-1900 MHz
with a range of 100-500 m. One hundred and twenty duplex channels can carry

5 Roaming here means a seamless handover of a telephone call from one network provider to another
while crossing national boundaries.
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up to 1.2 Mbit/s for data transmission. Several new features, such as voice encryp-
tion and authentication, are built-in. The system supports several 10,000
users/km? and is used in more than 110 countries around the world (over 150
million shipped units). Today, DECT has been renamed digital enhanced cord-
less telecommunications for marketing reasons and to reflect the capabilities of
DECT to transport multimedia data streams. Finally, after many years of discus-
sions and field trials, GSM was standardized in a document of more than 5,000
pages in 1991. This first version of GSM, now called global system for mobile
communication, works at 900 MHz and uses 124 full-duplex channels. GSM
offers full international roaming, automatic location services, authentication,
encryption on the wireless link, efficient interoperation with ISDN systems, and a
relatively high audio quality. Furthermore, a short message service with up to 160
alphanumeric characters, fax group 3, and data services at 9.6 kbit/s have been
integrated. Depending on national regulations, one or several providers can use
the channels, different accounting and charging schemes can be applied etc.
However, all GSM systems remain compatible. Up to now, over 400 providers in
more than 190 countries have adopted the GSM standard (over 70 per cent of the
world’s wireless market).

It was soon discovered that the analog AMPS in the US and the digital GSM
at 900 MHz in Europe are not sufficient for the high user densities in cities.
While in the US, no new spectrum was allocated for a new system, in Europe a
new frequency band at 1800 MHz was chosen. The effect was as follows. In the
US, different companies developed different new, more bandwidth-efficient tech-
nologies to operate side-by-side with AMPS in the same frequency band. This
resulted in three incompatible systems, the analog narrowband AMPS (IS-88,
(TIA, 1993a)), and the two digital systems TDMA (IS-136, (TIA, 1996)) and
CDMA (IS-95, (TIA, 1993b)). The Europeans agreed to use GSM in the 1800 MHz
spectrum. These GSM-1800 networks (also known as DCS 1800, digital cellular
system) started with a better voice quality due to newer speech codecs. These net-
works consist of more and smaller cells (see chapters 2 and 4). GSM is also
available in the US as GSM-1900 (also called PCS 1900) using spectrum at
1900 MHz like the newer versions of the TDMA and CDMA systems.

Europe believes in standards, while the US believes in market forces - GSM
is one of the few examples where the approach via standardization worked. So,
while Europe has one common standard, and roaming is possible even to
Australia or Singapore, the US still struggles with many incompatible systems.
However, the picture is different when it comes to more data communication-
oriented systems like local area networks. Many proprietary wireless local area
network systems already existed when ETSI standardized the high performance
radio local area network (HIPERLAN) in 1996. This was a family of standards
and recommendations. HIPERLAN type 1 should operate at 5.2 GHz and should
offer data rates of up to 23.5 Mbit/s. Further types had been specified with
type 4 going up to 155 Mbit/s at 17 GHz. However, although coming later than
HIPERLAN in 1997, the IEEE standard 802.11 was soon the winner for local area
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networks. It works at the license-free Industrial, Science, Medical (ISM) band at
2.4 GHz and infra red offering 2 Mbit/s in the beginning (up to 10 Mbit/s with
proprietary solutions already at that time). Although HIPERLAN has better per-
formance figures, no products were available while many companies soon
offered 802.11 compliant equipment.

Nineteen ninety-eight marked the beginning of mobile communication
using satellites with the Iridium system (Iridium, 2002). Up to this time, satel-
lites basically worked as a broadcast distribution medium or could only be used
with big and heavy equipment - Iridium marked the beginning of small and
truly portable mobile satellite telephones including data service. Iridium consists
of 66 satellites in low earth orbit and uses the 1.6 GHz band for communication
with the mobile phone. In 1998 the Europeans agreed on the universal mobile
telecommunications system (UMTS) as the European proposal for the
International Telecommunication Union (ITU) IMT-2000 (international mobile
telecommunications). In the first phase, UMTS combines GSM network technol-
ogy with more bandwidth-efficient CDMA solutions.

The IMT-2000 recommendations define a common, worldwide framework
for future mobile communication at 2 GHz (ITU, 2002). This includes, e.g., a
framework for services, the network architecture including satellite communica-
tion, strategies for developing countries, requirements of the radio interface,
spectrum considerations, security and management frameworks, and different
transmission technologies.

Nineteen ninety nine saw several more powerful WLAN standards. IEEE
published 802.11b offering 11 Mbit/s at 2.4 GHz. The same spectrum is used by
Bluetooth, a short-range technology to set-up wireless personal area networks
with gross data rates less than 1 Mbit/s. The ITU dropped the plan of a single,
worldwide standard for third generation mobile phone systems and decided on
the IMT-2000 family concept that includes several technologies (UMTS,
cdma2000, DECT etc. see chapter 4). The wireless application protocol (WAP)
started at the same time as i-mode in Japan. While WAP did not succeed in the
beginning, i-mode soon became a tremendous success (see chapter 10).

The year 2000, came with higher data rates and packet-oriented transmis-
sion for GSM (HSCSD, GPRS - see chapter 4). It should not be forgotten that the
late nineties was the time when a lot of hype about the communications busi-
ness started. Thus it was relatively easy for marketing people to portray third
generation technology as high-performance Internet on mobile phones. In
Europe, UMTS was announced as capable of handling live, interactive video
streaming for all users at 2 Mbit/s. All technically-oriented people knew that this
promise could not be fulfilled by the system, but the auctions and beauty con-
tests for licensing 3G spectrum started. In Europe alone more than €100 billion
had been paid before the disillusionment set in. Companies that had never run
a network before paid billions for licenses. Many of these companies are now
bankrupt and the remaining companies suffer from the debts.

Most of the hype is over, but the third generation of mobile communication

13
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started in 2001 in Japan with the FOMA service, in Europe with several field trials,
and in, e.g., Korea with cdma2000 (see Figure 4.2 for the evolution of 3G systems).
IEEE released a new WLAN standard, 802.11a, operating at 5 GHz and offering
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gross data rates of 54 Mbit/s. This standard uses the same physical layer as
HiperLAN2 does (standardized in 2000), the only remaining member of the
HIPERLAN family. In 2002 new WLAN developments followed. Examples are
802.11g offering up to 54 Mbit/s at 2.4 GHz and many new Bluetooth applications
(headsets, remote controls, wireless keyboards, hot syncing etc.). The network
providers continued to deploy the infrastructure for 3G networks as many licens-
ing conditions foresee a minimum coverage at a certain date. While digital TV via
satellite has existed for several years, digital terrestrial TV (DVB-T, see chapter 6)
started as regular service in Berlin in November 2002. This system allows for high-
quality TV on the move and requires only an antenna of a few centimeters.

Figure 1.3 gives an overview of some of the networks described above, and
shows the development of cellular phone systems and cordless phones together
with satellites and LANs. While many of the classical mobile phone systems con-
verged to IMT-2000 systems (with cdma2000 and W-CDMA/UMTS being the
predominant systems), the wireless LAN area developed more or less indepen-
dently. No one knows exactly what the next generation of mobile and wireless
system will look like, but, there are strong indicators that it will be widely
Internet based — the system will use Internet protocols and Internet applications.
While the current third generation systems still heavily rely on classical tele-
phone technology in the network infrastructure, future systems will offer users
the choice of many different networks based on the internet (see chapter 11).
However, no one knows exactly when and how this common platform will be
available. Companies have to make their money with 3G systems first.

The dates shown in the figure typically indicate the start of service (i.e., the
systems have been designed, invented, and tested earlier). The systems behind
the acronyms will be explained in the following chapters (cellular and cordless
phones in chapter 4, satellites in chapter 5, WLANSs in chapter 7).

1.3 A market for mobile communications

Although the growth in wireless and mobile communication systems has
slowed down, these technologies have still a huge market potential. More and
more people use mobile phones, wireless technology is built into many cars,
wireless data services are available in many regions, and wireless local area net-
works are used in many places.

Figure 1.4 shows the increasing number of subscribers to mobile phone ser-
vices worldwide (GSM World, 2002). This figure shows the tremendous growth
rates up to 2000. That growth continues today, mainly due to China that has
the largest number of users.

Figure 1.5 shows the cellular subscribers per region (GSM World, 2002).

6 Note that analog systems are not described.
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Figure 1.4
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While the shares of Europe and China are almost equal, the market in Europe is
saturated with second-generation GSM systems (mobile penetration is about
70 per cent). Countries such as Germany and France exhibited growth rates of
40 per cent or more in 1998. Europe’s share will decrease compared to China,
the Americas, and Africa.

1.4 Some open research topics

Although this book explains many systems supporting mobility and explores
many solutions for wireless access, a lot remains to be done in the field. We are
only at the beginning of wireless and mobile networking. The differences
between wired, fixed networks and wireless networks open up various topics.
The reader may find even more in, e.g., the book of the wireless world research
forum (WWRE, 2002):
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e Interference: Radio transmission cannot be protected against interference
using shielding as this is done in coaxial cable or shielded twisted pair. For
example, electrical engines and lightning cause severe interference and result
in higher loss rates for transmitted data or higher bit error rates respectively.

e Regulations and spectrum: Frequencies have to be coordinated, and unfor-
tunately, only a very limited amount of frequencies are available (due to
technical and political reasons). One research topic involves determining
how to use available frequencies more efficiently, e.g., by new modulation
schemes (see chapter 2) or demand-driven multiplexing (see chapter 3).
Further improvements are new air interfaces, power aware ad-hoc networks,
smart antennas, and software defined radios (SDR). The latter allow for soft-
ware definable air interfaces but require high computing power.

e Low bandwidth: Although they are continuously increasing, transmission
rates are still very low for wireless devices compared to desktop systems.
Local wireless systems reach some Mbit/s while wide area systems only offer
some 10 kbit/s. One task would involve adapting applications used with
high-bandwidth connections to this new environment so that the user can
continue using the same application when moving from the desktop out-
side the building. Researchers look for more efficient communication
protocols with low overhead.

e High delays, large delay variation: A serious problem for communication
protocols used in today’s Internet (TCP/IP) is the big variation in link char-
acteristics. In wireless systems, delays of several seconds can occur, and
links can be very asymmetrical (i.e., the links offer different service quality
depending on the direction to and from the wireless device). Applications
must be tolerant and use robust protocols.

e Lower security, simpler to attack: Not only can portable devices be stolen
more easily, but the radio interface is also prone to the dangers of eaves-
dropping. Wireless access must always include encryption, authentication,
and other security mechanisms that must be efficient and simple to use.

e Shared medium: Radio access is always realized via a shared medium. As it is
impossible to have a separate wire between a sender and each receiver, differ-
ent competitors have to ‘fight’ for the medium. Although different medium
access schemes have been developed, many questions are still unanswered,
for example how to provide quality of service efficiently with different com-
binations of access, coding, and multiplexing schemes (Fitzek, 2002).

e Ad-hoc networking: Wireless and mobile computing allows for spontaneous
networking with prior set-up of an infrastructure. However, this raises many
new questions for research: routing on the networking and application layer,
service discovery, network scalability, reliability, and stability etc.

A general research topic for wireless communication (and a source for endless
discussion) is its effect on the human body or organisms in general. It is unclear
if, and to what extent, electromagnetic waves transmitted from wireless devices
can influence organs. Microwave ovens and WLANs both operate at the same
frequency of 2.4 GHz. However, the radiation of a WLAN is very low (e.g.,
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Figure 1.6
Simple network and
reference model used

in this book
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100 mW) compared to a microwave oven (e.g., 800 W inside the oven).
Additionally, as chapter 2 shows in more detail, propagations characteristics,
absorption, directed antennas etc. play an important role. Users, engineers,
researchers and politicians need more studies to understand the effect of long-
term low-power radiation (Lin, 1997), BEMS (2002), COST (2000), NIEHS (2002).
The World Health Organization (WHO) has started a worldwide project on elec-
tromagnetic fields (WHO, 2002).

1.5 A simplified reference model

This book follows the basic reference model used to structure communication
systems (Tanenbaum, 2003). Any readers who are unfamiliar with the basics of
communication networks should look up the relevant sections in the recom-
mended literature (Halsall, 1996), (Keshav, 1997), (Tanenbaum, 2003), (Kurose,
2003). Figure 1.6 shows a personal digital assistant (PDA) which provides an
example for a wireless and portable device. This PDA communicates with a base
station in the middle of the picture. The base station consists of a radio trans-
ceiver (sender and receiver) and an interworking unit connecting the wireless
link with the fixed link. The communication partner of the PDA, a conventional
computer, is shown on the right-hand side.

Underneath each network element (such as PDA, interworking unit, com-
puter), the figure shows the protocol stack implemented in the system
according to the reference model. End-systems, such as the PDA and computer
in the example, need a full protocol stack comprising the application layer,
transport layer, network layer, data link layer, and physical layer. Applications

Application Application
Transport Transport
Network Network Network Network
Data Link Data Link Data Link Data Link
Physical Physical Physical Physical

L > ]

Radio Medium
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on the end-systems communicate with each other using the lower layer services.
Intermediate systems, such as the interworking unit, do not necessarily need
all of the layers. Figure 1.6 only shows the network, data link, and physical
layers. As (according to the basic reference model) only entities at the same level
communicate with each other (i.e., transport with transport, network with net-
work) the end-system applications do not notice the intermediate system
directly in this scenario. The following paragraphs explain the functions of each
layer in more detail in a wireless and mobile environment.

Physical layer: This is the lowest layer in a communication system and is
responsible for the conversion of a stream of bits into signals that can be
transmitted on the sender side. The physical layer of the receiver then
transforms the signals back into a bit stream. For wireless communication,
the physical layer is responsible for frequency selection, generation of the
carrier frequency, signal detection (although heavy interference may disturb
the signal), modulation of data onto a carrier frequency and (depending on
the transmission scheme) encryption. These features of the physical layer
are mainly discussed in chapter 2, but will also be mentioned for each
system separately in the appropriate chapters.

Data link layer: The main tasks of this layer include accessing the medium,
multiplexing of different data streams, correction of transmission errors,
and synchronization (i.e., detection of a data frame). Chapter 3 discusses
different medium access schemes. A small section about the specific data
link layer used in the presented systems is combined in each respective
chapter. Altogether, the data link layer is responsible for a reliable point-to-
point connection between two devices or a point-to-multipoint connection
between one sender and several receivers.

Network layer: This third layer is responsible for routing packets through a
network or establishing a connection between two entities over many other
intermediate systems. Important topics are addressing, routing, device loca-
tion, and handover between different networks. Chapter 8 presents several
solutions for the network layer protocol of the internet (the Internet
Protocol IP). The other chapters also contain sections about the network
layer, as routing is necessary in most cases.

Transport layer: This layer is used in the reference model to establish an
end-to-end connection. Topics like quality of service, flow and congestion
control are relevant, especially if the transport protocols known from the
Internet, TCP and UDP, are to be used over a wireless link.

Application layer: Finally, the applications (complemented by additional
layers that can support applications) are situated on top of all transmission-
oriented layers. Topics of interest in this context are service location,
support for multimedia applications, adaptive applications that can handle
the large variations in transmission characteristics, and wireless access to
the world wide web using a portable device. Very demanding applications
are video (high data rate) and interactive gaming (low jitter, low latency).
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Figure 1.7
Overview of the
book’s structure
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1.6 Overview

The whole book is structured in a bottom-up approach as shown in Figure 1.7.
Chapter 2 presents some basics about wireless transmission technology. The topics
covered include: frequencies used for communication, signal characteristics,
antennas, signal propagation, and several fundamental multiplexing and modula-
tion schemes. This chapter does not require profound knowledge of electrical
engineering, nor does it explore all details about the underlying physics of wireless
communication systems. Its aim is rather to help the reader understand the many
design decisions in the higher layers of mobile communication systems.

Chapter 3 presents a broad range of media access technologies. It explains
why media access technologies from fixed networks often cannot be applied to
wireless networks, and shows the special problems for wireless terminals access-
ing ‘space’ as the common medium. The chapter shows access methods for
different purposes, such as wireless mobile phones with a central base station
that can control the access, or completely decentralized ad-hoc networks with-
out any dedicated station. This chapter shows how the multiplexing schemes
described in chapter 2 can now be used for accessing the medium. Special focus
is on code division multiple access (CDMA), which is one of the important
access methods for many new systems. Further topics are variants of Aloha and
reservation schemes known from satellite networks.
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After chapter 3, the reader can select any of the chapters from 4 to 7. These
present selected wireless transmission systems using the basic technologies
shown in chapters 2 and 3 and offer a data transport service to higher layers.
Chapter 4 covers wireless communication systems originating from the telecom-
munication industry and standardization bodies. On the one hand GSM, which
is currently the most successful digital mobile phone system worldwide, and on
the other digital enhanced cordless telecommunications (DECT), an example for
a local wireless telecommunication system. The chapter presents standards, fre-
quencies, services, access methods, and the architecture of the systems. It shows
the migration from voice orientation toward packet transmission. UMTS as one
candidate for future mobile systems concludes the chapter.

Chapter 5 gives a basic introduction to satellite communication. The
myriad technical details are not of interest, but the potential of satellite systems
to exchange data worldwide is.

Chapter 6 covers the relatively young field of wireless communication: digital
broadcast systems. Broadcast systems allow only unidirectional data distribution
but can offer new services that come along with digital radio (digital audio broad-
casting, DAB) and digital television digital video broadcasting (DVB). The ability
to distribute arbitrary multi-media data using standard formats known from the
Internet is an extremely important design factor for these systems.

Chapter 7 presents wireless LANs, i.e., the extension of today’s fixed local
area networks into the wireless domain. The examples presented are the stan-
dards IEEE 802.11, HiperLAN2, and Bluetooth. After a general introduction, the
design goals of wireless LANs, physical layer, medium access control layer, and
services of all three LANs are presented. In this chapter, a comparison of the dif-
ferent approaches taken for IEEE 802.11 and HiperLAN?2 is of particular interest.
While the first system offers only best effort traffic up to 54 Mbit/s, the latter
tries to give quality of service (QoS) guarantees at similar data rates. However,
while many IEEE 802.11 compliant products are available, no HiperLAN2 prod-
uct has been released. Bluetooth is different because it was primarily designed
for short range ad-hoc networking using very cheap hardware and offers only
some hundred kbit/s (as replacement for infrared).

Chapter 8 presents solutions for a mobile network layer. This layer can be
used on top of different transmission technologies as presented in chapters 4
through 7. While mobile IP is the main topic of the chapter, it discusses also
mechanisms such as the dynamic host configuration protocol (DHCP) and rout-
ing in ad-hoc networks. Because IP is clearly dominating data communication
networks (it is the basis for the internet), it is only natural to extend this protocol
to the mobile domain. The chapter discusses the problems associated with IP and
mobility and shows some solutions. From chapter 8 onwards the term ‘mobility’
is used more often, because it does not matter for higher layer protocols if the
mobility is supported by wireless transmission technologies or if the user has to
plug-in a laptop wherever she or he currently is. The problems of interrupted
connections and changing access points to the network remain almost identical.
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Chapter 9 focuses on changes needed for TCP so it can be used in a mobile
environment. To work with well-known applications from the internet, e.g., file
transfer or remote login, a user might need a reliable end-to-end communica-
tion service as provided by the transmission control protocol (TCP). It is shown
that today’s TCP fails if it is not adapted or enhanced. Several solutions are dis-
cussed and compared. Each solution exhibits specific strengths and weaknesses,
so up to now there is no standard for a ‘Mobile TCP’. However, several commu-
nication systems already use TCP with a ‘wireless profile’.

All mobile networks are worthless without applications using them.
Chapter 10 shows problems with current applications, as they are known from
fixed networks, and presents some new developments. Among other topics, it
deals with file systems. Here consistency in a distributed system brings about
major problems. How is consistency to be maintained in the case of disconnec-
tion? Is it better to deny access to data if consistency cannot be granted? The
chapter presents systems dealing with these problems.

The big topic in today’s Internet is the world wide web (www), the logical
structure made by multi-media documents and hyperlinks. In connection with
the www, the problems can be summarized as follows: the www of today
assumes connections with higher bandwidth, desktop computers with a lot of
memory, a powerful CPU, high-resolution graphics, and dozens of plug-ins
installed. Mobile devices have scarce energy resources, therefore less powerful
CPUs and less memory. These devices have to be portable, and consequently,
input devices are very limited and displays are of a low resolution, not to men-
tion the hi-fi capabilities. This obvious mismatch between two technologies,
both with huge growth rates, has resulted in a variety of solutions for bringing
them together. One approach in this respect, the wireless application protocol
(WAP), which is supported by many companies, is explained in more detail.
WAP was not a commercial success in the beginning. However, it is expected
that the new version, WAP 2.0, which integrates many Internet technologies
and i-mode components, will be more successful.

Chapter 11, gives a short outlook to next generation mobile and wireless
systems. While no one exactly knows what the future will look like, some indi-
cators may be given.

Many important security aspects will be explained together with the technol-
ogy in all chapters. Security mechanisms are important in all layers of a
communication system. Different users, even different nations, have different
ideas about security. However, it is quite clear that a communication system
transmitting personal information through the air must offer special security fea-
tures to be accepted. Companies do not want competitors to listen to their
communications and people often do not like the idea that their neighbor might
hear their private conversation, which is possible with older analog cordless
phone systems. Wireless systems are especially vulnerable in this respect due to
air interface. Wire-tapping is not needed to listen in a data stream. Special encryp-
tion methods must be applied to guarantee privacy. Further security mechanisms
are authentication, confidentiality, anonymity, and replay protection.
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The reader can find review exercises and references at the end of each chap-
ter. A complete list of acronyms used throughout the chapters and the index
conclude the book.

1.7 Review exercise

1 Discover the current numbers of subscribers for the different systems. As mobile
communications boom, no printed number is valid for too long!

2 Check out the strategies of different network operators while migrating towards
third generation systems. Why is a single common system not in sight?
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his book focuses on higher layer aspects of mobile communications, the

computer science element rather than on the radio and transmission

aspects, the electrical engineering part. This chapter introduces only those
fundamental aspects of wireless transmission which are necessary to understand
the problems of higher layers and the complexity needed to handle transmis-
sion impairments. Wherever appropriate, the reader is referred to literature
giving a deeper insight into the topic. To avoid too many details blurring the
overall picture, this chapter sometimes simplifies the real-world characteristics
of wireless transmission. Readers who are more interested in the details of wire-
less transmission, calculation of propagation characteristics etc. are referred to
Pahlavan (2002) or Stallings (2002).

While transmission over different wires typically does not cause interfer-
ence,! this is an important topic in wireless transmission. The frequencies used
for transmission are all regulated. The first section gives a general overview of
these frequencies. The following sections recall some basic facts about signals,
antennas, and signal propagation. The varying propagation characteristics
create particular complications for radio transmission, frequently causing trans-
mission errors. Multiplexing is a major design topic in this context, because the
medium is always shared. Multiplexing schemes have to ensure low interference
between different senders.

Modulation is needed to transmit digital data via certain frequencies. A sep-
arate section of this chapter presents standard modulation schemes that will
reoccur together with the wireless communication systems presented in chap-
ters 4 to 7. The next section discusses spread spectrum, a special transmission
technique that is more robust against errors. A short introduction to cellular sys-
tems concludes this chapter.

1 However, if the transmitted frequencies are too high for a certain wire crosstalk takes place. This is a
common problem, e.g., for DSL or Powerline installations, especially if many wires are bundled.
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Figure 2.1
Frequency spectrum
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2.1 Frequencies for radio transmission

Radio transmission can take place using many different frequency bands. Each
frequency band exhibits certain advantages and disadvantages. Figure 2.1 gives a
rough overview of the frequency spectrum that can be used for data transmission.
The figure shows frequencies starting at 300 Hz and going up to over 300 THz.
Directly coupled to the frequency is the wavelength 2 via the equation:

A=c/f,

where ¢ = 3-10% m/s (the speed of light in vacuum) and f the frequency. For tradi-
tional wired networks, frequencies of up to several hundred kHz are used for
distances up to some km with twisted pair copper wires, while frequencies of sev-
eral hundred MHz are used with coaxial cable (new coding schemes work with
several hundred MHz even with twisted pair copper wires over distances of some
100 m). Fiber optics are used for frequency ranges of several hundred THz,
but here one typically refers to the wavelength which is, e.g., 1500 nm, 1350 nm
etc. (infra red).

Radio transmission starts at several kHz, the very low frequency (VLF)
range. These are very long waves. Waves in the low frequency (LF) range are
used by submarines, because they can penetrate water and can follow the earth’s
surface. Some radio stations still use these frequencies, e.g., between 148.5 kHz
and 283.5 kHz in Germany. The medium frequency (MF) and high frequency
(HF) ranges are typical for transmission of hundreds of radio stations either as
amplitude modulation (AM) between 520 kHz and 1605.5 kHz, as short wave
(SW) between 5.9 MHz and 26.1 MHz, or as frequency modulation (FM)
between 87.5 MHz and 108 MHz. The frequencies limiting these ranges are typi-
cally fixed by national regulation and, vary from country to country. Short
waves are typically used for (amateur) radio transmission around the world,
enabled by reflection at the ionosphere. Transmit power is up to 500 kW -
which is quite high compared to the 1 W of a mobile phone.

As we move to higher frequencies, the TV stations follow. Conventional
analog TV is transmitted in ranges of 174-230 MHz and 470-790 MHz using the
very high frequency (VHF) and ultra high frequency (UHF) bands. In this range,
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digital audio broadcasting (DAB) takes place as well (223-230 MHz and
1452-1472 MHz) and digital TV is planned or currently being installed (470-
862 MHz), reusing some of the old frequencies for analog TV. UHF is also used
for mobile phones with analog technology (450-465 MHz), the digital GSM
(890-960 MHz, 1710-1880 MHz), digital cordless telephones following the
DECT standard (1880-1900 MHz), 3G cellular systems following the UMTS stan-
dard (1900-1980 MHz, 2020-2025 MHz, 2110-2190 MHz) and many more. VHF
and especially UHF allow for small antennas and relatively reliable connections
for mobile telephony.

Super high frequencies (SHF) are typically used for directed microwave
links (approx. 2-40 GHz) and fixed satellite services in the C-band (4 and
6 GHz), Ku-band (11 and 14 GHz), or Ka-band (19 and 29 GHz). Some systems
are planned in the extremely high frequency (EHF) range which comes close
to infra red. All radio frequencies are regulated to avoid interference, e.g., the
German regulation covers 9 kHz-275 GHz.

The next step into higher frequencies involves optical transmission, which
is not only used for fiber optical links but also for wireless communications.
Infra red (IR) transmission is used for directed links, e.g., to connect different
buildings via laser links. The most widespread IR technology, infra red data asso-
ciation (IrDA), uses wavelengths of approximately 850-900 nm to connect
laptops, PDAs etc. Finally, visible light has been used for wireless transmission
for thousands of years. While light is not very reliable due to interference, but it
is nevertheless useful due to built-in human receivers.

2.1.1 Regulations

As the examples in the previous section have shown, radio frequencies are
scarce resources. Many national (economic) interests make it hard to find
common, worldwide regulations. The International Telecommunications Union
(ITU) located in Geneva is responsible for worldwide coordination of telecom-
munication activities (wired and wireless). ITU is a sub-organization of the UN.
The ITU Radiocommunication sector (ITU-R) handles standardization in the
wireless sector, so it also handles frequency planning (formerly known as
Consultative Committee for International Radiocommunication, CCIR).

To have at least some success in worldwide coordination and to reflect
national interests, the ITU-R has split the world into three regions: Region 1
covers Europe, the Middle East, countries of the former Soviet Union, and Africa.
Region 2 includes Greenland, North and South America, and region 3 comprises
the Far East, Australia, and New Zealand. Within these regions, national agencies
are responsible for further regulations, e.g., the Federal Communications
Commission (FCC) in the US. Several nations have a common agency such as
European Conference for Posts and Telecommunications (CEPT) in Europe.
While CEPT is still responsible for the general planning, many tasks have been
transferred to other agencies (confusing anybody following the regulation
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Table 2.1 Example
systems and their
frequency allocations
(all values in MHz)
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process). For example, the European Telecommunications Standards Institute
(ETSI) is responsible for standardization and consists of national standardization
bodies, public providers, manufacturers, user groups, and research institutes.

To achieve at least some harmonization, the ITU-R holds, the World Radio
Conference (WRC), to periodically discuss and decide frequency allocations for
all three regions. This is obviously a difficult task as many regions or countries
may have already installed a huge base of a certain technology and will be reluc-
tant to change frequencies just for the sake of harmonization. Harmonization is,
however, needed as soon as satellite communication is used. Satellites, especially
the new generation of low earth-orbiting satellites (see chapter 5) do not
‘respect’ national regulations, but should operate worldwide. While it is difficult
to prevent other nations from setting up a satellite system it is much simpler to
ban the necessary devices or the infrastructure needed for operation. Satellite
systems should operate on frequencies available worldwide to support global
usage with a single device.

Table 2.1 gives some examples for frequencies used for (analog and digital)
mobile phones, cordless telephones, wireless LANs, and other radio frequency
(RF) systems for countries in the three regions representing the major economic
power. Older systems like Nordic Mobile Telephone (NMT) are not available all
over Europe, and sometimes they have been standardized with different
national frequencies. The newer (digital) systems are compatible throughout
Europe (standardized by ETSI).

Europe us Japan
Mobile phones NMT AMPS, TDMA, PDC
CDMA
453-457 824-849 810-826
463-467 869-894 940-956
1429-1465
1477-1513
GSM GSM, TDMA,
CDMA
890-915 1850-1910
935-960 1930-1990
1710-1785
1805-1880
UMTS (FDD)/ FOMA/
W-CDMA W-CDMA
1920-1980 1920-1980
2110-2190 2110-2170
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UMTS (TDD)
1900-1920
2020-2025

Cordless telephones CT1i+ PACS PHS
885-887 1850-1910 1895-1918
930-932 1930-1990
CT2 PACS-UB JCT
864-868 1910-1930 254-380
DECT
1880-1900

Wireless LANs IEEE 802.11 IEEE 802.11 IEEE 802.11
2400-2483 902-928 2400-2497

2400-2483

HiperLAN2, HiperLAN2, HiperLAN2,
IEEE 802.11a IEEE 802.11a IEEE 802.11a
5150-5350 5150-5350 5150-5250
5470-5725 5725-5825

Others RF-Control RF-Control RF-Control
27,128, 418, 315, 915 426, 868
433, 868

Satellite (e.g., Iridium, Globalstar)
1610-1626, 2483-2500

While older analog mobile phone systems like NMT or its derivatives at 450 MHz
are still available, Europe is heavily dominated by the fully digital GSM (see chap-
ter 4.1) at 900 MHz and 1800 MHz (also known as DCS1800, Digital Cellular
System). In contrast to Europe, the US FCC allowed several cellular technologies
in the same frequency bands around 850 MHz. Starting from the analog
advanced mobile phone system (AMPS), this led to the co-existence of several
solutions, such as dual mode mobile phones supporting digital time division mul-
tiple access (TDMA) service and analog AMPS according to the standard IS-54. All
digital TDMA phones according to 1S-136 (also known as NA-TDMA, North
American TDMA) and digital code division multiple access (CDMA) phones
according to IS-95 have been developed. The US did not adopt a common mobile
phone system, but waited for market forces to decide. This led to many islands of
different systems and, consequently, as in Europe, full coverage, is not available
in the US. The long discussions about the pros and cons of TDMA and CDMA
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also promoted the worldwide success of GSM. GSM is available in over 190 coun-
tries and used by more than 800 million people (GSM World, 2002). A user can
roam with the same mobile phone from Zimbabwe, via Uzbekistan, Sweden,
Singapore, USA, Tunisia, Russia, Canada, Italy, Greece, Germany, China, and
Belgium to Austria.

Another system, the personal digital cellular (PDC), formerly known as
Japanese digital cellular (JDC) was established in Japan. Quite often mobile
phones covering many standards have been announced, however, industry is
still waiting for a cheap solution. Chapter 11 will discuss this topic again in the
context of software defined radios (SDR). New frequency bands, e.g., for the uni-
versal mobile telecommunications system (UMTS) or the freedom of mobile
multi-media access (FOMA) are located at 1920-1980 MHz and 2110-2170/2190
MHz (see chapter 4).

Many different cordless telephone standards exist around the world.
However, this is not as problematic as the diversity of mobile phone standards.
Some older analog systems such as cordless telephone (CT1+) are still in use, but
digital technology has been introduced for cordless telephones as well.
Examples include CT2, the first digital cordless telephone introduced in the UK,
digital enhanced cordless telecommunications (DECT) as a European standard
(see section 4.2), personal access communications system (PACS) and PACS-
Unlicensed Band (PACS-UB) in the US, as well as personal handyphone system
(PHS) as replacement for the analog Japanese cordless telephone (JCT) in Japan.
Mobile phones covering, e.g., DECT and GSM are available but they have not
been a commercial success.

Finally, the area of WLAN standards is of special interest for wireless,
mobile computer communication on a campus or in buildings. Here the com-
puter industry developed products within the license-free ISM band, of which
the most attractive is located at 2.4 GHz and is available for license-free opera-
tion almost everywhere around the world (with national differences limiting
frequencies, transmit power etc.). The most widespread standard in this area is
IEEE 802.11b, which is discussed in chapter 7 (together with other members of
the 802.11 family). The wireless LAN standards HiperLAN2 and IEEE 802.11a
operate in the 5 GHz range, but depending on the region on different frequen-
cies with different restrictions.

Many more frequencies have been assigned for trunk radio (e.g., trans-
European trunked radio (TETRA), 380-400 MHz, 410-430 MHz, 450-470 MHz -
depending on national regulations), paging services, terrestrial flight telephone
system (TFTS), 1670-1675 MHz and 1800-1805 MHz, satellite services (Iridium:
1610-1626 MHz, Globalstar: 1610-1626 MHz and 2483-2500 MHz, see chapter 5)
etc. Higher frequencies are of special interest for high bit-rate transmission,
although these frequencies face severe shadowing by many obstacles. License-free
bands at 17.2, 24 and even 61 GHz are under consideration for commercial use.
Additionally, a lot of license-free wireless communication takes place at lower fre-
quencies. Garage openers, car locks, wireless headsets, radio frequency
identifications (RFID) etc. operate on, e.g., 433 or 868 MHz.
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2.2 Signals

Signals are the physical representation of data. Users of a communication
system can only exchange data through the transmission of signals. Layer 1 of
the ISO/OSI basic reference model is responsible for the conversion of data, i.e.,
bits, into signals and vice versa (Halsall, 1996), (Stallings, 1997 and 2002).
Signals are functions of time and location. Signal parameters represent the
data values. The most interesting types of signals for radio transmission are peri-
odic signals, especially sine waves as carriers. (The process of mapping of data
onto a carrier is explained in section 2.6.) The general function of a sine wave is:

W) =A,sin2rnf, t+9,)

Signal parameters are the amplitude A, the frequency f, and the phase shift ¢.
The amplitude as a factor of the function § may also change over time, thus A,,
(see section 2.6.1). The frequency f expresses the periodicity of the signal with
the period T = 1/f. (In equations, o is frequently used instead of 2zf.) The fre-
quency f may also change over time,
thus f,, (see section 2.6.2). Finally,
the phase shift determines the shift
of the signal relative to the same
signal without a shift. An example
for shifting a function is shown in
Figure 2.2. This shows a sine func-
tion without a phase shift and the
same function, i.e., same amplitude
and frequency, with a phase shift ¢.
Section 2.6.3 shows how shifting the
phase can be used to represent data.

Sine waves are of special inter-
est, as it is possible to construct every periodic signal g by using only sine and
cosine functions according to a fundamental equation of Fourier:

gt = é—c + i a, sin(2nnft) + i b, cos(2rnft)
n=1 n=1

In this equation the parameter ¢ determines the Direct Current (DC) com-
ponent of the signal, the coefficients a, and b, are the amplitudes of the nth
sine and cosine function. The equation shows that an infinite number of sine
and cosine functions is needed to construct arbitrary periodic functions.
However, the frequencies of these functions (the so-called harmonics) increase
with a growing parameter n and are a multiple of the fundamental frequency f.
The bandwidth of any medium, air, cable, transmitter etc. is limited and, there
is an upper limit for the frequencies. In reality therefore, it is enough to
consider a limited number of sine and cosine functions to construct periodic

Figure 2.2

Time domain
representation of
a signal
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Figure 2.3
Frequency domain
representation of
a signal

Figure 2.4
Phase domain
representation of
a signal

Mobile communications

functions - all real transmitting systems exhibit these bandwidth limits and can
never transmit arbitrary periodic functions. It is sufficient for us to know that
we can think of transmitted signals as composed of one or many sine functions.
The following illustrations always represent the example of one sine function,
i.e., the case of a single frequency.

A typical way to represent signals is the time domain (see Figure 2.2). Here
the amplitude A of a signal is shown versus time (time is mostly measured in
seconds s, amplitudes can be measured in, e.g., volt V). This is also the typical
representation known from an oscilloscope. A phase shift can also be shown in
this representation.

Representations in the time domain are problematic if a signal consists of
many different frequencies (as the Fourier equation indicates). In this case, a
better representation of a signal is the frequency domain (see Figure 2.3). Here
the amplitude of a certain frequency part of the signal is shown versus the fre-

quency. Figure 2.3 only shows one

AlV] peak and the signal consists only of a
single frequency part (i.e., it is a
single sine function). Arbitrary peri-
odic functions would have many
peaks, known as the frequency spec-
trum of a signal. A tool to display
frequencies is a spectrum analyzer.

'f[HZ] Fourier transformations are a mathe-
matical tool for translating from the
time domain into the frequency
domain and vice versa (using the
inverse Fourier transformation).

A third way to represent signals

is the phase domain shown in

I=Mcos ¢ Figure 2.4. This representation, also

called phase state or signal constella-

tion diagram, shows the amplitude

M of a signal and its phase ¢ in polar

coordinates. (The length of the vector represents the amplitude, the angle the

phase shift.) The x-axis represents a phase of O and is also called In-Phase (I). A
phase shift of 90° or 7/2 would be a point on the y-axis, called Quadrature (Q).

Q=Msin ¢

2.3 Antennas

As the name wireless already indicates, this communication mode involves ‘get-
ting rid’ of wires and transmitting signals through space without guidance. We
do not need any ‘medium’ (such as an ether) for the transport of electromagnetic
waves. Somehow, we have to couple the energy from the transmitter to the out-
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side world and, in reverse, from the outside world to the receiver. This is exactly
what antennas do. Antennas couple electromagnetic energy to and from space
to and from a wire or coaxial cable (or any other appropriate conductor).

A theoretical reference antenna is the isotropic radiator, a point in space
radiating equal power in all directions, i.e., all points with equal power are
located on a sphere with the antenna as its center. The radiation pattern is
symmetric in all directions (see Figure 2.5, a two dimensional cross-section of
the real three-dimensional pattern).

However, such an antenna does not exist in reality. Real antennas all
exhibit directive effects, i.e., the intensity of radiation is not the same in all
directions from the antenna. The simplest real antenna is a thin, center-fed
dipole, also called Hertzian dipole, as shown in Figure 2.6 (right-hand side). The
dipole consists of two collinear conductors of equal length, separated by a small
feeding gap. The length of the dipole

is not arbitrary, but, for example, T J T

half the wavelength 1 of the signal Aa

to transmit results in a very efficient M2
radiation of the energy. If mounted 17 1

on the roof of a car, the length of l
/4 is efficient. This is also known as

Marconi antenna.

A 7/2 dipole has a uniform or omni-directional radiation pattern in one plane
and a figure eight pattern in the other two planes as shown in Figure 2.7. This type
of antenna can only overcome environmental challenges by boosting the power
level of the signal. Challenges could be mountains, valleys, buildings etc.

Side view (xy-plane) Side view (zy-plane) Top view (xz-plane)
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Figure 2.5
Radiation pattern of an
isotropic radiator

Figure 2.6
Simple antennas

Figure 2.7
Radiation pattern of
a simple dipole
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Figure 2.8
Radiation pattern of
a directed antenna

Figure 2.9
Radiation patterns of
sectorized antennas

Mobile communications

If an antenna is positioned, e.g., in a valley or between buildings, an omni-
directional radiation pattern is not very useful. In this case, directional
antennas with certain fixed preferential transmission and reception directions
can be used. Figure 2.8 shows the radiation pattern of a directional antenna
with the main lobe in the direction of the x-axis. A special example of direc-
tional antennas is constituted by satellite dishes.

L~ =
— L

y

'
>
X

Side view (xy-plane) Side view (yz-plane) Top view (xz-plane)

Directed antennas are typically applied in cellular systems as presented in
section 2.8. Several directed antennas can be combined on a single pole to con-
struct a sectorized antenna. A cell can be sectorized into, for example, three or
six sectors, thus enabling frequency reuse as explained in section 2.8. Figure 2.9
shows the radiation patterns of these sectorized antennas.

Top view, 3 sector Top view, 6 sector

Two or more antennas can also be combined to improve reception by
counteracting the negative effects of multi-path propagation (see section 2.4.3).
These antennas, also called multi-element antenna arrays, allow different
diversity schemes. One such scheme is switched diversity or selection diver-
sity, where the receiver always uses the antenna element with the largest
output. Diversity combining constitutes a combination of the power of all sig-
nals to produce gain. The phase is first corrected (cophasing) to avoid
cancellation. As shown in Figure 2.10, different schemes are possible. On the
left, two 1/4 antennas are combined with a distance of 1/2 between them on top
of a ground plane. On the right, three standard //2 dipoles are combined with a
distance of /2 between them. Spacing could also be in multiples of /2.
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* * < \/2> < \/2
M4 << /2>Q M4 M2

/o
Ground plane

A more advanced solution is provided by smart antennas which combine mul-
tiple antenna elements (also called antenna array) with signal processing to optimize
the radiation/reception pattern in response to the signal environment. These anten-
nas can adapt to changes in reception power, transmission conditions and many
signal propagation effects as discussed in the following section. Antenna arrays can
also be used for beam forming. This would be an extreme case of a directed antenna
which can follow a single user thus using space division multiplexing (see section
2.5.1). It would not just be base stations that could follow users with an individual
beam. Wireless devices, too, could direct their electromagnetic radiation, e.g., away
from the human body towards a base station. This would help in reducing the
absorbed radiation. Today’s handset antennas are omni-directional as the integration
of smart antennas into mobiles is difficult and has not yet been realized.

2.4 Signal propagation

Like wired networks, wireless communication networks also have senders and
receivers of signals. However, in connection with signal propagation, these two
networks exhibit considerable differences. In wireless networks, the signal has
no wire to determine the direction of propagation, whereas signals in wired net-
works only travel along the wire (which can be twisted pair copper wires, a coax
cable, but also a fiber etc.). As
long as the wire is not interrupted
or damaged, it typically exhibits
the same characteristics at each
point. One can precisely deter-
mine the behavior of a signal
travelling along this wire, e.g.,
received power depending on the
length. For wireless transmission,
this predictable behavior is only
valid in a vacuum, i.e., without
matter between the sender and
the receiver. The situation would
be as follows (Figure 2.11):

Detection

Distance

Interference
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Figure 2.10
Diversity antenna
systems

Figure 2.11

Ranges for transmission,
detection, and
interference of signals
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e Transmission range: Within a certain radius of the sender transmission is
possible, i.e., a receiver receives the signals with an error rate low enough to
be able to communicate and can also act as sender.

e Detection range: Within a second radius, detection of the transmission is
possible, i.e., the transmitted power is large enough to differ from background
noise. However, the error rate is too high to establish communication.

e Interference range: Within a third even larger radius, the sender may inter-
fere with other transmission by adding to the background noise. A receiver
will not be able to detect the signals, but the signals may disturb other signals.

This simple and ideal scheme led to the notion of cells around a transmitter
(as briefly discussed in section 2.8). However, real life does not happen in a
vacuum, radio transmission has to contend with our atmosphere, mountains,
buildings, moving senders and receivers etc. In reality, the three circles referred to
above will be bizarrely-shaped polygons with their shape being time and frequency
dependent. The following paragraphs discuss some problems arising in this con-
text, thereby showing the differences between wireless and wired transmission.

2.4.1 Path loss of radio signals

In free space radio signals propagate as light does (independently of their fre-
quency), i.e., they follow a straight line (besides gravitational effects). If such a
straight line exists between a sender and a receiver it is called line-of-sight
(LOS). Even if no matter exists between the sender and the receiver (i.e., if there
is a vacuum), the signal still experiences the free space loss. The received power
P_is proportional to 1/d? with d being the distance between sender and receiver
(inverse square law). The reason for this phenomenon is quite simple. Think of
the sender being a point in space. The sender now emits a signal with certain
energy. This signal travels away from the sender at the speed of light as a wave
with a spherical shape. If there is no obstacle, the sphere continuously grows
with the sending energy equally distributed over the sphere’s surface. This sur-
face area s grows with the increasing distance d from the center according to the
equation s = 4r d?.

Even without any matter between sender and receiver, additional parameters
are important. The received power also depends on the wavelength and the gain
of receiver and transmitter antennas. As soon as there is any matter between
sender and receiver, the situation becomes more complex. Most radio transmis-
sion takes place through the atmosphere — signals travel through air, rain, snow,
fog, dust particles, smog etc. While the path loss or attenuation does not cause
too much trouble for short distances, e.g., for LANs (see chapter 7), the atmos-
phere heavily influences transmission over long distances, e.g., satellite
transmission (see chapter 5). Even mobile phone systems are influenced by
weather conditions such as heavy rain. Rain can absorb much of the radiated
energy of the antenna (this effect is used in a microwave oven to cook), so com-
munication links may break down as soon as the rain sets in.
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Depending on the frequency, radio waves can also penetrate objects.
Generally the lower the frequency, the better the penetration. Long waves can
be transmitted through the oceans to a submarine while high frequencies can
be blocked by a tree. The higher the frequency, the more the behavior of the
radio waves resemble that of light — a phenomenon which is clear if one consid-
ers the spectrum shown in Figure 2.1.

Radio waves can exhibit three fundamental propagation behaviors depend-
ing on their frequency:

e Ground wave (<2 MHz): Waves with low frequencies follow the earth’s sur-
face and can propagate long distances. These waves are used for, e.g.,
submarine communication or AM radio.

e Sky wave (2-30 MHz): Many international broadcasts and amateur radio
use these short waves that are reflected? at the ionosphere. This way the
waves can bounce back and forth between the ionosphere and the earth’s
surface, travelling around the world.

e Line-of-sight (>30 MHz): Mobile phone systems, satellite systems, cordless
telephones etc. use even higher frequencies. The emitted waves follow a (more
or less) straight line of sight. This enables direct communication with satellites
(no reflection at the ionosphere) or microwave links on the ground. However,
an additional consideration for ground-based communication is that the
waves are bent by the atmosphere due to refraction (see next section).

Almost all communication systems presented in this book work with fre-
quencies above 100 MHz so, we are almost exclusively concerned with LOS
communication. But why do mobile phones work even without an LOS?

2.4.2 Additional signal propagation effects

As discussed in the previous section, signal propagation in free space almost fol-
lows a straight line, like light. But in real life, we rarely have a line-of-sight
between the sender and receiver of radio signals. Mobile phones are typically
used in big cities with skyscrapers, on mountains, inside buildings, while dri-
ving through an alley etc. Hare several effects occur in addition to the
attenuation caused by the distance between sender and receiver, which are
again very much frequency dependent.

An extreme form of attenuation is blocking or shadowing of radio signals
due to large obstacles (see Figure 2.12, left side). The higher the frequency of a
signal, the more it behaves like light. Even small obstacles like a simple wall, a
truck on the street, or trees in an alley may block the signal. Another effect is
the reflection of signals as shown in the middle of Figure 2.12. If an object is
large compared to the wavelength of the signal, e.g., huge buildings, mountains,

2 Compared to, e.g., the surface of a building, the ionosphere is not really a hard reflecting surface. In
the case of sky waves the ‘reflection’ is caused by refraction.
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Figure 2.12

Blocking (shadowing),
reflection and
refraction of waves

Mobile communications

or the surface of the earth, the signal is reflected. The reflected signal is not as
strong as the original, as objects can absorb some of the signal’s power.
Reflection helps transmitting signals as soon as no LOS exists. This is the stan-
dard case for radio transmission in cities or mountain areas. Signals transmitted
from a sender may bounce off the walls of buildings several times before they
reach the receiver. The more often the signal is reflected, the weaker it becomes.
Finally, the right side of Figure 2.12 shows the effect of refraction. This effect
occurs because the velocity of the electromagnetic waves depends on the den-
sity of the medium through which it travels. Only in vacuum does it equal c. As
the figure shows, waves that travel into a denser medium are bent towards the
medium. This is the reason for LOS radio waves being bent towards the earth:
the density of the atmosphere is higher closer to the ground.

o~
/

Shadowing Reflection Refraction

While shadowing and reflection are caused by objects much larger than the
wavelength of the signals (and demonstrate the typical ‘particle’ behavior of
radio signals), the following two effects exhibit the ‘wave’ character of radio sig-
nals. If the size of an obstacle is in the order of the wavelength or less, then
waves can be scattered (see Figure 2.13, left side). An incoming signal is scat-
tered into several weaker outgoing signals. In school experiments, this is
typically demonstrated with laser light and a very small opening or obstacle, but
here we have to take into consideration that the typical wavelength of radio
transmission for, e.g., GSM or AMPS is in the order of some 10 cm. Thus, many
objects in the environment can cause these scattering effects. Another effect is
diffraction of waves. As shown on the right side of Figure 2.13, this effect is
very similar to scattering. Radio waves will be deflected at an edge and propa-
gate in different directions. The result of scattering and diffraction are patterns
with varying signal strengths depending on the location of the receiver.

Effects like attenuation, scattering, diffraction, and refraction all happen
simultaneously and are frequency and time dependent. It is very difficult to pre-
dict the precise strength of signals at a certain point in space. How do mobile
phone operators plan the coverage of their antennas, the location of the anten-
nas, the direction of the beams etc.? Two or three dimensional maps are used
with a resolution down to several meters. With the help of, e.g., ray tracing or
radiosity techniques similar to rendering 3D graphics, the signal quality can
roughly be calculated in advance. Additionally, operators perform a lot of mea-
surements during and after installation of antennas to fill gaps in the coverage.
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Scattering Diffraction

2.4.3 Multi-path propagation

Together with the direct transmission from a sender to a receiver, the propaga-
tion effects mentioned in the previous section lead to one of the most severe
radio channel impairments, called multi-path propagation. Figure 2.14 shows
a sender on the left and one possible receiver on the right. Radio waves emitted
by the sender can either travel along a straight line, or they may be reflected at a
large building, or scattered at smaller obstacles. This simplified figure only
shows three possible paths for the signal. In reality, many more paths are poss-
ible. Due to the finite speed of light, signals travelling along different paths with
different lengths arrive at the receiver at different times. This effect (caused by
multi-path propagation) is called delay spread: the original signal is spread due
to different delays of parts of the signal. This delay spread is a typical effect of
radio transmission, because no wire guides the waves along a single path as in
the case of wired networks (however, a similar effect, dispersion, is known for
high bit-rate optical transmission over multi-mode fiber, see Halsall, 1996, or
Stallings, 1997). Notice that this effect has nothing to do with possible move-
ments of the sender or receiver. Typical values for delay spread are
approximately 3 us in cities, up to 12 us can be observed. GSM, for example, can
tolerate up to 16 us of delay spread, i.e., almost a 5 km path difference.

Multipath
LOS pulses  pulses

Signal at sender H M

Signal at receiver
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Figure 2.13
Scattering and
diffraction of waves

Figure 2.14
Multi-path propagation
and intersymbol
interference
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Figure 2.15
Short-term and
long-term fading
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What are the effects of this delay spread on the signals representing the data?
The first effect is that a short impulse will be smeared out into a broader impulse, or
rather into several weaker impulses. In Figure 2.14 only three possible paths are
shown and, thus, the impulse at the sender will result in three smaller impulses at
the receiver. For a real situation with hundreds of different paths, this implies that a
single impulse will result in many weaker impulses at the receiver. Each path has a
different attenuation and, the received pulses have different power. Some of the
received pulses will be too weak even to be detected (i.e., they will appear as noise).

Now consider the second impulse shown in Figure 2.14. On the sender side,
both impulses are separated. At the receiver, both impulses interfere, i.e., they
overlap in time. Now consider that each impulse should represent a symbol,
and that one or several symbols could represent a bit. The energy intended for
one symbol now spills over to the adjacent symbol, an effect which is called
intersymbol interference (ISI). The higher the symbol rate to be transmitted,
the worse the effects of ISI will be, as the original symbols are moved closer and
closer to each other. ISI limits the bandwidth of a radio channel with multi-path
propagation (which is the standard case). Due to this interference, the signals of
different symbols can cancel each other out leading to misinterpretations at the
receiver and causing transmission errors.

In this case, knowing the channel characteristics can be a great help. If the
receiver knows the delays of the different paths (or at least the main paths the
signal takes), it can compensate for the distortion caused by the channel. The
sender may first transmit a training sequence known by the receiver. The
receiver then compares the received signal to the original training sequence and
programs an equalizer that compensates for the distortion (Wesel, 1998),
(Pahlavan, 2002), (Stallings, 2002).

While ISI and delay spread already occur in the case of fixed radio transmitters
and receivers, the situation is even worse if receivers, or senders, or both, move.
Then the channel characteristics change over time, and the paths a signal can
travel along vary. This effect is well known (and audible) with analog radios while
driving. The power of the received signal changes considerably over time. These
quick changes in the received power are also called short-term fading. Depending

on the different paths the signals
Long-term  take, these signals may have a differ-
fading ent phase and cancel each other as
shown in Figure 2.15. The receiver
now has to try to constantly adapt to
the varying channel characteristics,
e.g., by changing the parameters of
the equalizer. However, if these
changes are too fast, such as driving
on a highway through a city, the
/ receiver cannot adapt fast enough
and the error rate of transmission
increases dramatically.

>

Power

Short-term fading
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An additional effect shown in Figure 2.15 is the long-term fading of the
received signal. This long-term fading, shown here as the average power over
time, is caused by, for example, varying distance to the sender or more remote
obstacles. Typically, senders can compensate for long-term fading by increas-
ing/decreasing sending power so that the received signal always stays within
certain limits.

There are many more effects influencing radio transmission which will not
be discussed in detail — for example, the Doppler shift caused by a moving
sender or receiver. While this effect is audible for acoustic waves already at low
speed, it is also a topic for radio transmission from or to fast moving trans-
ceivers. One example of such a transceiver could be a satellite (see chapter 5) —
there Doppler shift causes random frequency shifts. The interested reader is
referred to Anderson (1995), (Pahlavan, 2002), and (Stallings, 2002) for more
information about the characteristics of wireless communication channels. For
the present it will suffice to know that multi-path propagation limits the maxi-
mum bandwidth due to ISI and that moving transceivers cause additional
problems due to varying channel characteristics.

2.5 Multiplexing

Multiplexing is not only a fundamental mechanism in communication systems
but also in everyday life. Multiplexing describes how several users can share a
medium with minimum or no interference. One example, is highways with sev-
eral lanes. Many users (car drivers) use the same medium (the highways) with
hopefully no interference (i.e., accidents). This is possible due to the provision
of several lanes (space division multiplexing) separating the traffic. In addition,
different cars use the same medium (i.e., the same lane) at different points in
time (time division multiplexing).

While this simple example illustrates our everyday use of multiplexing, the
following examples will deal with the use of multiplexing in wireless communi-
cations. Mechanisms controlling the use of multiplexing and the assignment of
a medium to users (the traffic regulations), are discussed in chapter 3 under the
aspect of medium access control.

2.5.1 Space division multiplexing

For wireless communication, multiplexing can be carried out in four dimen-
sions: space, time, frequency, and code. In this field, the task of multiplexing
is to assign space, time, frequency, and code to each communication channel
with a minimum of interference and a maximum of medium utilization. The
term communication channel here only refers to an association of sender(s) and
receiver(s) who want to exchange data. Characteristics of communication chan-
nels (e.g., bandwidth, error rate) will be discussed together with certain
technologies in chapters 4 to 7.
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Figure 2.16
Space division
multiplexing (SDM)

Mobile communications

Figure 2.16 shows six channels k; and introduces a three dimensional coor-
dinate system. This system shows the dimensions of code ¢, time t and
frequency f. For this first type of multiplexing, space division multiplexing
(SDM), the (three dimensional) space s, is also shown. Here space is represented
via circles indicating the interference range as introduced in Figure 2.11. How is
the separation of the different channels achieved? The channels k, to k, can be
mapped onto the three ‘spaces’ s, to s, which clearly separate the channels and
prevent the interference ranges from overlapping. The space between the inter-
ference ranges is sometimes called guard space. Such a guard space is needed in
all four multiplexing schemes presented.

Channels k;

—h

—h

For the remaining channels (k, to k) three additional spaces would be needed. In
our highway example this would imply that each driver had his or her own lane.
Although this procedure clearly represents a waste of space, this is exactly the
principle used by the old analog telephone system: each subscriber is given a
separate pair of copper wires to the local exchange. In wireless transmission,
SDM implies a separate sender for each communication channel with a wide
enough distance between senders. This multiplexing scheme is used, for example,
at FM radio stations where the transmission range is limited to a certain region —
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many radio stations around the world can use the same frequency without
interference. Using SDM, obvious problems arise if two or more channels were
established within the same space, for example, if several radio stations want to
broadcast in the same city. Then, one of the following multiplexing schemes
must be used (frequency, time, or code division multiplexing).

2.5.2 Frequency division multiplexing

Frequency division multiplexing (FDM) describes schemes to subdivide the
frequency dimension into several non-overlapping frequency bands as shown in
Figure 2.17. Each channel k; is now allotted its own frequency band as indi-
cated. Senders using a certain frequency band can use this band continuously.
Again, guard spaces are needed to avoid frequency band overlapping (also
called adjacent channel interference). This scheme is used for radio stations
within the same region, where each radio station has its own frequency. This
very simple multiplexing scheme does not need complex coordination between
sender and receiver: the receiver only has to tune in to the specific sender.

However, this scheme also has disadvantages. While radio stations broad-
cast 24 hours a day, mobile communication typically takes place for only a few
minutes at a time. Assigning a separate frequency for each possible communica-
tion scenario would be a tremendous waste of (scarce) frequency resources.
Additionally, the fixed assignment of a frequency to a sender makes the scheme
very inflexible and limits the number of senders.

Figure 2.17
Frequency division
multiplexing (FDM)
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Figure 2.18
Time division
multiplexing (TDM)

Mobile communications

2.5.3 Time division multiplexing

A more flexible multiplexing scheme for typical mobile communications is time
division multiplexing (TDM). Here a channel k, is given the whole bandwidth
for a certain amount of time, i.e., all senders use the same frequency but at dif-
ferent points in time (see Figure 2.18). Again, guard spaces, which now
represent time gaps, have to separate the different periods when the senders use
the medium. In our highway example, this would refer to the gap between two
cars. If two transmissions overlap in time, this is called co-channel interference.
(In the highway example, interference between two cars results in an accident.)
To avoid this type of interference, precise synchronization between different
senders is necessary. This is clearly a disadvantage, as all senders need precise
clocks or, alternatively, a way has to be found to distribute a synchronization
signal to all senders. For a receiver tuning in to a sender this does not just
involve adjusting the frequency, but involves listening at exactly the right point
in time. However, this scheme is quite flexible as one can assign more sending
time to senders with a heavy load and less to those with a light load.

Frequency and time division multiplexing can be combined, i.e., a channel
k; can use a certain frequency band for a certain amount of time as shown in
Figure 2.19. Now guard spaces are needed both in the time and in the frequency
dimension. This scheme is more robust against frequency selective interference,
i.e., interference in a certain small frequency band. A channel may use this band
only for a short period of time. Additionally, this scheme provides some (weak)
protection against tapping, as in this case the sequence of frequencies a sender
uses has to be known to listen in to a channel. The mobile phone standard GSM
uses this combination of frequency and time division multiplexing for transmis-
sion between a mobile phone and a so-called base station (see section 4.1).
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A disadvantage of this scheme is again the necessary coordination between
different senders. One has to control the sequence of frequencies and the time
of changing to another frequency. Two senders will interfere as soon as they
select the same frequency at the same time. However, if the frequency change
(also called frequency hopping) is fast enough, the periods of interference may
be so small that, depending on the coding of data into signals, a receiver can
still recover the original data. (This technique is discussed in section 2.7.2.)

2.5.4 Code division multiplexing

While SDM and FDM are well known from the early days of radio transmission
and TDM is used in connection with many applications, code division multi-
plexing (CDM) is a relatively new scheme in commercial communication
systems. First used in military applications due to its inherent security features
(together with spread spectrum techniques, see section 2.7), it now features in
many civil wireless transmission scenarios thanks to the availability of cheap pro-
cessing power (explained in more detail in section 3.5). Figure 2.20 shows how all
channels k; use the same frequency at the same time for transmission. Separation
is now achieved by assigning each channel its own ‘code’, guard spaces are real-
ized by using codes with the necessary ‘distance’ in code space, e.g., orthogonal
codes. The technical realization of CDM is discussed in section 2.7 and chapter 3
together with the medium access mechanisms. An excellent book dealing with all
aspects of CDM is Viterbi (1995).

The typical everyday example of CDM is a party with many participants from
different countries around the world who establish communication channels, i.e.,
they talk to each other, using the same frequency range (approx. 300-6000 Hz
depending on a person’s voice) at the same time. If everybody speaks the same
language, SDM is needed to be able to communicate (i.e., standing in groups,

Figure 2.19
Frequency and time
division multiplexing
combined
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Figure 2.20
Code division
multiplexing (CDM)

Mobile communications

talking with limited transmit power).
-- But as soon as another code, i.e.,

another language, is used, one can
tune in to this language and clearly
separate communication in this lan-
guage from all the other languages.
(The other languages appear as back-
ground noise.) This explains why
CDM has built-in security: if the lan-
guage is unknown, the signals can
still be received, but they are useless.
By using a secret code (or language),
a secure channel can be established
in a ‘hostile’ environment. (At parties
this may cause some confusion.)
Guard spaces are also of importance
in this illustrative example. Using,
e.g., Swedish and Norwegian does
not really work; the languages are
too close. But Swedish and Finnish
are ‘orthogonal’ enough to separate
the communication channels.

The main advantage of CDM for wireless transmission is that it gives good
protection against interference and tapping. Different codes have to be assigned,
but code space is huge compared to the frequency space. Assigning individual
codes to each sender does not usually cause problems. The main disadvantage of
this scheme is the relatively high complexity of the receiver (see section 3.5). A
receiver has to know the code and must separate the channel with user data
from the background noise composed of other signals and environmental noise.
Additionally, a receiver must be precisely synchronized with the transmitter to
apply the decoding correctly. The voice example also gives a hint to another
problem of CDM receivers. All signals should reach a receiver with almost equal
strength, otherwise some signals could drain others. If some people close to a
receiver talk very loudly the language does not matter. The receiver cannot
listen to any other person. To apply CDM, precise power control is required.

—

2.6 Modulation

Section 2.2 introduced the basic function of a sine wave which already indicates
the three basic modulation schemes (typically, the cosine function is used for
explanation):

8(t)=A,cosn ft+9,)



Wireless transmission

This function has three parameters: amplitude A,, frequency f,, and phase ¢,
which may be varied in accordance with data or another modulating signal. For
digital modulation, which is the main topic in this section, digital data (0 and 1)
is translated into an analog signal (baseband signal). Digital modulation is
required if digital data has to be transmitted over a medium that only allows for
analog transmission. One example for wired networks is the old analog telephone
system — to connect a computer to this system a modem is needed. The modem
then performs the translation of digital data into analog signals and vice versa.
Digital transmission is used, for example, in wired local area networks or within a
computer (Halsall, 1996), (Stallings, 1997). In wireless networks, however, digital
transmission cannot be used. Here, the binary bit-stream has to be translated into
an analog signal first. The three basic methods for this translation are amplitude
shift keying (ASK), frequency shift keying (FSK), and phase shift keying (PSK).
These are discussed in more detail in the following sections.

Apart from the translation of digital data into analog signals, wireless trans-
mission requires an additional modulation, an analog modulation that shifts the
center frequency of the baseband signal generated by the digital modulation up to
the radio carrier. For example, digital modulation translates a 1 Mbit/s bit-stream
into a baseband signal with a bandwidth of 1 MHz. There are several reasons why
this baseband signal cannot be directly transmitted in a wireless system:

e Antennas: As shown in section 2.3, an antenna must be the order of mag-
nitude of the signal’s wavelength in size to be effective. For the 1 MHz
signal in the example this would result in an antenna some hundred meters
high, which is obviously not very practical for handheld devices. With
1 GHz, antennas a few centimeters in length can be used.

e Frequency division multiplexing: Using only baseband transmission, FDM
could not be applied. Analog modulation shifts the baseband signals to dif-
ferent carrier frequencies as required in section 2.5.2. The higher the carrier
frequency, the more bandwidth that is available for many baseband signals.

e Medium characteristics: Path-loss, penetration of obstacles, reflection,
scattering, and diffraction — all the effects discussed in section 2.4 depend
heavily on the wavelength of the signal. Depending on the application, the
right carrier frequency with the desired characteristics has to be chosen:
long waves for submarines, short waves for handheld devices, very short
waves for directed microwave transmission etc.

As for digital modulation, three different basic schemes are known for
analog modulation: amplitude modulation (AM), frequency modulation
(FM), and phase modulation (PM). The reader is referred to Halsall (1996) and
Stallings (2002) for more details about these analog modulation schemes.

Figure 2.21 shows a (simplified) block diagram of a radio transmitter for
digital data. The first step is the digital modulation of data into the analog base-
band signal according to one of the schemes presented in the following
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Figure 2.21
Modulation in
a transmitter

Figure 2.22
Demodulation and
data reconstruction
in a receiver

Mobile communications

sections. The analog modulation then shifts the center frequency of the analog
signal up to the radio carrier. This signal is then transmitted via the antenna.

Analog
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Digital signal
data Digital Analog /Wv
e >

101101001 modulation /\/\/' modulation

Radio
carrier /\/\/\/

The receiver (see Figure 2.22) receives the analog radio signal via its antenna
and demodulates the signal into the analog baseband signal with the help of the
known carrier. This would be all that is needed for an analog radio tuned in to a
radio station. (The analog baseband signal would constitute the music.) For digital
data, another step is needed. Bits or frames have to be detected, i.e., the receiver
must synchronize with the sender. How synchronization is achieved, depends on
the digital modulation scheme. After synchronization, the receiver has to decide if
the signal represents a digital 1 or a O, reconstructing the original data.
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The digital modulation schemes presented in the following sections differ
in many issues, such as spectral efficiency (i.e., how efficiently the modulation
scheme utilizes the available frequency spectrum), power efficiency (i.e., how
much power is needed to transfer bits — which is very important for portable
devices that are battery dependent), and robustness to multi-path propagation,
noise, and interference (Wesel, 1998).

2.6.1 Amplitude shift keying

Figure 2.23 illustrates amplitude shift keying (ASK), the most simple digital
modulation scheme. The two binary values, 1 and 0, are represented by two dif-
ferent amplitudes. In the example, one of the amplitudes is O (representing the
binary 0). This simple scheme only requires low bandwidth, but is very suscept-
ible to interference. Effects like multi-path propagation, noise, or path loss
heavily influence the amplitude. In a wireless environment, a constant amplitude



cannot be guaranteed, so ASK is typi-
cally not used for wireless radio
transmission. However, the wired
transmission scheme with the high-
est performance, namely optical
transmission, uses ASK. Here, a light
pulse may represent a 1, while the
absence of light represents a 0. The
carrier frequency in optical systems is
some hundred THz. ASK can also be
applied to wireless infra red transmis-
sion, using a directed beam or diffuse
light (see chapter 7, Wireless LANs).

2.6.2 Frequency shift keying

Wireless transmission

A modulation scheme often used for wireless transmission is frequency shift
keying (FSK) (see Figure 2.24). The simplest form of FSK, also called binary FSK
(BFSK), assigns one frequency f, to the binary 1 and another frequency f, to the

binary 0. A very simple way to
implement FSK is to switch between
two oscillators, one with the fre-
quency f, and the other with f,,
depending on the input. To avoid
sudden changes in phase, special
frequency modulators with contin-
uous phase modulation, (CPM)
can be used. Sudden changes in
phase cause high frequencies, which
is an undesired side-effect.

A simple way to implement demodulation is by using two bandpass filters,
one for f, the other for f,. A comparator can then compare the signal levels of
the filter outputs to decide which of them is stronger. FSK needs a larger band-
width compared to ASK but is much less susceptible to errors.

2.6.3 Phase shift keying

Finally, phase shift keying (PSK)
uses shifts in the phase of a signal to
represent data. Figure 2.25 shows a
phase shift of 180° or = as the O fol-
lows the 1 (the same happens as the
1 follows the 0). This simple scheme,
shifting the phase by 180° each time
the value of data changes, is also
called binary PSK (BPSK). A simple

Figure 2.23
Amplitude shift
keying (ASK)

Figure 2.24
Frequency shift
keying (FSK)

Figure 2.25
Phase shift
keying (PSK)
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Figure 2.26
Minimum shift
keying (MSK)

Mobile communications

implementation of a BPSK modulator could multiply a frequency f with +1 if
the binary data is 1 and with -1 if the binary data is 0.

To receive the signal correctly, the receiver must synchronize in frequency
and phase with the transmitter. This can be done using a phase lock loop (PLL).
Compared to FSK, PSK is more resistant to interference, but receiver and trans-
mitter are also more complex.

2.6.4 Advanced frequency shift keying

A famous FSK scheme used in many wireless systems is minimum shift keying
(MSK). MSK is basically BFSK without abrupt phase changes, i.e., it belongs to
CPM schemes. Figure 2.26 shows an example for the implementation of MSK. In
a first step, data bits are separated into even and odd bits, the duration of each
bit being doubled. The scheme also uses two frequencies: f,, the lower fre-
quency, and f,, the higher frequency, with f, = 2f,.
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Y
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According to the following scheme, the lower or higher frequency is chosen
(either inverted or non-inverted) to generate the MSK signal:

e if the even and the odd bit are both 0, then the higher frequency f, is
inverted (i.e., f, is used with a phase shift of 180°);

e if the even bit is 1, the odd bit 0, then the lower frequency f, is inverted.
This is the case, e.g., in the fifth to seventh