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CHAPTER1

INTRODUCTION

1.1 Background

The demand for wireless communication has experienced an unprecedented growth in the
past few years and future predictions show no sign of saturation [1]. The anticipation is to
provide anyone, anywhere and anytime with mobile communication service at low cost,
high quality and high data rates. Therefore it requires a state of art communication
technique. Smart Antennas have to be generally employed in such cases. Smart Antennas
open a new dimension “Space” along with multiple access in Frequency, Time or Code.
Spatially selective transmission and reception of RF energy offers enormous potential to
improve performance including range and capacity. Thus spatial processing introduces a

new degree of freedom in the system design.

The main impediments to the high performance wireless communications are Inter
Symbol Interference (ISI) due to the signal delay of going through the multipath channel

and Co-Channel Interference (CCI) due to muitiple access. Co-Channel Interference



limits the system capacity and Inter Symbol Interference has a profound effect on the
performance of the Bit Error Rate (BER). Also the system capacity can be affected by
Adjacent Channel Interference (ACI) due to signals adjacent in frequency to the desired
signal. However since these interferences arrive at the receiver from different directions,
spatial processing can be used to mitigate them. Signals separated in the spatial domain
possess distinct Spatial Signatures. This is the fundamental property exploited by Smart

Antenna Systems (SAS).

The purpose of this study is to investigate the capability of Smart Antenna Systems with
regard to the estimation of the Directions Of Arrival of the signals and synthesizing the
array pattern with maximum gain in the desired direction and steering the nulls to the

directions of interferers.

1.2 Introduction to Smart Antenna Systems

1.2.1 General Concept

In truth antennas are not smart but antenna systems are smart. Generally co-located with a
base station, a Smart Antenna System combines an antenna array with a real time signal
processing capability to transmit and receive in an adaptive, spatially selective manner
[2]. In other words, such a system can automatically change the direction of its radiation
pattern in response to its signal environment. A typical functional diagram of a SAS is

shown in Figure 1.2-1.
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Figure 1.2-1: Functional diagram of a Smart Antenna System



Array Axis

" Direction of Plane Wave

Figure 1.2-2: A plane wave incident on a Linear Equally Spaced (LES) Array

Figure 1.2-2 shows a plane wave incident on an m element Linear Equally Spaced array of
isotropic elements. The direction of arrival of the plane wave is given by the angle (6, ¢).
8 is the elevation angle and @ represents the azimuth anéle. For a plane wave incident in
the x-y plane, which represents the horizon, 6 = 90°. This is a valid assumption for most
of the cellular smart antenna applications. In such a case the azimuthal angle ¢ gives the

true DOA of the incident wave.

For an incident signal wave front s(t), the received signal at the antenna element i

(assumed to be noiseless) is given by

z(t) = Cs(t)e-DeEnekn® (1.1)



Where,

C = Arbitrary gain constant

k=2r/Ais the éhase propagation factor

d = Distance between the elements

A = Wavelength corresponding to carrier frequency (f)

The signal p(t) at the array output is given by

p(t) =Cs(t) D w; e -Dsin@sin® (1.2)

i=l

= Cs(1)f(6, ¢) (1.3)

The term f(0, @) is called the array factor. The array factor determines the ratio of the
received signal available at the array output, p(t) to the signal Cs(t) measured at the
reference element, as a function of the Direction of Arrival (8, ¢). In the plane
representing the horizon, 8 = 90°, array factor can be written as f(90°, ¢) which can be as
well repreéented as f(p) without loss of generality. By adjusting the set of complex
weights {w;}, it is possible to direct the maximum of the main beam of the array factor in
any direction @o. To see how the weights {w;} can be used to change the antenna pattern

of the array, the i™ weight is given by

w; = lk(i-1)dsin(@,) . (1.9

Then the array factor reduces to



£0) = i‘ K61 (sin(@) - in9) (1.5)

i=]

2 —2-(sin(¢)-sin(¢,))

sin(%(sin(w) - sin(,p,,)))

. (Bmd ;. .
sm( pm (sin(@) - Sln(@))) A
e (1.6)
Thus by varying a single parameter ¢,, the beam can be steered to any desired direction.

In general working with array antennas, it is very convenient to make use of vector

notation. Defining the weight vector as

w=[W] ...... Wm T (1.7
where, the superscript T represents transpose.
The signals from antenna elements are grouped in a data vector

z)=[z ...... Zn ]’ (1.8)

Then the array output p(t) can be expressed as the inner product of the array weight vector

w, and the data vector z(t).
p(t) = w'z(t) (1.9)
The array factor in the direction of ¢ is

f(@) = w'a(p) (1.10)



The vector a(p) is called the “steering vector” in the direction @. Given a plane wave
incident from a direction ¢ as illustrated in Figure 1.2-2, the steering vector a(@) describes
the phase of the signals available at each antenna element relative to the phase of the

signal at the reference element (element 1). The steering vector can be expressed as

a(@) =[L,a,(p)--a, (@) (1.11)

Where,

a, (¢) = g Jk(-Dd sin(p) (1.12)

A set of steering vectors either measured or calculated over all the values of @ is called
“array manifold”’. In addition to being useful in the analysis of arrays, knowledge of the
array manifold is critical in direction finding, downlink Beamforming and other aspects of
array operation. As stated above the angle ¢ is called the Direction of Arrival (DOA) of
the received plane wave. It is also assumed that the multipath components arrive at the
base station in the horizontal plane so that the azimuthal direction ¢ completely specifies

the DOA.

Just as analyzed in the previous discussion, a discrete model is used to characterize the
channel in the presence of multipath. Each multipath component is considered to be a
plane wave arriving from a discrete direction at a discrete time delay. For a particular
subscriber the channel between the portable transmitter and the base station receiver is

modeled using the Vector Channel Impulse Response (VCIR).



L
h(z, ) = > a(e)a,()5(r - 1,) (1.13)

il

where, a;, 7;, and @; are the complex amplitude, path delay and DOA of the i multipath

component. There are total L multipath components.

The vector channel impulse response relates the transmitted signal to the signal received

at each antenna element of the array. Given a transmitted signal s(t), the data vector is

given by:
z®) =z -...... Zm T
= s(t)*h(z, t) + n(t) (1.14)
= zL:a(¢,.)a,(t)s(t-z'i)+n(t) (1.15)

i=]

where, n(t) is the vector representing the noise introduced at each antenna element.

The concepts outlined in this section form the fundamental basis for both spatial
processing receivers and transmission beamforming systems. When arrays are used at the
base station, spatial processing receivers are used to enhance and separate reverse link
signals. Spatial processing, when used for transmission at the base station is called down

link Beamforming or forward link beamforming.



1.2.2 Types of Smart Antenna Systems

Terms commonly heard today that embrace various aspects of a smart antenna technology
include intelligent antennas, phased array, SDMA, spatial processing, adaptive antenna
systems etc. However, Smart Antenna Systems are customarily categorized as either
Switched beam SAS or Tracking Beam (Adaptive Array) SAS. Both systems attempt to
increase the gain according to the location of the user. However, only the adaptive system
provides optimal gain while simultaneously identifying, tracking and minimizing
interfering signals. It’s the adaptive systems active interference strategy and additional
gain that provide substantial performance advantages and flexibility over the more passive
switched beam approach.  The following are distinctions between the two major

categories of smart antennas regarding the choices in transmit strategy.

Switched Beam SAS

The traditional switched beam approach is an extension of the current 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. 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 switched
beam system establishes certain choices of beam patterns before deployment and selects
from one of several choices during operation. When the mobile user enters a particular
macro sector, the switched beam system selects the micro sector coniaining the strongest
signal. Through out the call, the system monitors signal strength and switches to other

fixed micro sectors as required.
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There are however limitations to switched beam system. Because the 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. This phenomenon is
called “scalloping”. Also the interference entering through the side lobes cannot be

nulled. This is shown in Figure 1.2-3.

Desired Signal

Interfering Signal 1 Interfering Signal 2

Figure 1.2-3: Typical beam selection in Switched Beam SAS. Desired direction lying
along the sloping edge of the main beam and interferers lying along the side lobes

Adaptive Array SAS

The adaptive array systems take a different approach. By adjusting to an RF environment
as it changes, adaptive antenna technology can dynamically alter the radiation pattern to

optimize the performance of the wireless system. The adaptive approach utilizes
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sophisticated signal processing algorithms to continuously distinguish between desired
signals, multipath and interfering signals as well as calculate their directions of arrival.
The adaptive approach continuously updates its beam pattern based on the changes in
both 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.

A typical beam forming strategy is shown in Figure 1.2-4.

Desired Signal

Interfering Signal 1
Interfering Signal 2

Figure 1.2-4:Typical beam formation in Adaptive SAS. Desired direction along the main

beam direction and nulls along the interfering directions

1.2.3 Smart Antenna Benefits

Smart Antennas offer a broad range of ways to improve wireless system performance. In

general Smart Antennas have the potential to provide enhanced range and reduced
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infrastructure costs in early deployments and increased long term system capacity. These

two major benefits are discussed below.

Range Extension

Smart Antennas provide enhanced coverage through range extension. Given the same
transmitted power output at the base station and subscriber unit, smart antennas can
increase range by increasing the gain of the base station antenna. The uplink power

received from a mobile unit at a base station is given by

P=P+G.+G,-PL (1.16)

Where,

P, = Power received at the base station (dBW)
P, = Power transmitted by the subscriber (dBW)
G;s = Gain of the subscriber unit (dB)

Gy = Gain of the base station antenna (dB)

PL = Path Loss (dB)

On the uplink, if a certain received power Pr.min is required at the base station, by
increasing the gain of the base station Gy, the link can tolerate greater path loss PL (PL is
proportional to distance between base station and subscriber unit). Thus by increasing the

tolerable path loss, the reception range of the base station can be increased. Smart
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Antenna systems can increase the base station range form 20 — 200 per cent depending on

environmental circumstances and hardware/software used [3].

Capacity Enhancement

Smart Antennas can improve system capacity. Smart Antennas can be used to allow the
subscriber and base station to operate at the same range as a conventional system, but at
lower power. This may allow FDMA and TDMA systems to be rechannelized to reuse
frequency channels more often than systems using conventional fixed antennas, since the
carrier-to-interference ratio is much greater when smart antennas are used. In CDMA
systems, if Smart Antennas are used to allow subscribers to transmit less power for each
link, then the Multiple Access Interference is reduced, which increases the number of

simultaneous subscribers that can be supported in each cell.

Smart Antennas can also be used to spatially separate signals, allowing different
subscribers to share the same spectral resources, provided that they are spatially separable
at the base station. This Space Division Multiple Access (SDMA) allows multiple users to
operate in the same cell on the same frequency/time slot provided, using Smart Antennas
to separate the signals. Since this approach allows more users to be supported within a
limited spectrum allocation, compared with conventional antennas, SDMA can lead to

improved capacity.
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1.3 Literature Review

1.3.1 Smart Antenna Implementation

Many authors have given contributions to the field of adaptive antenna arrays for wireless
communications. Godara’s papers [4, 5] form an excellent review and introduction to the
topic in a comprehensive way with many references. The textbooks by Compton [6],
Mozingo/Miller [7], Hudson [8] and the reference paper by W.F Gabriel [9] provide
excellent introductions to the general theory of adaptive antenna arrays. A lot of research
is going on in implementing Smart Antennas in the existing 2° Generation mobile
communications and future 3™ Generation systems. Roy [10] gave a brief description of
some of the current technical challenges facing wireless service providers. fﬁstorical
attempts to address these challenges and Smart Antenna technology as a solution are
presented. In [11] the experimental results demonstrating the efficacy of Smart Antenna
technology involving SDMA in improving the capacity and coverage is given. The use of
spatial and temporal processing in improving the performance in moebile radio

communications is presented in [12, 13].

Application of Smart Antennas in wireless systems using CMDA, GSM and IS — 136 in
different environments and performance analysis is carried out by Jack H. Winters in [14].
Rappaport and Liberti Jr. [2] gave in depth concepts of use of Smart Antennas in IS — 95
and Third Generation CDMA applications. A thorough investigation of the comparison of

Tracking Beam Array and Switching Beam Array is done by Choi et al in [15].
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Focusing our attention on the interference suppression techniques in Smart Antenna
System, various beamforming and null steering strategies have been proposed to combat
interference. One of the earliest forms of quasi-adaptive generic arrays is the side lobe
canceller (SLC) discussed in [16]. Sng et al [17] suggested a new Generalized Sidelobe
Canceller (GSC) beam forming structure where in the weight updates are calculated based
on the steering vectors corresponding to the DOAs of the jammers. This research was
further extended in [22] to reduce the adaptive dimension of the array. Zooghby et al in
their recent research paper [18] carried out multiple source tracking with neural network
based Smart Antennas. The proposed neural multiple source tracking (N-MUST)
algorithm is used to perform DOA. The experimental validation of this proposed work is
presented in [19]. Zetterberg and Ottersen [20] investigated the spectrum efficiency gain
using transmitting antenna arrays at the base station. The proposed system estimates the
angular positions of the mobiles from the received data and allows multiple mobiles to be
allocated to the same channel within the cell. Ponnikanti and Sali [21] devised an
effective adaptive antenna scheme to prevent the desired signal cancellation in optimal

weight vector computation of the beamformer.

Kozick et al [23] investigated the effect of steering the individual element pattern along
with adjusting complex weights to improve the performance of adaptive arrays. Choi et al
[24] proposed a new technique based on Lagrange formula to calculate the weight vector
in a Smart Antenna System. They showed a decrease in computational load in computing

the weight vector.
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Effective interference cancellation scheme based on smart antennas is suggested in [25].
Haimovic and Shah [26] suggested suppression of narrow band interference in CDMA
communications using spatial processing. Ibars et al [27] used Smart Antennas to mitigate
Co-Channel interference arising as a result of decreasing the frequency re-use factor (from
7 to 3). Also in another paper [28] Saleeb and Adel designed a smart antenna to suppress
Co- Channel interference. They showed a 75 per cent increase in number of channels per

cell.

1.3.2 DOA Estimation Techniques

Array based Direction Of Arrival estimation can be broadly classified into the following

categories.

®= Conventional techniques

® Subspace based techniques

Conventional techniques

These are also called Spectral Estimation techniques. DOA are estimated by computing
the spatial spectrum and then determining local maxima or peaks [29, 30]. One of the
earliest spectral estimation methods is the Barlett method [31]. Capon [32] suggested a
minimum variance method with better resolution properties than Barlett method. Burg
[33] suggested a method that finds the power spectrum such that its Fourier transform

equals the measured correlation subjected to the constraint that its entropy is maximized.
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Subspace based techniques

One of the earliest and most popular subspace based technique for direction finding is the
MUiltiple Signal Classification (MUSIC) algorithm, the one proposed by Schnidt in 1979
[34, 35]. Here the space is divided into Signal and Noise subspace. The noise subspace is
spanned by the eigen vectors corresponding to the smallest Eigenvalues of the data
correlation matrix. The steering vectors corresponding to the directions of the incident
signals will be orthogonal to the noise subspace which are reflected as peaks in the
MUSIC spectra. As such the entire Array Manifold a(®) has to be searched before all the
peaks corresponding to the true DOA are estimated. Therefore the process is time
consuming. The MUSIC algorithm has been implemented and its performance
experimentally verified in [36]. Various modifications have been made to the MUSIC
algorithm to increase the resolution and decrease the computational complexity. Cyclic
MUSIC, which exploits the spectral coherence properties of the signals to improve the
performance of the conventional MUSIC algorithm has been proposed in [37]. Barabell
[38] developed the Root MUSIC algorithm based on polynomial rooting and provides

higher resolution.

The Estimation of Signal Parameters via Rotational Invariance Technique (ESPRIT)
algorithm is another subspace-based DOA estimation technique developed by Roy et al.
[39-42]. ESPRIT dramatically reduces the computational and storage requirements of
MUSIC and does not involve an exhaustive search through all possible steering vectors to
estimate the DOA. Chen and Chen [48] used ESPRIT algorithm along with marked

subspace technique to perform joint estimates of both DOA and frequency. The
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parameters (frequencies and powers) of cissoids (Complex Sinusoids) in noise were

estimated using ESPRIT by Roy et al [50].

DOA Estimation under coherent signal conditions

Only under uncorrelated conditions does the source covariance matrix satisfy the full rank
condition, which is the basis of the subspace-based algorithms. Under the presence of
highly correlated or coherent signals the performance of these algorithms degrades
rapidly. The situation can be dealt with by modification of the covariance matrix through
a preprocessing scheme called spatial smoothing. One method of spatial smoothing
proposed by Evans et al [43] and further expanded by Shan et al [44] is based on
averaging the covariance matrix of overlapping identical arrays. Pillai and Kwon
presented a forward backward spatial smoothing technique in [49] An adaptive spatial
smoothing technique was proposed by Takao and Kikuma [45]. The technique is based on
the spatial averaging of the correlation matrices obtained by the subarrays that are
extracted from the full array and partially overlapped with each other. Another form of
spatial smoothing proposed by Haber and Zoltowski [46] involves moving the entire array
structure during the time interval in which the covariances are estimated. Li and Compton
[47] proposed a similar technique in which the Angle of Arrival of coherent signals is
estimated using ESPRIT algorithm along with a single pair of antennas in motion. The

approach exploits the Doppler frequency shifts caused by the doubler in motion.

1.3.3 Null Steering Techniques

The objective of steering nulls in the antenna array pattern in a particular direction is to

mitigate the interferences arriving in that direction. This can be achieved by controlling






