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Chapter 1

Introduction

Global demand for voice, data and video related services continues to grow faster than the required
infrastructure can be deployed. Despite huge amount of money that has been spent in attempts to
meet the need of the world market, the vast majority of people on Earth still do not have access to
quality communication facilities. The greatest challenge faced by governments and service providers is
the “last-mile” connection, which is the final link between the individual home or business users and
worldwide network. Copper wires, traditional means of providing this “last-mile” connection is both
costly and inadequate to meet the needs of the bandwidth intensive applications. Coaxial cable and
power line communications all have technical limitations. And fiber optics, while technically superior
and widely used in backbone applications, is extremely expensive to install to every home or business
user. This is why more and more the wireless connection is being seen as an alternative to quickly
and cost effectively meeting the need for flexible broadband links [1].

The universal and spread use of mobile phone service is a testament to the public’s acceptance of
wireless technology. Many of previously non-covered parts of the world now boast of quality voice
service thanks in part to the PCS (Personal Communications Service) or cellular type wireless systems.
Over the last few years the demand for service provision via the wireless communication bearer has
risen beyond all expectations. At the end of the last century more than 20 million users in the United
States only utilized this technology [2]. At present the number of cellular users is growing annually
by approximately 50 percent in North America, 60 percent in western Europe, 70 percent in Australia
and Asia and more than 200 percent in South America.

The proliferation of wireless networks and an increase in the bandwidth required has led to shortages
in the scarcest resource of all, the finite number of radio frequencies that these devices use. This
has increased the cost to obtain the few remaining licenses to use these frequencies and the related
infrastructure costs required to provide these services.

In a majority of currently deployed wireless communication systems, the objective is to sell a product
at a fair price (the product being information transmission) [3]. From a technical point of view,
information transmission requires resources in the form of power and bandwidth. Generally, increased
transmission rates require increased power and bandwidth independently of medium. While, on the
one hand, transmission over wired segments of the links can generally be performed independently
for each link (if we ignore the cross-talk in land lines) and, on the other hand, fibers are excellent
at confining most of the useful information (energy) to a small region in space, wireless transmission
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is much less efficient. Reliable transmission over relatively short distances in space requires a large
amount of transmitted energy, spread over large regions of space, only a very small portion of which
is actually received by the intended user. Most of the wasted energy is considered as interference to
other potential users of the system.

Somewhat simplistically, the maximum range of such systems is determined by the amount of power
that can be transmitted (and therefore received) and the capacity is determined by the amount of
spectrum (bandwidth) available. For a given amount of power (constrained by regulation or practical
considerations) and a fixed amount of bandwidth (the amount one can afford to buy) there is a finite
(small) amount of capacity (bits/sec/Hz/unit-area, really per unit-volume) that operators can sell to
their customers, and a limited range over which customers can be served from any given location.
Thus, the two basic problems that arise in such systems are:

1. How to acquire more capacity so that a larger number of customers can be served at lower costs
maintaining the quality at the same time, in areas where demand is large (spectral efficiency).

2. How to obtain greater coverage areas so as to reduce infrastructure and maintenance costs in
areas where demand is relatively small (coverage).

In areas where demand for service exceeds the supply operators have to offer, the real game being
played is the quest for capacity. Unfortunately, to date a universal definition of capacity has not
evolved. Free to make their own definitions, operators and consumers have done so. To the consumer,
it is quite clear that capacity is measured in the quality of each link he gets and the number of times
he can successfully get such a link when he wants one. Consumers want the highest possible quality
links at the lowest possible cost. Operators, on the other hand, have their own definitions of capacity
in which great importance is placed on the number of links that can simultaneously be established.
Since the quality and number of simultaneous links are inversely related in a resource-constrained
environment, operators lean towards providing the lowest possible quality links to the largest possible
number of users. The war wages on: consumers are wanting better links at lower costs, and operators
are continually trying to maximize profitability providing an increasing number of lower quality links
at the highest acceptable cost to the consumer. Until the quest for real capacity is successful, the
battle between operators and their consumers over capacity, the precious commodity that operators
sell to consumers, will continue.

There are many situations where coverage, not capacity, is a more important issue. Consider the
rollout of any new service. Prior to initiating the service, capacity is certainly not a problem -
operators have no customers. Until a significant percentage of the service area is covered, service
cannot begin. Clearly, coverage is an important issue during the initial phases of system deployment.
Consider also that in many instances only an extremely small percentage of the area to be served is
heavily populated. The ability to cover the service area with a minimum amount of infrastructure
investment is clearly an important factor in keeping costs down.

As it is often painfully obvious to operators, the two requirements, increased capacity and increased
range, conflict in most instances. While up to recently used technology can provide for increased
range in some cases and up to a limit increased capacity in other cases, it rarely can provide both
simultaneously.

The International Mobile Telecommunications-2000 (IMT2000) and the European Universal Mobile
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Telecommunications System (UMTS) are two systems among the others that have been proposed to
take wireless communications into this century [2]. The core objective of both systems is to take the
“personal communications user” into new information society where mass-market low-cost telecom-
munications services will be provided. In order to be universally accepted, these new networks have to
offer mobile access to voice, data and multimedia facilities in an extensive range of operational envi-
ronments, as well as economically supporting service provision in environments conventionally served
by other wired systems. None of the proposals that include improved air interface and modulation
schemes, deployment of smaller radio cells with combinations of different cell types in hierarchical ar-
chitectures, and advanced signal processing, fully exploit the multiplicity of spatial channels that arises
because each mobile user occupies a unique spatial location. Space is truly one of the final frontiers
when it comes to new generation wireless communication systems. Spatially selective transmission
and reception of RF energy promises substantial increases in wireless system capacity, coverage and
quality. That this is certainly the case is attested to by the significant number of companies that have
been recently brought the products based on such concepts to the wireless market place. Filtering
in the space domain can separate spectrally and temporally overlapping signals from multiple mobile
units. Thus, the spatial dimension can be exploited as a hybrid multiple access technique comple-
menting frequency-division multiple access (FDMA), time-division MA (TDMA) and code-division
MA (CDMA). This approach is usually referred to as space-division multiple access (SDMA) and
enables multiple users within the same radio cell to be accommodated on the same frequency and
time slot, as illustrated in Fig. 1.1.

User 2
(fi 1)

User 1
fot)

4

L]
A 4

Y Y YY

Rx/Tx Antenna Array

Figure 1.1: SDMA concept.

Realization of this filtering technique is accomplished using smart antennas, which are effectively
antenna systems capable of modifying its time, frequency and spatial response. By exploiting the
spatial domain via smart antenna systems, the operational benefits to the network operator can be
summarized as follows:

e Capacity enhancement. SDMA with smart antennas allows for multiple users in a cell to use
the same frequency without interfering with each other since the Base Station smart antenna

OFCOM Activity. Smart Antenna Systems for Mobile Communications



4 Chapter 1: Introduction

beams are sliced to keep different users in separate beams at the same frequency.

e Coverage extension. The increase in range is due to a bigger antenna gain with smart antennas.
This would also mean that fewer Base Stations might be used to cover a particular geographical
area and longer battery life in mobile stations.

e Ability to support high data rates.
e Increased immunity to “near-far” problems.

e Ability to support hierarchical cell structures.

1.1 Evolution from Omnidirectional to Smart Antennas

An antenna in a telecommunications system is the port through which radio frequency (RF) energy
is coupled from the transmitter to the outside world for transmission purposes, and in reverse, to
the receiver from the outside world for reception purposes [4]. To date, antennas have been the
most neglected of all the components in personal communications systems. Yet, the manner in which
radio frequency energy is distributed into and collected from space has a profound influence upon
the efficient use of spectrum, the cost of establishing new personal communications networks and the
service quality provided by those networks. The goal of the next several sections is to answer to the
question “Why to use anything more than a single omnidirectional (no preferable direction) antenna
at a base station?” by describing, in order of increasing benefits, the principal schemes for antennas
deployed at base stations.

1.1.1 Omnidirectional Antennas

Since the early days of wireless communications, there has been the simple dipole antenna, which
radiates and receives equally well in all directions (direction here being referred to azimuth). To
find its users, this single-element design broadcasts omnidirectionally in a pattern resembling ripples
radiation outward in a pool of water (Fig. 1.2).

Coverage Pattern Coverage Pattern
1

A,
FARN |

@ B

//X
-,

Antenna

Side View Top View
Figure 1.2: Omnidirectional Antennas and coverage patterns.

While adequate for simple RF environments where no specific knowledge of the users’ whereabouts
is either available or needed, this unfocused approach scatters signals, reaching desired users with
only a small percentage of the overall energy sent out into the environment [5]. Given this limitation,
omnidirectional strategies attempt to overcome environmental challenges by simply boosting the power
level of the signals broadcast. In a setting of numerous users (and interferers), this makes a bad
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Section 1.1: Evolution from Omnidirectional to Smart Antennas 5

situation worse in that the signals that miss the intended user become interference for those in the
same or adjoining cells. In uplink applications (user to base station), omnidirectional antennas offer
no preferential gain for the signals of served users. In other words, users have to shout over competing
signal energy. Also, this single-element approach cannot selectively reject signals interfering with
those of served users and has no spatial multipath mitigation or equalization capabilities. Therefore,
omnidirectional strategies directly and adversely impact spectral efficiency, limiting frequency reuse.
These limitations of broadcast antenna technology regarding the quality, capacity, and geographic
coverage of wireless systems prompted an evolution in the fundamental design and role of the antenna

in a wireless system.

1.1.2 Directional Antennas and Sectorized Systems

A single antenna can also be constructed to have certain fixed preferential transmission and reception
directions. Sectorized antenna system take a traditional cellular area and subdivide it into sectors
that are covered using directional antennas looking out from the same base station location (Fig. 1.3).
Operationally, each sector is treated as a different cell in the system, the range of which can be greater
than in the omni directional case, since power can be focused to a smaller area. This is commonly
referred to as antenna element gain. Additionally, sectorized antenna systems increase the possible
reuse of a frequency channel in such cellular systems by reducing potential interference across the
original cell. As many as six sectors have been used in practical service, while more recently up to
16 sectors have been deployed [1]. However, since each sector uses a different frequency to reduce co-
channel interference, handoffs (handovers) between sectors are required. Narrower sectors give better
performance of the system, but this would result in to many handoffs.

While sectorized antenna systems multiply the use of channels, they do not overcome the major
disadvantages of standard omnidirectional antennas such as filtering of unwanted interference signals
from adjacent cells.

P . N

Side View Top View

Figure 1.3: Sectorized antenna system and coverage pattern.

1.1.3 Diversity Systems

Wireless communication systems are limited in performance and capacity by three major impairments
as shown in (Fig. 1.4) [6]. The first of these is multipath fading, which is caused by multiple paths that
the transmitted signal can take to the receive antenna. The signals from these paths add with different
phases, resulting in a received signal amplitude and phase that vary with antenna location, direction
and polarization as well as with time (with movement in the environment). The second impairment

OFCOM Activity. Smart Antenna Systems for Mobile Communications



6 Chapter 1: Introduction

is delay spread, which is the difference in propagation delays among the multiple paths. When the
delay spread exceeds about 10 percent of the symbol duration, significant intersymbol interference
can occur, which limits the maximum data rate. The third impairment is co-channel interference.
Cellular systems divide the available frequency channels into channel sets, using one channel set per
cell, with frequency reuse (e.g. most TDMA systems use a frequency reuse factor of 7). This results in
co-channel interference, which increases as the number of channel sets decreases (i.e. as the capacity
of each cell increases). In TDMA systems, the co-channel interference is predominantly from one or
two other users, while in CDMA systems there are typically many strong interferers both within the
cell and from adjacent cells. For a given level of co-channel interference (channel sets), capacity can be
increased by shrinking the cell size, but at the cost of additional base stations. We define the diversity
gain (which is possible only with multipath fading) as the reduction in the required average output
signal-to-noise ratio for a given BER with fading. All these concepts will be analyzed in more detail
in the following chapters.

Interference

Rayleigh fading

Figure 1.4: Wireless system impairments.

There are three different ways to provide low correlation (diversity gain): spatial, polarization and
angle diversity.

For spatial diversity, the antennas are separated far enough for low fading correlation. The required
separation depends on the angular spread, which is the angle over which the signal arrives at the
receive antennas. With handsets, which are generally surrounded by other objects, the angular spread
is typically 360°, and quarter-wavelength spacing of the antennas is sufficient. This also holds for base
station antennas in indoor systems. For outdoor systems with high base station antennas, located
above the clutter, the angular spread may be only a few degrees (although it can be much higher
in urban areas), and a horizontal separation of 10-20 wavelengths is required, making the size of the
antenna array an issue.

OFCOM Activity. Smart Antenna Systems for Mobile Communications



Section 1.1: Evolution from Omnidirectional to Smart Antennas 7

For polarization diversity, two orthogonal polarizations are used (they are often 445°). These or-
thogonal polarizations have low correlation, and the antennas can have a small profile. However,
polarization diversity can only double the diversity, and for high base station antennas, the horizontal
polarization can be 6 — 10 dB weaker than the vertical polarization, which reduces the diversity gain.

For angle diversity, adjacent narrow beams are used. The antenna profile is small, and the adjacent
beams usually have low fading correlation. However, with small angular spread, when the received
signal is mainly arriving on one beam, the adjacent beams can have received signal levels more than
10 dB weaker than the strongest beam, resulting in small diversity gain.

Fig. 1.5 shows three antenna diversity options with four antenna elements for a 120° sectorized sys-
tem. Fig. 1.5(a) shows spatial diversity with approximately seven wavelengths (7)) spacing between
elements (3.3 m at 1900 MHz). A typical antenna element has an 18 dBi gain with a 65° horizontal
and 8° vertical beamwidths. Figure Fig. 1.5(b) shows two dual polarization antennas, where the an-
tennas can be either closely spaced (A/2) to provide both angle and polarization diversity in a small
profile, or widely spaced (7)) to provide both spatial and polarization diversity. The antenna elements
shown are 45° slant polarization antennas, which are also commonly used, rather than vertically and
horizontally polarized antennas. Finally, Fig. 1.5(c) shows a closely spaced (A/2) vertically polarized
array, which provides angle diversity in a small profile.

i X—X
| | | | X X
| | | | X X
| | | | X X
| | | | X X
| | | | X X
i (] fn] [n x| [x
1 1 1 | XX
T T T T LI |
33m 0.6-3.3m
(@ (®) (©

Figure 1.5: Antenna diversity options with four antenna elements: (a) spatial diversity; (b)
polarization diversity with angular and spatial diversity; (¢) angular diversity.

Diversity offers an improvement in the effective strength of the received signal by using one of the
following two methods

e Switched diversity. Assuming that at least one antenna will be in a favorable location at a given
moment, this system continually switches between antennas (connects each of the receiving
channels to the best serving antenna) so as always to use the element with the highest signal
power.

e Diversity combining. This approach corrects the phase error in two multipath signals and ef-
fectively combines the power of both signals to produce gain. Other diversity systems, such as
maximal ratio combining systems, combine outputs of all the antennas to maximize the ratio of
combined received signal energy to noise.

The diversity antennas merely switch operation from one working element to the other. Although

OFCOM Activity. Smart Antenna Systems for Mobile Communications



8 Chapter 1: Introduction

this approach mitigates severe multipath fading, its use of one element at a time offers no uplink
gain improvement over any other single-element approach. The diversity systems can be useful in
environments where fading is the dominant mechanism for signal degradation. In environments with
significant interference, however, the simple strategies of locking onto the strongest signal or extracting
maximum signal power from the antennas are clearly inappropriate and can result in crystal-clear

reception of an interferer at the expense of the desired signal.

The need to transmit to numerous users more efficiently without compounding the interference problem
led to the next step of the evolution antenna systems that intelligently integrate the simultaneous
operation of diversity antenna elements.

1.2 Smart Antenna Systems
1.2.1 Catalogue of definitions

In this section the three definitions most frequently found in literature are listed. The only difference
between them is in the way in which different types of Smart Antenna Systems are categorized.

First Definition [7]

A smart antenna is a phased or adaptive array that adjusts to the environment. That is, for the
adaptive array, the beam pattern changes as the desired user and the interference move, and for the
phased array, the beam is steered or different beams are selected as the desired user moves.

Phased array or multibeam antenna consists of either a number of fixed beams with one beam
turned on towards the desired signal or a single beam (formed by phase adjustment only) that is
steered towards the desired signal.

Adaptive antenna array is an array of multiple antenna elements with the received signals weighted
and combined to maximize the desired signal to interference and noise (SINR) ratio. This means that
the main beam is put in the direction of the desired signal while nulls are in the direction of the

interference.

DESIRED SIGNAL
DESIRED SIGNAL

N\

SIGNAL OUTPUT SIGNAL OUTPUT

9

BEAM
SELECT

BEAMFORMER

BEAMFORMER

INTERFERENCE /
WEIGHTS

(a) Phased array. (b) Adaptive array.

Figure 1.6: Smart antenna systems definition.

OFCOM Activity. Smart Antenna Systems for Mobile Communications



Section 1.2: Smart Antenna Systems 9

Second Definition [5, 8, 9]

A smart antenna system combines multiple antenna elements with a signal processing capability to
optimize its radiation and/or reception pattern automatically in response to the signal environment.

Smart antenna systems are customarily categorized as either switched beam or adaptive array systems.

Switched beam antenna system form multiple fixed beams with heightened sensitivity in particular
directions. These antenna systems detect signal strength, choose from one of several predetermined,
fixed beams, and switch from one beam to another as demand changes throughout the sector. Instead
of shaping the directional antenna pattern with the metallic properties and physical design of a single
element (like a sectorized antenna), switched beam systems combine the outputs of multiple antennas
in such a way as to form finely sectorized (directional) beams with more spatial selectivity than it can
be achieved with conventional, single element approaches.

Adaptive antenna array systems represent the most advanced smart antenna approach to date.
Using a variety of new signal-processing algorithms, the adaptive system takes advantage of its abil-
ity to effectively locate and track various types of signals to dynamically minimize interference and

maximize intended signal reception.

User

/ Interferer

(®)

Figure 1.7: Switched beam system coverage patterns (a) and Adaptive array coverage (b).

Third Definition [10, 11]

Smart Antennas are arrays of antenna elements that change their antenna pattern dynamically to
adjust to the noise, interference in the channel and mitigate multipath fading effects on the signal of
interest.

The difference between a smart (adaptive) antenna and “dumb” (fixed) antenna is the property of
having an adaptive and fixed lobe-pattern, respectively. The secret to the smart antennas’ ability to
transmit and receive signals in an adaptive, spatially sensitive manner is the digital signal processing
capability present. An antenna element is not smart by itself; it is a combination of antenna elements to
form an array and the signal processing software used that make smart antennas effective. This shows
that smart antennas are more than just the “antenna”, but rather a complete transceiver concept.

Smart Antenna systems are classified on the basis of their transmit strategy, into the following three
types (“levels of intelligence” ):

OFCOM Activity. Smart Antenna Systems for Mobile Communications
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e Switched Beam Antennas
e Dynamically-Phased Arrays

e Adaptive Antenna Arrays

Switched Beam Antennas

Switched beam or switched lobe antennas are directional antennas deployed at base stations of a cell.
They have only a basic switching function between separate directive antennas or predefined beams of
an array. The setting that gives the best performance, usually in terms of received power, is chosen.
The outputs of the various elements are sampled periodically to ascertain which has the best reception
beam. Because of the higher directivity compared to a conventional antenna, some gain is achieved.
Such an antenna is easier to implement in existing cell structures than the more sophisticated adaptive
arrays, but it gives a limited improvement.

Dynamically-Phased Arrays

The beams are predetermined and fixed in the case of a switched beam system. A user may be in the
range of one beam at a particular time but as he moves away from the center of the beam and crosses
over the periphery of the beam, the received signal becomes weaker and an intra cell handover occurs.
But in dynamically phased arrays, a direction of arrival (DoA) algorithm tracks the user’s signal as he
roams within the range of the beam that’s tracking him. So even when the intra-cell handoff occurs,
the user’s signal is received with an optimal gain. It can be viewed as a generalization of the switched
lobe concept where the received power is maximized.

Adaptive Antenna Arrays

Adaptive antenna arrays can be considered the smartest of the lot. An Adaptive Antenna Array
is a set of antenna elements that can adapt their antenna pattern to changes in their environment.
Each antenna of the array is associated with a weight that is adaptively updated so that its gain in
a particular look-direction is maximized, while that in a direction corresponding to interfering signals
is minimized. In other words, they change their antenna radiation or reception pattern dynamically
to adjust to variations in channel noise and interference, in order to improve the SNR (signal to
noise ratio) of a desired signal. This procedure is also known as ’adaptive beamforming’ or ’digital
beamforming’.

Conventional mobile systems usually employ some sort of antenna diversity (e.g. space, polarization
or angle diversity). Adaptive antennas can be regarded as an extended diversity scheme, having more
than two diversity branches. In this context, phased arrays will have a greater gain potential than
switched lobe antennas because all elements can be used for diversity combining.

1.2.2 Relative Benefits/Tradeoffs of Switched Beam and Adaptive Array Systems

In the previous section three different definitions of Smart Antenna Systems, most commonly found
in literature, are listed. However, the second definition, in which Smart Antenna Systems are divided
into Switched Beam and Adaptive Array antenna systems, will be taken as a reference throughout
this report. In this definition, the adaptive array antennas are subdivided into two classes: the first
is the phased array antennas where only the phase of the currents is changed by the weights, and the
second class are adaptive array antennas in strict sense, where both the amplitude and the phase of
the currents are changed to produce a desired beam.

OFCOM Activity. Smart Antenna Systems for Mobile Communications
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Figure 1.8: Different smart antenna concepts.

In terms of radiation patterns, switched beam is an extension of the cellular sectorization method in
which a typical sectorized cell site has three 120-degree macro-sectors. The switched beam approach
further subdivides macro-sectors into several micro-sectors thus improving range and capacity. Each
micro-sector contains a predetermined fixed beam pattern with the greatest sensitivity located in the
center of the beam and less sensitivity elsewhere. The design of such systems involves high-gain,

narrow azimuth beam width antenna elements.

The switched beam system selects one of several predetermined fixed-beam patterns (based on weighted
combinations of antenna outputs) with the greatest output power in the remote user’s channel. RF or
baseband DSP hardware and software drive these choices. The system switches its beam in different
directions throughout space by changing the phase differences of the signals used to feed the antenna
elements or received from them. When the mobile user enters a particular macro-sector, the switched
beam system selects the micro-sector containing the strongest signal. Throughout the call, the system
monitors signal strength and switches to other fixed micro-sectors as required.

All switched beam systems provide similar benefits even though the various systems utilize different
hardware and software designs [9]. When compared to conventional sectored cells, switched beam
systems can increase the range of a base station by anywhere from 20 to 200% depending on the
circumstances. The additional coverage can save an operator substantial amounts in infrastructure
costs and allow them to lower prices for consumers while remaining profitable.

There are, however, limitations to switched beam systems. Because beams are predetermined, the
signal strength varies as the user moves through the sector. As a mobile unit moves towards the
far azimuth edges of a beam, the signal strength can degrade rapidly before the user is switched to
another micro-sector. Another limitation occurs because a switched beam system does not distinguish
between a desired signal and interfering ones. If the interfering signal is at approximately the center
of the selected beam and the user is away from the center of the selected beam, the interfering signal
can be enhanced far more than the desired signal. In these cases, the quality for the user is degraded.

The adaptive antenna systems take a different approach. By adjusting to an RF environment as it
changes (or the spatial origin of signals), adaptive antenna technology can dynamically alter the signal
patterns to optimize the performance of the wireless system.

OFCOM Activity. Smart Antenna Systems for Mobile Communications



12 Chapter 1: Introduction

The adaptive approach utilizes sophisticated signal processing algorithms to continuously distinguish
between desired signals, multipath and interfering signals as well as calculate their directions of arrival.
This approach continuously updates its beam pattern based on changes in both the desired and
interfering signal locations. The ability to smoothly track users with main lobes and interferers with
nulls insures that the link budget is constantly maximized (there are neither micro-sectors nor pre-
defined patterns).

This effect is similar to a person’s hearing. When one person listens to another, the brain of the
listener collects the sound in both ears, combines it to hear better, and determines the direction from
which the speaker is talking. If the speaker is moving , the listener, even if his or her eyes are closed,
can continue to update the angular position based solely on what he or she hears. The listener also
has the ability to tune out unwanted noise, interference and focus on the conversation at hand.

Fig. 1.9 illustrates the beam patterns that each system might choose in the face of a signal of interest
and two co-channel interferers in the positions shown. The switched beam system is shown in red
on the left while the adaptive system is shown in blue on the right. The green lines delineate the
signal of interest while the yellow lines display the direction of the co-channel interfering signals.
Both systems have directed the lobe with the most gain in the general direction of the signal of
interest, although the adaptive system has chosen more accurate placement, providing greater signal
enhancement. Similarly, the interfering signals arrive at places of lower gain outside the main lobe, but
again the adaptive system has placed these signals at the lowest possible gain points and better insures
that the main signal received maximum enhancement while the interfering signals receive maximum

suppression.

Switched Strategy Adaptive Strategy

Figure 1.9: Beamforming lobes and nulls that Switched Beam (red) and Adaptive Array (blue)
systems might choose for identical user signals (green line) and co-channel interferers
(yellow lines).

Fig. 1.10 illustrates the relative coverage area for conventional sectorized, switched beam and adaptive
antenna systems. Both types of smart antenna systems provide significant gains over conventional
sectorized system. The low level of interference on the left represents a new wireless system with
lower penetration levels. The significant level of interference on the right represents either a wireless
system with more users or one using more aggressive frequency re-use patterns. In this scenario,
the interference rejection capability of the adaptive system provides significantly more coverage than
either the conventional or switched beam systems.

Another significant advantage of the adaptive antenna systems is the ability to “create” spectrum.
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Figure 1.10: Coverage patterns for switched beam and adaptive array antennas.

Because of the accurate tracking and robust interference rejection capabilities, multiple users can
share the same conventional channel within the same cell. System capacity increases through lower
inter-cell frequency re-use patterns as well as intra-cell frequency re-use. The Fig. 1.11 shows how
adaptive antenna approach can be used to support two users on the same conventional channel at
the same time in the same cell. The blue beam pattern is used to communicate with the user on
the left. The yellow pattern is used to talk with the user on the right. The red lines delineate the
actual direction of each signal. Notice as the signals travel down the red line toward the base station,
the yellow signal arrives at a blue null or minimum gain point and vice versa. As the users move,
beam patterns are constantly updated to insure these positions. The right plot shows how the beam
patterns have dynamically changed to insure maximum signal quality as one user moves towards the
other.

(a) (b)

Figure 1.11: Fully adaptive spatial processing supporting two users on the same conventional
channel simultaneously in the same cell.

The ability to continuously change the beam pattern with respect to both lobes and nulls separates
the adaptive approach from the switched type. As interfering signals move throughout the sector, the
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switched beam pattern is not altered because it only responds to movements in the signal of interest.
In fact, when an interfering signal begins to approach the signal of interest and enters the gain of
the main lobe, the interfering signal will be processed identically to the desired signal and signal to
interference ratio will degrade accordingly. In contrast, the adaptive system is able to continue to
distinguish between the signal and the interferer and allow them to get substantially closer than in
the switched beam system while maintaining enhanced signal to interference ratio levels. The most
sophisticated adaptive smart antenna systems will hand-over any two co-channel users, whether they
are inter-cell or intra-cell, before they get too close and begin to interfere with each other. The benefits
and tradeoffs of switched beam and adaptive array systems can be summarized as follows

e Integration - Switched beam systems are traditionally designed to retrofit widely deployed
cellular system. They have been commonly implemented as an add-on or appliqué technology
that intelligently addresses the needs of mature networks. In comparison, adaptive array systems
have been deployed with a more fully integrated approach that offers less hardware redundancy
than switched beam systems but require new build-out.

e Range/Coverage - Switched beam systems can increase base station range from 20 to
200% over conventional sectored cells, depending on environmental circumstance and hard-
ware/software used. The added coverage can save an operator a substantial infrastructure costs
and means lower prices for consumers. Also, the dynamic switching from beam to beam con-
serves capacity because the system does not send all signals in all directions. In comparison,
adaptive array systems can cover a broader, more uniform area with the same power levels as a
switched beam system.

e Interference Suppression - Switched beam antennas suppress interference arriving from di-
rections away from the active beam’s center. Because beam patterns are fixed, however, actual
interference rejection is often the gain of the selected communication beam pattern in the in-
terferer’s direction. Also, they are normally used only for reception because of the system’s
ambiguous perception of the location of the received signal (the consequences of transmitting
in the wrong beam being obvious). Also, because their beams are predetermined, sensitivity
can occasionally vary as the user moves through the sector. Switched beam solutions work best
in minimal to moderate co-channel interference and have difficulty in distinguishing between a
desired signal and an interferer. If the interfering signal is at approximately the center of the
selected beam, the interfering signal can be enhanced far more than the desired signal. Adaptive
antenna approach offers more comprehensive interference rejection. Also, because it transmits
an infinite, rather than finite number of combinations, its narrower focus creates less interference
to neighboring users than a switched-beam approach.

e Cost/Complexity - In adaptive antenna technology more intensive signal processing via DSP’s
is needed and at the same time the installation costs are higher when compared to switched beam

antennas.

1.2.3 Smart Antenna Evolution

All the levels of intelligence described in the previous sections are technologically realizable today.
Until recently, cost barriers have prevented their use in commercial systems. The advent of low cost
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digital signal and general-purpose processors and innovative algorithms have made smart antenna
systems practical at a time where spectrally efficient solutions are an imperative. In the domain
of personal and mobile communications, an evolutionary path in the utilization of smart antennas
towards gradually more advanced solution can be established. The ”levels of intelligence” in the
previous section describe the level of technological development, while the steps described here can be
regarded as part of a system evolution. The evolution can be divided into three phases:

e Smart antennas are used on uplink only (uplink meaning that the user is transmitting and the
base station is receiving). By using a smart antenna to increase the gain at the base station,
both the sensitivity and range are increased. This concept is called high sensitivity receiver
(HSR) and is in principle not different from the diversity techniques implemented in mobile

communication systems.

e In the second phase, directed antenna beams are used on the downlink direction (base station
transmitting and user receiving) in addition to HSR. In this way, the antenna gain is increased
both on uplink and downlink, which implies a spatial filtering in both directions. The method is
called spatial filtering for interference reduction (SFIR). It is possible to introduce this in second-
generation systems. In GSM, which is a TDMA /FDMA system this interference reduction results
in an increase of the capacity or the quality in the system. This is achieved by either allowing a
tighter re-use factor and thereby a higher capacity, or to keep the same re-use factor but with a
higher SNR level and signal quality. In CDMA based systems, due to non-orthogonality between
the codes at the receiver, the different users will interfere with each other. This is called Multiple
Access Interference (MAI) and its effect is a reduction of the capacity in the CDMA network. An
interference reduction provided by smart antennas translates directly into a capacity or quality
increase in CDMA networks.

e The last stage in the development is the full space division multiple access (SDMA). This im-
plies that more than one user can be allocated to the same physical communications channel
simultaneously in the same cell separated by angle. It is a separate multiple access method, but
is usually combined with other multiple access methods (FDMA, TDMA, CDMA). In a hard-
limited system like GSM, SDMA allows more than 8 full-rate users to be served in the same
cell on the same frequency at the same time by exploiting the spatial domain. CDMA does not
have a similar hard-limit on the number of users. Instead, it is the multiple access interference
(MAI) due to the non-orthogonality of the channel codes that limits the number of users. This
flexibility inherent in CDMA systems allows the interference reduction to be translated into
either more users in the system, higher bit rates for the existing users, improved quality for the
existing users at the same bit-rates, extended cell range for the same number of users at the
same bit rates, or any arbitrary combination of these.
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Chapter 2

System Elements of a Smart Antenna

In this chapter the basic principle behind smart antennas is explained. In the first two sections the
block diagrams of smart antenna receiving and transmitting systems are presented. In the last section
the fundamental concepts of antenna arrays are presented.

2.1 Smart Antenna Receiver

Fig. 2.1 shows schematically the elements of the reception part of a smart antenna. The antenna array
contains M elements. The M signals are being combined into one signal, which is the input to the
rest of the receiver (channel decoding, etc.).

As the figure shows, the smart antenna reception part consists of four units. In addition to the antenna
itself it contains a radio unit, a beam forming unit and a signal processing unit [12].

The array will often have a relatively low number of elements in order to avoid unnecessarily high
complexity in the signal processing. Fig. 2.2 shows four examples of different array geometries. The
first two structures are used for beamforming in the horizontal plane (azimuth) only. This will nor-
mally be sufficient for outdoor environments, at least in large cells. The first example (a) shows
an one—dimensional linear array with uniform element spacing of Az. This structure can perform
beamforming in azimuth angle within an angular sector. This is the most common structure due to
its low complexity. The second example (b) shows a birds eye view of a circular array with angular
element spacing of A¢ = 2w /M. This structure can perform beamforming in all azimuth angles.
The last two structures are used for performing two—dimensional beamforming, in both azimuth and
elevation angles. This may be desirable for indoor or dense urban environments. The front view of
a two—dimensional linear array with horizontal element spacing of Ax and vertical element spacing
of Ay. Beamforming in the entire space, within all angles, requires some sort of cubic or spherical
structure. The fourth example (d) shows a cubic structure with element separations of Az, Ay and
Az.

The radio unit consists of down—conversion chains and (complex) analog-to-digital converters (A/D).
There must be M down-conversion chains, one for each of the array elements.

The signal processing unit will, based on the received signal, calculate the complex weights wq, ..., was
with which the received signal from each of the array elements is multiplied. These weights will decide
the antenna pattern in the uplink direction (which will be shown in more detail later). The weights

17



18

Chapter 2: System Elements of a Smart Antenna

Antenna Array Beam Forming Network

Figure 2.1: Reception part of a smart antenna.
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Figure 2.2: Different array geometries for smart antennas. (a) uniform linear array, (b) circular
array, (c) 2 dimensional grid array and (d) 3 dimensional grid array.
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can be optimized from two main types of criteria: maximization of received signal from the desired
user (e.g. switched beam or phased array) or maximization of the SIR by suppressing the signal from
interference sources (adaptive array). In theory, with M antenna elements one can “null out” M — 1
interference sources, but due to multipath propagation this number will normally be lower.

The method for calculating the weights will differ depending on the type of optimization criterion.
When switched beam (SB) is used, the receiver will test all the pre-defined weight vectors (correspond-
ing to the beam set) and choose the one giving the strongest received signal level. If the phased array
approach (PA) is used, which consists of directing a maximum gain beam towards the strongest signal
component, the direction-of-arrival (DoA) is first estimated and then the weights are calculated. A
number of well documented methods exist for estimating the DoA and will be presented later.

If maximization of SIR is to be done (AA), the optimum weight vector (of dimension M) W can
be computed using a number of algorithms such as optimum combining and others that will be shown
in the following.

When the beam forming is done digitally (after A/D), the beam forming and signal processing units
can normally be integrated in the same unit (Digital Signal Processor, DSP). The separation in Fig. 2.1
is done to clarify the functionality. It is also possible to perform the beam forming in hardware at
radio frequency (RF) or intermediate frequency (IF).

2.2 Smart Antenna Transmitter

The transmission part of the smart antenna is schematically very similar to the reception part. An
illustration is shown in Fig. 2.3. The signal is split into M branches, which are weighted by the complex
weights wi,...,wps in the beam forming unit. The weights, which decide the radiation pattern in
the downlink direction, are calculated as before by the signal processing unit. The radio unit consists
of D/A converters and the up converter chains. In practice, some components, such as the antennas
themselves and the DSP will of course be the same as on reception.

The principal difference between uplink and downlink is that no knowledge of the spatial channel
response is available on downlink. In a time division duplex (TDD) system the mobile station and
base station use the same carrier frequency only separated in time. In this case the weights calculated
on uplink will be optimal on downlink if the channel does not change during the period from uplink
to downlink transmission. However, this can not be assumed to be the case in general, at least not
in systems where the users are expected to move at high speed. If frequency division duplex (FDD)
is used, the uplink and downlink are separated in frequency. In this case the optimal weights will
generally not be the same because of the channel response dependency on frequency.

Thus optimum beamforming (i.e., AA) on downlink is difficult and the technique most frequently
suggested is the geometrical approach of estimating the direction-of-arrival (DoA). The assumption is
directional reciprocity, i.e., the direction from which the signal arrived on the uplink is the direction in
which the signal should be transmitted to reach the user on downlink. The strategy used by the base
station is to estimate the DoA of the direction (or directions) from which the main part of the user
signal is received. This direction is used on downlink by choosing the weights wq,...,was so that the
radiation pattern is a lobe or lobes directed towards the desired user. This is similar to Phased Array
Systems. In addition, it is possible to position zeros in the direction towards other users so that the
interference suffered by these users is minimized. Due to fading on the different signal paths, it has
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Figure 2.3: Transmission part of a smart antenna.

been suggested to choose the downlink direction based on averaging the uplink channel over a period
of time. This will however be sub-optimum compared to the uplink situation where knowledge about
the instantaneous radio channel is available.

It should be stressed that in the discussion above it is assumed that the interferers observed by the
base stations are mobile stations and that the interferers observed by the mobile stations are base
stations. This means that when the base station on transmission positions zeros in the direction
towards other mobile stations than the desired one, it will reduce the interference suffered by these
mobiles. If, however, the interferers observed by mobiles are other mobiles, as maybe the case, there
will be a much more fundamental limitation in the possibility for interference reduction at the mobile.

2.3 Fundamentals of Antenna Arrays

An antenna array has spatially separated sensors whose output are fed into a weighting network or a
beamforming network as shown in Fig. 2.1 and Fig. 2.3. The antenna array can be implemented as a
transmitting or a receiving array. There are many assumptions made in analyzing an antenna array,

they are as follows [13]:

e All signals incident on the receiving antenna array are composed of finite number of plane waves.
These plane waves result from the direct as well as the multipath components.

e The transmitter and the objects that cause multipaths are in the far-field of the antenna array.

e The sensors are placed closely so that the amplitudes of the signals received at any two elements
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of the antenna array do not differ significantly.
e Each sensor is assumed to have the same radiation pattern and the same orientation.

e The mutual coupling between the antenna elements is assumed to be negligible.

An antenna array with its coordinates is illustrated in Fig. 2.4.

Ay

Figure 2.4: Illustration of plane wave incident from an angle ¢ on an uniform linear array (ULA)
with inter-element spacing of Ax.

2.3.1 Theoretical model for an antenna array

An antenna array can be arranged in any arbitrary fashion, but the most preferred geometries are
linear and circular geometries. Linear geometry is simpler to implement than the circular geometry,
but the disadvantage is the symmetry (ambiguity) of the radiation pattern about the axis along the
endfire, which is not the case in circular array. Linear array with uniformly spaced sensors is the most

commonly used structure.

The array as shown in Fig. 2.5 has a reference element at the origin and the coordinates of the mth
antenna element are marked as (%, Ym, 2m). The signal as it travels across the array undergoes
a phase shift. The phase shift between the signal received at the reference element and the signal
received at the element m is given by

DAY = Ym(t) — 11 (t) = =By, cos psin @ — By, sin psinf — Gz, cos b, (2.1)

where § = 27 /) is the propagation constant in free space. This relation holds for a narrowband
signal, in this case a signal whose modulated bandwidth is much less than the carrier frequency. The
narrowband assumption allows us to assume that the only difference between the signal present at
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Figure 2.5: Illustration of the coordinates of an antenna array.

different elements of the array is the phase shift induced by the extra distance traveled and is not
significantly affected by the modulation during this time. The reference plane is assumed to lie on
z = 0. Since the distance between the transmitting and receiving antenna is larger than the distance
between the heights of the receiving and transmitting antenna, a wave reaching the antenna array can
be assumed to come along the horizon or with # = 90°. Therefore, we will describe the direction-of-
arrival (DoA) of each plane wave using only azimuth coordinate ¢. From (2.1) it can be seen that any
variation in the array element height z,, does not affect the phase difference between the reference
element and element m. Therefore, we may consider only x and y offsets from the reference element.

Consider a transmitted narrowband signal in complex envelope representation
U (1) = A (£)e T E), (2.2)

where A,,(t) is the magnitude and ~,,(t) is the phase of the signal. The vector containing these signals
is called the data or the illumination factor

u(t) = [ul(t) ’LLQ(t) UM] (2.3)

A complex quantity a,,(¢) is defined as the ratio between the signal received at the antenna element
m and the signal received at the reference element when a plane wave is incident on the array and it
is given by

am(ﬁb) — e—jﬁ(xm cos ¢+ym sin ¢)' (2'4)

If a single plane wave is incident on the antenna array, then

U () = w1 (t)am (). (2.5)

The response of an antenna array to a trave