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Introduction

Background and Overview

Wireless communications is experiencing an explosive growth rate. This high de-
mand for wireless communications services requires increased system capacities. The
simplest solution would be to allocate more bandwidth to these services, but the
electromagnetic spectrum is a limited resource, which is becoming increasingly con-
gested [1]. Furthermore, the frequency bands to be used for the Third Generation
(3G) wireless services have been auctioned in various European countries, such as
Germany and the UK at an extremely high price. Therefore, the efficient use of the
available frequencies is paramount [1,2].

The digital transmission techniques of the Second Generation (2G) mobile radio
networks have already improved upon the capacity and voice quality attained by the
analogue mobile radio systems of the first generation. However, more efficient tech-
niques allowing multiple users to share the available frequencies are necessary. Classic
techniques of supporting a multiplicity of users are frequency, time, polarisation, code
or spatial division multiple access [3]. In Frequency Division Multiple Access [4,5] the
available frequency spectrum is divided into frequency bands, each of which is used
by a different user. Time Division Multiple Access (TDMA) [4,5] allocates each user
a given period of time, referred to as a time slot, over which their transmission may
take place. The transmitter must be able to store the data to be transmitted and
then transmit it at a proportionately increased rate during its time slot constituting a
fraction of the TDMA frame duration. Alternatively, Code Division Multiple Access
(CDMA) [4,5] allocates each user a unique code. This code is then used to spread
the data over a wide bandwidth shared with all users. For detecting the transmitted
data the same unique code, often referred to as the user signature, must be used.

The increasing demand for spectrally efficient mobile communications systems
motivates our quest for more powerful techniques. With the aid of spatial processing
at a cell site, optimum receive and transmit beams can be used for improving the
system’s performance in terms of the achievable capacity and the quality of service
measures. This approach is usually referred to as Spatial Division Multiple Access
(SDMA) [3,6] which enables multiple users in the same cell to be accommodated on the
same frequency and time slot by exploiting the spatial selectivity properties offered
by adaptive antennas [7]. By contrast, if the desired signal and interferers occupy
the same frequency band and time slot, then “temporal filtering” cannot be used
for separating the signal from the interference. However, the desired and interfering
signal usually originate from different spatial locations and this spatial separation
may be exploited, in order to separate the desired signal from the interference using a

ix



x PREFACE

“spatially selective filter” at the receiver [8-10]. As a result, given a sufficiently large
distance between two users communicating in the same frequency band, there will
be negligible interference between them. The higher the number of cells in a region,
due to using small cells, the more frequently the same frequency is re-used and hence
higher teletraffic density per unit area can be carried.

However, the distance between co-channel cells must be sufficiently high, so that
the intra-cell interference becomes lower than its maximum acceptable limit [3].
Therefore, the number of cells in a geographic area is limited by the base stations’
transmission power level. A method of increasing the system’s capacity is to use 120°
sectorial beams at different carrier frequencies [11]. Each of the sectorial beams may
serve the same number of users as supported in ordinary cells, while the Signal-to-
Interference Ratio (SIR) can be increased due to the antenna’s directionality. The
ultimate solution, however, is to use independently steered high gain beams for sup-
porting individual users [3].

Adaptive Quadrature Amplitude Modulation (AQAM) [12,13] is another
technique that is capable of increasing the spectral efficiency that may be achieved.
The philosophy behind adaptive modulation is to select a specific modulation mode,
from a set of modes, according to the instantaneous radio channel quality [12,13].
Thus, if the channel quality exhibits a high instantaneous SINR, then a high-order
modulation mode may be employed, enabling the exploitation of the temporarily high
channel capacity. By contrast, if the channel has a low instantaneous SINR, using
a high-order modulation mode would result in an unacceptable Frame Error Ratio
(FER), and hence a more robust, but lower throughput modulation mode would
be invoked. Hence, adaptive modulation not only combats the effects of a poor
quality channel, but also attempts to maximise the throughput, whilst maintaining
a given target FER. Thus, there is a trade-off between the mean FER and the data
throughput, which is governed by the modem mode switching thresholds. These
switching thresholds define the SINRs, at which the instantaneous channel quality
requires changing the current modulation mode, i.e. where an alternative AQAM
mode must be invoked.

A more explicit representation of the wideband AQAM regime is shown in Figure
1, which displays the variation of the modulation mode with respect to the pseudo
SNR at channel SNRs of 10 and 20dB. In these figures, it can be seen explicitly that
the lower-order modulation modes were chosen, when the pseudo SNR was low. In
contrast, when the pseudo SNR, was high, the higher-order modulation modes were
selected in order to increase the transmission throughput. These figures can also be
used to exemplify the application of wideband AQAM in an indoor and outdoor en-
vironment. In this respect, Figure 1(a) can be used to characterise a hostile outdoor
environment, where the perceived channel quality was low. This resulted in the uti-
lization of predominantly more robust modulation modes, such as BPSK and 4QAM.
Conversely, a less hostile indoor environment is exemplified by Figure 1(b), where the
perceived channel quality was high. As a result, the wideband AQAM regime can
adapt suitably by invoking higher-order modulation modes, as evidenced by Figure
1(b). Again, this simple example demonstrated that wideband AQAM can be uti-
lized, in order to provide a seamless, near-instantaneous reconfiguration between for
example indoor and outdoor environments.
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Figure 1: Modulation mode variation with respect to the pseudo SNR evaluated at the
output of the channel equaliser of a wideband AQAM modem for transmission
over the TU Rayleigh fading channel. The BPS throughputs of 1, 2, 4 and 6
represent BPSK, 4QAM, 16QAM and 64QAM, respectively.

This book studies the network capacity gains that may be achieved with
the advent of adaptive antenna arrays and adaptive modulation techniques
in both FDMA / TDMA and CDMA based mobile cellular networks. The
advantages of employing adaptive antennas are multifold, as outlined be-
low.

Reduction of Co-channel Interference: Antenna arrays employed by the base
station allow the implementation of spatial filtering, as shown in Figure 2, which may
be exploited in both transmitting as well as receiving modes in order to reduce co-
channel interferences [1, 2,14, 15] experience in the uplink (UL) and downlink (DL)
of wireless systems. When transmitting with an increased antenna gain in a certain
direction of the DL, the base station’s antenna is used to focus the radiated energy in
order to form a high-gain directive beam in the area, where the mobile receiver is likely
to be. This in turn implies that there is a reduced amount of radiated energy and hence
reduced interference inflicted upon the mobile receivers roaming in other directions,
where the directive beam has a lower gain. The co-channel interference generated
by the base station in its transmit mode may be further reduced by forming beams
exhibiting nulls in the directions of other receivers [6,16]. This scheme deliberately
reduces the transmitted energy in the direction of co-channel receivers and hence
requires prior knowledge of their positions.

The employment of antenna arrays at the base station for reducing the co-channel
interference in its receive mode has been also reported widely [1,2,6,16-18]. This
technique does not require explicit knowledge of the co-channel interference signal
itself, however, it has to possess information concerning the desired signal, such as
the direction of its source, a reference signal, such as a channel sounding sequence, or
a signal that is higly correlated with the desired signal.
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Mobile Stations

Base Station

Figure 2: A cell layout showing how an antenna array can support many users on the
same carrier frequency and timeslot with the advent of spatial filtering or Space
Division Multiple Access (SDMA).

Capacity Improvement and Spectral Efficiency: The spectral efficiency of
a wireless network refers to the amount of traffic a given system having a certain
spectral allocation could handle. An increase in the number of users of the mobile
communications system without a loss of performance increases the spectral efficiency.
Channel capacity refers to the maximum data rate a channel of a given bandwidth
can sustain. An improved channel capacity leads to an ability to support more users
of a specified data rate, implying a better spectral efficiency. The increased quality of
service that results from the reduced co-channel interference and reduced multipath
fading [18,19] upon using smart antennae may be exchanged for an increased number
of users [2,20].

Increase of Transmission Efficiency: An antenna array is directive in its
nature, having a high gain in the direction where the beam is pointing. This property
may be exploited in order to extend the range of the base station, resulting in a
larger cell size or may be used to reduce the transmitted power of the mobiles. The
employment of a directive antenna allows the base station to receive weaker signals
than an omni-directional antenna. This implies that the mobile can transmit at a
lower power and its battery recharge period becomes longer, or it would be able to
use a smaller battery, resulting in a smaller size and weight, which is important for
hand-held mobiles. A corresponding reduction in the power transmitted from the
base station allows the use of electronic components having lower power ratings and
therefore, lower cost.

Reduction of the Number of Handovers: When the amount of traffic in a cell
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exceeds the cell’s capacity, cell splitting is often used in order to create new cells [2],
each with its own base station and frequency assignment. The reduction in cell size
leads to an increase in the number of handovers performed. By using antenna arrays
for increasing the user capacity of a cell [1] the number of handovers required may
actually be reduced. More explicitly, since each antenna beam tracks a mobile [2],
no handover is necessary, unless different beams using the same frequency cross each
other.

Avoiding Transmission Errors: When the instantaneous channel quality is
low, conventional fixed-mode transceivers typically inflict a burst of transmission er-
rors. By contrast, adaptive transceivers avoid this problem by reducing the number
of transmitted bits per symbol, or even by disableing transmissions temporarily. The
associated throughput loss can be compensated by transmitting a higher number of
bits per symbol during the periods of relatively high channel qualities. This advan-
tageous property manifests itself also in terms of an improved service quality, which
is quantified in the book in terms of the achievable video quality.

However, realistic propagation scenarios are significantly more complex than that
depicted in Figure 2. Specifically, both the desired signal and the interference sources
experience multipath propagation, resulting in a high number of received up-link
signals impinging upon the base station’s receiver antenna array. A result of the in-
creased number of received up-link signals is that the limited degrees of freedom of
the base station’s adaptive antenna array are exhausted, resulting in reduced nulling
of the interference sources. A solution to this limitation is to increase the number of
antenna elements in the base station’s adaptive array, although this has the side effect
of raising the cost and complexity of the array. In a macro-cellular system it may be
possible to neglect multipath rays arriving at the base station from interfering sources,
since the majority of the scatterers are located close to the mobile station [21]. By
contrast, in a micro-cellular system the scatterers are located in both the region of
the reduced-elevation base station and that of the mobile, and hence multipath prop-
agation must be considered. Figure 3 shows a realistic propagation environment for
both the up- and the downlink, with the multipath components of the desired signal
and interference signals clearly illustrated, where the up- and downlink multipath
components were assumed to be identical for the sake of simplicity. Naturally, this
is not always the case and hence we will investigate the potential performance gains,
when the up- and downlink beamforms are determined independently.

The Outline of the Book

e Chapter 1: We commence by reviewing the state-of-the-art in near-instantane-
ously adaptive modulation and introduce the associated principles. We then
apply the AQAM philosophy in the context of CDMA as well as OFDM and
quantify the service-related benefits of adaptive transceivers in terms of the
achievable video quality.

e Chapter 2: Following a brief introduction to the principles of CDMA the three
most important 3G wireless standards, namely UTRA, IMT 2000 and cdma 2000
are characterised. The range of various transport and physical channels, the
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Figure 3: The multipath environments of both the uplink and downlink, showing the mul-

tipath components of the desired signals, the line-of-sight interference and the
associated base station antenna array beam patterns.

multiplexing of various services for transmission, the aspects of channel coding
are discussed. The various options available for supporting variable-rates and a
range quality of service are highlighted. The uplink and downlink modulation
and spreading schemes are described and UTRA and IMT 2000 are compared
in terms of the various solutions standardised. The chapter is closed with a
similar portrayal of the pan-American cdma 2000 system.

Chapter 3: The principles behind beamforming and the various techniques by
which it may be implemented are presented. From this the concept of adap-
tive beamforming is developed, and temporal as well as spatial reference tech-
niques are examined. Performance results are then presented for three different
temporal-reference based adaptive beamforming algorithms, namely the Sample
Matrix Inversion (SMI), Unconstrained Least Mean Squares (ULMS) and the
Normalised Least Mean Squares (NLMS) algorithms.

Chapter 4: A brief summary of possible methods used for modelling the perfor-
mance of an adaptive antenna array is provided. This is followed by an overview
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of fixed and dynamic channel allocation. Multipath propagation models are
then considered for use in our network simulations. Metrics are then developed
for characterising the performance of mobile cellular networks and our results
are presented for simulations conducted under Line-Of-Sight (LOS) propagation
conditions, both with and without adaptive antennas. Further results are then
given for identical networks under multipath propagation conditions, which are
then extended to power-controlled scenarios using both fixed and adaptive QAM
techniques. These network capacity results were obtained for both “island” type
simulation areas, and for an infinite plane, using wraparound techniques.

e Chapter 5: This chapter provides a brief description of the 3rd generation
mobile cellular network, known as UTRA - the UMTS Terrestrial Radio Access
- network, and then presents network capacity results obtained under various
propagation conditions, in conjunction with different soft handover threshold
metrics. The performance benefits of adaptive antenna arrays are then analysed,
both in a non-shadowed environment, and inflicted by log-normal shadow fading
having a frequencies of 0.5 Hz and 1.0 Hz . This work was then extended by
the invoking of adaptive modulation techniques, which were studied when the
channel conditions were impaired by shadow fading.

e Chapter 6: Conclusions and further work.

Contributions of the Book

e Providing an introduction to near-instantaneously adaptive modulation invoked
in the context of both single- and multi-carrier modulation or OFDM, as well
as CDMA.

e Quantifying the service-related benefits of adaptive transceivers in the context
of wireless video telephony.

e Providing an overview of the various CDMA based 3G wireless standards.

e Study of the network performance gains using adaptive antenna arrays at the
base station in an FDMA / TDMA cellular mobile network [22,23].

e Study of the network performance gains using adaptive antenna arrays in con-
junction with power control at the base station in an FDMA/TDMA cellular
mobile network [24, 25].

e Design of a combined power control and adaptive modulation assisted channel
allocation algorithm, and characterisation of its performance in an FDMA /
TDMA cellular mobile network [25, 26].

e Comparing the performance of various UTRA soft-handover techniques.
e Quantifying the UTRA network capacity under various channel conditions.

e Evaluating the network performance of UTRA with the aid of adaptive antenna
arrays.
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e Demonstrating the benefits of adaptive modulation in the context of both FDMA
/ TDMA and CDMA cellular mobile networks.

Our hope is that the book offers you a range of interesting topics in the era of the
imminent introduction of 3G wireless networks. We attempted to provide an informa-
tive technological roadmap, allowing the reader to quantify the achievable network
capacity gains with the advent of introducing more powerful enabling technologies
in the phisical layer. Analyzing the associated system design trade-offs in terms of
network complexity and network capacity is the basic aims of this book. We aimed
for underlining the range of contradictory system design trade-offs in an unbiased
fashion, with the motivation of providing you with sufficient information for solving
your own particular wireless networking problems. Most of all however we hope that
you will find this book an enjoyable and relatively effortless reading, providing you
with intellectual stimulation.

Jonathan Blogh and Lajos Hanzo
Department of Electronics and Computer Science
University of Southampton
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AWGN
BS
CDMA
CMA
DCS1800

DOA
FDD
GSM

HIPERLAN
IF
LMS

MS
MSE

PDF
RF
RLS

Additive White Gaussian Noise

A common abbreviation for Base Station
Code Division Multiple Access

Constant Modulus Algorithm

A digital mobile radio system standard, based on GSM,
but operates at 1.8GHz at a lower power.

Direction Of Arrival
Frequency Division Duplex

A Pan-European digital mobile radio standard, operating
at 900MHz.

High Performance Radio Local Area Network
Intermediate Frequency

Least Mean Square, a stochastic gradient algorithm used
in adapting coefficients of a system

A common abbreviation for Mobile Station

Mean Square Error, a criterion used to optimised the co-
efficients of a system such that the noise contained in the
received signal is minimised.

Probability Density Function
Radio Frequency

Recursive Least Square
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SDMA Spatial Division Multiple Access

SINR Signal to Interference plus Noise ratio, same as signal to
noise ratio (SNR) when there is no interference.

SIR Signal to Interference ratio

SNR Signal to Noise Ratio, noise energy compared to the signal
energy

TDD Time Division Duplex

TDMA Time Division Multiple Access

UMTS Universal Mobile Telecommunication System
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