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networks and to investigate ways in which resource optimization (in a broad sense) is
practiced and implemented in these networks. The chapter should be of interest to IT
practitioners and engineers. It was written with the non-expert in mind. We have to
make painful compromises: instead of sophistication of presentation we have settled for
clarity of exposition. We trust that the chapter will appeal to a broad readership.

1. Introduction

In the past decade, the areas of mobile computing and wireless networks have seen an
explosive growth both in terms of the number of services provided and the types of
technologies that have become available. Unlike their wired counterparts, most types of
wireless networks are rapidly deployable, scale well, and are cost-effective. For
example, it is increasingly clear that the use of e-commerce is becoming an important
new tool for the manufacturing and retail industries and an imperative new development
for all industries striving to maintain a competitive edge. Companies can use the
mechanisms and technologies offered by e-commerce to put their stores on-line. At the
same time, customer mobility has emerged an important catalyst triggering a new
paradigm shift that is redefining the way we conduct business. An important feature of
mobile commerce is that the on-line store is accessible 24 hours per day to a potentially
huge customer base scattered around the world (Barnes and Huff, 2003; Jamalipour and
Tung, 2001; Luglio, 1999; Olariu et al., 2003; Olariu, 2005). By their very nature,
mobile commerce applications will rely increasingly on wireless communications. To
be cost effective and, thus economically viable, these applications will have to reach a
wide consumer base. In turn, this suggests that a wide coverage — indeed, a global one
— is a must in mobile commerce. As illustrated in Figure 1, such a global coverage can
only be achieved by a combination of terrestrial and satellite networks.

The widening availability of mobile information systems is being driven by the
increasing demand to have information available for users at any time. As the
availability of wireless devices increases, so will the load on available radio frequency
resources. We are witnessing an unprecedented demand for wireless networks to
support both data and real-time multimedia traffic. While best-effort service suffices
for datagram traffic, the usability of real-time multimedia applications is vastly
improved if the underlying network can provide adequate Quality-of-Service (QoS)
guarantees.
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Portable terminals
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Figure 1: An integrated terrestrial and LEO satellite system

Given its importance, QoS provisioning for wireless networks is an active area of
research with myriads of papers being published each year. Historically, QoS
provisioning in wireless networks started with the well-known cellular networks.
Cellular phones are now ubiquitous all over the world. Because the physical
infrastructure costs of wireless networks are so much less expensive than those of wired
networks, in many developing countries, the wireless coverage, in area and population,
is greater than the wired coverage. With the increased number of users, there is a
growing demand for more services. Users want to access services that are being
routinely offered by wired networks, including email, instant messaging, web browsing,
and even video streaming and video conferencing, as well as the more common services
like telephony and paging, from anywhere or while on the move.

Many cellular network providers in the U.S. and abroad can provide users access to
telephony, paging, instant messaging, and trivial web browsing on the same device.
Some new phones add the ability to do more complex web browsing by combining a
small PDA with a phone handset. And users that have more powerful computers
equipped with wireless network access want to be able to use the same, possibly high-
bandwidth, applications they are accustomed to using with wired network access, such
as video conferencing and other real-time networked applications.
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QoS provisioning in single-class traffic wireless networks is a more complicated task
than it is for wired networks due to physical constraints, bandwidth constraints and user
mobility. Clearly, providing QoS guarantees to users of wireless networks that handle
different types or classes of service is an even more complex task, and it is currently a
busy research area.

Some well-known QoS measures, such as delay, bandwidth, jitter and error rate, are
important in both wired and wireless networks. In the context of wireless networks an
important QoS parameter is the call blocking probability (CBP), denoting the likelihood
that a new connection request will be denied admission into the network. A similar
situation arises when an established connection in one cell attempts to migrate into a
neighboring cell (i.e. a handoff is attempted). If the new cell cannot support the level of
resources required by the connection, the handoff is denied and the connection is
dropped. The call dropping probability (CDP) expresses the likelihood that an existing
connection will be forcibly terminated during a handoff between cells due to a lack of
resources in the target cell. The CBP and CDP together offer a good indication of a
network's quality of service in the face of mobility. An additional important
consideration is the degree to which the network makes an effective use of bandwidth
— unguestionably its scarcest resource. This parameter, referred to as bandwidth
utilization, expresses the ratio between the amount of bandwidth used by various
applications admitted into the network and either the total bandwidth requested or the
total bandwidth available, whichever is smaller. Keeping both CBP and CDP low, while
maximizing bandwidth utilization is one of the most challenging tasks facing protocol
designers.

However, it is a well recognized fact that one of the critical aspects, indeed a
prerequisite, of QoS provisioning is a judicious infrastructure that can be successfully
leveraged by communication and connection admission protocols. It is widely known,
but well worth recalling, that admission control and bandwidth allocation schemes can
offer wired networks the ability to provide their users with such guarantees. Admission
control refers to the task of deciding if a connection should be admitted into, and
supported by, the network. Admission control is necessary for real-time, continuous
media connections since the amount of resources requested by these connections may
not match the level of resources available at the time of connection setup (Olariu et al
2005a). Admitting a connection into the network is tantamount to a contract between
the network and the connection: on the one hand the network guarantees that a certain
level of resources will be maintained for the duration of the connection. On the other
hand, the connection is expected not to request additional resources over and above
those negotiated at connection setup. The agreed-upon amount of resources that the
network guarantees to a connection is commonly referred to as QoS. Traditional QoS
parameters include bandwidth, end-to-end delay, and jitter. However, there are some
QOS parameters that are specific to wireless networks.

Due to host mobility, scarcity of bandwidth and an assortment of channel impairments,
the QoS provisioning problem is far more challenging in wireless networks than in their
wired counterparts. For example, a mobile host may be admitted into the network in a
cell where its needs can easily be met, but the mobile host may eventually move to a
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cell that has little or no resources to offer. Since user mobility patterns and the
availability of resources in various cells along its future trajectory are not known in
advance, global QoS guarantees are very hard to provide (El Kadi et al., 2001; Olariu et
al. 2005b).

It is typical in most admission schemes to deny service to a new connection whose
requests for resources cannot be met by the network. In such a case, the connection is
said to be blocked. Traditional admission control protocols, that strive the minimize
CDP and CBP are, in many cases, too conservative and pessimistic. Indeed, multimedia
applications are known to be able to tolerate and adapt to transient fluctuations in QoS
(Chen and Liestman, 2003; El-Kadi et al., 2001). This adaptation is typically achieved
by the use of an adjustable-rate codec or by employing hierarchical encoding of voice
and/or video streams (Olariu et al., 2003, Olariu et al 2005c). The codec, along with
appropriate buffering before play-out, can allow applications to gracefully adapt to
temporary bandwidth fluctuations with little or no perceived degradation in overall
quality.

The graceful adaptation of applications to transient fluctuations in QoS is fundamental
in wireless networks, where QoS provisioning is a very challenging task. As we shall
demonstrate in this paper, the additional flexibility afforded by this ability to adapt can
be exploited by protocol designers to significantly improve the overall performance of
wireless systems.

As we briefly mentioned, once a connection is admitted into the network, resources
must be allocated, at the negotiated level, for the duration of the connection. It is
important to realize that in a cellular network where the user may move through the
network traversing a sequence of cells; this commitment cannot be only local to the cell
in which the connection originated. If the connection is to be maintained after the user
crosses the boundary between neighboring cells (i.e. after a handoff), the network must
guarantee an appropriate level of resources in each new cell that the user traverses.
Without detailed knowledge about the intended destination of each connection,
honoring this commitment is a very difficult task, indeed.

2. Cellular Networks -- Basics

Cellular networks usually consist of a set of base stations connected together through a
wired network, and mobile hosts that communicate through their local base station to
reach other mobile hosts or the wired internet. The area served by one base station is
called a cell, and cells are commonly arrayed in a honeycomb pattern, with each cell
having 6 neighbors, as illustrated in Figure 2. When a mobile user (user, for short)
moves out of the range of one base station (BS) and into the area served by a
neighboring base station, a handoff or handover is said to occur.
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Figure 2: Illustrating a cellular system

Since this chapter does not focus on packet-level QoS, we will not review the work
done in that area, but rather begin with call-level QoS and channel allocation. Because
of co-channel interference, the entire frequency spectrum assigned to a network cannot
be used in each and every cell.

2.1. Channel Assignment Schemes — A Quick Overview

There has been much research devoted to the problem of allocating channels to cells in
order to maximize the available bandwidth for user requests. The simplest is the fixed
channel allocation, in which all the channels of the spectrum are distributed statically to
the base stations in a pattern that reduces or prevents co-channel interference. Each cell
has a fixed number of channels to accommodate new and handoff calls. In dynamic
channel assignment schemes, frequency channels are assigned to cells as they are
needed. Let us note that dynamic channel assignment schemes tend to be complex and
require a central controller. Hybrid channel assignment schemes are hybrids of fixed
and dynamic assignment, where a set of channels is distributed statically and the rest of
the channels are kept in a pool to be distributed as the need arises. Dynamic channel
assignment outperforms fixed assignment when a few cells are highly loaded, because
highly loaded fixed assignment cells will exhaust all their available bandwidth with no
means to obtain more. However fixed assignment performs better under uniformly high
load conditions, unless the dynamic assignment scheme can produce the optimal
configuration of fixed assignment as it progresses.

Adding bandwidth to a mobile network is an expensive operation. When developing a
mobile network’s infrastructure, wasting bandwidth should be avoided because it is
very costly. Thus, the objective is to try and get the most out of the minimum
infrastructure. The same problem applies to a mobile network that is already installed,
where it is cheaper to utilize the available resources more effectively than to add more
bandwidth.

The channel allocation problem involves how to allocate borrrowable channels in such

a way as to maximize the long term and/or short-term performance of the network. The
performance metrics that can be used to evaluate the solutions proposed will be
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primarily the number of hosts blocked and the number of borrowings. A user is blocked
when it enters a cell and cannot be allocated a channel. Obviously, the more hosts that
are blocked, the worse will be the performance of the network. The other major metric
is the number of channel-borrowings. This should be minimized because channel
borrow requests generate network traffic. There are other metrics that can be used to
evaluate the performance of the solution such as the number of “hot cells” that appear in
a cellular environment.

There are a number of ways to deal with excess load in mobile networks in addition to
channel borrowing, such as channel sharing and cell splitting. In particular cell splitting
is commonly used in many real cellular networks. Cell splitting works by breaking
down cells into smaller cells. This is accomplished by having several different levels of
cell coverage. These different levels are often called macro-cells and micro-cells. A
macro-cell is essentially an umbrella over a set of micro-cells. When traffic becomes too
great for a cell to handle and there is a micro-cell structure in place, the cell can be
switched out and the micro-cells switched in. This enables the original cell site to
handle more load. There are obvious drawbacks to this scheme that prevent it being
implemented throughout the network. The obvious problem is, of course, cost. A
secondary concern is the extra network traffic introduced by the additional cells.

A

Figure 3: Illustrating a frequency reuse pattern

To provide greater frequency utilization, cells may be divided into concentric regions.
In the region closest to the base station, channels can be used at low power without
interfering with the same channels being used in the central regions of neighboring
cells. For example, referring to Figure 3, each of the three cells has its own set of local
frequencies legal to use in the cell at full power. In addition, a set B of frequencies (the
same for all cells) can be used in each cell at a reduced power level to avoid
interference.

Although these types of schemes increase the available bandwidth, they are complex to
manage and introduce an imbalance between resources available for calls depending on
the region in which they originate. There are numerous algorithms in the literature to
solve the problem that fewer channels are available in the region furthest away from the
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base station, and to create a uniform CBP across an entire cell. Dividing a cell into
regions also introduces the possibility of handoff being necessary when a mobile host
moves from the inner to the outer region of a cell.

Handoff is a problem for QoS provisioning because the new region or cell that a mobile
host is entering may not have the resources available to grant the same level of QoS that
the hosts had originally negotiated or may not be able to continue the host's call at all.
And as cells become smaller (as in micro-/pico- cellular networks), handoffs will occur
much more frequently. Handoff detection is in itself a research issue. As a mobile host
moves away from one base station and towards a neighboring base station, the signal
from one will get progressively weaker and from the other progressively stronger, until
in some overlap area, they become equal for a time. But other things, such as terrain,
can also affect signal strength. In the literature there are numerous algorithms for
accurate handoff detection. Similarly, there are different strategies for handoff queuing
as a means to lower the CDP. If a user is in the area where it can hear the signals of
two base stations and its destination cell cannot support it, it is placed into a queue, with
the idea that maybe the resources for it will become available before the time when it is
completely outside the range of its current base station.

Reducing the CDP, or the handoff failure rate, is more important than reducing the
CBP, because we assume that it is more disturbing to users to have an ongoing call cut
off, than to have a call attempt denied. Dynamic and flexible channel allocation
schemes aid in lowering the CDP because channels can be allocated or borrowed when
handoffs arrive and find no available bandwidth. -A common technique for reducing
dropped calls is to reserve some portion of the bandwidth in a cell for use only by
handoffs. The simplest method of bandwidth or channel reservation is static, where a
fixed set of channels, or fixed percentage of a cell's bandwidth, is set aside for handoffs.
Selecting the amount of bandwidth to reserve is a trade-off between the CBP and CDP —
the larger the reservation, the less bandwidth available for new calls. Dynamic or
adaptive reservation uses information about the network or the mobile hosts to vary the
amount of reserved bandwidth with the current conditions in order to reach the most
optimal balance between CBP and CDP.

3. Satellite Networks

In response to the increasing demand for truly global coverage needed by Personal
Communication Services (PCS), a new generation of mobile satellite networks intended
to provide anytime-anywhere communication services was proposed in the literature
(Jamalipour and Tung, 2001; Luglio, 1999) Low Earth Orbiting (LEO) mobile satellite
networks, deployed at altitudes ranging from 500km to 2000km, are well suited to
handle bursty Internet and multimedia traffic and to offer anytime-anywhere
connectivity to mobile users. These satellite networks offer numerous advantages over
terrestrial networks including global coverage and low cost-per-minute access to end-
users equipped with hand-held devices. Since LEO satellite networks are expected to
support real-time interactive multimedia traffic they must be able to provide their users
with QoS guarantees.

3.1. Challenges
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While providing significant advantages over their terrestrial counterparts, LEO satellite
networks present protocol designers with an array of daunting challenges, including
handoff, mobility and location management (Del Re et al, 2000; Nguyen et al., 2003;
Nguyen et al., 2002; Olariu, 2005; Olariu et al., 2005a, 2005b; Olariu et al., 2003).
Because LEO satellites are deployed at low-altitude, Kepler’s third law implies that
these satellites must traverse their orbits at a very high speed. We assume an orbital
speed of about 26,000Km/h. Referring to Figure 4, the coverage area of a satellite — a
circular area of the surface of the Earth - is referred to as its footprint. For spectral
efficiency reasons, the satellite footprint is partitioned into slightly overlapping cells,
called spotbeams. As their coverage area changes continuously, in order to maintain
connectivity, users must switch from spotbeam to spotbeam and from satellite to
satellite, resulting in frequent intra- and inter-satellite handoffs. In this work, we focus
on intra-satellite handoffs, referred to, simply, as handoffs. A well-known strategy for
reducing handoff failure is to reserve bandwidth for the exclusive use of handoff
connections. In the fixed reservation approach, a fixed percentage of the available
bandwidth in a cell is permanently reserved for handoff. In the predictive reservation
strategy, bandwidth is reserved dynamically using a probabilistic approach.

Due to the large number of handoffs experienced by a typical connection during its
lifetime, resource management and connection admission control are very important
tasks if the system is to provide fair bandwidth sharing and QoS guarantees. In
particular, a reliable handoff mechanism is needed to maintain connectivity and to
minimize service interruption to on-going connections, as users roam about the system.

Figure 4: Illustrating a satellite footprint and spotbeams
3.2. Mobility Model and Traffic Parameters

Although several mobility models exist for LEO satellites (see, for example, Nguyen et
al, 2003), it is customary to assume a one-dimensional mobility model where the users
move in straight lines and at a constant speed, essentially the same as the orbital speed
of the satellite. For simplicity, all the spotbeams (also referred to as cells) are identical
in shape and size. Although each spotbeam is circular, we use squares to approximate
spotbeams (we note that some authors use regular hexagons instead of squares).
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The diameter of a cell is taken to be ; consequently, the time t, it takes a user to cross a

cell is, roughly, 65 seconds. Referring to Figure 5, the user remains in the cell where the
connection was initiated for t, time, where t; is uniformly distributed between 0 and t,.

Thus, t. is the time until the first handoff request, assuming that the call does not end in
the original cell. After the first handoff, a constant time t, is assumed between
subsequent handoff requests until call termination.

N N+1 N+2 N+3 N+4

— S s 6| t |

te

Figure 5: Illustrating some of the mobility and cell parameters

As illustrated in Figure 5, when a new connection is requested in cell N , it is associated
with a trajectory, consisting of a list N,N+LN+2, ...,N+k, of cells that the

connection may visit during its lifetime. The holding times of the connections is
assumed to be exponentially distributed with mean 1/ 4 ..

Assume that connection C was accepted in cell N . After t. time units, C is about to
cross into cell N+1. Let p, be the probability of this first handoff request. El-Kadi et
al. (2001) have shown that

1-e
Pr = -
ML

Moreover, (El-Kadi et al., 2001) have shown that the probability of the (k+1)-th
handoff request is e “= which, as expected, is independent of k . Consequently, we will
let p, =e“* denote the probability of a subsequent handoff request. It is important to
note that t;, t,, p; and p,are mobility parameters that can be easily evaluated by the
LEO satellite using its on-board processing capabilities.

The traffic offered to the satellite system is assumed to belong to two classes:
= Class I traffic — real-time multimedia traffic, such as interactive voice and
video applications, and
= Class Il traffic — non real-time data traffic, such as email or ftp.

When a user requests a new connection C in a given cell, it provides the following
parameters:

= the desired class of traffic for C (either I or I1),
= M, the desired amount of bandwidth for the connection.
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If the request is for a Class | connection the following parameters are also specified:

* m.the smallest amount of bandwidth that the source requires in order to

maintain acceptable quality, e.g. the smallest encoding rate of its codec
= . the largest acceptable CDP that the connection can tolerate

= 1/ u. the mean holding time of C.
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