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Preface

Another Book on Wireless Networking?
The availability of high performance, low power, and low cost digital signal
processors, and advances in digital communication techniques over the radio
frequency spectrum have resulted in the widespread availability of wireless
network technology for mass consumption. Several excellent books are now
available that deal with the area of wireless communications, where topics of
recent interest include multiple-input-multiple-output (MIMO) systems, space
time coding, orthogonal frequency division multiplexing (OFDM), and multiuser
detection. Wireless networks are best known in the context of first- and second-
generation mobile telephony (AT&T’s analog AMPS system in the first generation,
and the GSM and CDMA digital systems in the second generation). There are
books that provide coverage of such wireless networks, and also those that
combine a comprehensive treatment of physical layer wireless communication with
that of cellular networks.

In the last decade, however, there has been an explosion in the development
and deployment of new wireless network technologies, and in the conceptuali-
zation of, and research in, a variety of newer ones. From the ubiquitous WiFi
coffee shop and airport networks to the emerging WiMAX systems, which promise
broadband wireless access to mobile users, the menu of wireless access networks
promises to become so comprehensive that wired access from user devices may
soon become a relic of the past. Research on wireless mesh networks (so-called
ad hoc wireless networks), which started in the 1970s, is being pursued with
renewed vigor due to the availability of inexpensive and interoperable mobile
wireless devices. In addition, the widespread use of wireless sensor networks (in
conjunction with emerging standards such as Zigbee and IEEE 802.15.4) is a
clear and present possibility. Thus the variety and scale of wireless networks is
unprecedented, and, in teaching courses in our institutions, we have felt the need
for a comprehensive analytical treatment of wireless networking, keeping in mind
the technical developments in the past, the present, and the future. This book is
the outcome of our efforts to address this need.

The foremost aspect of networking, wireline or wireless, is the design of
efficient protocols that work. Taking the view that the devil is in the detail,
protocols with “working code” often gain widespread acceptance. With the
increasing variety in networks and applications, and also in their scale, complex
interactions (e.g., between devices using a particular protocol, or between
protocols at the various layers) need to be understood. Although computer
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simulation is a useful vehicle for understanding the performance of protocols,
it is not always sufficient, because, once again, the devil is in the detail.
The assumptions made in deriving simulation models play an important role
in the results that are obtained. If a simulation program simply encodes the
standard, then running the simulation only provides a plethora of numbers,
with no new insights being gained. Further, large simulation models, although
possibly closer to reality, take a lot of effort to develop and debug, and are
slow to execute, thus rendering them not very useful in the early stages of
experimentation with algorithms. This is where analytical models become very
important. First, the process of deriving such models from the standards, or from
system descriptions, provides very useful insights. Second, the analytical models
can be used to help verify large simulation programs, by providing exact results
for subcases of the model being simulated. Third, research in analytical modeling
is necessary to develop models that can be programmed into simulators, so as
to increase simulation speed. Finally, the analytical approach is very important
for the development of new and efficient protocols, and there is a trend toward
optimization via reverse engineering of well-accepted protocols.

In addition to the variety of networks and protocols that need to be
understood, there is a large body of fundamental results on wireless networks
that have been developed over the last fifteen years that give important insights
into optimal design and the limits of performance. Examples of such results
include distributed power control in CDMA networks, optimal scheduling in
wireless networks (with a variety of optimization objectives involving issues such
as network stability, performance, revenue, and fairness), transmission range
thresholds for connectivity in a wireless mesh network, and the transport capacity
of these networks. Further, the imminence of sensor networks has generated a large
class of fundamental problems in the areas of stochastic networks and distributed
algorithms that are intrinsically important and interesting.

This book aims (1) to provide an analytical perspective on the design and
analysis of the traditional and emerging wireless networks, and (2) to discuss
the nature of, and solution methods to, the fundamental problems in wireless
networking. For the sake of completeness, traditional voice telephony over GSM
and CDMA wireless access networks also is covered. The approach is via various
resource allocation models that are based on simple models of the underlying
physical wireless communication.

About the Book and the Viewpoint
After the specification of the protocols and the verification of their correctness,
we believe that networking is about resource allocation. In wireless networks, the
resources are typically spectrum, time, and power. That theme pervades much
of this book in our quest for models for performance analysis, for developing
design insights, and also for exploring the fundamental limits. Once a problem
has been analytically formulated, we draw upon a wide variety of techniques
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to analyze it. In this process we will use techniques drawn from, among others,
probability theory, stochastic processes, constrained optimization and duality, and
graph theory. We believe it is necessary to make forays into these areas in order to
bring their power to bear on the problem at hand. However, we have attempted to
make the book as self-contained as possible. Wherever possible, we have used only
elementary concepts taught in basic courses in engineering mathematics. A brief
overview of most of the advanced mathematical material that we use is provided
in the appendix. Also, wherever possible we have avoided the theorem–proof
approach. Instead, we have developed the theorems or results and then formally
stated them.

After the introductory chapter, we begin the presentation of the main material
of the book in Chapter 2 by giving an overview of the physical layer issues
that are so much more important to understand wireless networks than they
are for wireline networks. Wireless networks are viewed as being either access
networks or mesh networks. In access networks mobile wireless nodes connect to
an infrastructure node, and in mesh networks they form an independent internet
and may or may not connect to an infrastructure network. Access networks are
covered in Chapters 4 through 7 and mesh networks are covered in Chapters 8
through 10.

The wireless networking aspect of the book begins in Chapter 3. Like in our
earlier book, Communication Networking: An Analytical Approach, we precede
the discussion on access networks by listing the issues and setting the performance
objectives of a wireless network in Chapter 3. FDM-TDMA cellular networks (of
which GSM networks are a major example) are discussed in Chapter 4, with the
focus on signal-to-interference ratio analysis, on channel allocation, and on the
call blocking and call dropping performance. Chapter 5 is on CDMA networks
where the main emphasis is on interference management via power allocation.
Whereas the traffic model in Chapter 4 and in much of Chapter 5 is an arrival
process of calls, each with a rate requirement, in Chapter 6, on OFDMA access
networks, we consider buffered models, and discuss power allocation over time
and over carriers with the objectives of stability and mean delay. In Chapter 7,
we discuss the performance of distributed allocation of channel time in wire-
less LANs.

We begin our discussion of mesh networks in Chapter 8 by considering
optimal routing and scheduling in a given mesh network. One can view this class of
problems as the optimal allocation of time and space in a network. In Chapter 9
we explore fundamental limits of this time and space allocation to the flows.
Chapter 10 is on the emerging area of sensor networks, a rich field of research
issues including connectivity and coverage properties of stochastic networks, and
distributed computation.

Some of the material in Chapter 5 and most of the material in Chapters 6
through 10 are being covered in a wireless networking textbook for the first time.
We have not obtained new results for the book but we have trawled the literature
to pick out the fundamental results and those that are illustrative of the issues
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and complexities. Wherever possible, we have simplified the models for pedagogic
convenience.

Using the Book
This is a graduate text, though a final year undergraduate course could be
supplemented with material from this text. Some understanding of networking
concepts is assumed. A quick introduction may also be obtained from Chapter 2
of our earlier book, Communication Networking: An Analytical Approach. Most
of the chapters are self-contained and we believe that an instructor can pick
and choose the chapters. A course that needs to cover voice and data access
networks (including cellular networks and wireless LANs) could be based on
Chapters 4 through 7. One can say that these chapters are tied closely to real
networks. Chapters 8 through 10 are of a more fundamental and abstract nature.
A course with a more current research emphasis could be built around Chapters 6
through 10.

The publisher maintains a website for this book at www.mkp.com. We
maintain a website for the book at ece.iisc.ernet.in/∼anurag/books. These websites
contain errata, additional problems, PostScript files of the figures used in the book,
and other instructional material. An instructor’s manual containing solutions to
all the exercises and problems and some supplementary problems is also available
from the authors.

Arthur Clarke had said that the communications satellite will make inevitable
the United Nations of the Earth. Wireless communication and networking are
making these United Nations flatter, and possibly more democratic with unbridled
opportunities for all. So let’s “unwire, cut the cord, and go wireless.” And, while
we do it, let us step back a bit and understand them from the ground up!
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published in Sādhanā, Indian Academy of Sciences Proceedings in Engineering
Sciences, Vol. 32, No. 6, December 2007. We are grateful to the publishers of
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CHAPTER 1

Introduction

The idea of sending information over radio waves (i.e., wireless commu-
nication) is over a hundred years old. When several devices with radio
transceivers share a portion of the radio spectrum to send information to

each other, we say that we have a wireless communication network, or simply a
wireless network.

In this chapter we begin by developing a three-layered view of wireless
networks. We delineate the subject matter of this book—that is, wireless
networking—as dealing with the problem of resource allocation when several
devices share a portion of the RF spectrum allocated to them. Next, we provide a
taxonomy of current wireless networks. The material in the book is organized
along this taxonomy. Then, in this chapter, we identify the common basic
technical elements that underlie any wireless network as being (1) physical wireless
communication; (2) neighbor discovery, association, and topology formation; and
(3) transmission scheduling.

Finally, we provide an overview of the contents of the remaining nine chapters
of the book.

1.1 Networking as Resource Allocation
Following our viewpoint in [89] we view wireline and wireless communication
networks in terms of the three-layered model shown in Figure 1.1. Networks
carry the flows of information between distributed applications such as telephony,
teleconferencing, media-sharing, World Wide Web access, e-commerce, and so on.
The points at which distributed information applications connect to the generators
and absorbers of information flows can be viewed as sources and sinks of traffic
(see Figure 1.1). Examples of traffic sources are microphones in telephony devices,
video cameras, and data, voice, or video files (stored on a computer disk) that are
being transmitted to another location. Examples of traffic sinks are telephony
loudspeakers, television monitors, or computer storage devices.

As shown in Figure 1.1, the sources and sinks of information and the
distributed applications connect to the communication network via common
information services. The information services layer comprises all the hardware
and software required to facilitate the necessary transport services, and to attach
the sources or sinks to the wireless network; for example, voice coding, packet
buffering and playout, and voice decoding, for packet telephony; or similar
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Wireline Bit Carrier
Infrastructure

Resource Allocation

Algorithms

Resource Allocation

Algorithms

sources and/or sinks
distributed applications

Shared Radio Spectrum
(a portion of the RF spectrum)

Information Services

Figure 1.1 A conceptual view of distributed applications utilizing wireline and wireless
networks. Wireless networking is concerned with algorithms for resource allocation
between devices sharing a portion of the radio spectrum. On the other hand, in wireline
networks the resource allocation algorithms are concerned with sharing the fixed
resources of a bit transport infrastructure.

facilities for video telephony or for streaming video playout; or mail preparation
and forwarding software for electronic mail; or a browser for the World
Wide Web.

We turn now to the bottom layer in Figure 1.1. In wireline networks the
information to be transported between the endpoints of applications is carried
over a static bit-carrier infrastructure. These networks typically comprise high-
quality digital transmission systems over copper or optical media. Once such links
are properly designed and configured, they can be viewed as “bit pipes,” each
with a certain bit rate, and usually a very small bit error rate. The bit carrier
infrastructure can be dynamically reconfigured on the basis of traffic demands,
and such actions are a part of the cloud labeled “resource allocation algorithms”
in the figure.

The left side of the bottom layer in Figure 1.1 corresponds to wireless
networks. Typically, each wireless network system is constrained to operate in
some portion of the RF spectrum. For example, a cellular telephony system may
be assigned 5 MHz of spectrum in the 900 MHz band. Information bits are
transported between devices in the wireless network by means of some physical
wireless communication technique (i.e., a PHY layer technique, in terms of the
ISO-OSI model) operating in the portion of the RF spectrum that is assigned
to the network. It is well known, however, that unguided RF communication
between mobile wireless devices poses challenging problems. Unlike wireline
communication, or even point-to-point, high-power microwave links between
dish antennas mounted on tall towers, digital wireless communication between
mobile devices has to deal with a variety of time-varying channel impairments



1.2 ATaxonomy of Current Practice 3

such as obstructions by steel and concrete buildings, absorption in partition walls
or in foliage, and interference between copies of a signal that traverse multiple
paths. In order to combat these problems, it is imperative that in a mobile or
ad hoc wireless network the PHY layer should be adaptable. In fact, in some
systems multiple modulation schemes are available, and each of these may have
variable parameters such as the error control codes, and the transmitter powers.
Hence, unlike a wired communication network, where we can view networking
as being concerned with the problems of resource sharing over a static bit carrier
infrastructure, in wireless networking, the resource allocation mechanisms would
include these adaptations of the PHY layer. Thus, in Figure 1.1 we have actually
“absorbed” the physical wireless communication mechanisms into the resource
allocation layer. Hence, we can define our view of wireless networking as being
concerned with all the mechanisms, procedures, or algorithms for efficient sharing
of a portion of the radio spectrum so that all the instances of communication
between the various devices obtain their desired quality of service (QoS).

1.2 ATaxonomy of Current Practice
In this book, instead of pursuing an abstract, technology agnostic approach, we
will develop an understanding of the various wireless networking techniques in the
context of certain classes of wireless networks as they exist today. Thus we begin
our treatment by taking a look at a taxonomy of the current practice of wireless
networks. Figure 1.2 provides such a taxonomy. Several commonly used terms of
the technology will arise as we discuss this taxonomy. These will be highlighted
by the italic font, and their meanings will be clear from the context. Of course,
the attendant engineering issues will be dealt with at length in the remainder of
the book.

Fixed wireless networks include line-of-sight microwave links, which until
recently were very popular for long distance transmission. Such networks basically
comprise point-to-point line-of-sight digital radio links. When such links are set
up, with properly aligned high gain antennas on tall masts, the links can be viewed
as point-to-point bit pipes, albeit with a higher bit error rate than wired links. Thus
in such fixed wireless networks no essentially new issues arise than in a network
of wired links.

On the other hand the second and third categories shown in the first level of
the taxonomy (i.e., access networks and ad hoc networks) involve multiple access
where, in the same geographical region, several devices share a radio spectrum to
communicate among themselves (see Figure 1.3). Currently, the most important
role of wireless communications technology is in mobile access to wired networks.
We can further classify such access networks into two categories: one in which
resource allocation is more or less static (akin to circuit multiplexing), and the other
in which the traffic is statistically multiplexed, either in a centralized manner or
by distributed mechanisms.
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Figure 1.2 A taxonomy of wireless networks.
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Figure 1.3 The left panel shows some access networks (a cellular telephony network,
and a wireless local area network (WLAN), where the access is via an AP (access point)),
and the right panel shows a mesh wireless network of portable computers.
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Cellular wireless networks were introduced in the early 1980s as a technology
for providing access to the wired phone network to mobile users. The network
coverage area is partitioned into regions (with diameters ranging from hundreds
of meters to a few kilometers) called cells, hence the term “cellular.” In each cell
there is a base station (BS), which is connected to the wired network, and through
which the mobile devices in the cell communicate over a one hop wireless link.
The cellular systems that have the most widespread deployment are the ones that
share the available spectrum using frequency division multiplexed time division
multiple access (FDM-TDMA) technology. Among such systems by far the most
commercially successful has been the GSM system, developed by a European
consortium. The available spectrum is first partitioned into a contiguous up-link
band and another contiguous down-link band. Each of these bands is statically
or dynamically partitioned into reuse subbands, with each cell being allocated
such a subband (this is the FDM aspect). The partitioning of the up-link and
down-link bands is done in a paired manner so that each cell is actually assigned
a pair of subbands. Each subband is further partitioned into channels or carriers
(also an FDM aspect), each of which is digitally modulated and then slotted in
such a way that a channel can carry up to a fixed number of calls (e.g., 8 calls)
in a TDM fashion. Each arriving call request in a cell is then assigned a slot in
one of the carriers in that cell; of course, a pair of slots is assigned in paired
up-link and down-link channels in that cell. Thus, since each call is assigned
dedicated resources, the system is said to be circuit multiplexed, just like the
wireline phone network. These are narrowband systems (i.e., users’ bit streams
occupy frequency bands just sufficient to carry them), and the radio links operate at
a high signal-to-interference-plus-noise-ratio (SINR), and hence careful frequency
planning (i.e., partitioning of the spectrum into reuse subbands, and allocation
of the subbands to the cells) is needed to avoid cochannel interference. The need
for allocation of frequency bands over the network coverage area (perhaps even
dynamic allocation over a slow timescale), and the grant and release of individual
channels as individual calls arrive and complete, requires the control of such
systems to be highly centralized. Note that call admission control, that is, call
blocking, is a natural requirement in an FDM-TDMA system, since the resources
are partitioned and each connection is assigned one resource unit.

Another cellular technology that has developed over the past 10 to 15 years
is the one based on code division multiple access (CDMA). In these networks, the
entire available spectrum is reused in every cell. These are broadband systems,
which means that each user’s bit stream (a few kilobits per second) occupies
the entire available radio spectrum (a few megahertz). This is done by spreading
each user’s signal over the entire spectrum by multiplying it by a pseudorandom
sequence, which is allocated to the user. This makes each user’s signal appear
like noise to other users. The knowledge of the spreading sequences permits
the receivers to separate the users’ signals, by means of correlation receivers.
Although no frequency planning is required for CDMA systems, the performance
is interference limited as every transmitted signal is potentially an interferer for
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every other signal. Thus at any point of time there is an allocation of powers
to all the transmitters sharing the spectrum, such that their desired receivers can
decode their transmissions, in the presence of all the cross interferences. These
desired power levels need to be set depending on the locations of the users, and the
consequent channel conditions between the users and the base stations, and need
to be dynamically controlled as users move about and channel conditions change.
Hence tight control of transmitter power levels is necessary. Further, of course, the
allocation of spreading codes, and management of movement between cells needs
to done. We note that, unlike the FDM-TDMA system described earlier, there is no
dedicated allocation of resources (frequency and time-slot) to each call. Indeed,
during periods when a call is inactive no radio resources are utilized, and the
interference to other calls is reduced. Thus, we can say that the traffic is statistically
multiplexed. If there are several calls in the system, each needing certain quality
of service (QoS) (bit rate, maximum bit error rate), then the number of calls in the
system needs to be controlled so that the probability of QoS violation of the calls is
kept small. This requires call admission control, which is an essential mechanism
in CDMA systems, in order that QoS objectives can be achieved. Evidently, these
are all centrally coordinated activities, and hence even CDMA cellular systems
depend on central intelligence that resides in the base station controllers (BSCs).

Until recently, cellular networks were driven primarily by the needs of circuit
multiplexed voice telephony; on demand, a mobile phone user is provided a
wireless digital communication channel on which is carried compressed telephone
quality (though not “toll” quality) speech. Earlier, we have described two
technologies for second generation (2G) cellular wireless telephony. Recently, with
the growing need for mobile Internet access, there have been efforts to provide
packetized data access on these networks as well. In the FDM-TDMA systems,
low bit rate data can be carried on the digital channel assigned to a user. As
is always the case in circuit multiplexed networks, flexibility in the allocation of
bandwidth is limited to assigning multiple channels to each user. Such an approach
is followed in the GSM-GPRS (General Packet Radio Service) system, where, by
combining multiple TDM slots on an FDM carrier, shared packet switched access
is provided to mobile users. A further evolution is the EDGE (Enhanced Data rates
for GSM Evolution) system, where, in addition to combining TDM slots, higher
order modulation schemes, with adaptive modulation, are utilized to obtain shared
packet switched links with speeds up to 474 Kbps. These two systems often are
viewed, respectively, as 2.5G and 2.75G evolutions of the GSM system. These are
data evolutions of an intrinsically circuit switched system that was developed for
mobile telephony. On the other hand there is considerable flexibility in CDMA
systems where there is no dedicated allocation of resources (spectrum or power).
In fact, both voice and data can be carried in the packet mode, with the user bit
rate, the amount of spreading, and the allocated power changing on a packet-
by-packet basis. This is the approach taken for the third generation (3G) cellular
systems, which are based entirely on CDMA technology, and are meant to carry
multimedia traffic (i.e., store and forward data, packetized telephony, interactive
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video, and streaming video). The most widely adopted standard for 3G systems is
WCDMA (wideband CDMA), which was created by the 3G Partnership Project
(3GPP), a consortium of standardization organizations from the United States,
Europe, China, Japan, and Korea.

Cellular networks were developed with the primary objective of providing
wireless access for mobile users. With the growth of the Internet as the de facto
network for information dissemination, access to the Internet has become an
increasingly important requirement in most countries. In large congested cities,
and in developing countries without a good wireline infrastructure, fixed wireless
access to the Internet is seen as a significant market. It is with such an application
in mind that the IEEE 802.16 standards were developed, and are known in the
industry as WiMAX. The major technical advance in WiMAX is in the adoption
of several high performance physical layer (PHY) technologies to provide several
tens of Mbps between a base station (BS) and fixed subscriber stations (SS) over
distances of several kilometers. The PHY technologies that have been utilized are
orthogonal frequency division multiple access (OFDMA) and multiple antennas
at the transmitters and the receivers. The latter are commonly referred to as
MIMO (multiple-input-multiple-output) systems. In an OFDMA system, several
subchannels are statically defined in the system bandwidth, and these subchannels
are digitally modulated. In order to permit up-link and down-link transmissions,
time is divided into frames and each frame is further partitioned into an up-link and
a down-link part (this is called time division duplexing (TDD)). The BS allocates
time on the various subchannels to various down-link flows in the down-link part
of the frame and, based on SS requests, in the up-link part of the frame. This kind
of TDD MAC structure has been used in several earlier systems; for example,
satellite networks involving very small aperture satellite terminals (VSATs), and
even in wireline systems such as those used for the transmission of digital data
over cable television networks. WiMAX specifications now have been extended
to include broadband access to mobile users.

We now discuss the third class of networks in the mobile access category in
the first level of the taxonomy shown in Figure 1.2—distributed packet scheduling.
Cellular networks have emerged from centrally managed point-to-point radio
links, but another class of wireless networks has emerged from the idea of random
access, whose prototypical example is the Aloha network. Spurred by advances
in digital communication over radio channels, random access networks can now
support bit rates close to desktop wired Ethernet access. Hence random access
wireless networks are now rapidly proliferating as the technology of choice for
wireless Internet access with limited mobility. The most important standards for
such applications are the ones in the IEEE 802.11 series. Networks based on
this standard now support physical transmission speeds from a few Mbps (over
100s of meters) up to 100 Mbps (over a few meters). The spectrum is shared in
a statistical TDMA fashion (as opposed to slotted TDMA, as discussed, earlier,
in the context of first generation FDM-TDMA systems). Nodes contend for the
channel, and possibly collide. In the event of a collision, the colliding nodes back
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off for independently sampled random time durations, and then reattempt. When
a node is able to acquire the channel, it can send at the highest of the standard
bit rates that can be decoded, given the channel condition between it and its
receiver. This technology is predominantly deployed for creating wireless local
area networks (WLANs) in campuses and enterprise buildings, thus basically
providing a one hop untethered access to a building’s Ethernet network. In the
latest enhancements to the IEEE 802.11 standards, MIMO-OFDM physical layer
technologies are being employed in order to obtain up to 100 Mbps transmission
speeds in indoor environments.

With the widespread deployment of IEEE 802.11 WLANs in buildings, and
even public spaces (such as shopping malls and airports), an emerging possibility is
that of carrying interactive voice and streaming video traffic over these networks.
The emerging concept of fourth-generation wireless access networks envisions
mobile devices that can support multiple technologies for physical digital radio
communication, along with the resource management algorithms that would
permit a device to seamlessly move between 3G cellular networks, IEEE 802.16
access networks and IEEE 802.11 WLANs, while supporting a variety of packet
mode services, each with its own QoS requirements.

With reference to the taxonomy in Figure 1.2, we now turn to the category
labeled “ad hoc networks” or “wireless mesh networks.” Wireless access networks
provide mobile devices with one-hop wireless access to a wired network. Thus, in
such networks, in the path between two user devices there is only one or at most
two wireless links. On the other hand a wireless ad hoc network comprises several
devices arbitrarily located in a space (e.g., a line segment, or a two-dimensional
field). Each device is equipped with a radio transceiver, all of which typically share
the same radio frequency band. In this situation, the problem is to communicate
between the various devices. Nodes need to discover neighbors in order to form a
topology, good paths need to be found, and then some form of time scheduling of
transmissions needs to be employed in order to send packets between the devices.
Packets going from one node to another may need to be forwarded by other
nodes. Thus, these are multihop wireless packet radio networks, and they have
been studied as such over several years. Interest in such networks has again been
revived in the context of multihop wireless internets and wireless sensor networks.
We discuss these briefly in the following two paragraphs.

In some situations it becomes necessary for several mobile devices (such
as portable computers) to organize themselves into a multihop wireless packet
network. Such a situation could arise in the aftermath of a major natural disaster
such as an earthquake, when emergency management teams need to coordinate
their activities and all the wired infrastructure has been damaged. Notice that
the kind of communication that such a network would be required to support
would be similar to what is carried by regular public networks; that is, point-
to-point store and forward traffic such as electronic mails and file transfers, and
low bit rate voice and video communication. Thus, we can call such a network a



1.3 Technical Elements 9

multihop wireless internet. In general, such a network could attach at some point
to the wired Internet.

Whereas multihop wireless internets have the service objective of supporting
instances of point-to-point communication, an ad hoc wireless sensor network
has a global objective. The nodes in such a network are miniature devices, each
of which carries a microprocessor (with an energy efficient operating system);
one or more sensors (e.g., light, acoustic, or chemical sensors); a low power,
low bit rate digital radio transceiver; and a small battery. Each sensor monitors its
environment and the objective of the network is to deliver some global information
or an inference about the environment to an operator who could be located
at the periphery of the network, or could be remotely connected to the sensor
network. An example is the deployment of such a network in the border areas of a
country to monitor intrusions. Another example is to equip a large building with
a sensor network comprising devices with strain sensors in order to monitor the
building’s structural integrity after an earthquake. Yet another example is the use
of such sensor networks in monitoring and control systems such as those for the
environment of an office building or hotel, or a large chemical factory.

1.3 Technical Elements
In the previous section we provided an overview of the current practice of wireless
networks. We organized our presentation around a taxonomy of wireless networks
shown in Figure 1.2. Although the technologies that we discussed may appear to
be disparate, there are certain common technical elements that constitute these
wireless networks. The efficient realization of these elements constitutes the area
of wireless networking.

The following is an enumeration and preliminary discussion of the technical
elements.

1. Transport of the users’ bits over the shared radio spectrum. There is, of
course, no communication network unless bits can be transported between
users. Digital communication over mobile wireless links has evolved rapidly
over the past two decades. Several approaches are now available, with var-
ious tradeoffs and areas of applicability. Even in a given system, the digital
communication mechanisms can be adaptive. First, for a given digital mod-
ulation scheme the parameters can be adapted (e.g., the transmit power, or
the amount of error protection), and, second, sophisticated physical layers
actually permit the modulation itself to be changed even at the packet or burst
timescale (e.g., if the channel quality improves during a call then a higher
order modulation can be used, thus helping in store and forward applications
that can utilize such time varying capacity). This adaptivity is very useful in the
mobile access situation where the channels and interference levels are rapidly
changing.
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2. Neighbor discovery, association and topology formation, routing. Except in
the case of fixed wireless networks, we typically do not “force” the formation
of specific links in a wireless network. For example, in an access network
each mobile device could be in the vicinity of more than one BS or access
point (AP). To simplify our writing, we will refer to a BS or an AP as an
access device. It is a nontrivial issue as to which access device a mobile device
connects through. First, each mobile needs to determine which access devices
are in its vicinity, and through which it can potentially communicate. Then
each mobile should associate with an access device such that certain overall
communication objectives are satisfied. For example, if a mobile is in the
vicinity of two BSs and needs certain quality of service, then its assignment
to only a particular one of the two BSs may result in satisfaction of the new
requirement, and all the existing ones.

In the case of an access network the problem of routing is trivial; a mobile
associates with a BS and all its packets need to be routed through that BS.
On the other hand, in an ad hoc network, after the associations are made
and a topology is determined, good routes need to be determined. A mobile
would have several neighbors in the discovered topology. In order to send a
packet to a destination, an appropriate neighbor would need to be chosen,
and this neighbor would further need to forward the packet toward the
destination. The choice of the route would depend on factors such as the bit
rate achievable on the hops of the route, the number of hops on the route,
the congestion along the route, and the residual battery energies in devices
along the route.

We note that association and topology formation is a procedure whose
timescale will depend on how rapidly the relative locations of the network
nodes is changing. However, one would typically not expect to associate and
reassociate a mobile device, form a new topology, or recalculate routing at
the packet timescale.

If mobility is low, for example in wireless LANs and static sensor networks,
one could consider each fixed association, topology, and routing, and
compute the performance measures at the user level. Note that this step
requires a scheduling mechanism, discussed as the next element. Then that
association, topology, and routing would be chosen that optimizes, in some
sense, the performance measures. In the formulation of such a problem, first
we need to identify one or more performance objectives (e.g., the sum of the
user utilities for the transfer rates they get). Then we need to specify whether
we seek a cooperative optimum (e.g., the network operator might seek the
global objective of maximizing revenue) or a noncooperative equilibrium.
The latter might model the more practical situation, since users would tend to
act selfishly, attempting to maximize their performance while reducing their
costs. Finally, whatever the solution of the problem, we need an algorithm
(centralized or distributed) to compute it online.


