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Abstract

The angle of arrival estimation of multiple sources plays a vital role in the field of array signal
processing as MIMO systems can be employed at both the transmitter and the receiver end
and the system capacity, reliability and throughput can be significantly increased by using array
signal processing. Almost all applications require accurate direction of arrival (DOA) estimation
to localize the sources of the signals. Another important parameter of localization systems is
the array geometry and sensor design which can be application specific and is used to
estimate the DOA.

In this work, various array geometries and arrival estimation algorithms are studied and then a
new scheme for multiple source estimation is proposed and evaluated based on the
performance of subspace and non-subspace decomposition methods. The proposed scheme
has shown to outperform the conventional Multiple Signal Classification (MUSIC) estimation
and Bartlett estimation techniques. The new scheme has a better performance advantage at
low and high signal to noise ratio values (SNRs).

The research work also studies different array geometries for both single and multiple incident
sources and proposes a geometry which is cost effective and efficient for 3, 4, and 5 antenna
array elements. This research also considers the shape of the ground plane and its effects on
the angle of arrival estimation and in addition it shows how the mutual couplings between the
elements effect the overall estimation and how this error can be minimised by using a de-
coupling matrix.

At the end, a novel miniaturised multi element reconfigurable antenna to represent the receiver
base station is designed and tested. The antenna radiation patterns in the azimuth angle are
almost omni-directional with linear polarisation. The antenna geometry is uniplanar printed log-
spiral with striplines feeding network and biased components to improve the impedance
bandwidth. The antenna provides the benefit of small size, and re-configurability and is very
well suited for the asset tracking applications.
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1. INTRODUCTION

1.1 Introduction

In the exponentially increasing market of wireless communications location based
services serve as the key enabling technology. Location based services (LBS)
exists from short range Bluetooth and ad hoc to long range telecom networks.
Location based services in a broad sense are considered to provide the basic
information about the whereabouts of the service users by using the location of the
wireless devices within the network. The latter is the critical issue among all to

uniquely identify the device.

1.2 Location Aware Services

The demand for the location aware services has considerably increased with the
increase of mobile and wireless devices. e.g. in the field of medical science patient
management and movement [1-5], concept of smart spaces that enables the
physical space and human interaction [6-10], in the field of [11] logistics for the
transportation of goods [12, 13], inventory management and warehousing [14-17],
environmental monitoring services use sensor network for real time weather
predictions and to determine the source of pollutants that are present in air and

water [18] and content sharing using mobile peer to peer connections [19-21].



1.3 Background and Motivation

Estimation problem and in specific parameter estimation has been a topic of great
interest for the engineer's due to its applications and their ever-growing
requirement for an improved performance [15 - 17]. With the expansion in the
applications the accurate estimation of temporal and spatial parameters found wide
spread interest. Sensor array processing has been an area of active research
during the past decade because of the requirement to gather data from all sensors
to provide an estimation. Array sensor processing relies on the prior knowledge of
the geometry of the array and the characteristics and number of array elements.
The most regarded achievement of this method is the source location estimation
using radars and sonars. One of the earliest angle of arrival (AoA) techniques was
suggested in 1961 [22] and named as the classical beamformer method. The
fundamental principle of this method suggests to apply an equal weighting on each
antenna element to construct the steering vector in a certain specific direction [23].
This approach is ideal to rotate the steering vector of array mechanically in a
specific direction and measuring the output power. However, due to the high level
of side lobes, output power is the sum of the power from the direction of array
steering vector and from other directions where the side lobes are pointing. Thus,
the revolving power depends on the size of antenna array and beamwidth of main
lobe. In 1969, author in [24] proposed an algorithm to estimate the power of
incoming signals. This algorithm is known as minimum variance distortionless
response (MVDR) method. The idea of this approach is to estimate a signal from

one direction and consider all other signals as interference. MVDR method has



much better resolution compared with the classical beamformer method. On the
other hand, when the signals are similar or highly correlated the resolution of
MVDR becomes worse than classical beamformer algorithm [25]. In 1971, author
in [26, 27] developed a technique to control the cancellation of interference signals
adaptively. This technique was called as the Howells-Applebaum method. At the
time, authors in [28, 29] utilized a least mean square to minimize error between the
output of antenna array and self-training of reference signal. This technique is
known as least mean square (LMS) method, which uses the steepest descent or
gradients methods to find the optimum weights. The convergence of approach is
mainly based upon on the eigenvalues spread. The eigenvalues become larger as
the convergence time increases [30]. The convergence time of this method is
dependent on the gradient step size parameter, which is given in [31]. As they
were affected by the Rayleigh fading channel conditions, this method suffers from
many problems such as poor resolution, wide main beam and higher side lobes
level. These issues limited the ability of delay and sum methods to separate closely
spaced signals and acquire satisfying performance and high resolution [32].
However, MVDR method can overcome the poor resolution problem associated
with the delay-and-sum method, and gives a significant improvement compared

with this type of techniques.

Unlike traditional techniques, subspace algorithms utilize the structure of the
received signal, instead of exploiting the statistic characteristics of received data;

which is leading into a significant improvement in resolution. This type of



algorithms provides better resolution and performance compared with previous
types. In 1972, a maximum entropy (ME) algorithm was proposed by [33]. The
main idea of this method is to determine the pseudo spectrum that maximizes the
entropy function subject to conditions. In 1973, author in [34] proposed an AOA
method which is called Pisarenko harmonic decomposition (PHD), which exploits
the Eigen structure of covariance matrix to estimate the direction of incoming
signals. The main idea of this technique is to minimize the mean squared error
(MSE) of the antenna array output under the specific condition that makes the
norm of weight vector equal to unity. This approach has better resolution compared
with Classical Beamformer, MVDR and ME methods [35]. In 1975, [36] proposed a
linear prediction error method to estimate the direction of incoming sources by
minimizing the mean squared prediction error between the output of antenna array
and actual output. In 1979, a Minimum Norm algorithm was proposed by [37] and
then developed in 1983 by [38]. This method is employed by optimizing the weight
vector of array output. The limitation of this algorithm is that it is only applicable on
the uniform linear arrays (ULA). In (1983) [161] proposed Root MUSIC technique to
reduce the computational complexity of MUSIC method. The main idea of this
approach is to search for the roots, which are associated with direction of arrival
signals. This method is faster than MUSIC because it does not need the manifold
and give better accuracy even when the angle of arrivals is close to each other.
The main limitation of this method is that it is also applicable on the uniform linear
antenna array. Moreover, not all roots give the correct location of AOA, therefore

requires extra processing to select the right roots. In 1986, a multiple emitter



location and signal parameter estimation (MUSIC) method was suggested by [39].
MUSIC is an Eigen structure technique, which provides fair estimates for the
angles of arrival, number of signals, and the strength of each waveform. The idea
of this algorithm is dependent on the orthogonality between the noise subspace
and steering vector of antenna array. In 1989, [40] suggested the Cyclic MUSIC
algorithm, which utilized the spectral coherence characteristics of the received
signal and made it has ability to solve signals spaced more accurately. Additionally,
the Cyclic MUSIC algorithm averts the condition that the total number of incoming
signals on the array are less than the number of antenna elements. Many efforts
have been made to simulate and develop this algorithm [41-50]. Also In 1989, [51]
suggested an Estimation of Signal Parameters via Rotational Invariance Technique
(ESPRIT) to estimate the direction of arrival signals. ESPRIT method assumes that
the type of sources are narrowband as well as number of received signals is less
than number of the antenna elements. The main idea of this technique depends on
exploiting the rotational invariance of the signal subspace, which is produced by
two arrays with a translational invariance structure. It is very much necessary to
separate these subarrays as translationally and not rotationally. In 1991, [52]
proposed the propagator method to estimate the DOA of signal. This technique has
low complexity since it does not require decomposition of the eigenvalues and
eigenvector of the covariance matrix. However, it utilizes the whole covariance
matrix to obtain the propagation operator. Thus, this technique is only suitable in

the presence of AWGN and its performance will significantly deteriorate under



spatial non-uniform noise. The performance of this method was analysed and

evaluated in addition to its advantages and drawbacks in [53].

Many efforts and attempts have been done to improve performance and increase
resolution of the conventional MUSIC algorithm. One of these attempts was
achieved in 1991 by [54]. He proposed a Root-MUSIC algorithm to find roots that
represent the location of incident signals. Root-MUSIC method depends on
polynomial rooting [55]. Simply, the goal of this method is to reduce the complexity
of MUSIC by finding the roots that are associated with received signals. However,
this algorithm is only applicable on the uniform linear arrays. In 1997, [56]
suggested Norm Root MUSIC to reduce the complexity of root computational and
minimize the order of the polynomial [56]. Briefly, the idea of this technique is to
apply the rules of Root MUSIC method on the Min-Norm algorithm. This algorithm
gives better resolution than MUSIC. However, this approach is only suitable for
uniform linear array and this limits its application. Additionally, the roots sometimes
do not give the correct indication toward the angles of arrival especially at poor
SNR. In 2004, [57] presented a method for signal direction estimation based on the
spatial filter. This method combined subspace approach with spatial filter algorithm
to obtain good performance for angles estimation at medium signal to noise ratio.
Further, it can solve sources under resolution threshold. In 2013, [58] presented a
method to estimate the direction of received signals by combing the delay profile
estimation method with AoA estimation technique. The advantage of this method is

that it uses delay profile technique to separate the incoming signal under multipath



conditions and then employs AoA approach to estimate the direction of the
incoming signals. In 2015, [59] proposed hybrid MUSIC and hybrid ESPRIT
methods to estimate the direction of angles of arrival in hybrid antenna array
technique. The hybrid antenna array approach employs the same analogue to
digital converter (ADC). The purpose of this work was to estimate multiple received
signals simultaneously instead of one AoA. The essential idea is to divide the
incoming information into several orthogonal frequency division multiple (OFDM)
symbols. Enormous efforts have been made to improve the accuracy of the
estimation algorithms to provide better location estimates to improve the quality of
the location based services and some algorithms are very highly regarded but
there is a room for improvement in this field to present a faster and reliable

algorithm and this will be the first focus of this work.

In addition to the estimation problem the design of a small enough antenna array
for localization applications using TETRA VHF/UHF frequencies is another great
challenge [60]. These frequencies are a preferred choice for radio frequency based
tracking systems and applications due to their longer wavelengths and thus the
ability to travel longer distances and easy detection but due to the longer
wavelengths the conventional techniques of antenna design result in large
dimensioned sensors which are not suitable due to the space constraints in most
modern tracking hardware. The smaller designs that have been proposed in the
literature suffer from limited bandwidth due to their small size. But size is a major

constraint as the mobile tracking devices need to be discrete and customer friendly



and can have more than one tracking solution built in such as a combination of
radio frequency and Global Positioning System (GPS) which then add additional
space requirements for the GPS receivers. A new sensor array design which is
small, reliable and easy to manufacture is of great importance and this important

parameter is another focus of this thesis.

Another challenge that is faced by the world of wireless communication in general
is that of the multipath effects of the channel which in result change the signal
covariance matrix and result in wrong angle of arrival estimation.

All the needs of these fast-growing applications and current technological

limitations motivated this research.

1.4 Aims, Objectives and New Contributions

The aim of this research is to contribute on the system level towards the study,
design and implementation of system components for the tracking devices that can
be used to enhance the user or asset location estimate and to provide improved
location based services. The system level components that are focussed in this
work include the angle estimation algorithm, antenna design suitable for integration

in a tracking device in the form of an array, and transmission scheme.

Objectives identified towards this aim were to:
o Review and understand the Location Aware Services their applications and

importance.



Understand the parameter estimation problem and model and simulate

current estimation algorithms.

Contribute new technique that enhance the capability of the current

localization framework.

Design an antenna that can be employed in a practical tracking system,

which is reliable, has a suitable radiation pattern and easy to manufacture.

The major contributions of this work are

A new signal subspace based angle of arrival estimation algorithm is
proposed in Chapter 3 and the mathematical model is derived. Simulations
and measurements have been carried out to evaluate the performance of
the proposed algorithm and the results prove that the proposed algorithm
can indeed enhance the performance of the conventional widely accepted
angle estimation algorithms.

Evaluation of the mutual coupling methods namely conventional impedance
method and receiving mutual impedance method by calculating the
decoupling matrices and applying them to the data to measure performance
improvements to propose the best algorithm to be used for localization
purposes is described in Chapter 4. In localization systems, the antenna
arrays are employed as receivers so the receiving mutual coupling method
is proposed which is easier to implement and has the same complexity as

the conventional mutual impedance method.



e In mobile devices used for localization, size, reliability, cost and
performance of the receiver are of utmost importance. For this purpose,
Design of a novel reconfigurable miniaturised antenna suitable for
localization applications is presented in Chapter 5.

e Orthogonal Frequency Division Multiplexing (OFDM) systems have been
applauded for their ability to combat multipath and for this reason OFDM
based wideband transmission scheme for angle of arrival estimation has

been evaluated.

1.5 Organization of the Thesis

Chapter 2: This chapter provides an introduction of the location based services. It
describes the different positioning systems including the indoor positioning
systems, the RFID based systems and the GPS. Provides details about the
outdoor localization systems using terrestrial base stations and techniques that are
employed by the current systems to provide localization services. Then a review of

the latest trends and applications of the location aware services is presented.

Chapter 3: This chapter opens with an introduction to the term localization its
applications followed by a mathematical derivation of antenna arrays that can be
used as receivers in a localization system. Mathematical models of some of the
well-known direction of arrival (DOA) estimation techniques are presented followed
by the mathematical model of the new signal subspace based angle of arrival

estimation algorithm. This chapter further considers the performance of the

10



proposed algorithm under different constraints and provides a comparison between
the proposed algorithm and other methods including phase interferometry, MUSIC
and Bartlett, Minimum variance distortionless response etc. to highlight the

advantages of the proposed algorithm.

Chapter 4: Mutual coupling between antenna arrays which is a big problem is
discussed in this chapter with examples. Two different mutual coupling
compensation methods namely conventional and received impedance based
methods are presented. These methods were then evaluated in terms of
performance improvement in the angle of arrival and ease of implementation.
Calculation of the decoupling matrices for both methods is described and the
results are studied. The decoupling matrices were then applied to the data from
different array geometries and the performance was evaluated in terms of angle
estimation error for antenna arrays with mutual coupling and with mutual coupling

compensated.

Chapter 5: With the current knowledge of the design of the antennas it is very hard
to design an antenna that is small, has sufficient bandwidth and gain and is
capable of surface mounting for TETRA VHF/UHF frequencies. Such a novel
reconfigurable antenna is presented in this chapter. The design and
implementation of this antenna is detailed in terms of antenna geometry, design

methodology and the switch design. Results and discussion are then presented

11



which focus on the antennas performance in terms of reflection coefficient,

reconfigurability, radiation pattern and gain.

Chapter 6: This chapter entirely comprises of the measurement data received
using arrays of the prototype antenna. Different geometry configurations were
measured and the results were processed using MATLAB and the angle of arrival
estimation methods were applied including the proposed method to deduce the

angle estimations. The results obtained are then detailed and discussed.

Chapter 7: This chapter provides the mathematical description of how the OFDM
system can be employed in angle of arrival estimation. Angle of arrival estimation
performance is then presented for different humber of antenna elements with

different Bandwidth and the results are discussed

Chapter 8: This chapter summarizes the whole thesis and provides the outcomes

of this research. The conclusions gathered from each chapter and how this work

can be further extended is discussed in this chapter.
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2. LOCATION BASED SERVICES: A REVIEW

2.1 Introduction

Location Based Services (LBS) involve rendering different services to a subscriber
based on user location [61, 62], ranging from security [63], infotainment [64],
healthcare [65-70], retailing [71] , tracking [72] and so on. These can be done in
either position-aware technology in which a device is aware of its own position or
other devices track the location of the device [73]. LBS was first pursued to offer
efficient safety to subscriber by determining exact user geographical location [74]
and later infotainment services which can be delivered to the user using the
geographical location identity of the mobile devices [75, 76]. Some LBS have the
capability of detecting when the boundaries between regions or zones have been
crossed while others can detect the location services based on service logic
capability [77, 78]. These LBS techniques can as well be applied in the tracking
services of old and disabled persons [79], monitoring health of patients [80, 81],
navigational services at the airports [82], traffic telematics [83], fleet management
[84, 85], enquiry and information services, crime fighting [86], toll systems [87],
marketing [88], gaming [89], geography mark-up and community services [74, 90,
91]. Some modern applications include location enabled web services [92] such as
social networking [93] including Gowalla (GOW), Facebook (FB), Four Square
(FOU), Google Latitude (GLA), etc. The location of the user is disclosed to

enhance the social networking scenario. LBS are based on second generation

13



(2G), third generation (3G), fourth generation (4G) long term evolution (LTE) and
fifth generation (5G) mobile positioning systems [94-96]. In 2G and 3G systems
radio resource control (RRC), IS-801, and radio resource location services protocol
to meet the criteria for the location based emergency services and applications, the
current 4G standard supports techniques such as assisted global navigation
satellite system (a-GNSS), enhanced cell-ID (ECID) and observed time difference
of arrival (OTDOA) using the LTE positioning protocol (LPP) which enables
localization over LTE [97]. There are five different technologies that have been
proposed for the upcoming 5G systems which include device-centric architecture,
massive multiple input multiple output (Massive MIMO), millimetre wave (MW),
smarter devices and support for the machine to machine (M2M) communications

and most of those will help improve the location accuracy as suggested in [98, 99]

As the geographical position of the user changes, location management first
requires the network to authenticate the user and update the location profile of the
user [100-102]. The second step is the delivery of the call in which the network
identifies the updated location profile of the user and finds the present position of
the mobile terminal [103, 104]. There are different positioning systems for mobile
terminals in LBS which differ in reliability, accuracy, and time. These include
satellite positioning systems [105], network based positioning systems and local

positioning systems [106, 107].
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The US government upholds a self-regulatory environment for corporations, such
that the firms are permitted to access, use, and sell consumer proprietary
information. European regulations, for example in Germany, contrast with this by
restricting with stricter laws about access to and use of private information. This
dichotomy limits the adoption of LBS by subscribers (who are aware), for example
in retail LBS services. In fact, location tracking services generate more concerns
for privacy than position-aware services. This is solved by offering the user the

option of turning off location data services.

Other major challenges facing LBS include measuring the mobility of the client,
location reliant obstacles and delivering services with high performance [108] and
security [109, 110]. LBS Actors involve regulation and standardization
organizations, location information providers, logistics providers and users. The
localization infrastructure for LBS include LBS indoor systems, LBS satellite
systems, LBS Global Positioning Systems (GPS), outdoor systems using terrestrial
base stations (BSs). Present geo-location techniques for LBS are categorized into
Global Navigation Satellite System (GNSS) based [111], cellular network based, or
the combination of both [112]. GNSS based methods depends largely on the
visibility of the satellite and the geometry of the receiver satellite. It can create
problems in urban areas and in indoor locations [113-116] . In the past years, more
attention was paid to outdoor localization but with the rapid advancement in the
technology in the recent year’s indoor localization techniques have also become

popular [117-119]. Information gained from indoor spatial localization has been
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used to deal with disaster management [120] in case of natural disaster and
emergency cases [121-124]. Indoor localization methods do not depend on GPS

[125-127].

2.2 Positioning Methods for LBS

In this section, a discussion is presented on LBS using different positioning

methods. Both indoor and outdoor positioning methods are discussed.

2.21 Indoor Positioning Systems

Indoor localization uses various techniques such as Radio Frequency Identification
(RFID) [70, 128], Bluetooth [119, 129-134] and Wi-Fi technologies. An indoor
location system is comprised of a set of antennas containing wireless tags. These
antennas transfer data wirelessly by means of tags which are attached to an object
or a person or an animal. The antennas communicate wirelessly with tags, which
are attached to humans, or to desired positions. The method for communication
might include Bluetooth, RFID, Wireless Local Area Network (WLAN) and Infrared
(IR) [135-137]. In the case of outdoor localization, GPS is required which depends
on Line of Sight (LOS) to the GPS satellites. Satellite-based GPS systems are only
suitable for outdoor localization but localization within the indoor environments
such as buildings can be attained using assisted GPS (a-GPS) [138]. Infrared-
based systems such as active badges are also used for indoor localization but their
drawback is that they require supplementary hardware and have short range

transmitters. An indoor positioning system detects the position of a person or an
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object in an indoor space such as hospital, organization, home, etc. [139]. Indoor
positioning such as indoor mobility systems need accuracy of the location of the
user. In indoor Wi-Fi based systems, the influence of multipath propagation must
be considered, namely the reflection and absorption of the signals. When the
signal strength is matched with the values of the earlier recorded database, it is
necessary to consider a range of values due to the multipath that are reasonably

similar.

Advancement in the Wi-Fi technology and in smart devices has made it easier for
locating people indoors. For this purpose, the trilateration method is used which
calculates the distance from a close-by access points through Media Access
Control (MAC) addresses. In this case, the recorded signal strength values are
used to estimate the distance of a user [140-142]. Unconnected Wi-Fi micro
location based applications do not depend on cellular networks. Location enabled
Wi-Fi networks in buildings, campuses and indoor public places deliver micro
Geographic Information Systems (GIS) application opportunities for education,

business, health care, supply chain management etc.

The indoor positioning system comprises of three layers, namely the location
sensing system, software location abstraction and location based applications. The
quality criteria for the localization methods include localization accuracy, availability
and consistency, applicability, power consumption, the size of the hardware,

software processing load and the supported positioning modes, signalling and
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network dependent load, cost, standardization, and latency.

2.2.2 Radio Frequency ldentification (RFID)

Radio Frequency ldentification (RFID) uses a chip containing a radio frequency
electromagnetic field coil. It transmits a coded identification number transmitted by
the electromagnetic field coil when it is queried by the reader device [143]. RFID
chips are usually integrated in products and are also implanted in animals for their
identification. For transferring data, RFID uses a wireless system comprising of
radio frequency electromagnetic fields and are rapidly replacing the bar codes.
RFIDs are used for various purposes such as toll collection, access management
and for tracking of animals, goods or people [144]. RFID system comprises of a
reader and numerous active or passive tags. An active tag contains an internal
battery which is readable from a remote distance [145-147]. The limitation of RFID
tags is that they cannot work in an environment where there is shortage of power,
gate count and memory storage. Hence, privacy and security are the major hurdles

in the deployment of the RFID technology [148-151] .

For transmitting and receiving data, RFID tags and readers use well-defined radio
frequencies and protocols defined by International Telecommunications Unit (ITU)
and European Telecommunication Standards Institute (ETSI) for Europe [152, 153]
and the frequency ranges which are used for RFID systems include low

frequencies (LF) ranging from 100 kHz to 500 kHz [154], high frequencies (HF)
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from 10 MHz to 15 MHz [155] and ultra-high frequencies (UHF) ranging from 850

to 950 MHz [156, 157] .

2.2.3 Global Positioning Systems (GPS)

Global Positioning System (GPS) is a successful commercial system providing
LBS including reliable navigational, positioning, and timing services. This satellite
navigational system is formed by the 24 satellites circling around the earth’s orbit
and their compatible receivers here on earth. GPS receivers can calculate accurate

speed, location, and time.

The GPS services are widely employed in industries like for mineral exploration
and for the management of wildlife habitation, in forestry, in tracking people and
objects, land surveying, map-making, and scientific applications such as study of
seismic activity, management of telecom networks, etc. GPS does not provide
accuracy in urban areas and in indoor places as the walls of tall buildings block the
signals from the satellites [158]. GPS is a satellite based navigation system, it
requires a Line of Sight (LOS) between the signals from the satellites and their
receiving antenna. If a land vehicle is used, the Line of Sight principle will not be
met as signals cannot reach the antenna when a land vehicle moves in an urban
environment [159]. The limitation of GPS technology is that buildings and foliage

greatly intercept GPS signals.
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For precise calculations GPS requires at least three satellites. If the altitude of the
user is also required, an additional satellite will be required for that. Any number of
satellites can be used in GPS, but only three satellites are used due to satellite
failure, poor geometry, constellation build-up and long acquisition time. GPS is
extensively used as GPS receivers are cheap and it gives the precise location of

the user.

Assisted GPS also known as A-GPS or aGPS is a system which can recuperate
the Time to First Fix (TTFF) that is; the start-up operation of a Global Satellite-
based Positioning System. A-GPS incorporates the mobile network with the GPS
for providing precision of 5 to 10 meters. This system provides better coverage and
adjusts the system within seconds. It also uses fewer satellites, saves power and
can be used indoor [160]. Hence, A-GPSis more precise and has a shorter
acquisition time of less than 10 seconds. The cost per unit of this system is quite
cheaper than the GPS but it requires some changes at the Base Station (BS)
Level. The receiver of A-GPS can detect weaker signals as compared to the
receiver in the GPS. A-GPS is cheaper due to decreased search space and

sensitivity support.

2.3 Outdoor Systems Using Terrestrial Base Stations
The Outdoor systems using Terrestrial BS’s comprise

e Global System for Mobile Communications GSM (with Enhanced Observed

Time Difference (E-OTD)).
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Global System for Mobile Communications GSM (with CELL-ID).

Code Division Multiple Access (CDMA) / General Packet Radio Service
(GPRS) (with A-GPS)

CDMA/GPRS (with A-GPS) - Advance Forward Link Trilateration (AFLT) +
A-GPS.

Wirelessly Assisted GPS and AFLT.

Wideband Code Division Multiple Access (WCDMA) (with Idle Periods in the
Downlink (IPDL), Time Alignment Idle Periods in the Downlink (TA-IPDL)
and Observed Time Difference of Arrival with Positioning Elements
(OTDOA-PE)).

Systems with Smart Antennas and Distributed Antenna Systems (DAS) and

Wi-Fi Access Points (Aps).

These systems are discussed next.

2.3.1 GSM (with Enhanced-Observed Time Difference (E-OTD))

This is a triangulation system based on the network finding locations by calculating

signals’ arrival times [161]. It mainly calculates based on Angle of Arrival (AOA)

and Time Difference of Arrival (TDOA) [162, 163]. This is a standard technique

which is used for calculating the location of mobile phones by using multi-

lateration. It has an accuracy of localization within 50 - 125 m and acquisition time

about 5 seconds. This system requires changes in both the software and the

hardware of the GSM system, e.g. E-OTD offers a process to allow pseudo-

synchronization. The transmission time counterbalance can be assessed by using
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a Location Measurement Unit (LMU) between the two base stations. This quantity
is referred to as Real Time Difference (RTD). Pseudo-synchronization can be

achieved using RTD.

2.3.2 GSM (With CELL-ID)

This system is simple but its accuracy depends on the size of the cell. This system
can be improved by using hybrid methods. The combination of different methods to
constitute a hybrid method allows for the increased reliability, precision,
applicability and accessibility [164-166]. This method can combine any
standardized method with any of the measurements from the physical layer such
as Evolved Cell Global Identifier (E-CGI) and CELL ID + Round Trip Time (RTT),
Angle of Arrival (AOA)+ Round Trip Time (RTT) while the other methods use two
complete location techniques, such as Observed Time Difference of Arrival (OTDA)

+ Angle of Arrival (AOA).

2.3.3 CDMAJ/GPRS (With A-GPS)

Code Division Multiple Access (CDMA) provides the main radio modelling
positioning methods which depends on the Time Difference of Arrival (TDOA)
trilateration. This system works on two positioning technologies namely Advance

and Enhanced Forward Link Trilateration (AFLT), (EFLT) [167].
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2.3.4 CDMA/GPRS (With A-GPS) - AFLT+AGPS

Advance Forward Link Trilateration (AFLT) accepts a methodology like that of Idle
Period Downlink (IPDL) [168], but it uses GPS other than Location Measurement
Unit (LMU) to locate all BS’s and requires supplementary units to utilize the

preliminary information to measure the mobile station’s (MS’s) position [169].

2.3.5 Wireless Assisted GPS and AFLT: GPS One a Hybrid Solution

This technique of localization is distinctive to CDMA networks, as they are
integrally synchronous in their functioning. It calculates the phase delay between
the signals which has been sent to a pair of BSs. After that it compares this to the
same data taken from another pair of BSs. The GPS type is a joint Wireless
Assisted GPS (WAG) and Advance Forward Link Trilateration (AFLT) technology

proposed by Qualcomm. It is developed based upon the WAG [170-172].

2.3.6 WCDMA (With IPDL, TA-IPDL and OTDOA-PE)

This is a spread-spectrum modulation methodology primarily used in 3G mobile
networks. The channels with higher bandwidth than the transmitted data are
employed in this scheme. In IPDL based positioning in WCDMA, the system makes
no effort to avoid loss of data as compared to the compressed mode. IPDL method

is the prime 3GPP standard reference for this operation [169].
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2.3.7 Distributed Antenna Systems (DAS)

In sky-scrapers, DAS are usually used to reduce the antenna receiver separation
[173, 174]. Within a building, there is a Central Unit (CU) that controls the Remote
Antenna Units (RAU) installed on every floor. DAS lessens the transmission power

and provides higher rates of data transmission for the Mobile Terminals indoors.

2.3.8 WIFI Technology with Access Points (AP)

Wi-Fi is a Local Area Network (LAN) technology which was invented to add
mobility to the private wired LAN. It is not just getting connection to a computer or
to a network. It is now being used in gaming gadgets, MP3 players, phones, etc. It
uses a decentralized and end-user-centric method for providing services to its
users. It is an IEEE 802.11ad wireless Ethernet standard which supports wireless

LAN [175-177].

Wi-Fi technology is used to efficiently locate persons and objects, improve
workflow and WLAN planning, improve productivity by proper allocation, reduces
loss, improve customer satisfaction and security [178, 179]. The most commonly
used standard in Wi-Fi is IEEE 802.11b/g which works in the 2.4 GHz band. At this
frequency, the broadcasting signals are altered due to noise and distorted due to
the obstacles (such as wall, buildings, objects, humans, etc.). The WLAN
infrastructure comprises of wireless Access Points (APs) which are connected to a
LAN. When the Wi-Fi-supported mobile device enters a cell, the mobile device

receives the MAC address of the AP [180].
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Wi-Fi APs are universal and are providing significant connectivity for extensive
variety of mobile networking devices. Management tasks such as enhancing AP
placement and sensing distorted APs wants a user to effectively verify the location
of the wireless APs. The wireless APs issues a MAC address which is a unique
identifier to distinguish it from the other APs. The APs play the role of a verifier
[181-183]. The physical or virtual port comprises of two logical ports namely
Authentication Port Access Entity (PAE) and Service PAE. The authentication PAE
is permanently open whereas the service PAE opens just upon positive
authentication for a default time of an hour [184]. The internal transmission lines

are small in diameter but the cable run is less as it is of few inches [185].

Researchers have proposed the use of commodity smartphones for locating APs in
real time [186]. This method does not require the use of outdoor measurements or
any specialized equipment. By revolving a smartphone around the body of the
user, one can successfully imitate the operations of a directional antenna. The
results have shown that the signal strength artefacts can be detected on numerous
smartphone positions for multiple outdoor environments. In the meantime,
researchers have developed a system called Borealis which gives accurate
guidance related to the direction and after few measurements it directs the user to
the desired AP. this system gives accurate values as compared to other real time
localization systems. It detects signal inclinations created by the blocking obstacles

which precisely measure the direction of the AP [187].
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24 Techniques of the Existing LBS Methods

The techniques for estimating the existing localization based services include
Localization by Cell-ID, Localization using Prediction (Dead -Reckoning Method),
Angle of Arrival (AOA), Time of Arrival (TOA), Finger-Printing, Observed Time
Difference of Arrival (OTDOA) and Hybrid localization techniques employing AOA-

TOA. These are explained below:

241 Localization by CELL-ID

The localization by Cell-ID involves Cell Global Identity (CGIl) that results in
locating a region as large as the cell itself [188, 189]. This positioning method can
be stretched to sectorial cell positioning and can also be combined with TOA-
based distance calculation methods. Generally, in GSM networks, three antennas
are fixed at most of the Base Transceiver Station (BTS) locations, with the purpose

that sectorial cell positioning is recognized automatically.

The identification (ID) codes like Subscriber Identifiers (Mobile Stations (MS)) are
required in order to localize by Cell-ID and also the following identifiers can also be
used: Location Area (LA) and Routing Identifiers (Mobile Switching Centre (MSC))

[190].

2.4.2 Localization by Prediction (Dead-Reckoning Method)

Localization by dead-reckoning or prediction involves localizing the position of a

moving target by using the memory of the last position of the target [191, 192].
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Various applications of dead-reckoning methods include air navigation, automotive
navigation, marine navigation, animal navigation, personal navigation systems, etc.
Automotive navigation systems overcome the limitations of the GPS and GNSS
technology. In robots, the dead-reckoning method reduces the requirement for
ultrasonic sensors [193, 194]. Multi-scale dead-reckoning algorithms are used for
network localization which is anchor-free and does not need any network topology.

It uses local distance and angular information for close-by sensors.

2.4.3 Localization by Angle of Arrival (AOA)

Angle of Arrival (AOA) based measurement found significant fame in wireless
networks for localization [195-200]. The properties that characterize the direction of
the radio waves propagation on the antenna array can be calculated using this

method.

The applications of AOA include geodesic location or geo-location of mobiles [201].
Numerous receivers present on a base station can estimate the AOA of the
mobile’s signal and calculate the location of the mobile. AOA is also used for
finding the location of military or spy radio transmitters. It is also used for localizing
objects with active or passive ranging in submarines. It is also used in

interferometry in optics.

AOA positioning is a simple method. In mobile communications, the base stations

measures the AOA with respect to an absolute reference, say north, for example
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[74, 202]. The absolute angles can be calculated keeping in view that the location
of the base station (x», yb) are known and the position (xu, yu) of the user can be
measured by transecting two lines which are passing across the base stations with

the angles which are measured [203].

The AOA positioning precision decreases with increasing distance between the
positioning system and the mobile. So, AOA may not be suitable for many
applications of positioning. In WLAN, the Access Points are near the mobile and
can provide positioning precision with time based systems having equivalent signal
bandwidth [204]. A major drawback of Angle of Arrival measurements is that it uses
an array of sensors (microphones, antennas and ultrasonic sensors). Due to size
and high costs, arrays are considered unsuitable for integration, but as radio
communications attains higher frequencies, the dimensions of the antenna
contracts and micro electro-mechanical systems (MEMS) progresses. The
integration becomes possible in the presence of the array empowered node
platforms. By incorporating multiple antennas in the same dimensions, a platform

can be designed using four antenna elements, which does not cost very much.

2.4.4 Localisation by Time of Arrival (TOA) and Observed Time Difference of
Arrival (OTDOA)

Information can either be collected by a Mobile Station (MS) from the Base Station

(BS) or sent by the MS towards BS [74]. In the earlier case, the TOA information

for the MS is collected by the BS and in the latter case, the information of OTDOA
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is collected by MS transmitted from BS. TOA and OTDOA have high precision due
to high time resolution signals. TOA location based algorithms include Analytical
method (AM), Taylor Series method (TS), Approximate Maximum Likelihood
method (AML), Least Squares method (LS) and Two-Stage Maximum Likelihood
method (TSML). A brief review of location based techniques and the context in

which they are applied are presented in Table 2-1 and Table 2-2 below.

Table 2-1: Location Based Technology for the Network Solutions
Localization Abbreviation Working Obstructed Areas
Technology

Cellular Identification Cell ID It detects the base station which is 99%
used by the mobile

Enhanced Cellular E- Cell ID Calculates the Mobile strength of the 99%

Identification receiver

Time of Arrival TOA It calculates the total time passed -
between the transmissions of signals
from the mobile to the base station.

Angle of Arrival AOA It utilizes antennas at the base stations | As the distance of the user
to detect the direction of the incoming to the base station
signals. It needs 2 base stations with increases, its accuracy
the Antennas. decreases. Its

performance is poor in
urban areas.

Observed Time OTDOA/ TDOA It measures the Time Difference of The degradation of signal

Difference of Arrival; Arrival of signals through handset from | occurs in the urban areas.

Time Difference of Arrival mobile units at multiple base stations.

and Uplink Time

Difference
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Table 2-2: Location Based Technology for the Handset Solutions

Localization Abbreviation Working Obstructed Areas
Technology
Enhanced Observed E-OTD It matches the Time Difference of signals sent to The signals degrade
Time Difference the mobile and to LMU by the base station. The in buildings and
software in the mobile handset measures the urban areas.

position. It needs 3 base stations.

Assisted - GPS A-GPS It measures the mobile unit position by utilizing the 50 to 70%

satellites and Global Positioning Receiver

2.4.5 Hybrid Localization AoA-ToA Based

Hybrid localization involves both AOA and TOA. These two and more techniques
are combined to attain a more precise position location. The accuracy of TOA or
AOA depends on the environment [205]. However, the mobile prefers TOA where

there are many scatterers and otherwise, AOA.

2.4.6 Localization by Finger-Printing

Finger-printing is a method in which the reference measurements at the possible
way-points are involved to increase localization precision. When the GPS systems
are not working, then indoor positioning systems such as locating finger prints of
wireless local area networks are used. It uses finger-printing techniques, that is; it
receives signal strength with respect to a location and derives the location on the
basis of this data [206, 207]. It involves two stages, on line phase and offline stage.
In the online stage, a site survey is done for the Received Signal Strength Indices
(RSSIs) from the access points (AP). The vector created using the RSSI values at

a point can be considered as the location fingerprint for that point. In offline stage,
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many location fingerprints are gathered at each point. The drawback of this method

is that it requires a lot of time [208].

Location finger-printing involving ultra-wideband radio frequency signals is a
provides a substitute to the traditional positioning methods which are based on the
angle estimation, range and the strength of the received signals [209]. This type of
finger-printing method is useful for indoor environments and uses multipath
propagation information. It requires large bandwidth RF signals. The location
finger-printing method comprises of two stages i.e. the training stage and the
localization stage. In the first stage the location finger prints are gathered from the
known position by the system, while in the localization finger-printing method, the
location fingerprints are gathered from the agents with unknown positions and are
matched with the training data. There are numerous approaches for matching
these positions with the training data such as neural networks, Bayesian
approaches, vector machines, etc. [210]. The large bandwidth gives less
restrictions and the benefit is that a single broadcaster serves for suitable
localization performance. The limitation of this method is that a large quantity of
training data is needed, so the training phase becomes tedious and time

consuming.

The drawback of finger-printing is that it can attain precision of just few meters.

More research is needed for the probabilistic method. The finger-printing method is

effective in Wireless LAN positioning but the problem lies in locating the unknown
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location. Two approaches have been used for solving this problem. The
deterministic approach and the probabilistic approach [211]. In the deterministic
method, the standard sample scan of each wireless LAN access point calculated
for each reference point is then used to generate the database of the fingerprint.
As the difference in the sample scan calculated at each segment is big, and it does
not consider a lot of information present in the database, so a probabilistic method
has been used to remove this discrepancy [212]. Information related to the average
signal strength and the difference in each access point varies and it must be

considered to maximize accuracy.

Bayesian method has been used by the researchers to remove limitations of finger-
printing method [213]. For each fingerprint, the probability distribution is created
using the regularity in the occurrence of each signal strength value. The main
drawback of finger-printing method is that just a few meters’ accuracy is achieved.
More research is needed in probabilistic methods for removing the discrepancies

[214].

2.5 Latest Trends and Modern Applications of Location Based

Services

LBS Services are useful for orientation and localization [215], navigation [216],
searching [217], identification [218] and event search [219]. Information services
[220, 221] are the earliest application of the LBS technology. Presently, they are

integrated into vehicles for route finding and are also used for emergency and
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health services [222, 223]. LBSs have appeared as the most interactive technology
for mobile computing due to the fast developments in the wireless and positioning
technology. In order to further improve the efficiency of these services, data
caching techniques have been used which removes the faults of the restricted
wireless bandwidth in mobile environments [224]. Modern applications of LBS

include the following:

2,51 Enhanced - 911 (E911) and Enhanced - 112 (E112) Services

The motivation behind the development of LBS technology applications in United
States by the Federal Communications Commission (FCC) in 1996 was to locate
mobile devices during emergency calls [225]. This service was named Enhanced -
911 or E911 [226]. The need arose as calls from the mobile phones showed a
growing percentage of emergency calls which reached 45 million in 2001. A similar
service with the name of E112 was promoted in European Union countries [227,
228]. About 40 million calls were made through the mobile phones in 2011 out of
which 15% were not addressed due to the insufficient or non-availability of the
location of the callers. Public Safety Answering Points (PSAPs) were used to find
the location and number of the caller [229] . The network based solutions such as
Automatic Location Identification (ALI) for wireless carriers are used to find the

location of the user within 150 to 300 meters of their location [230].
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2.5.2 Mobile Guides

Mobile guides are information rich, movable and location sensitive digital guides
which provide information that is related to the surroundings of the user [231, 232].
They are the largest group of LBSs applications which are portal and information
rich digital guides [233, 234]. The mobile guides were categorized on the basis of
geo-positioning (GPS, Wi-Fi, etc.), architecture, adaptation (handling), situational
factors, interfacing, network access and map boundaries [233, 235-237]. Mobile
guides are also being used for mobile social networking [238]. Mobile guides exist
in different categories such as resource adapted (having regular patterns for use),
resource adaptive (has a single strategy for the use of resources) and resource

adapting (uses multiple strategies).

2.5.3 Transport Location Based Services

Intelligent Transport Systems (ITS) is a rapidly growing technological concept for
the incorporation of the information between the extensive variety of organizations
working in transport planning and functioning [239-241]. The intelligent systems
hold the capability of performing situational analysis and adaptive rationalizing
[242]. The future of transportation system is effective, time saving, economical, and
will be much safer for the well-informed users than now. ITS have grown to the
establishment of institutions like the ITS and Services for Europe (ERTICO) [243,
244]. The International Standard systems such as ISO 14813 (ISO 2007) have also
played a vital role in its advancement. The technologies used for ITS, are known as

telematics and include wireless communications, geo-positioning, spatial
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databases and mobile computing platforms. The transport LBS include but are not
limited to services like assistance for the drivers [245-247], information for the
passenger, management of the vehicles and applications involving vehicle-to-
vehicle communication [248]. The services provided by traffic telematics includes
automatic configuration of appliances and features inside the vehicles, navigation,
detection of faults and broadcasting of caution messages [249, 250]. Traffic
telematics are also used to calculate the distance between the various vehicles in a
fleet and between a vehicle and its destination [251]. Today computer hardware
and software are used in vehicles for monitoring fuel usage and releases, engine
performance, brake performance and for handling electrical systems [252]. The
user services for travel and traffic management comprise collection and
broadcasting of information and dispensation for the external transportation
system. These services are used for providing commands to different traffic control
devices [253]. Traffic telematics promotes exchange of data between service
providers and the vehicles which helps in improving traffic management processes
[254]. Today with the advancement of the wireless communication systems,
vehicles are fitted with wireless communication devices which enable them to
communicate with other vehicles [255]. Vehicular networks can also enable
vehicles to transmit information in case of any accident or obstacles. Fleet
management is another interactive service in transportation system. The fleet
management systems provide freight services, public transportation and

emergency services. The fleet asset and management units are wireless handsets
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or devices that track the fleet of vehicles and facilitates in faster transportation

through different modes [256].

2.5.4 Location Based Gaming

Location based games are the computer games in which the game development
depends upon the real-world location of the player (user) [257-259]. Multiplayer
games include street games and urban games. The characteristics of location
based gaming include movement, communication in public, specification of the
location and incorporation of the digital world and the real physical world [260]. In
pervasive gaming, real world games, supplemented with the functionality and the
power of computer and the entertainment provided by the computers are brought

to life [261-264].

2.5.5 Location Based Health and Assistive Technology

LBSs play a vital role in fulfilling the navigational needs of the visually impaired
people [265-268]. MoBic (Mobility of Blind and elderly people) was the first system
to be used to help the elderly and visually impaired. This system helped the
visually impaired and elderly people in finding destination and location of the route
[269]. It informs the traveller about the journey through a map. It was made up of a
MoPS (MoBic Pre-Journey System) and a MoODS (MoBic Outdoor System). A
MoPS considers the account preferences of the users, distance and time for
travelling in order to measure the direction. The MoODS uses the information

measured by MoPS to keep the user informed through warning and audio guides.
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A famous wireless pedestrian navigation system is Drishti which is used both
indoors and outdoors for the guidance of visually impaired and special persons. It
provides route and destination information to the users. This system uses Routing
according to the user preferences and also take in account the shortest route [270].
The dead-reckoning method can be used for outdoor movement and for indoor
environments protective ultrasonic sensing is used [271]. Information of the route is
downloaded on the device of the user. Any new information related to the direction
or obstacle is uploaded by the device to keep the server updated. It guides the
users through various transportation means such as buses, trains, footpaths,
trams, etc. It takes use of the mobile devices with Global Positioning System
capabilities, wireless connection and voice production. Location based health
services have also been developed to track the mobility of the patients and old
persons [272]. Ambient Assistant Living (AAL) system is an LBS system which
provides location information in indoor environments. For example; it gives help to
old people living alone to perform their daily tasks. It also provides information to
elderly people about the location of shopping stores and public places. It also helps
to find a specific product within a shop [273]. Location based health services have
also been used for monitoring the health of children [274] and for measuring health
and fitness [275]. In [276] the research was conducted on around developing an
assistive technology to improve the mobility of manual wheelchair's user. During
the research, questionnaires were also designed based on the seven key
principles of universal design. Per the questionnaires, the users of manual

wheelchair are fatigued and suggested a change in the type of hub (rather than its
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location) to improve the speed of the wheelchair. The solution has been developed
on the following: parameter changes (wheelchair), mechanical substitution and
self-service. In [277] a system is presented that supports cognitively impaired
people in their daily activities. The most interesting part of the research is to
generate user friendly names for streets and various routes based on user context
— especially for people who aren’t accustomed to using new technologies e.g.
elderly people. The system also enables the relatives of the user to establish tasks
that must be performed at specific locations and to monitor the activities of the user

to detect potentially risky situations.

2.5.6 Mobile Marketing

Mobile advertising or marketing is an interactive LBS which works in the same way
as directory services. It involves all the activities undertaken in order to
communicate with the customers by using mobile devices for promoting the sale of
products or services and for providing information to the customers about the
products and services [278]. It has two categories namely pull model and push
model. The information can be requested using the pull mode from the marketer,
while it can be sent from the marketer to the customer in push mode although it is
not requested by the customer [279]. Interactive and personalization of the content
message is possible in mobile marketing [108]. In [280], a method is presented to
implement some trust level so that only genuine mobile users can use the system
and identify malicious users. For this purpose, it is proposed by the authors to store

the IMEI number of the mobile devices in a central controller. The system can also
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be deployed on cloud server for storing the distributed data. In [281], a business
model is presented for internet and mobile based marketing for smart parking
operators with a focus on personalisation of advertisements. This method can be
used to increase parking operator’s revenues and thus attract more investments in
the future. Among the variety of mobile services, significant attention has been
dedicated to mobile marketing specifically to mobile customer relationship
management (CRM) services. In [282] authors investigate which type of mobile
marketing has a significant relationship with which type of CRM. The research
done in this project also proves that future is brighter for mobile advertising rather

than any other type of advertising.

In [283], the potential of using mobile marketing for increasing the value for
customers and retailers has been has been explored. It has been observed that the
consumer behaviour on mobile shopping is an extension of their behaviours
developed on internet connected PCs. However, new behaviours are also
integrated during this such as camera, scanners and GPS. This concept is
specifically useful for development of managerial concepts related to mobile

marketing.

The growth of Location Based Social Networks (LBSNs) has greatly enhanced the
people’s urban experience through social media and so the number of users has
increased exponentially. Vast amount of data related to human behaviour is

available — Big Data - and so there is an opportunity to apply advanced data
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analysis tools and algorithms to build our learning on this data. In [284], the
background, framework and distinct properties of location based mobile social
networking are presented — illustrating the application of data mining to real world

location based social networks.

In [285] the authors have investigated the customers’ privacy concerns, and their
attitude towards the Mobile based Location Based Advertising (LBA). The sample
data comprised of 224 cases in which consumers’ acceptance of LBA was found. It
was found that although customers viewed LBA in a positive way, the information
privacy concern influenced their overall perception of the LBA and its types,
namely push (product/service information relayed) versus pull (customer
information collection + processing). It is crucial to understand the customers’

attitude and acceptance of LBA before adopting either a push or a pull model.

2.5.7 Community Based Services

These services are location supported having personal interaction component and
a central communication system [286]. Online social networks are using Location
Based Services to assist social networking and for discovering places [287]. Virtual
mobile communities comprise users who communicate with each other and interact
with each other electronically through mobile devices [288]. Community based
services have facilitated visually impaired persons as they provide advanced
navigation in urban areas where satellite systems have failed to do so as the

signals get degraded due to obstacles such as buildings. Community based
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location services enable the community members to interact with each other
through services such as mapping my friends (finding the physical location of
friends), friend alert (when friends visit each other they get alerts) and portable
messages [289]. Localization and tracking of pedestrians involves a combination of
active and passive positioning systems. It involves multi sensor systems which not
only detects the location of objects and person but also provides precision related
to the position [290]. The GSM signal strength finger-printing provides better indoor
and outdoor localization techniques. This method is useful for delivering warning
messages related to weather or in case of emergency traffic situations. It is also

useful for tracking people inside a building [291].

In [292], a system for real-time event detection, tracking, monitoring and
visualisation has been developed. The main motive behind the project was to help
Information/Data Analysts to gain a better comprehension of complex events as
they unfold in the world. At the end, the information is used to categorise security
relevant events which are then tracked, geo-located, summarised, and visualised

for the end user.

Lighting systems are undergoing a revolution from fluorescent lamps or tubes to
light emitting diodes that offer an energy efficient solution and longer lifetime. In
[293], a low-cost deployment solution has been presented for a system that uses
the characteristics of visible light to complement existing wireless communication

systems. The proposed system has following three features: (a) It provides a
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provable and secure wireless communication capability — the user is authenticated
based on their location (b) It also offers high precision indoor positioning system (c)
and most importantly it offers broadcast of information with a high frequency reuse
factor. So, the system presents a novel approach to authentication based on user’'s

location.

2.5.8 Crime Fighting

LBSs have the potential to be used in fighting terrorism as the suspects can be
watched and tracked through this service. RFID services can be used for biometric
passports and for managing disaster. GPS devices are used for monitoring
emergency response teams at crime sights [294]. Control and management of
information for national security can be done through the use of LBSs as terrorists’
organizations can use the government websites for planning terrorist attacks [295].
Theft of vehicles and bikes are also controlled by installing tracking devices in them
[296]. [296] emphasized that location based services offers remarkable benefits in
safety and security areas such as by tracking criminals, lost vehicles, mobiles, etc.
and by responding to the emergency calls. The emergency response time has
been greatly reduced due to the use of location based services [297]. Law
enforcement agencies are increasingly using facial recognition software as a
crime-fighting tool. Mobile Cloud Computing (MCC) enforces the idea of moving
most of the processing and storage capability of the mobile phone to the cloud. In
[298], an efficient architecture has been presented that enables the face

recognition algorithms to run on the smartphone and reduce overall processing
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time. Digital media has greatly enhanced the capability of information systems.
Although, the humanity has benefited from this revolution, it has also resulted in
new methods of forged authentication. Therefore, in, the methodologies to fight

against these forgery attacks has been presented.

Urban crime rates are expected to increase keeping in line with the population
growth by the year 2030. Studies have shown that crime only increases in certain
areas of an urban landscapes. This has attracted the attention of spatial crime
analysis that primarily focuses on crime hotspots that are basically the areas with
disproportionally higher crime density. The problem might arise if areas outside of
hotspots are overlooked and proper analysis techniques aren’t applied. Therefore,
in [299] Crimetracer, has been developed that enables an accurate crime location
prediction outside of hotspots. A probabilistic model of spatial behaviour is

proposed within the activity space of the known offenders.

The fear of crime has been the central theme in criminological research from the
1970s onwards. The research methodologies used in these projects have been
well documented and revolve around neighbourhood effects. However, the specific
location of home has been largely overlooked during these researches. Therefore,
in [300], the fear of crime was examined from a location based approach and took
neighbourhood and location of one’s home into perspective. The demographic data

was also used in relation to the research to find the variations in fear of crime
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across racial/ethnic groups.

2.5.9 Real Time Shopping

LBSs involving indoor positioning have made it possible for the exploration of
products and things existing in the physical world as simple as it can be performed
on the internet. In stores, indoor positioning technology has been utilized to find
products on shelves and for other in-store services. Hence, by doing so, the
shoppers involve themselves in real time shopping experience, similar to as they

do on the internet [301].

In [302], context aware automated service system was developed that basically
worked as “Intelligent Shopping-aid Sensing System (iS%). For recognition,
collection and delivery of user contexts, RFID is used. Another benefit of using
RFID is that the information of products e.g. locations, specifications and
characteristics are collected quickly. Local applications were also developed that

enabled real time interactions between central system and end users.

The scientific community is continuously exploring new services that make
effective use of the developing wireless technologies. In [303] the authors focus on
connecting various sources of information based on the protocol stack of IEEE
802.11 and Bluetooth interfaces. The corresponding software architecture along
with the preliminary results for the tracking of visitors in smart shopping

environments has been presented.
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2.5.10 Information and Entertainment

LBSs such as Facebook, Gowalla, Where, GeoLife2 [304] and Foursquare [3035]
utilize the geo-location function of a mobile phone or smart phone to deliver
infotainment to people. Facebook places controls the prevailing Facebook network
of more than 500 million users for sharing, connecting with friends and finding local
transactions [306]. Hence, these services provide free advertising and promotion of
products and services [307]. It permits the customers to “Check in” places such as
hotels, airports, restaurants for transacting physical and intangible rewards. Yelp
website provides rating and reviews and their mobile applications allow customers
to check and review stores, hotels and restaurants. Similarly, WHERE facilitates its
customers in locating things and providing suggestions to them regarding

purchasing products or services.

2.5.11 Location Based Services in Politics

During the 2009 elections, many social networking sites such as Facebook,
Twitter, Youtube, etc. provided platform to the politicians to express their views and
policies in front of the public. Lots of politicians such as the president of the United
States, Barack Obama and former president of Pakistan, General Pervaiz
Musharaff used Facebook to express themselves before the public. In the case of
Barack Obama political campaign, there was found a cause and effect between the
votes and social media. Foursquare issued an “| Voted” badge and a website that
was a combined effort with the Pew Center, Google and Rock the Vote. It truly

demonstrated that location based services can influence elections. It was a test run
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for the 2012 presidential elections. The users were encouraged to check in at their
voting location and to attain the distinct limited-edition badge. This project had
50,416 check-ins obtained from 23,560 variant venues. It was considered that the

Foursquare badge got minimum one person out to vote.

This idea followed the idea of Howard Dean's online micro donation. It was found
that approximately 15% of Americans with ages 18 and over took part in the 2008

presidential election using social media networks such as Facebook.

Hence, LBSs can be used in almost all fields of life for improving the standard of
living and making communication system better. However, the use of LBSs may
not have succeeded well in collecting real time images such as photos. Meanwhile,
the use of LBS in the MOPSI applications, as by using the split smart swap
clustering method, the disorder problem in map visualization can be reduced and
photo collections can be clustered through the use of grid based clustering with
bounding box method [308]. LBSs are also used for localizing the position of the
Robots and mapping the environment [309]. LBS applications are also used in
Geographical Information Systems as it provides spatial analysis opportunities
[310]. The beginning of mobile communication technologies, such as General
Packet Radio Service (GPRS) and then the evolution of Universal Mobile
Telecommunications System (UMTS) has empowered users of mobile devices to
use internet regardless of time and place [311]. LBS services involve client/server

relation, while LBA involves IT applications based on geo-spatial locating. Both use
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real time for location objects or users and are suitable for mobile applications [312].
It has been reported that LBSs can provide multiple services ranging from tourist
navigation to rescue systems for managing disaster. These services were
developed separate from the geographic information Service (GIS) stream used for
the wireless services, but today more than 80% of data being supplied is the
spatial form (2D map) Hence, location based services are also a special kind of

GIS [313].

So far, LBS are basically mobile applications which provide information that are
related to the location of the users. These services are quickly capturing the market
and have tremendous growth opportunities [314]. The position of a user or object
can be informal, absolute or relative to a certain point whether they are located
through Bluetooth, infrared, RFID, mobile or through satellites [315]. Today LBSs
have a well-established role in value added services and their applications are
continuously growing [316]. Calculating the distance error through uncertainty and
confidence constraints is useful in locating the position of a user or object but the
Distance error produces inconsistent location estimates [316]. Reinforcing LBS
needs focusing on a number of issues such as software, hardware, network
structure, security, database, etc. [317]. The application of the location based
technologies depend on well-established and accessible multi layered client server
technologies. The fundamental infrastructure to assist LBS applications is

developed to assist mobile client functions with wireless communication [131].
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Another application of location based services deployed by the government is to
assist people with the management of emergencies via their mobile phones.
Therefore, in [318] the viability of location based mobile emergency services has
been assessed. The study was conducted in a three-pronged way: (a) exploring
the challenges of location based services and their use at a national/country level
for emergency management (b) investing the impact of these of these services in
terms of behaviours and attitudes (c) understanding the social acceptance or
rejection of these services and outlining the factors that determine their
acceptance. The common theme found in the results is the trust factor: the

collection of personal location information adversely affected the trust level.

2.6 Conclusion

Location based services have been elaborately reviewed in this chapter. It is used
to give services in both public and business sectors. Some of which include
tracking services for old and disabled persons, monitoring health of patients,
navigational services at the airports, traffic telematics, fleet management, enquiry
and information services, crime fighting, toll systems, marketing, gaming,

geography mark-up and community services.

The localization infrastructure for LBS include LBS indoor systems, LBS satellite
systems, LBS GPS system, outdoor systems using terrestrial BSs and LBS
Outdoor Systems using terrestrial BSs. The techniques for the existing localization

were also enumerated. Different solutions for improving the existing LBS
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technology and services were described. The modern applications of Location
Based Services include Enhanced — 911 (E911) and Enhanced-112 (E112)
Services, mobile guides, transport location based services, location based gaming
and location based health and assistive technology. The emergency and location
based health applications have assisted in saving lives of people and improving the
standard of living of people. The prospects of LBS are very high as with further

research the existing technologies can be improved and new ones can be created.
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Table 2-3: Applications of Location Based Services Discussed in This Chapter

LBS Category Application (Example if | Positioning | Architecture | Presentation | Delivery | Use Case Adaptivity
Technique any)
Enhanced Emergency Rescue, emergency GPS Client/Server | MAP/Book Push/ Mobile Adapted
911 or Services and Disaster Pull Search
E911 Management
Enhanced | Emergency Rescue, emergency GPS Client/Server | MAP/Book Push/ Mobile Adapted
112 or Services and Disaster Pull Search
E112 Management
Mobile Digital Provides information GPS/WiFi Client/Server | MAP/Book Push/ Mobile Adapted/
Guides Guides about the surroundings Pull Search/Tour/ | Adaptivity
of the user. Tourism/ Navigation
Guide
Mobile Digital | Tourism and Transport | GPS Client/Server | MAP/Book Push/ Mobile Adapted/
i)Archetypa | Guides Pull Search/Tour/ | Adaptivity
| Mobile Navigation
Guide
ii) Location | Mobile Digital | Museum (Sotto Voce, | GPS/WiFi/l | Broadcast Book/Speech | Push/ Mobile Adaptive/
based Guides LISTEN, etc.) R /SoundScape | Pull Search/Tour/ | Adapted
video Navigation
iii) Speech | Mobile Digital | (Transport and GPS/WiFi/l | Broadcast MAP/Speech | Push/ Mobile Adapting
Oriented Guides Museum) R VR Pull Search/Tour/
Systems BPN, REAL, etc. Navigation
and
Speech
based
Navigation
Describers
iv) Event Mobile Digital | Phone Guides, Marble | RFID/Tags | Event Trigger | MAP/Book/S | Push/ Mobile Adapted/
triggered Guides Museum, etc. peech/Video | Pull Search/Tour | Adaptive
systems Imagery
Vehicle to Vehicle Wireless Event Trigger | MAP/Book/S | Push/ V2V and IVC | Adapting
Vehicular MANETS (V2V) and Inter Access for peech/Video | Pull
Ad-Hoc Vehicle Vehicular Imagery
Networks communications (IVC). | Environme
(VANETS) nt (WAVE)
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Communic

ation
devices
Intelligent Intelligent Driver assistance, Telematics | Broadcast MAP/Book Push/ Mobile Adapting
Transport Systems passenger information, | (wireless, and Pull Search/Tour
Systems vehicle management, geo Client/Server
and vehicle-to-vehicle positioning,
Services applications and Fleet | spatial
for Europe Management. databases
(ERTICO). and mobile
computing)
Outdoor Location Street and urban GPS Client/Server | MAP/Book Push/ Mobile Adaptive
and Based games. Geocaching. Pull Search/Tour/ | /Adapting
Computer Gaming Navigation
Board
Games
Technology | Location Assistance of visually GPS. Client/Server | MAP/Book/S | Push/ Mobile Adapting
for Visually | Based Health | impaired and elderly DGPS and peech Pull Search/Tour/
impaired and Assistive | people ( MoBic, MoPS, | Dead Navigation
and elderly | Technology MoODS, NOPPA Reckoning
people and
Ultrasound
sensing.
Mobile Mobile Online marketing and GPS Client/Server | MAP/Book Push/ Mobile Adapting
Advertising | Marketing advertising Pull Search/Tour/
Community | Location Online social GSM Client/Server | MAP/Book Push/ Mobile Adapting
Based Based networking (Mapping Pull Search/Tour/
Services Community my friends Friend Alert
Services Portable Messages.
(LBCS)
Crime Location Crime Fighting RFID and Broadcast MAP/Book/S | Push/ Mobile Adapting
Fighting based (tracking criminals, lost | GPS peech/video | Pull Search/Tour/
LBS security and | vehicles, mobiles, etc.) imagery Navigation
safety
services
Geographic | MOPSI Robots and mapping GPRS and | Client/Server | MAP/Book/S | Push/ Mobile Adapting
al applications | the environment UMTS peech/video | Pull Search/Tour/
Information (SLAM) imagery Navigation
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Systems

LBS in Location Political campaigns GPS/WiFi/ | Broadcast MAP/Book/S | Push/ Voting/politic | Adapting
politics Based GPRS Client/Server | peech/video | Pull al rallies
Community imagery Facebook,
Services Gowalla,
(LBCS) Where and
Foursquare
Location Online social GPS/WiFi/ | Client/Server | MAP/Book/S | Push/ Search/Shop | Adapting
Information | Based networking GPRS peech/video | Pull ping/in-store
and Community imagery services
Entertainm | Services Facebook,
ent (LBCS) Gowalla,
Where and
Foursquare
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3. NEW SIGNAL SUBSPACE BASED ANGLE

OF ARRIVAL ESTIMATION ALGORITHM

3.1 Introduction

Latest advancement in technology and consumer demand has created a great deal
of interest in the subject of identifying the spatial relationship between different
objects. This procedure is referred to as localisation and has found wide spread
applications [319-321]. When the earth is used as the reference frame in
localization operations it is referred to as Geolocation. The data collected for these
applications however is useless without the accurate location information of the
transmitter node. The direction-finding algorithms have a key role to play in the
smart antenna technology of the future as the Global Positioning System (GPS)
technology has restrictions due to the requirement of Line of Sight (LOS) between
the satellite and the GPS receiver [322]. These algorithms are required to precisely
estimate the bearing angle on the receiver array which is highly important for both
military and non-military services. The accuracy of these algorithms is extremely
important when it concerns the emergency response services. The massive
enhancement in the smart antenna technologies in the past decade has triggered
an increased interest in the field of direction finding (DF). In smart antenna
technology, multiple antenna elements can be combined using digital signal

processing (DSP) to adjust the antenna radiation pattern per surrounding channel.
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These smart antenna systems can improve the capacity of the cellular wireless
networks through beam steering [323]. To steer the beam into the direction of the
right user who is requesting access to the network resources it is important that the
right estimate of the user location be calculated. In [324] and [325, 326] the authors
have provided detailed references and quantification of the performance of the
existing localisation techniques. Localization techniques have been applied to a
variety of applications including autonomous mobile robot navigation [327-330],
Underwater navigation [331], public health and social medial [332] [333, 334],

emergency services [335] etc.

This chapter is arranged as follows. Section 3.2 presents the mathematical model
for deducing the direction of arrival using antenna arrays and then presents a
review for some of the well-known Angle of Arrival estimation techniques which
have been employed in this work 1) Interferometry 2) Classical Beamformer 3)
Capon’s Minimum Variance Distortionless Response (MVDR) and 4) Super
resolution Eigen decomposition based Multiple Signal Classification (MUSIC)
algorithm. Section 3.3 presents the mathematical model of the Novel proposed
algorithm. Results and discussion are presented in Section 3.4 followed by the

conclusion in Section 3.5.

3.2 DOA Estimation Algorithms Using Antenna Arrays

The direction of arrival problem relates to the estimation of (¢, 8) where ¢ stands

for the azimuthal angle and 6 stands for the elevation angle of the impinging plane
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wave on an antenna or an array of antennas. The plane wave is assumed to be of
constant frequency and has infinite parallel wave fronts with constant amplitudes.
In a (1-D i.e. one-dimensional plane the estimation problem reduces to only the

estimation of the azimuthal angle ¢;

The expression for the plane wave that impinges at point x at time t can be written

as.:

s(x,t) = Ael(Bx—0D 3-1

fcos@

> X;

v

> X,

BsinBcos@

(a) (b)
Figure 3-1: Geometry representing the DOA of the signal as an azimuth and

elevation angle pair on an antenna array

where A is the peak amplitude, = 27“ is the wave factor, A = c/f is the wavelength

of frequency f, c is the speed of light and w is the angular frequency defined as
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w = 2rf. Using the above equation 3-1, the arriving signal at an antenna located at
(x4, X2, X3) With origin (0,0,0) can be defined as:
s(x,t) = 5(0, t)elP(x1005¢sind+x;5in@sind-+x;cosd 3.2
If there are M omnidirectional isotropic antennas that have a unity gain arranged in
a uniform linear array (ULA) with uniform spacing d between them on the x,-axis
then the arriving signal at the mth element can be described as:
sm(t) = s((md, 0,0),t) = s(0,t)a, (¢, 0) 3-3
where, a,, is the steering factor of the m*" element and is equal to:
ap (@, 0) = elfmdcosesing 3-4
The above equation 3-4 describes a progressive phase shift

mdcos@sin® 3-5

T
Bmdcos@sin® = — mdcos@sin® = 2nf e wty

A

X1

7

/‘E{emem M-1

Element 0

y(®)

Figure 3-2: Uniform Linear Array
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Equation 3-5 represents the time t4it will take the plane wave to propagate

mdcos@sin® in the direction of the incident wave.

Now for the case of uniform circular array (UCA) with element spacing of Z%R

arranged on a circle of radius R the arriving signal at the m*™® element can be

described as

j2zmm 3-6
sm(t) = s(Re M, t) =s(0,Dan (¢, 0)
where in this case, the antenna factor for the mt* antenna can be described as:
am((P; e) — ejﬁRsinecos((p—me) 3-7

For simplicity from here onward unless otherwise stated it is assumed that the

elevation angle 6 = 90 making sinf = 1.

3.21 Interferometry

The principle of interferometry states that if a plane wave arrives at an antenna
array with an angle it will be received by two different elements with a time delay
due to the difference in the length of the path. This path length difference results in

a phase difference between signals received by antennas.

2T

Ap = <7> d cos ¢ sinf 3-8

To estimate the angles some baselines should be defined. To form two baselines
three antenna elements are necessary which can be placed on an equilateral
triangle. The phase measurement techniques are analogue, digital and Fourier

transform.
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In correlative interferometry at each wave angle the measured phase differences
are compared with the reference phase differences for the direction finding (DF)
antenna. The column of measured phase angles is moved through the matrix of
reference phase angles and the values with maximum correlation are used. This

value corresponds to the angle of arrival of the incoming signal.

The reference phase differences or “array manifold” is measured during the
calibration process, in which a model is designed to understand the behaviour of
the antennas. The theoretical array response values might be considerably
different in practical so it is very important that the non-ideal aspects of the system
should be considered while making a theoretical model to increase accuracy of the
practical systems. A signal is transmitted to the receiver using known locations and
regular azimuthal and frequency stepping. The differential phase and the amplitude
values are then used to form a calibration table. Figure 3-3 depicts an example of
the correlative interferometry. The data set is from an antenna array of 5-elements
and the columns in the data matrix represent the direction and are used to form a
comparison vector. The measured phase differences are contained in the upper
data vector. In the reference and measurement vector matrices each column is
correlated between the two matrices. Thus, the angle that will be linked with the
comparison vector matrix because of the maximum correlation will be the true

angle.
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Figure 3-3: Correlative Interferometer

3.2.2 Conventional or Classical Beamformer
This method was proposed in [336] .If there are M omnidirectional isotropic
antennas that have a unity gain arranged in a uniform linear array with uniform
spacing d between them on the x; axis as shown in Figure 3-2 then the input at
each element in the presence of noise can be written as
u, () = an(@)s(t) + ny,(H) 3-9

where ap, () for a ULA with sin6 = 1 can be written as:

a. () = ePm(@pcose 3-10
The conventional beamforming method introduces a phase delay in the signals and
weights and then sum them together as the output y(t) which can be written as:

y(®) = whu(t) 3-11

Substituting the value of u(t) from equation 3-9 into equation 3-11 gives:

y(® = wH(a(@)s(® + n() 3-12

61



ao(¢) n,(t) 3-13
y(®) = ws wi o wira] | | 219 |so+ | O
aM—l((‘p) nM—l(t)
where a(¢) is the steering vector and w are the weights or beamforming vector.

The pseudospectrum of the DAS beamformer can be written as:

Ppas = E{ly¢|*} = E{lw! u(®)|*} = E{w"u(®u" (Hw} 3-14
= wHE{u(®)ul(t)}w
= whR,,w

R4 is the autocorrelation matrix of the data received from the array.

Ry = Efu®u”(®)} = E{[a(@)s(t) + n(H)][s(tHa" (¢) + n" (D]} 3-15

= oia(@)a" (@) + oAlyxm
where o2 = E{s?(k)} represents the signal power and ¢ = E{n?(k)} is the noise
power.
If a signal s(t) with an azimuthal angle of ¢, arrives at the array, then the
maximum output of the beamformer with no noise present would be maximum for
w = a(@,) thus aligning the phases of the antenna element input so that the
components of the incoming signal can add constructively. Thus, the estimated
angle can be any value of ¢ that will maximise the following:
Poas(@)lw=acp) = W'RuuWlw=ac) = a"(@)Ryua(®) 3-16

Equation 3-16 is referred to as the spatial spectrum of the DAS (Conventional)
beamformer whose peaks can be determined to estimate the azimuth angle of

arrival.
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3.2.3 Capon’s Minimum Variance Distortionless Response Algorithm

This method was proposed in [337] to improve the poor resolution of the
beamformer method as shown in Figure 3-4. This method also measures the
received signal power in all directions possible and suppresses the contribution of
the unwanted signals by modifying the spatial spectrum. This modification is
accomplished by solving the constrained minimization equation below and then the
resultant constrained optimal weight vector w, in Equation 3-14.

Min,, E{|y;|?} = Min,,w"R,,w condition: wHa(p) = 1 3-17

Equation 3-17 can be solved using the Lagrange multiplier

] = %WHRUUW + A(wha - 1); 3-18
(2 R w+ra=0; w= R:la @) 3-19
{aw = Ryy =0; w= Ry }
k%]=0;wHa=1—>?\aHR;§’a=1;A=aHR—1ﬂa (2))
Equation 3-19 results in
Ruaa(e) 3-20

= R_l}\ =
We = Rwl = GH (@)Ryta(e)

Substituting Equation 3-20 in Equation 3-17 results in Capon’s Pseudospectrum:

Rala(e) )H _1  Rgla(e) _ 1 3-21

at(@)Ryta(e) B

— H —
Peapon(9) = W'Ruuw = U SH(p)Radale) | ah(9)Ruka(e)

The disadvantage of using the MVDR method is that it requires computation of
inverse matrix which can become ill conditions in the presence of highly correlated

signals.
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Bartlett Beamformer Vs. Capons MVDR
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Figure 3-4: Performance Comparison Between the Beamformer and Minimum

Variance Distortionless Response

3.2.4 Subspace Based DOA Estimation Method of Multiple Signal

Classification (MUSIC)

Schmidt proposed this method to estimate the direction of an incoming plane wave

in the presence of noise [39].

The linear combination of L incident signals and noises arriving at an M-element

array can be written in a form of a as:

L-1
u® = ) ales(® +n() = As®) +n()
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uo(t) ao(@o) - ag(PL-1) So(t) no (t) 3-23
ul'(t) _ a1('(Po) a1((P.L—1) 51_('5) n n1'(t)

e ®] avei00) - aws@nllsia@l oo

where a(@;) = [ao(@)) a;1(@)) ...ay_1(9,)]T is the antenna array steering vector of
size Mx1 for the 1" signal that has a direction of arrival (DOA) (¢,) and s(t) =
[so() s (D) ...s_1 (D)]T is the vector containing L signals that are arriving on the
antenna array.
The steps in the computation of the MUSIC algorithm are:
e Step 1: Collect the array input vector samples.

{fu(nT),n =0, .......N — 1}where N: Number of snapshots 3-24
e Step 2: Calculate the array correlation matrix as:

. 1 N-1 3-25
Ry = NZ 0u(nT)uH(nT) = AR A! + 61
n=

where R, = E {ss''} is the signal correlation matrix and ¢?I is the noise correlation
matrix.

e Step 3: Apply Eigen decomposition to the input correlation matrix R,,, as:

R,V =VA 3-26
where
V=[v, v ...Vy_1] 3-27
and
Ao O .. 0 3-28
A= 0 )L.O 0
0O O Am-1
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Step 4: Estimate the total number of signals L = M — N,,, where, N, is the total
number of the smallest eigenvalues that create the Matrix V,, of form MxN,
containing the noise eigenvectors that correspond to the smallest eigenvalues.

Vo =[vovg ... vy, — 1] 3-29
e Step 5: Compute the MUSIC pseudospectrum using:

1 3-30
a’ (), a(p)

Pyysic(p) =
e Step 6: Select the L highest peaks of the pseudospectrum to estimate the DOA.
Super-resolution techniques allow estimating the AOA of multiple co-channel
signals. It has a DF accuracy about 1° and can search for azimuth and elevation at

the same time.

A brief comparison of different direction of arrival estimation techniques is provided

in Table 3-1

Table 3-1: Comparison of different AOA/DOA estimation algorithms

Sensitivity | Sensitivity to | Sensitivity to Ability to separate Complexit
to noise calibration multipath |closely spaced multipath P y

DAS (spectral
estimation High Moderate High Low Low
methods)
MUSIC Low Higher Low High High
Root-MUSIC Lower High Lower High High
ESPRIT Lower Low Low High High
Fusion (DAS .
& root-MUSIC) Low Moderate Lowest Very high Moderate
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3.3 Mathematical Model of the Proposed Angle of Arrival (AoA)

Estimation Technique

The proposed technique makes use of the signal subspace to provide an estimate
of the direction of arrival. The steps of the proposed algorithm are summarised as
follows:
e Step 1: Collect the array input vector samples.

{u(nT),n =0, .......N — 1}where N: Number of snapshots 3-31
e Step 2: Calculate the array correlation matrix as:

3-32

=~

1 ~—N-1
Ry, = NZ (D () = ARyA" + 031
n:

where R, = E {ss''} is the signal correlation matrix and ¢?I is the noise correlation
matrix.

e Step 3: Apply Eigen decomposition to the input correlation matrix R,,, as:

R,V =VA 3-33
where
V=[v, vy -..Vy_1] 3-34
and
A O . 0 3-35
A= |0 A .0
0 0 ..sz;—1

Step 4: Estimate the total number of signals L = M — N,,, where, N,, is the total
number of the smallest eigenvalues.

Step 5: Estimate the signal subspace 1.
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Ve = [vovg ... 1 — 1]

The signal subspace is computed using the eigenvectors that correspond to the L
largest eigenvalues.
Step 6: Compute:

P(p) = a(p) V; Vi a(@)" 3-36
This will result in the peaks in the direction of arrival. However, the peaks produced
by the above equation result in a very wide side lobed spectrum which results in
erroneous estimation at low power levels and for this reason it is proposed to
search for the nulls in the direction of arrival which can be achieved by subtracting
all the values of P (@) from its max value.

Paier(9) = P (@) max — P (¢) 3-37
The pseudo spectrum of the proposed technique then can be written as:

3-38
Pyrop (@) = W

where € =1/ Amax is added to remove any singularities that might be present.
Finally, the error can then be calculated between the true direction of arrival and
the estimated direction. The absolute error for each incoming signal can be
mathematically described as

er(i) = | Realpng (1) — EstimatedAng(i)| 3-39
and the average error for each impinging ray (eav-angle) Can be calculated as:

_ 3K, Jer(i) 3-40

€av—angle — k
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where i represents the total number of iterations used to generate the L angles.

The average total error (€av-total) iS:

Tie=1(ery) 3-41

€av—total — L

The proposed method can be described using the flow diagram below:

\*
~ S.
~__ “2(1 Iy} Ry
= Eigen Value > Compute
~_
» Decomposition Pseudospectrum
Ry, T
Sample Compute
and Difference to
Generate find Minima
s Covariance
\L(t) : Matrix  Select
S Eigenvectors
A corresponding [~
R to largest Calculate Peaks
2 Eigenvalue

Figure 3-5: Flow Diagram of the Proposed AoA Method

This technique has the advantage of less computation complexity over the more
widely accepted Multiple Signal Classification (MUSIC) technique for applications
that require fast processing of low number of incoming signals especially in asset

tracking.

3.4 Results and Discussion

The performance of the proposed algorithm was evaluated using different setups

and some of those are discussed in this section
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3.4.1 Performance Evaluation of the Proposed Algorithm

A 10-element uniform linear antenna array was constructed using MATLAB, with

inter-element spacing of (g) to compare the performance of the proposed

algorithm. The simulation parameters used are listed in Table 3-2.

Table 3-2: Simulation Parameters Using the ULA for the Performance Comparison

of the Proposed Algorithm

Parameter Value
Number of Elements 10
SNR 20 dB
Antenna Spacing A/2
True Angle 0 Degree
Number of Snapshots 100
Noise AWGN

Performance Comparison of the Proposed Algorithm

'
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Figure 3-6: ULA for The Performance Comparison of the Proposed Algorithm
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The Capon’s algorithm is famous for its ability to improve the spectral resolution as
shown in Figure 3-4, and something of the similar nature is evident from the results
produced in Figure 3-6 where the proposed algorithm clearly shows its ability to
have superior resolution and a much higher normalised power that the signal can

be accurately estimated at lower power thresholds.

a) Effect of Number of SNR on the Proposed Algorithm
The same 10-element ULA was used to understand the effect of the number of
snapshots on the proposed angle estimation method for multiple closely spaced

angles. The simulation parameters are as shown in Table 3-3

Table 3-3: Simulation Parameters Using the ULA for the Study of the Effects of

Total Number of Snap Shots on the Proposed Angle of Arrival Estimation Algorithm

Parameter Value
Number of Elements 10
SNR 0dB
Antenna Spacing AJ2
True Angle [-20, 0, 20] Degrees
Number of Snapshots 100, 500 1000
Noise AWGN

The results obtained in Figure 3-7 show that even with 100 data snapshots the
proposed algorithm could resolve three closely spaced angles, the performance
however can be further increased as for N = 1000, with a higher number of data

snapshots.
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E‘f)fect of Number of Snapshots on the Performance of the Proposed Algorithm
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Figure 3-7: Effects of Total Number of Snap Shots on the Proposed Angle of
Arrival Estimation Algorithm
b) Effect of SNR on the Accuracy of Proposed AoA Algorithm
To evaluate the effect of signal to noise ratio (SNR) the same 10-element ULA was
used and the simulation parameters are described in Table 3-4. The results
obtained in Figure 3-8 show that even at SNR of -20 dB the estimator could identify
the three different peaks at the normalised power level of approx. -40 dB. However,
as the SNR increases three highly identifiable peaks emerge to point in the

direction of the source signals.

Table 3-4: Simulation Parameters Using the ULA

Parameter Value
Number of Elements 10
SNR [-20-1001020] dB
Antenna Spacing A2
True Angle [-20, 0, 20] Degrees
Number of Snapshots 100
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Effect of SNR on the Performance of the Proposed Algorithm
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Figure 3-8: Effects of SNR on the Proposed Angle of Arrival Estimation Algorithm

All the results obtained using the simulation model built in MATLAB support the
enhanced performance of the proposed algorithm. However, when designing a
practical antenna array system, the designer must face many challenges including
the required geometry and size of the antenna array according to the application
specifications, in addition depending on the application the choice of antenna as
different antennas has different radiation patterns and gains etc. These
requirements then introduce further variables in the estimation system. To further
test the performance of the proposed algorithm in a more real-world scenario
different antenna arrays and geometries were constructed using computer

simulation technology (CST) software and Numerical Electromagnetic Code (NEC).
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c) Execution Time

In practical localization applications, it is necessary that the processing algorithm
be computationally fast. In Figure 3-9 the comparison is made for the time of
execution of four different algorithms that are used in this study for a total of 1000
iterations, it is suggested by the results that the proposed algorithm has the fastest

execution performance as compared to any of the other methods presented.

Time of Execution

Proposed NG 2:4
vusic I o°
Capon [ 0352
Bartlett [ 20.46

0 20 40 60 80 100
Time (s)

Algorithms

Figure 3-9: Time of Execution Comparison

d) Signals with Different Power Levels
Five signals are constructed such that each signal is arriving from a different
source or because of a multipath scatter with different direction of arrival and has
different received power due to the path travelled. The directions and amplitude

power of these signals are [-60°, -30°, 0°, 30°, 60°] and [1, 0.8, 0.6, 0.3, 0.1] Watts.
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The results obtained in Figure 3-10 suggest that the proposed algorithm can

estimate both the direction of arrival and the received power of each arriving signal.

Comparison of the Proposed Algorithm with
Different Signal Amplitudes

. :
ol o o o o

=20

Normalised Power (dB)

-80 -60 -40 -20 0 20 40 60 80
Angle of Arrival (Degrees)

Figure 3-10: Signals with Different Amplitudes

e) Effect of Number of Elements and Inter-Element Spacing
Three different true angles were used to evaluate the effect of number of elements
and inter element spacing on the angle of arrival estimation of the proposed

algorithm. The simulation criteria are defined in Table 3-5.

Table 3-5: Simulation Parameters

Parameter Value
Number of Elements 6, 8,10
SNR 0dB
Antenna Spacing AJ2,)0/4
True Angle [-20, 0, 20] Degrees
Number of Snapshots 100
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Effect of Number of Elements and Inter-element spacing on
AoA Estimation Using Proposed Algorithm
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Figure 3-11: Effects of number of elements and Inter-element spacing on the

Proposed Angle of Arrival Estimation Algorithm

The results in Figure 3-11 show the performance of the proposed algorithm with
the change in the number of elements and the element spacing from 1/2 to 1/4
which is expressed as “L/4” in Figure 3-11. The estimation algorithm has the best
performance with the highest number of elements when the inter element spacing
is A/2. Even 10 elements with 1/4 show worse performance than 6 elements with
A/2. This explains how the interelement spacing degrades the performance and
how it creates a challenge for the antenna array designer for localization systems

when the space constraints are present.
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f) Performance Comparison of the Proposed Algorithm in the
Presence of Correlated Sources

Correlation or similarity between signals reduces the performance of direction
estimation algorithms. Hence, a simulation was run for two received signals with
95% correlation coefficients incident on linear array consisting of ten elements
spaced by d = 0.5A. The performance of the various methods is shown in Figure 3
12. Although MUSIC and Capon give correct estimates for both signals, their
performance significantly deteriorates. The Bartlett method gives reasonable
performance and accuracy, but the proposed algorithm is the most accurate, with

sharpest peaks and very low side lobe levels.

Performance Comaprison of Proposed Algorithm
for Correlated Sources
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Figure 3-12: Performance Comparison of the Proposed Algorithm in the Presence

of Correlated Sources
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3.4.2 3-element IFA Antenna Array

A three-element inverted F antenna (IFA) based array was constructed using the
computer simulation technology (CST) antenna design software. The elements
were separated at 120 degrees in azimuth plane over 14 x 11 square finite
conducting ground plane with antenna spacing of A/4, where A is the wavelength at
the desired carrier frequency of 400 MHz, the selection of 1/4 spacing between the
antenna elements was to keep the overall antenna array footprint to the minimum.
The transmitter and the receiver array were placed in the same plane thus only
azimuth angle calculations were done. The transmitter was placed in the far field
zone i.e. at least 3 meters away from the receiver array. The construction of the

simulation environment is shown in Figure 3-13.

.9

1.

Figure 3-13: Three element array structure in CST

Four different angle of arrival estimation algorithms were compared, namely,
Interferometry, Bartlett, Proposed method and Multiple Signal Classification
technique (MUSIC). The receiver array was turned at 20-degree step size for the

whole azimuth plane (i.e. 360 degrees) and additive white Gaussian noise (AWGN)
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was introduced to the received signal. The results in terms of estimation error at

SNR of 0dB from the four algorithms are plotted in Figure 3-14.

Angle Estimation Performance for
3-Element PIFA Antenna Array

oo ........ ..... - Proposed
A : : MUSIC
—=— Bartlett

‘ , N T

0 50 100 150 200 250 300 350
Angle of Arrival {Degrees)

Angle Estimation Error {Degrees)

Figure 3-14: Angle of arrival estimation error using interferometry, Covariance

and MUSIC

As envisaged, the super-resolution signal subspace based proposed algorithm and
noise subspace based MUSIC algorithm outperform the conventional Bartlett
algorithm and the interferometry method for determination of angle of arrival in
terms of angle error. The results also suggest that both subspace based methods
show similar angle estimation error performance. The maximum estimation error
from the signal subspace techniques was 6 degrees which is acceptable
considering the low antennas spacing between the elements of the antenna array

and low SNR.
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3.4.3 Interferometry vs. Proposed Algorithm

Next a comparative study has been carried out to evaluate the performance of the
proposed algorithm against the phased interferometry algorithm and to understand
the effect of the ground plane (finite/infinite) on the angle estimation. Three
antenna and four antenna circular array geometries have been used for this study
and simulated using Numerical Electromagnetics Code (NEC) antenna design
software. The diagram of the two geometries is presented in Figure 3-15 (a) and
(b). In the study, the size of the finite ground plane was 1A x 1A. The ground plane

was made up of conducing material with properties like that of copper.

(a) (b)

Figure 3-15: Simulation setup with (a) Three Elements (b) Four Elements

a) True Angle = 0 degrees
The study was conducted for a total of 72 angles using a single transmit source,
i.e. the receiver array was rotated at 5-degree step size, but for illustration

purposes only a few angles have been chosen and the results are discussed. It
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was assumed for simplicity that there is no additive noise present. The antennas

however, do have mutual coupling present between them.
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Figure 3-16: AOA = 0, (a) 3 Elements with Infinite and Finite Ground Plane (b) 4
Elements with Infinite and Finite Ground Plane

The results obtained in Figure 3-16 (a) for the 0 degree as the true angle of arrival
suggested an ambiguity in the interferometry method as the solution was unable to
resolve the correct angle using 3 elements with infinite ground, the proposed
method did provide an accurate estimate to the true bearing angle. However, when
a finite ground plane was introduced the interferometry method and the proposed
method were both able to closely estimate the true bearing angle with a 1 degree
angle estimation error. The same true angle was then tested using a 4-element
circular antenna array and the results in Figure 3-16 (b) show that with infinite
ground the interferometry solution pointed in the opposite direction of the true
bearing angle i.e. 180-degree error and a big angle ambiguity, whereas the

proposed algorithm could closely resolve the true angle. Again, it was seen that the
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introduction of a finite ground plane helps resolve the ambiguity present in the
interferometry algorithm. In addition to improving the antenna radiation the ground
planes also reduce the unwanted reflections which can explain the improvement in

the angle estimation performance of the interferometry algorithm.

b) True Angle = 10 degrees
Second example presented is of 10 degree as the true bearing angle, for this angle
again the solution for interferometry algorithm is 180 degrees in error for a three
element array with infinite ground plane and there is a large error in the proposed
algorithm also as shown in Figure 3-17 (a), but when an infinite ground plane is
introduced the angle estimated points towards the true bearing angle, which
supports the theory, that a finite ground plane actually improves the angle

estimation by reducing reflections.
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Figure 3-17: AOA = 10, (a) 3 Elements with Infinite and Finite Ground Plane (b) 4

Elements with Infinite and Finite Ground Plane

82



In Figure 3-17 (b) by increasing the number of elements in the antenna array the
estimation error in the proposed algorithm is negligible even with infinite ground
however the interferometry algorithm still cannot accurately estimate the angle
information and suggests the solution to be in 180 degrees opposite direction. This
is a good example to show that the eigen structure based proposed method does
show enhanced angle estimation resolution with an additional antenna element but
that is not enough in the case of phase interferometry to increase the algorithms
performance. To further illustrate this issue of angle ambiguity caused by the
interferometry algorithm a few more examples of different bearing angles are

presented below.

c) True Angle = 45 degrees
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Figure 3-18: AOA = 45, (a) 3 Elements with Infinite and Finite Ground Plane (b) 4

Elements with Infinite and Finite Ground Plane
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In Figure 3-18 the true bearing angle is 45 degrees, in Figure 3-18 (a) with a 3-
element array it can be seen the interferometry solution is again approx.180
degrees in error.

All the results obtained in section 3.4.3 suggest that the interferometry algorithm is
finite ground plane dependent. Next, the same setup is repeated for multiple

arriving angles.

3.4.3.1 Multiple Sources Case

Multiple transmitter sources were introduced to simulate the effect of a multipath
environment on angle estimation where various copies of the same transmitted
signal reach the receiver with time delays caused by the difference in length of the

path travelled by the ray in a narrowband system.

a) True Angle = 45 and 300 degrees
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Figure 3-19: Four element array, Multiple Source Case
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The first comparison that is shown in Figure 3-19 is of two angles, 45 degrees and
300 degrees. It is assumed that both the rays arrive at the receiver at the same
time but with different magnitudes and the ray arriving from 300 degrees has 5
times the power as compared to the one arriving from 45 degrees. The results
suggested that none of the solutions proposed by the interferometry method point
toward either of the two angles. The proposed algorithm does provide a solution
and point towards the dominant angle as in the case of Line of Sight environment
the dominant ray will be the true angle as it will travel the shortest distance

between the transmitter and receiver array.

b) True Angle = 0 and 90 degrees
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Figure 3-20: (a) Three element array (b) Four element array, Multiple Source

Case

This example is presented as it shows some very interesting results regarding the

phase interferometry based angle of arrival estimation solution. Figure 3-20 (a)
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represents the solution using a 3-element circular array for both the proposed
algorithm and the phase interferometry algorithm. Results suggest that both
solutions are in agreement that the dominant angle is the true bearing angle
however theoretically and from previous knowledge it is known that increasing the
number of elements and the addition of the finite ground plane helps improve the
angle estimation accuracy, which is not seen for the case of phase interferometry
in Figure 3-20 (b) rather the phase interferometry has shown an ambiguity with the
addition of an extra antenna element, this shows the unstable behaviour of the
algorithm and even though it is computationally easy to implement but not if all
factors are considered such as signal processing based corrections that the

algorithm require to correct the angle ambiguities.

3.4.4 Individual Algorithm Performance for Different Array Geometries

In this sub section, the effect of different array geometries on an individual angle of
arrival algorithm is discussed. It was assumed that there are multiple rays arriving
at the receiver with same power levels and complex noise was present.

From the results obtained in Figure 3-21 it is safe to say that five-element arrays
show the best estimation accuracy. The results also suggest that the 5-element
ring array can provide greater accuracy than the concentric ring array of 5

elements.
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Figure 3-21: Comparison of Array Geometries for (a) Interferometry (b) Proposed

(c) MUSIC for Multiple Rays

3.4.5 Narrowband vs. Wideband
In this sub section, the role of the bandwidth in angle estimation is studied. A

comparison of Angle of Arrival algorithms is presented in terms of RMSE.
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Figure 3-22: Comparison of the Performance of AoA Techniques Using Different
Bandwidths

The results achieved showed how the available bandwidth improves the angle of

arrival estimation accuracy for all algorithms. These results also support that the

proposed algorithm can provide the same if not better the estimation accuracy as

that of the MUSIC algorithm.

3.4.6 Effect of Number of Elements on the Angle Estimation Ambiguities

In this section the study is presented which looked at the fact that at least how
many antennas are required in an array ideally to remove any angle ambiguities
such as those shown by the interferometry algorithm in Section 3.4.3 where the
true bearing angle was suggested to be in 180 degrees in error e.g. true bearing
angle of 0 degree was solved by interferometry method and resulted in the solution
of estimated angle as 180 degree as shown in Figure 3-16 (a) which makes it
imperative to understand this phenomenon and its relation to the number of

antenna elements regardless of the constraints of physical space available to
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mount these receiver antenna arrays in practical mobile localization and tracking

devices.

inverted F antennas (IFA) based receiver arrays were used for this study. Firstly,
three element antenna array with element spacing of 1/4 was evaluated. The
results obtained suggested that using this type of antenna geometry can cause
some angle ambiguities between several angles, e.g. as can be seen from Figure
3-23 (a) in a 3D view and Figure 3-23 in a 2D view that if the true angle of arrival
was 60 degrees there are two peaks in the solution one at 60 degrees and the
second one at approx. 240 degrees, also the same is true in the case of 120
degree that there are two peaks and the second peak is lying at 180 degrees in the

opposite direction at 300 degrees. These results thus suggest that 3-element
spaced at (%) are not sufficient to resolve the true angle completely and

unambiguously.
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Figure 3-23: Angle Ambiguities in a 3-element (A/4) Array (A) 3D (B) 2D
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The next logical solution was to keep the number of elements the same but
increase the inter element spacing within the array to (%) thus reducing the

degrading effects of the mutual coupling between the antenna elements. The
results obtained in Figure 3-24 suggest that even though the performance has
improved to a certain extent but there still exists high correlation between some of

the angles thus this geometry also fails to resolve the ambiguities completely

without any further processing.
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Figure 3-24: Angle Ambiguities in a 3-element (A/2) Array (A) 3D (B) 2D

The study was repeated for several geometries with different inter-element spacing
including circular and concentric designs until finally a geometry emerged which
can resolve these ambiguities and that is the uniform circular design with 5-

elements as shown in Figure 3-25.
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Figure 3-25: Angle Ambiguities in a 5-element (A/4) Array (A) 3D (B) 2D

3.5 Conclusion

A novel high-resolution direction of arrival estimation algorithm based on the signal
subspace decomposition has been presented in this chapter. The core idea of the
technique is to find the difference between the maximum absolute value of the
pseudo-spectrum and the absolute value of the pseudo-spectrum thus minimizing
the denominator and producing larger peaks in the direction of arrival of the
incoming signal. The proposed method exploits the signal subspace with array
steering vector as opposed to the MUSIC algorithm that exploits the noise
subspace with array steering vector. The proposed algorithm has been tested and
evaluated using different criteria. As was expected, increased SNR, number of
antennas in the array and number of samples will significantly increase the
resolution and make the peaks sharper of the proposed algorithm. In addition, the

increase in available bandwidth will also increase the performance of the proposed
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algorithm. This chapter has also covered the mathematical backgrounds of the
proposed algorithm and some of the conventional algorithms and compared the
performance of the proposed algorithm with those conventional algorithms. The
results have proved that the proposed algorithm provides superior performance as
opposed to any of the previously known direction of arrival estimation algorithms
along with faster computation time which is an essential part of any real-time

localization system.
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4. EFFECTS OF MuUTuAL COUPLING IN

ANTENNA ARRAYS ON ANGLE OF

ARRIVAL ESTIMATION

When dealing with antenna arrays there is a common problem of mutual coupling.
Mutual coupling results in degraded performance of the array signal processing

algorithm which results in wrong direction of arrival (DOA) estimates.

Enormous studies have been done on the compensation of mutual coupling effect
and various approaches have been developed [338-346]. Conventionally the
mutual coupling can be defined through mutual impedances between the array
elements in their transmitting mode. However, several studies have shown that the
mutual coupling effects the transmitting and receiving antenna arrays differently

and should therefore be treated differently.

In this chapter, detailed effects of mutual coupling in antenna arrays are presented,
then a few decoupling methods are reviewed which are applied in this work to

assess the performance level of the proposed algorithm. In the end, these
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decoupling methods were applied to different direction-finding algorithms and

performance was compared against the proposed algorithm to draw a conclusion.

4.1 Mutual Coupling Behaviour

In antenna arrays when the number of antennas increases, every increasing
element will be affected by the electromagnetic field of the other radiating element,
in addition to the one produced by itself. This results in the induction of coupling
current and this phenomenon is referred to as mutual coupling. The mutual
coupling effect is inversely proportional to the antenna array element spacing, i.e. if
the spacing between the elements is increased the effect of mutual coupling will
decrease and vice versa. The effects of mutual coupling can be studied in terms of
mutual impedances. Mutual impedance is a complex value that relates to the

position of the elements of the antenna array in the geometrical plane.

In [338] it was shown that the effects produced by the mutual coupling when the
antennas are in transmit mode are different than when the antennas are in the
receive mode. If there are two antenna elements m and n the effects of mutual
coupling in two different modes for these elements is different and is shown in
Figure 4-1. In transmit mode if an antenna element n is excited using a source,
with condition that antenna m is passive and not transmitting, the generated power
travels to the element n and then as shown in Figure 4-1 (a) with a label (0) will

radiate into the free space which is labelled as (1). Antenna element m will also
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receive some of that energy resulting in an induced current and in Figure 4-1 it is
labelled as (2). Some of the energy from the induced current is radiated back into
the free space which is labelled as (3), the label (4) shows the energy that is
dissipated into the passive load connected to the antenna element m. When the
energy is radiated due to the induced current on the antenna element m, it is quite
possible that the antenna n will also receive some part of that energy as shown by
label (5) making it an infinite loop process which will be repeated if the antenna
element m is excited. If the excitation is provided to all the antenna elements the
total field can be looked at as the sum of the radiated field and the fields that are

re-scattered from all the elements.
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Figure 4-1 (a) Mutual coupling paths in transmitting mode; (b) Mutual coupling

paths in receiving mode
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In Figure 4-1 (b) an antenna array in the receive mode is shown. The incident ray
from the free space labelled as (0) hits the antenna element m resulting in an
induced current. Energy is radiated to the free space by the induced current (2),
and some part of that energy move towards the load (1). Antenna element n also
receives some part of that energy (3). Some part of the energy will also be
reflected and will travel in to the free space (4). Again, like the transmit mode
antennas, in receive mode once the antenna element n receives some part of the
energy from element m, it will result in an induced current. The same process takes
place if the incident wave hits the antenna element n. If the incident ray impinges
on all the elements at the same time the total field can be calculated by calculating
the sum of the radiated fields and the re-scattered fields of all the antenna
elements. To analyse mutual coupling effects on an N element antenna array,

choose any two elements and then repeat the procedure for all possible pairs.

In the direction-finding radio systems, the received signal matrix is processed to
obtain the direction information. In an antenna array, corresponding vectors are
changed due to the mutual coupling. Mutual coupling changes the structure of the
received signal correlation matrix and thus results in degraded DOA estimates.
Proper estimates and decoupling methods are required to improve the accuracy of

the direction-finding algorithms.
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4.2 Review of Decoupling Methods

4.2.1 Conventional Mutual Impedance Method

The conventional mutual impedance method is also known as the open-circuit
voltage method. In conventional mutual impedance method as explained in [347] ,
the mutual coupling is defined using the mutual impedance, in network analysis it is
usually referred to as the Z parameter. The mathematical relationship between the

voltages at antenna terminals and the voltage at terminal k can be written as:

Vk = Ilell + IZZk.Z + -+ IiZk,i + -4 Ika,k + -+ INZk,N + Vock (4'1)

where Zx; represents the ratio between the excitation current /; and the induced
open circuit voltage of terminal k at terminal i, Zxx represents the self-impedance of
the antenna element k, The open circuit voltage is represented by Vocx while all
other antenna elements are in the open-circuit condition. The detailed
mathematical background of this technique can be found in [347] which shows that

mathematically the terminal voltages and the open circuit voltages are related as:

z A Z
14222 212 o AN
Z, 7 Z ey v
VA 7 YA 1 ocl
mt2 R > . N | A B A (4-2)
Zy Zy Zy, i I
Zv Zw g De| T
Z, 7 Z, |

For most of the applications the conventional mutual impedance can be calculated
by assuming the antenna array as a network of N-ports. The open circuit voltages

Vock can then be determined together with the measured.
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Although this method was popularly used in the previous researches and practices,
there are a few issues when the conventional mutual impedance method is applied

to the receiving antenna arrays:

1. This method is derived under the assumption that mutual coupling follows
the path shown in Figure 4-1(a), where the antenna elements are radiating with an
active source. While for a receiving array, the actual mutual coupling is
characterised by Figure 4-1 (b), where the antenna elements are passively excited
by a far-field plane wave;

2. Load impedance is used to terminate the antenna elements in practical
situations rather than open circuit.

3. In the 'open-circuit voltages' concept it is assumed that the antenna
elements that are open-circuit do not radiate. This concept is not true as the
electromagnetic fields will still be generated by the antenna elements due to the

induced current.

4.2.2 Receiving Mutual Impedance Method
This method assumes the following conditions for the calculations

o Impedance Z, (Load Impedance) value used to terminate the antenna
elements is known.
o The elements in the antenna array are in receiving mode and they are

excited through an external incoming wave.
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Assume an antenna array containing N number of elements and are all terminated
using the same impedance load, Z, then under excitation by the incoming wave the

voltage at the terminal K can be written as:
Vk =ZLIk == Uk+Wk (4‘3)

Because of the incoming signal, the terminal voltage at K is represented by Uy, the
voltage caused by the other elements due to the mutual coupling is represented by

Wi and can be mathematically written as:
Wie = LZEN 4 LZE? 4 o Ba ZE T 4 B ZE 4 Iz (4-4)

The receiving mutual impedance among two different antenna elements i.e. k and i
is represented by Zf"i and the value of the induced current is represented by I,
where the subscript i is the element number. The defined mutual impedance at the

receiving antenna terminal is shown by the subscript t and the values of Ux and Vi

are related as follows.

Z12 ZlN
1 _Le
Zy Zy
ZZl ZZN Vl Ul
_t 1 _Zt v, | _ U,
Zy Zu (17
- vl Loy (4-5)
7 T !

The value of the receiving mutual impedance is dependent on the currents and
voltages at the terminal. As standard, the current distribution on an antenna will

vary with the direction i.e. both with azimuth and elevation of the external signal
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and thus the value of the receiving mutual impedance will be dependent as

function to that direction of the signal.

In the case of an omni-directional antenna, e.g. a dipole, the current distribution at
the resonance frequency is independent of the azimuth angle of the impinging
signal if the signal is arriving from the plane that is perpendicular to antenna axis (6
= 90°). This means that the resultant mutual impedance will be the same
irrespective of the incoming signals azimuth angle [348] making it a very suitable
choice for applications such as direction of arrival. The current distribution also
does not change significantly in the case where the incoming signal is close to the
horizontal plane (e.g., 8 = 70°), the current distribution also does not change
considerably, and the value of the receiving mutual impedance calculated in the
horizontal plane, still provides a rational approximation that can be used for

decoupling purposes.

4.3 Performance Evaluation of Angle of Arrival Algorithms with
Mutual Coupling and with Coupling Compensated
4.3.1 Simulation Setup

To evaluate the performance of AOA estimation algorithms in the presence of
mutual coupling and with coupling compensated using different coupling

compensation techniques a simple propagation scenario was built in Computer
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Simulation Technology (CST) software. This simulation setup includes a single
transmitter antenna, 3 meters away from the centre of the receiver antenna array,
and three receiver antennas in an equilateral triangle shape, as shown in Figure
4-2 (a). The transmitter antenna was modelled using a half wavelength dipole,
which radiates omni-directionally in the azimuth plane. The receiver antennas were
modelled using two types of antennas as shown in Figure 4-2(b) and Figure 4-2(c),
quarter wavelength monopole antenna of length 17.83 cm, which has isotropic
radiation patterns in the azimuth plane, and Inverted F antenna (IFA) dimensions of
which are shown in Figure 4-2 (c), which has non-symmetrical radiation patterns.
A finite size square ground plane 11 x 1A was used for both types of receiver
antennas. Both the transmitter antenna and the receiver antennas were designed

individually to work at 400MHz frequency band.

In the simulation, the transmitter and receiver antennas were placed at same level
in elevation plane, therefore only azimuth plane was observed in terms of AOA
estimation. During the observation, the transmitter antenna was rotated anti-
clockwise with a 5-degree step size within the range of 0-359 degrees. Therefore,
overall 72 incoming signals with azimuth angle ® were investigated with a 5-

degree resolution.
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Figure 4-2: (a) Receiver antennas geometry in simulation (b) Monopole antennas

(c) IFA antennas (d) IFA Antenna Dimensions
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4.3.2 AOA Estimation Error in Presence of Mutual Coupling

Three of the direction-finding algorithms whose mathematical models were
presented in Chapter 3 namely the proposed algorithm, Multiple Signal
Classification (MUSIC) and interferometry were used to study the effects of mutual
coupling on the AOA estimation. Figure 4-3 demonstrates the AOA estimation
errors for a monopole array in presence of mutual coupling when a wideband
signal with BW equal to 25 MHz radiated by transmitter. The simulation was run

from 390 MHz to 415 MHz with 25 kHz step size (1001 samples).

AOA estimation error for monopole array in presence of mutual
coupling, wideband signal with BW=25 MHz

-
o

Estimation Error
o0 ()] B N o N H (o) (o]

'
-
o

Angle of Arrival (Degrees)

——AOA error -Proposed Algorithm- phase only

—— AOA error -Proposed Algorithm Amplitude & phase
—— AOA error -MUSIC - phase only

——AOA error -MUSIC - Amplitude & phase

——AOA error -Interferometry
Figure 4-3: AOA estimation error for monopole array in presence of mutual

coupling, wideband signal with BW=25 MHz
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The results obtained in Figure 4-3: AOA estimation error for monopole array in
presence of mutual coupling, wideband signal with BW=25 MHz show the superior
performance of the proposed algorithm and the MUSIC algorithm. It is also evident
from the results that as the interferometry algorithm only accounts for the phase
difference between the elements to predict the angle of arrival if the amplitude of
the received signal is normalised the performance of the other two algorithms with
only the phase information seem to match the performance of the interferometry

algorithm.

4.4 Applied Decoupling Methods to Direction Finding Algorithms

Because the receiver antenna elements are spaced only quarter wavelength apart,
the mutual coupling effect between the elements could be the major reason that
caused the high AOA estimation error. The mutual coupling effects of the setups
shown in Figure 4-2 are investigated next in this section. Decoupling matrices
using different compensation methods were generated and employed in the
direction-finding algorithms for performance evaluation. Two objectives were
observed for each compensation method, the first one was to test the AoA
estimation error after mutual coupling compensation to find the most effective
method, and the second aim was to find out the angular dependence of the

decoupling matrix on incoming signals for each type of antenna.
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4.41 Conventional Impedance Method

The open circuit mutual impedance was obtained by considering two antennas in
the array at a time while leaving the other elements in loaded status as in practice
[347]. The two antennas were treated as a two-port network, and the S
parameters, S11, S12, S21, and Sz were calculated. This process was repeated for
all possible pairs in the array, and the S parameter matrix was obtained. The
impedance parameters, Z, was then transferred from the S parameters using

Z =27, +S][I - 5] (4-6)

where Zp is the system impedance, Z and S are NxN matrices from the N elements
array, and [ is the N-by-N identity matrix. Z matrix in Equation (4-6) was applied
into Equation (4-2) together with the loaded impedance Z; and the received voltage
V at each terminal and the open circuit voltage at each antenna element without

coupling was recovered.

4.4.1.1 Monopole Antenna Array

First, the monopole antenna arrays were simulated in CST to get all the
parameters and then the data was exported to MATLAB for the decoupling matrix
calculation. For angular dependence investigation, four angles were studied and

the corresponding decoupling matrices are listed in Table 4-1.
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Table 4-1: Monopole antenna transmission mode decoupling matrix for different

incoming signals

30 Degree 90 Degree
1.7795 —0.0778i —0.0313 —0.4692i —0.0308 — 0.4675i 1.7794 —0.0787i —0.0311—0.4698i —0.0314 — 0.4684i
—0.0252 — 0.4783i 1.7827 — 0.0855i —0.0146 — 0.467i —0.0235—0.4789i 1.7823 —0.0862i —0.0151 — 0.4684i
—0.0255 - 0.4776i —0.0154 — 0.468i 1.7832 — 0.0854i —0.0244 — 0.4781i —0.0157 — 0.469i 1.7828 — 0.0858i

200 Degree 325 Degree

1.82 -0.0878i —0.0028 —0.4468i —0.0009 — 0.446i
0.0047 — 0.471i  1.8229 —0.0969i 0.0196 — 0.4519i
0.0057 — 0.4701i 0.0186 — 0.452i  1.8234 —0.0973i

—0.0256 — 0.4778i 1.7830 — 0.0854i —0.0154 — 0.4683i
—0.0252 — 0.4782i —0.0148 —0.4672i 1.7826 — 0.0856i

[ 1.7795-0.0779i —0.0309 —0.4676i —0.0311 — 0.4691i

Table 4-1 shows that for monopole antenna array, the decoupling matrix remains
consistent for most of the angles, as claimed in many literatures. The decoupling
matrix for each angle was then applied to various direction-finding algorithms to

compensate the mutual coupling effect.

The calculated AOA estimation errors before and after coupling compensation are
compared in Table 4-2. The accuracy of AOA estimation algorithms was much

improved for all the observed angles.
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Table 4-2: AOA estimation error using transmission mode coupling compensation

for monopole array

AOA- AOA error - AOA error - AOA error - AOA error - AOA error -
Ref Proposed- Proposed MUSIC MUSIC Interferometry
(deg) Phase only | Amplitude and Phase only Amplitude and
Phase Phase

Before | After | Before After Before After Before After Before After

30 8 -3 6 -3 8 -3 6 -3 7.86 -2.63

920 -5 3 -2 3 -5 3 -2 3 -5.28 3.3
200 -6 1 -4 1 -6 1 -4 1 -5.98 0.7841
325 -8 1 -5 1 -8 1 -5 1 -7.64 1.4128

4.4.1.2 IFA Antenna Array

The conventional mutual impedance method was also applied to IFA antenna
arrays. Four different incoming signal angles were studied for this occasion. The
decoupling matrices are listed in Table 4-3. For IFA antennas, for some angles, the
decoupling matrix remain stable, but for other angles, the change is significant.
Again, these matrices were applied to different direction-finding algorithms to
observe the AOA estimation error after coupling compensation. Table 4-4 shows
that for IFA antenna array, the transmitting mode decoupling matrix did not reduce
the estimation error. For some angles, the error even got much worse and was

indicated by a few direction-finding algorithms.
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Table 4-3: IFA antenna array transmission mode decoupling matrix for different

incoming signals

15 Degree 120 Degree

1.2278 + 0.4304i
2.8179 + 0.4045i
1.407 + 0.3349i

1.2278 + 0.4304i
1.4069 + 0.3344i
2.8177 + 0.4046i

0.9906 + 0.1693i
2.2702 + 0.1127i
0.8677 + 0.0623i

2.0342 + 0.1108i
0.1123 + 0.1831i
0.1124 + 0.1839i

0.8665 + 0.0615i 1.5506 + 0.4493i

0.9901 + 0.1696i] [2.7299 + 0.4858i
2.2719 + 0.1131i 1.553 + 0.4512i

205 Degree 320 Degree

1.2258 + 0.4382i
1.4105 + 0.335i
2.8165 + 0.4124i

1.229 + 0.4446i
2.8161 + 0.4111i
1.4086 + 0.3487i

2.7418 + 0.474i
1.5641 + 0.4379i
1.5785 + 0.4353i

1.2403 + 0.4186i
2.8282 + 0.39284i
1.4313 + 0.3194i

1.4094 + 0.3138i 1.545 + 0.4515i

1.2329 + 0.4101i] [2.7272 + 0.4942i
2.8341 + 0.388i 1.5486 + 0.4602i

Table 4-4: AOA estimation error before and after transmission mode compensation

for IFA array

AOA-ref AOA error - AOA error - AOA error - AOA error - AOA error -

(deg) Proposed- Proposed MUSIC MUSIC Interferometry
phase only Amplitude and phase only Amplitude and
phase phase

before | after | before | after | before | after | before after before after

15 -4 -6 -4 -6 -4 -6 -4 -6 -2.41 -6.3
120 -1 -1 -1 0 -1 -1 -1 0 -1.38 -0.83
205 -4 -1 -2 -8 -4 -1 -2 -8 -3.77 -0.67
320 -3 7 -1 -6 -3 7 -1 -6 -3.12 6.92
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4.4.2 Receiving Impedance Method

The receiving mutual impedance was calculated using the received power wave
(the S12 parameter). Using the transmitter antenna in free space to create the plane
wave source, and the receiving antenna array was placed at a fixed position. The

following steps were then used to retrieve the corresponding S12 parameters:

(1) Measure Sy at element 1's terminal with element 2's terminal connected to
a load. Denote this as S12 1;

(2)  Measure Sz at element 2's terminal with element 1's terminal connected to
a load. Denote this as S12 »;

(3) Measure S1, at element 1's terminal with element 2 removed from the array.
Denote this as S'12 1;

(4) Measure S12 at element 2's terminal with element 1 removed from the array.

Denote this as S'12 2;

Then the measured receiving mutual impedances were calculated as follows:

Zg_z — SlZ_l - S{Z_l ZO (4_7)
512_2

721 = S122—S122 Z, (4-8)
512_1

For an N-element array, the mutual impedances can be measured by considering
two elements at a time with all the rest elements loaded, and repeating the above

procedure for all the possible pairs of elements in the array. After all the Z
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parameters, have been measured, the decoupling matrix can be obtained using
Equation (4-5) and then the uncoupled voltage U matrix at each element can be

recovered for direction finding application.

Again, this method was tested on different types of receiving antenna arrays:
monopole and IFA arrays. The result analysis will be discussed in the following

sections.

4.4.2.1 Monopole antenna array

The decoupling matrices using the receiving mode method for monopole antenna
array are studied for a few incoming ray angles. Results for four typical angles are
listed in Table 4-5 where it is seen that the decoupling matrices for 30, 90 and 325
degrees are relatively consistent. For 200 degrees, the matrix has more obvious
difference at some components, but overall for monopole antenna arrays, the
decoupling matrix is not very angular dependent. To validate this conclusion, the
30 degrees and 325 degree matrices are applied to all the 72 angles to observe
the estimation error improvement, and the results are listed in Figure 4-4 and
Figure 4-5. From the results, it is obvious that for a single incoming ray, only one
matrix applying to all angles improves the AOA estimation error for all direction-

finding methods.
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Table 4-5: Monopole antenna transmission mode decoupling matrix for different

incoming signals

30 Degree

90 Degree

1
0.0956 — 0.2168i
0.0938 — 0.2106i

0.0873 — 0.2233i
1
0.0974 — 0.2145i

0.0908 — 0.2251i
1
0.0952 — 0.2188i

0.0963 — 0.2086i
0.0883 — 0.214i
1

200 Degree

325 Degree

1
0.0139 — 0.1827i
0.1658 — 0.2293i

0.1013 — 0.2122i
1
0.087 — 0.3028i

0.0901 — 0.2205i 1

0.0987 — 0. 2167i] [0. 105 — 0.2138i
1 0.095 — 0.2108i

0.0949 — 0.2188i 1

0.1423 — 0.2388i] [0. 0936 — 0.2104i
1 0.0961 - 0.2177i

0.0897 — 0.2205i
1
0.0987 — 0.2171i

0.0865 — 0.2232i
0.0973 — 0.2147i
1

Hh b bV Ao a N w s oo

AOA estimation error for monopole array after using receiving mode
coupling compensation (decoupling matrix from 30 degree applied to all
angles)

——AOA error -Proposed - Phase Only - 30 deg
——AOA error -Proposed - Amplitude & phase - 30 deg
——AOA error -MUSIC - Phase Only - 30 deg
——AOA error -MUSIC - Amplitude & Phase - 30 deg
——AOA error -Interferometry - 30 deg

Figure 4-4: AOA estimation error for monopole array after using receiving mode

coupling compensation (DM 30 degrees applied to all angles)
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AOA estimation error for monopole array after using receiving mode
coupling compensation (decoupling matrix from 325 degree applied to all
angles)

Estimation Error
h b O Lo amnvwas o

Angle of Arrival (Degrees)

——AOA error -Proposed - Phase Only - 325 deg
——AOA error -Proposed - Amplitude & phase - 325 deg
——AOA error -MUSIC - Phase Only - 325 deg
——AOA error -MUSIC - Amplitude & Phase - 325 deg
——AOA error -Interferometry - 325 deg

Figure 4-5: AOA estimation error for monopole array after using receiving mode

coupling compensation (DM 325 degrees applied to all angles)

4.4.2.2 Receiving Impedance Method for two coming rays

CST simulation results were used to model two signals from different angles
arriving at the receiver. The dominant signal arrives from different azimuth between
0 and 360 degrees, while the second ray’'s AOA is fixed at 60 degrees. The
decoupling matrix calculated from a 325-degree signal was applied to all the
combined signals. Table 4-6 compares the estimation error before and after
compensation for all 72 angles, and the results show that for multiple incoming
signals, the mutual coupling compensation sometimes does not improve the

estimation error. The reason for this is that for a three-element circular array, the
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maximum solved incoming rays is one, therefore the number of antenna elements

is not sufficient to solve two incoming rays.

Table 4-6: AOA estimation error for monopole array before and after using

receiving mode coupling compensation (decoupling matrix from 325 degrees

applied to all angles)-two rays received

AOA AOA error - AOA error - AOA error - AOA error - AOA error -
-ref Proposed- Proposed MUSIC MUSIC Interferometry
(deg) phase only Amplitude and phase only Amplitude and
phase phase

Before | After | Before | After | Before | After | Before | After | Before After

0 12 7 12 7 12 7 12 7 11.53 7.03
5 12 6 11 6 12 6 11 6 11.57 6.43
10 13 6 12 6 13 6 12 6 12.54 6.31
15 12 5 12 5 12 5 12 5 11.91 5.12
20 12 5 11 5 12 5 11 5 11.92 5.23
25 14 7 13 7 14 7 13 7 13.56 7.42
30 13 8 12 8 13 8 12 8 13.11 8.22
35 12 8 11 8 12 8 11 8 11.68 7.85
40 9 6 9 7 9 6 9 7 9.29 6.25
45 8 5 7 6 8 5 7 6 7.61 5.42
50 5 4 5 4 5 4 5 4 5.32 4.05
55 3 2 3 2 3 2 3 2 2.94 2.42
60 1 2 1 2 1 2 1 2 0.99 1.52
65 -1 0 -1 0 -1 0 -1 0 -1.13 0.14
70 -2 0 -2 0 -2 0 -2 0 -2.39 -0.01
75 -4 0 -3 -1 -4 0 -3 -1 -3.65 -0.31
80 -7 -4 -7 -4 -7 -4 -7 -4 -7.44 -4.09
85 -7 -3 -6 -3 -7 -3 -6 -3 -7.29 -2.72
90 -10 -5 -10 -6 -10 -5 -10 -6 -10.35 -5.14
95 -14 -8 -13 -8 -14 -8 -13 -8 -13.67 -7.58
100 -12 -5 -12 -6 -12 -5 -12 -6 -12.23 -5.28
105 -16 -9 -16 -9 -16 -9 -16 -9 -16.29 -9.38
110 -16 -9 -16 -9 -16 -9 -16 -9 -15.99 -9.35
115 -14 -8 -14 -8 -14 -8 -14 -8 -13.91 -8.26
120 -14 -10 -14 -10 -14 -10 -14 -10 -14.46 -9.85
125 -8 -7 -8 -7 -8 -7 -8 -7 -8.33 -6.74
130 -6 -7 -6 -7 -6 -7 -6 -7 -5.98 -6.53
135 -4 -7 -4 -7 -4 -7 -4 -7 -4.05 -6.55
140 -2 -7 -3 -7 -2 -7 -3 -7 -2.38 -6.54
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145 -1 -6 -2 -6 -1 -6 -2 -6 -0.89 -6.33
150 0 -6 -1 -6 0 -6 -1 -6 0.45 -5.80
155 1 -5 0 -5 1 -5 0 -5 1.46 -4.94
160 2 -4 0 -4 2 -4 0 -4 2.28 -4.12
165 2 -4 1 -4 2 -4 1 -4 2.36 -3.82
170 1 -5 -1 -5 1 -5 -1 -5 1.09 -4.85
175 0 -5 -1 -5 0 -5 -1 -5 0.38 -5.01
180 -3 -8 -5 -8 -3 -8 -5 -8 -3.47 -8.25
185 -8 -12 -9 -12 -8 -12 = -12 -8.12 -12.14
190 -10 -13 -10 -12 -10 -13 -10 -12 -9.56 -12.54
195 -11 -14 -12 -14 -11 -14 -12 -14 -11.45 | -14.09
200 -10 -11 -10 -10 -10 -11 -10 -10 -9.91 -11.20
205 -11 -12 -11 -11 -11 -12 -11 -11 -11.24 | -11.84
210 -10 -9 -10 -8 -10 -9 -10 -8 -9.64 -9.02
215 -9 -8 -9 -6 -9 -8 - -6 -9.19 -7.63
220 -9 -7 -9 -5 -9 -7 -9 -5 -8.73 -6.67
225 -8 -6 -8 -5 -8 -6 -8 -5 -8.02 -5.88
230 -7 -5 -7 -4 -7 -5 -7 -4 -6.80 -4.99
235 -5 -4 -5 -3 -5 -4 -5 -3 -4.72 -3.64
240 -1 -1 -1 -1 -1 -1 -1 -1 -1.34 -1.38
245 4 2 4 2 4 2 4 2 3.70 2.32
250 9 6 9 5 9 6 9 5 8.63 6.17
255 11 8 11 6 11 8 11 6 11.32 8.33
260 11 8 11 6 11 8 11 6 10.74 7.52
265 11 9 11 7 11 9 11 7 10.96 8.83
270 8 6 7 5 8 6 7 5 7.69 6.24
275 6 5 6 4 6 5 6 4 6.12 5.20
280 6 6 6 5 6 6 6 5 6.06 6.05
285 5 6 5 5 5 6 5 5 4.74 5.83
290 4 7 5 6 4 7 5 6 4.34 6.85
295 4 8 5 7 4 8 5 7 3.92 7.77
300 2 7 3 7 2 7 3 7 2.07 7.16
305 1 7 2 6 1 7 2 6 0.69 6.63
310 -1 6 1 6 -1 6 1 6 -0.54 6.08
315 -1 6 0 6 -1 6 0 6 -1.37 5.77
320 -2 6 0 6 -2 6 0 6 -1.70 5.75
325 -1 6 0 6 -1 6 0 6 -1.32 6.12
330 0 7 1 7 0 7 1 7 0.13 7.02
335 3 8 3 8 3 8 3 8 3.00 8.27
340 7 10 7 10 7 10 7 10 6.82 9.78
345 10 10 10 10 10 10 10 10 9.50 10.07
350 9 8 10 8 9 8 10 8 9.47 8.41
355 12 9 12 9 12 9 12 9 12.32 8.99
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4.4.2.3 IFA Antenna Array

The receiving mode method was used to generate the decoupling matrices for the
IFA antenna array. The Table 4-7 shows that the decoupling matrix is much more
angle-dependent for this non-isotropic type of antennas. The decoupling matrices
for four different angles are completely different from each other, therefore more
attention is needed when implementing mutual coupling compensation in practice.
The true angles are calculated using the receiving mode matrices as shown in
Table 4-8. In contrast to the transmitting mode method, the receiving mode method
shows considerable improvement in the true angle estimation. The maximum

estimation error after compensation is 1 degree for all direction-finding algorithms.

Table 4-7: IFA antenna array receiving mode decoupling matrix for different

incoming signals

15 Degree 120 Degree
1 —0.0863 + 0.6201i —0.5858 + 0.497i 1 —0.0921 — 0.0151i 0.0251 — 0.0631i
—0.1183 — 0.1478i 1 0.0798 — 0.0413i 0.0248 — 0.0411i 1 0.0282 — 0.0579i
—0.3754 — 0.0218i 0.1678 — 0.5364i 1 0.0081 — 0.0538i —0.0911 — 0.0257i 1
205 Degree 320 Degree
1 —0.0582 — 0.1163i —0.0583 — 0.1599i 1 0.0332 — 0.0044i 0.0042 —0.1233i
0.0122 — 0.0208i 1 —0.0387 — 0.1468i —0.047 — 0.1212i 1 —0.0614 — 0.1034i
0.0152 — 0.0163i —0.0124 —0.1113i 1 —0.0163 — 0.1331i 0.0237 — 0.0152i 1
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Table 4-8: AOA estimation error before and after receiving mode compensation for

IFA array
AOA- AOA error - AOA error - AOA error - AOA error - AOA error -
ref Proposed- Proposed MUSIC MUSIC Interferometry
(deg) phase only Amplitude and phase only Amplitude and
phase phase

Before | After | Before | After Before | After | Before | After | Before After

15 -2 1 -4 1 -2 1 4 1 -24 1.2415
120 -1 1 =il -1 -1 -1 1 -1 -1.38 -0.8
205 -4 1 -2 1 4 1 2 1 -3.8 0.53
320 -3 0 -1 0 -3 0 1 0 -3.12 -0.23

4.5 Comparison of Proposed Angle of Arrival Estimation
Algorithm for Different Antenna Array Geometries with

Mutual Coupling and Coupling Compensated

Multi-element antenna arrays were constructed on a 14 x 14 square conducting
surface with element spacing of 1/4 to compare the performance of the proposed
algorithm using different antenna geometries against the phase interferometry,
Bartlett and MUSIC AoA algorithms and to evaluate the improvement in angle
estimation by applying decoupling matrices. The receiver array was rotated at 10-

degree steps for the whole azimuth plane and the results are discussed below.
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4.5.1 5-element Circular Ring Array

A 5-element uniform circular antenna array (UCA) with element separation of 72

degrees was evaluated first. It was assumed that a single ray is impinging on the

receiver array and complex noise was added to the received signal. The signal to

noise ratio was kept at 0 dB.

5-ring-400MHz-Complex Noise, With MC and CC, SNR =0dB
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Figure 4-6: Performance Evaluation of the AOA Algorithms for a 5- element UCA

with Mutual Coupling and Coupling Compensated for a True Angle of 0 Degrees

The results obtained in Figure 4-6 show how the estimation error performance was

improved for the Interferometry, Bartlett and MUSIC algorithms. The interferometry

algorithm had estimation error which was removed after the decoupling matrix was

applied, and for the Bartlett and MUSIC algorithms the lobes sharpened after the

decoupling matrix was applied. The proposed algorithm showed superior
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performance with no side lobes and no estimation error occurred for this angle so
the estimation angle before and after the coupling compensation remains the

same.
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Figure 4-7: Performance Evaluation of the AOA Algorithms for a 5- element UCA

with Mutual Coupling and Coupling Compensated for a True Angle Of 0 Degrees

In Figure 4-7 another angle was evaluated to be a true angle and again it can be
seen that the estimation performance of the proposed algorithm is far superior to
any of the know AoA techniques. The performance of the proposed algorithm
remains unchanged after the application of the decoupling matrix as there were no
estimation errors and no side lobes however, the decoupling matrix does provide
improvement in terms of improved side lobes for Bartlett and MUSIC and removes

the angle estimation error in interferometry algorithms.
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Table 4-9: Performance Analysis of Five Element Circular Ring Array

Max. Error Max. Error
(Degrees) Without (Degrees) After Number of Numberof Number of
Coupling Coupling Angles Angles Angles
Compensation Compensation Improved Unchanged worsened
4 3 13 19 4

Performance Comparison of the Proposed
Algorithm for 5-Ring Clircular Array with Mutual
Coupling and Coupling Compensated

—8—5-Elements-MC —@—5-Elements-CC

Estimation Error
G A O N R O RN WA G

Angle of Arrival (Degree)

Figure 4-8: Comparison of the Performance of the Proposed Algorithm for a 5-
Ring Circular Array with Mutual Coupling and with Mutual Coupling

Compensated

From Table 4-9, the maximum angle error was 4 degrees for the proposed angle of
arrival estimation method when there was mutual coupling present between the
antenna elements. The maximum error was reduced by 1 degree by applying the
received mutual impedance decoupling method. The results for all the 36 angles

are listed in Table 4-10.
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Table 4-10: Angle Estimation Performance of the Five Element Circular Ring
Array with Mutual Coupling and with Coupling Compensated

5 Element Circular Ring Array

Without Coupling = After Coupling Error Wi_thOUt Error Atfter
AoA_REF Compensation Compensation Coupllng_ Coupllng_
Compensation Compensation
0 0 0 0 0
10 8 8 2 2
20 17 17 3 3
30 30 30 0 0
40 41 41 -1 -1
50 51 51 -1 -1
60 61 62 -1 -2
70 74 73 -4 -3
80 83 81 -3 -1
90 91 90 -1 0
100 99 99 1 1
110 109 108 1 2
120 121 121 -1 -1
130 131 131 -1 -1
140 141 140 -1 0
150 151 150 -1 0
160 163 162 -3 -2
170 172 170 -2 0
180 180 180 0 0
190 188 189 2 1
200 197 198 3 2
210 209 209 1 1
220 219 219 1 1
230 229 228 1 2
240 239 238 1 2
250 251 251 -1 -1
260 261 260 -1 0
270 269 270 1 0
280 277 279 3 1
290 286 287 4 3
300 299 299 1 1
310 309 309 1 1
320 319 319 1 1
330 330 330 0 0
340 343 343 -3 -3
350 352 352 -2 -2
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A total of 13 angles were improved out of which the error was reduced to O
degrees for 7 angles. In total for 24 angles the total error was reduced to 1 degree
or less. The other main benefit of the proposed algorithm which is also evident
from the results is that due to the sharper peaks average error for different power
thresholds is very less while on the other hand in the MUSIC algorithm, the
coupling compensation helps reduce the size of the lobes and make it sharper but
the average error is still greater than the proposed algorithm. This technique is
further tested using a 4—element circular ring array where the receiver elements
are placed at 0 degrees, 90 degrees, 180 degrees and 270 degrees in the azimuth
plane and in the level plane with the transmitter antenna. 1A x 1A square
conducting surface with element spacing of A/4 was used for the next simulations.
The total error performance comparison of this five-element circular ring geometry
with mutual coupling and with mutual coupling compensated is shown in Table

4-10.

4.5.2 4-element Circular Ring Array

A 4-element uniform circular antenna array (UCA) with element separation of 90
degrees was constructed. It was again assumed that only a single ray is impinging
on the receiver array and complex noise was added to the received signal. The
signal to noise ratio was kept at 0 dB as was for the previous experiment with 5-
element uniform circular array to provide consistency in the comparison results

between the different array geometries. The results obtained are discussed below.
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Figure 4-9: Performance Evaluation of the AOA Algorithms for a 4- element UCA

with Mutual Coupling and Coupling Compensated for a True Angle of 0 Degrees

The results obtained in Figure 4-9 show very similar results to those of the results
obtained for the 5-element array in Figure 4-6 for the true angle of 0 degrees that
the estimation error performance was improved for the Interferometry, Bartlett and
MUSIC algorithms. The interferometry algorithm had an estimation error which was
resolved after the decoupling matrix was applied, and for the Bartlett and MUSIC
algorithms the spectrum became more streamlined with smaller side lobes after the
decoupling matrix was applied. The proposed algorithm showed superior
performance with no side lobes and no estimation error occurred for this angle so
the estimation angle before and after the coupling compensation remains the

same.
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Figure 4-10: Performance Evaluation of the AOA Algorithms for a 5- element
UCA with Mutual Coupling and Coupling Compensated for a True Angle Of 180

Degrees

In Figure 4-10, 180 degrees was evaluated to be a true angle and again it can be
seen that the estimation performance of the proposed algorithm is very similar to
that of the 5-element array as shown in Figure 4-7 and far superior to any of the
other evaluated AoA techniques. The performance of the proposed algorithm
remains unchanged after the application of the decoupling matrix as there were no
estimation errors and no side lobes however, the decoupling matrix does provide
improvement in terms of narrower side lobes for Bartlett and MUSIC and removes
the angle estimation error in interferometry algorithm. The performance of the 4-
element array for all angles before and after the application of the decoupling

matrix is discussed next.
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Table 4-11: Performance Analysis of Four Element Circular Ring Array

Max. Error Max. Error
(Degrees) : Number of Numberof Number of
Without  (Degrees) After — p, 00 Angles Angles
Coupling Coupling Improved  ynchanged Worsened
Compensation Compensation
5 2 23 13 0

From Table 4-11 the maximum angle error in degrees was 5 degrees when there
was mutual coupling present between the antenna elements. The max error was
reduced by 3 degrees by applying the received mutual impedance based
decoupling method. Total 23 angles were improved out of which the error was
reduced to O degrees for 10 angles. All the angles after the mutual coupling
compensation had 1 degree or less estimation error. Figure 4-11 provides a good
visual understanding on the improvements in the performance of the proposed
estimator with mutual coupling present and compensated. It can be suggested
here that in the presence of complex noise and with an SNR of 0 dB angle error of

2 degrees is quite acceptable.

Performance Comparison of the Proposed
Algorithm for 4-Ring Circular Array with Mutual
Coupling and Coupling Compensated

——4 MC —e—4 .CC

Figure 4-11: Performance of the Proposed Algorithm for a 4-ring Circular Array
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A comparison between the estimation performance of the proposed algorithm with
a 5-element UCA and a 4-element UCA in the presence of mutual coupling and

after the application of the decoupling matrix is presented in Figure 4-12.

Performance of the Proposed Algorithm for Different
Array Geometries with Mutual Coupling and
Coupling Compensated

—8—4-Elements-MC —®—4-Elements-CC —@— 5-Elements-MC 5-Elements-CC

:/\ / /\/\ A W /ARa')
R \/u\\fm\/v ZM\W \0;\\;50 400

Angle of Arrival (Degree)

Estimation Error

Figure 4-12: Performance of The Proposed Algorithm for a 5-ring and a 4-ring

Circular Array with Mutual Coupling and with Mutual Coupling Compensated

It is clear from the results that the increased number of elements provided a higher
estimation accuracy when there was mutual coupling present between the antenna
elements but on the other hand once the degrading effects of the mutual coupling
were removed the angle estimation performance for both arrays is very similar with
the advantage of one less element in the array thus resulting is easier
implementation and lower cost as well as less processing. The detailed results of
all angles for a 4-element array with mutual coupling and with coupling

compensated are presented in Table 4-12.
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Table 4-12: Angle Estimation Performance of the 4-element Circular Ring Array
with Mutual Coupling and with Coupling Compensated

4 Element Circular Ring Array

Without After Coublin Error Without Error After
AoA_REF Coupling up! 9 Coupling Coupling
. Compensation I !

Compensation Compensation Compensation

0 0 0 0 0
10 7 9 3 1
20 16 20 4 0
30 28 32 2 -2
40 39 41 1 -1
50 51 50 -1 0
60 62 59 -2 1
70 75 71 -5 -1
80 83 81 -3 -1
90 90 90 0 0
100 97 99 3 1
110 106 109 4 1
120 118 121 2 -1
130 129 130 1 0
140 141 139 -1 1
150 152 148 -2 2
160 165 160 -5 0
170 173 171 -3 -1
180 180 180 0 0
190 187 190 3 0
200 195 200 5 0
210 207 210 3 0
220 219 221 1 -1
230 231 229 -1 1
240 243 239 -3 1
250 255 250 -5 0
260 263 261 -3 -1
270 270 270 0 0
280 277 280 3 0
290 285 290 5 0
300 298 302 2 -2
310 309 311 1 -1
320 321 319 -1 1
330 333 329 -3 1
340 345 341 -5 -1
350 353 351 -3 -1
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4.6 Conclusion

In this chapter, the mutual coupling effect on antenna arrays was discussed. It is
important to compensate this negative effect in direction finding applications.
Different mutual coupling compensation methods were introduced and the
implementation method was explained. The decoupling matrices using these
methods were then generated and applied to simulation data. After validating these
matrices by various direction-finding algorithms, compared to other methods, the
receiving mode method is easy to apply, requiring the same amount of calculation
and memory space as the open-circuit voltage method. In summary, per the results
provided by simulation the receiving mode decoupling method can provide more
improvements in terms of AOA estimation in situations requiring real-time

processing, such as adaptive direction finding.
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S. NOVEL RECONFIGURABLE

ELECTRICALLY SMALL ANTENNA FOR

ASSET TRACKING

The increase in demand of the wireless technology applications and the scarcity of
the microwave spectrum has caused a tremendous increase in the requirement of
new and efficient antenna design techniques. In a tracking system, it is ideal that
both the transmitter antenna and receiver arrays are small and discrete. In
practise, the tracking systems might employ more than one localisation solution
such as a combination of radio frequency (RF) and GPS thus greatly affecting the
available space for the antenna array as there will be a requirement of a GPS
receiver antenna. In addition to the small design the antenna must also provide
suitable and reliable performance. The lower frequencies are also of great interest
for the localization purposes because of their longer wavelengths but the design of
antennas for those frequencies poses a challenge because the conventional
techniques result in structures that are physically too big and thus integration of
those antennas into mobile devices with low profiles is very challenging. In this
regard the electrically small antenna have been regarded as a viable solution

[349-351] but the design of such antennas is challenging due to the limitations as
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described in [352] and then revisited in [349], the author in [353] also details the

limitations applicable on electrically small antennas.

In [354, 355] the authors have proposed miniaturized low profile antennas that
exhibit omni-directional radiation pattern with vertical polarisation. In [356] authors
have proposed low profile antennas that can be installed on automotive. An omni-
directional antenna radiation pattern is of paramount importance for applications
where the sensor deployment is random such as in localization applications and in
non-line of sight situations. Per [354] for line of sight or non-line of sight
applications the antenna with a vertical polarization is less prone to path loss. The
large wavelength at the low frequencies results in a high Q value and narrow
bandwidth for the electrically small antennas due to their compact size. Therefore,
an electrically small antenna with decent operational bandwidth for low frequency

applications is highly desirable.

Reconfigurable antennas are active antennas that has the capability to modify
their properties such as bandwidth, frequency, radiation pattern and polarization
according to the application needs [357, 358]. This frequency reconfigurability is a
beneficial trade in antennas for diverse applications, as it reduces the bandwidth
requirement, because the antenna does not have to operate on all frequencies
simultaneously thus improving the antenna functionalities without increasing the
size and design complexity [359, 360]. Other desirable features of frequency

reconfigurable antennas include low profiles and cost and their ability to be used
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for a range of applications making them highly desirable for modern wireless

systems [361].

Several works have been published where authors have achieved the frequency
reconfigurability by altering the antenna’s effective length by using methods such
as RF-Micro-Electro-Mechanical Systems RF-MEMS for the purpose of frequency
tuning [362-364]. In 11 the authors have employed varactor diodes to redirect the
surface currents, thereby producing a change in capacitance which in turn allows
for smooth frequency change, the use of RF-P-I-N diodes is another way for
achieving tuneable frequency bands as reported in [365-368]. The antenna
frequency reconfigurability using RF-MEMS exhibits lower loss and higher Q
factors in comparison with varactor and PIN diodes [369]. On the other hand, PIN
diodes have low cost, relatively high power handling capability, faster switching
speed, good isolation, low insertion loss and are easier to fabricate for optimal

performance [370]

The solution to the problem of limited bandwidth of the electrically small antennas
at low frequencies can be solved using the frequency reconfigurability if the
antenna does not have to operate at all frequencies simultaneously. It is a common
practice among telecom industry to have frequency reconfigurable antennas in the

mobile devices for worldwide connectivity.
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In this chapter, the design and implementation of an electrically small
reconfigurable low profile logarithmic spiral antenna for low frequency applications
is presented. The antenna exhibits an omni-directional radiation pattern. The low
profile, low cost and ease of manufacturing makes this antenna the best suited
candidate for localization applications. The antenna was designed using Computer
Simulation Technology and the prototype was built and tested using an anechoic

chamber.

The chapter is organized as follows. Firstly, in Section 5.1 the design and
implementation of the antenna is discussed followed by Section 5.2 which will
highlight the results of the antenna design including return loss and radiation

pattern. The chapter is concluded in Section 6.3

5.1 Antenna Design and Implementation

As the front-end of the wireless communication link, the antenna performance has
a huge impact on the system quality, e.g. link budget, direction finding accuracy,
etc. On the other hand, the antenna design need to consider the system
requirement, for example to meet the bandwidth requirement of the modulation
scheme and to qualify the polarisation and radiation pattern requirement of the
direction-finding algorithms. The antenna should be designed under consideration

of the entire integrated hardware devices and its possible working environment.
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Finally, a good antenna design should have long life, low power consumption, and
suitable to work under various environmental conditions.
The antenna design requirements for any localization system in general can be

summarised as below.

e Radiation pattern: Approximately omni-directional radiation pattern in the
azimuthal plane and wide beamwidth in the vertical direction.

e Input impedance: The input impedance should be well matched to the
source impedance over the whole bandwidth of operation, even in the
presence of detuning from the objects in the proximity.

o Efficiency: Able to achieve a high conversion of the input RF power into
radiation over the whole range of conditions of use.

¢ Manufacturability: Ease of manufacturing and low cost.

e Size: As small as possible, consistent with meeting the performance
requirements. Increasingly, the ability to fit into a consumer product of

acceptable size.

5.1.1 Antenna Geometry

The proposed antenna is designed using an FR-4 as a substrate with a thickness
of 1.6 mm, the substrate has a tangential loss of 0.02 and the relative permittivity
g, of 4.3. The geometry of the antenna is shown in Figure 5-1. The antenna is

comprised of two double sided printed boards.
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Figure 5-1: Geometry of The Proposed Antenna

The top of the first double sided printed board consists of multi arm logarithmic
spirals as shown in Figure 5-2 (a). The logarithmic spirals are preferred as these
geometries usually provide wider bandwidth when compared to thin strip square
spirals. The log-spiral multi-arm design has a total inner radius = 6 mm, and the
spiral progress is 0.26 with the increment angle of 5°. Each arm consists of 1.12

turns.

(a) (b)

Figure 5-2: (a) Top Layer with Multi Element Log Spirals (b) Matching Circuit with

Tuning Extensions
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The bottom layer consists of the matching circuit and the tuning extensions as
shown in Figure 5-2 (b), the total diameter of the substrate is D = 72 mm. The total
length of the matching circuit is Ls = 25 mm and the length of the tuning extension
circuit is Lt = 11 mm as shown in Figure 5-3. The matching strip width on the
bottom of the substrate is s1 = 1 mm, and the width of the parallel matching stubs
s2 = 0.5 mm. The shorting vias are used to connect the logarithmic spirals to the
matching circuit and the shorting pins are used to connect to the ground plane.
There are total 4 shorting vias and 4 shorting pins. The total height of the antenna

ish =16 mm.

D =72mm

L

< s >
Shorting VIA

L

RF

Feeding ———@ o L
int
oIn

st Tuning
DC Block [ Extensions

h 1521 Capacitor

C1

Matching
Stubs

Shorting Pin ——

Figure 5-3: Matching Circuit with Tuning Extensions

PIN diodes are added between the tuning extensions and the tuning extensions

are then connected to the tuning circuit on the bottom of the second double sided
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printing board which is also made of FR-4 substrate and has copper ground plane
on the top side as shown in Figure 5-4(a) and the tuning circuit on the bottom as
shown in Figure 5-4 (b). The tuning circuit is then used to provide the 3V DC
voltage to turn the diodes ON/OFF thus changing the current distribution and

allowing for frequency reconfigurability.

(a) (b)
Figure 5-4: (a) Antenna Mounted on The Ground Plane (b) Tuning Circuit

5.1.2 Design Methodology

The addition of the tuning extensions causes a change in the total matching circuit
and thus results in new resonant frequencies which is very useful because at lower
frequencies with higher wavelengths and electrically small antenna designs the Q
values are high thus very small bandwidths. The frequency reconfigurability
provides the added advantage of extra bandwidth for the antenna designs working
in lower frequency bands. The total size of the proposed antenna is 1/43 and the
resonant frequency is 400 MHz. The addition of the tuning circuit does not affect

the antenna’s fundamental frequency. Various steps that were adopted for the
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design and optimization of this antenna are illustrated in a way of a flow chart in

Figure 5-5.

Determination of Initial Antenna Parameters
(Size =D,h)

|

Initial Design of the Log Spiral Antenna with 50-Q) feeding Line

||

Tuning the spiral progression using CST to optimise for operating
Frequency

||

Determining the matching circuit

|

Introducing the RF switches and capacitors

|

Simulation of the antenna design for bandwidth, return loss
and radiation pattern using CST

1

Optimization of the Antenna for frequency reconfigurability
based on simulated results

Figure 5-5: Antenna Design Methodology

5.1.3 Switch Design

To implement the electronic frequency reconfigurability, PIN diodes were used to

replace the ideal shunt switches. PIN diodes are ideal for this antenna design due
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to their small size, high reliability, fast switching speed and negligible capacitance
and resistance in the OFF and ON states. The circuit diagram of the PIN diode

acting as a shunt is shown in Figure 5-6

Zo

Figure 5-6: PIN Diode as A Shunt

The ON/OFF states equivalent circuits of the PIN diode based on Figure 5-6 are
illustrated in Figure 5-7 (a) and (b); where L, and C; define the packaging effect
values while the rest of the components model the electrical properties for the PIN
diode junction in (a) OFF (b) ON states.

Ry

Figure 5-7: PIN Diode as A Shunt
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The circuit diagram of the electrical tuning circuit is illustrated in detail in Figure

5-8.

®

O1)
\/ C1 = Capacitor
D4

DS D1 = PIN Diode 1
D2 = PIN Diode 2
D3 = PIN Diode 3
D4 = PIN Diode 4
D5 = PIN Diode 5
R1 = Resistor 1
R2 = Resistor 2
R3 = Resistor 3
R4 = Resistor4
R5 = Resistor 5
K1 = RF Choke 1
L1 L2 L3 L4 LS L6 K2 = RF Choke 2
K3 = RF Choke 3
K4 = RF Choke 4
K5 = RF Choke 5
DC1 = DC Supply
G = Ground Plane
L1 = Shorting Pin

D2 D3

G
a D1

+ k2 7T AN Pt Jl L2 =Tuning Pin
G K1) (1) K1) Kall ) KSC L3 = Tuning Pin
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L5 = Tuning Pin
L6 = Tuning Pin
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Figure 5-8: Antenna Tuning Circuit

5.2 Results and Discussions

The simulations of the reconfigurable antenna with the PIN diodes was carried out
to achieve an agreement between the simulated and measured results. The
simulations were carried out using the CST Microwave Studio Design Suite.

Return loss, radiation patterns and antenna gain were simulated and the values

were then checked against the measurement results obtained using the prototype
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antenna measured in an anechoic chamber with the HP 8510C network analyser.

Both the simulated results and measured results show great agreement.

5.2.1 Reflection Coefficient

The possible switching states that can be obtained using the five PIN diodes are
summarised in Table 5-1. The diodes provide the antenna tuning over a band of
390 MHz — 415 MHz. CST design studio was used to first evaluate impedance
bandwidth (for Si1 < -10 dB) for the five basic states with one diode ON and the
remaining diodes in the OFF state. Similarly, the prototype antenna was analysed
the network analyser to validate the results S;; for the same setup. The simulated
results are presented in Figure 5-9 (a) and the measurement results are presented

in Figure 5-9 (b).

Table 5-1: Possible Frequency Reconfiguration Combinations for the Proposed

Antenna Design

SEQUENCE | DIODE 1 DIODE 2 DIODE 3 DIODE 4 DIODE 5
1 ON OFF OFF OFF OFF
12 ON ON OFF OFF OFF
13 ON OFF ON OFF OFF
14 ON OFF OFF ON OFF
15 ON OFF OFF OFF ON

123 ON ON ON OFF OFF
124 ON ON OFF ON OFF
125 ON ON OFF OFF ON
134 ON OFF ON ON OFF
135 ON OFF ON OFF ON
145 ON OFF OFF ON ON
1234 ON ON ON ON OFF
1245 ON ON OFF ON ON
12345 ON ON ON ON ON
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2 OFF ON OFF OFF OFF
23 OFF ON ON OFF OFF
24 OFF ON OFF ON OFF
25 OFF ON OFF OFF ON
234 OFF ON ON ON OFF
245 OFF ON OFF ON ON

2345 OFF ON ON ON ON

3 OFF OFF ON OFF OFF
34 OFF OFF ON ON OFF
35 OFF OFF ON OFF ON
345 OFF OFF ON ON ON

4 OFF OFF OFF ON OFF
45 OFF OFF OFF ON ON

5 OFF OFF OFF OFF ON

It

can be seen from Figure 5-9 (a) that the return loss for all the resonant

frequencies is better than -20 dB. In the corresponding Figure 5-9 (b) it can also be

seen that the return loss for all resonant frequencies is again better than -20 dB

with minor differences which can be attributed to the fabrication error. Thus, both

the simulated and the measured results are in good agreement.

Reflection coefficient (dB)
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Figure 5-9: (a) Simulated Reflection Coefficient (b) Measured Reflection
Coefficient
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The prototype antenna is shown in Figure 5-10 (a) and the measured return loss
for six different states is presented in Figure 5-10 (b) with no diode, with diode 1
ON only, with diode 1 and 2 ON, with diode 1 and 3 ON, with diode 1 and 4 ON
and with diode 1 and 5 ON, all the results show the reflection coefficient to be

better than -20 dB.

.....
o

Measurement
Diode1-5
-------- Diode1-4
Diode1-3
........ Diode1_2
Diode1

........ No diode

Reflection Coefficient (dB)

5
370 380 390 400 410 420 430 440 450
Frequency (MHz)

@) ®)

Figure 5-10: (a) Prototype Antenna (b) Measured Return Loss Using Diode
Combinations

5.2.2 Radiation Pattern

The normalised radiation pattern of the antenna at 400 MHz is shown in Figure
5-11, from which the radiation pattern of the antenna in the H-plane is omni-
directional, while in the E-plane the antenna exhibits a radiation pattern that looks
like a figure-of-eight. Due to the small ground plane size of the antenna for the 400
MHz resonant frequency the cross-polarization level decrease by 5 -10 dB from the

co-polar level, the antenna has a measured gain of 0.3 dB and the simulated gain
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of 0.5 dB. In Figure 5-11 the E.co and E-x represent the co-polarization and cross-

polarization characteristics, respectively.

420MHz

~~~~~~~~~~~~

Figure 5-11: Measured Radiation Pattern of the Prototype Antenna in E-Plane

and H-Plane Co polarization and Cross polarization

The Figure 5-12 represents the radiation patterns in the electrical and magnetic
field planes for different frequency points achieved by using the PIN diode
combinations. These radiation patterns indicate that the designed prototype
antenna meets the objectives of the designs for an electrically small
reconfigurable antenna that is well suited for the tracking system integration with

25 MHz bandwidth.
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Figure 5-12: Measured Radiation Pattern of the Prototype Antenna for Various

Operating Frequencies
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5.2.3 Gain

The proposed antenna has a simulated gain of -3 dB and measured gain of -5 dB.
The variation in the result can be attributed to the non-ideal absorbers and the

coaxial cable length in the anechoic chamber.

5.3 Conclusion

A new miniaturized low profile reconfigurable antenna design is presented. The
antenna has a low profile (16mm) and a compact size (diameter = 72 mm) and
provides a vertical polarized monopole like the omni-directional radiation pattern.
The use of the log-spirals in the design allows for the sensor structure to provide
better performance and a wide band and is very suitable for TETRA wideband and
wideband VHF/UHF frequency applications. The antenna has a sufficient gain and
provides considerable efficiency with a small finite ground plane making it a very
suitable choice for applications that require antenna surface mountings with size

constraints.
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6. MEASUREMENT RESULTS FOR THE
PROPOSED ANGLE OF ARRIVAL
ESTIMATION TECHNIQUE EMPLOYING AN
ARRAY OF PROPOSED ELECTRICALLY
SMALL RECONFIGURABLE MULTI-ELEMENT
ANTENNA

6.1 Introduction

After simulating the proposed angle of arrival estimation design for various antenna
geometries under different environments using different radiators i.e. monopole
and inverted F antenna (IFA) based arrays, it is now necessary to test the
performance of the proposed algorithm described in Chapter 3, with an antenna
array consisting of the proposed antenna detailed in Chapter 5 to get a good

agreement between the simulated results and the measured results.

6.2 Simulation Setup 4-Ring Circular Array

Different antenna array geometries were constructed using the prototype antenna.
The first array geometry was a ring of 4 elements arranged in a uniform circular
array (UCA) with inter-element spacing of 1/4 at an operating frequency of
400MHz and elemental separation of 90 degrees using a circular finite ground
plane of 1m x 1m A 400 MHz log periodic reference antenna was used as a

transmitter for the measurements. The measurement setup is summarised for the
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4-element UCA in Table 6-1 and shown in Figure 6-1 The real and imaginary
values obtained from each antenna were then imported into MATLAB to perform

the digital signal processing (DSP).

Table 6-1: Measurement Parameters for the 4 — Elements Uniform Circular Array

Parameter Value
Number of Elements 4
SNR 0dB
Antenna Spacing A4
Number of Snapshots 100
Noise AWGN

Figure 6-1: Simulation Setup for Prototype Antenna Array Testing
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6.2.1 Results and Discussion

In the measurements, the receiver array was rotated at 10-degree step size for the
whole azimuth plane of 360 degrees and the results were captured and processed.
Figure 6-2 shows the angle estimation performance of the four algorithms for the
angle of arrival reference or true angle of 0 Degrees. The Bartlett algorithm

produced enormous side lobes and the resolution is not good.

4 Elements UCA, Frequency 400MHz, Spacing = lambda/4

AOA =0
1‘:‘ T T
——AOA-REF
Interferometry
L — Bartlett
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o
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o
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=
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0 L L L L L L L
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Angle of Arrival (Degrees)
Figure 6-2: Performance Comparison Using 4-element UCA for True Angle of 0

Degree

Even though all algorithms could resolve the true angle with 1 degree error only the
proposed algorithm produced a very fine peak. For the interferometry algorithm, it
has been seen during simulations in Chapter 3 that the estimator has an

acceptable performance when there is a finite ground plane available which is
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visible from Figure 6-2. Performance of the angle estimation algorithms is plotted
for another true angle of 180 degrees in Figure 6-3: and again, pretty similar results
are obtained where the proposed algorithm produces a very fine peak in the
direction of the true angle whereas the Bartlett algorithm and the MUSIC algorithm

have very wide side lobes.

4 Elements UCA, Frequency 400MHz, Spacing = lambda/4
AOA =180

——AOA-REF
Interferometry
— Bartlett
—MuUsIC
—Proposed

Normalised Power

0 50 100 150 200 250 300 350
Angle of Arrival (Degrees)
Figure 6-3: Performance Comparison Using a 4-element UCA for a True Angle of

180 Degrees

The overall comparison of all algorithms for all 36 angles in the azimuth plane is
presented in Figure 6-4 and the performance of all algorithms is quite similar

except for some angles where interferometry algorithm has shown a big angle error
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performance and that is because of the angle ambiguities caused by the number of
elements present in the antenna array are not sufficient to completely resolve the

angle for the interferometry algorithm as discussed in Section 3.4.5.

Performance Comparison of 4-Ring UCA
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Figure 6-4: Performance Comparison Using a 4-element UCA for the Whole

Azimuth Plane

From the measurement results obtained for the 4-element array the performance
advantage of the proposed algorithm is quite clear. The proposed solution with its
advantage of sharper peaks and quite reliable estimation performance makes this
algorithm a better choice for applications that require information regarding the

source angle of arrival.
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The angle estimation performance comparison between the simulated results and
the measured results are presented in Figure 6-5. The results show that even
though the measurement error was a little higher than the simulated but it is within
acceptable limits without any sort of addition digital signal processing for a 4-

element array with a quarter wavelength spacing.

Performacne Comparison of 4-Elements
UCA in Simulation and Measurement
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Figure 6-5: Performance Comparison of 4-element UCA for the Whole Azimuth

Plane Using Simulated and Measured Data

Next the performance of the proposed algorithms was compared using multiple
impinging rays. From Figure 6-6 the proposed algorithm, Bartlett and MUSIC
algorithms could closely resolve the two incoming rays while the Interferometry

algorithm completely failed to estimate the true angle.
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Up to this point it has been shown how all the algorithms could resolve the correct
angle for a single source. Next it will be shown how the performance of these

algorithms relate under power thresholds.

4 Elements UCA, Frequency 400MHz, Spacing = lambda/4
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Figure 6-6: Performance Comparison Using a 4-element UCA for Multiple

Received Rays

6.3 Average Error Performance Comparison Using Restricted

Power Threshold

To verify the performance of the proposed method and to compare it against the

widely-accepted MUSIC and phase interferometry algorithms the results from the
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same 4-element array were used. The performance of these algorithms was
compared using the power threshold limits. The results suggested that the wider
side lobes produced by the MUSIC algorithms cause the estimator to result in more
than one true angle of arrival estimation thus the total average error increases and
thus reducing the performance efficiency. For all three threshold levels of 0.25%,
0.50% and 0.75% the phase interferometry technique outperforms the super

resolution techniques.
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6.4 Simulation Setup 3-Ring Circular Array

The second array geometry was a ring of 3-elements arranged in a uniform circular
array (UCA) with inter-element spacing of 1/4 at an operating frequency of
400MHz and elemental separation of 120 degrees using a circular finite ground
plane of 1m x 1m. A 400 MHz log periodic reference antenna was used as a

transmitter for the measurements. The measurement setup is summarised for the
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3-element UCA in Table 6-2 The real and imaginary values obtained from each
antenna were then imported into MATLAB to perform the digital signal processing

(DSP).

Table 6-2: Measurement Parameters for the 3 — Elements Uniform Circular Array

Parameter Value
Number of Elements 3
SNR 0dB
Antenna Spacing A4
Number of Snapshots 100
Noise AWGN

6.4.1 Results and Discussion
In the measurements, the receiver array was rotated at 10-degree step size for the
whole azimuth plane of 360 degrees and the results were captured and processed

and are shown in Figure 6-8.
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The pattern of estimation algorithms remains consistent where Bartlett, MUSIC and
Proposed algorithms have consistent performance but interferometry algorithms

suffers from degraded estimation performance.

When compared with the 4-element UCA the 3-element presents a higher error.
This error is still within acceptable levels depending upon the application type and

the design cost constraints.
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Figure 6-9: Performance Comparison Using 3 and 4-element UCAs for the

Whole Azimuth Plane
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6.5 Conclusion

The performance of the antenna array consisting of 4 elements and 3 elements of
the proposed sensor was measured using the anechoic chamber and the angle of
arrival estimation algorithms were applied and compared. The results showed that
the proposed direction of arrival estimation scheme provides very sharp peaks in
the direction of the source which in turn improves the overall average estimation
error at low power levels. The other algorithms suffer from big side lobes which at
low power levels result in the estimation of multiple angles and increase average

estimation error.
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7. ORTHOGONAL FREQUENCY DIVISION
MULTIPLEXING SCHEME FOR ANGLE OF

ARRIVAL APPLICATIONS

7.1 Introduction

With the advancements in wireless communications the number of applications
requiring the knowledge of the number and location of the sources is growing
rapidly. In the world of array signal processing the primary technique supporting
these applications is Angle of Arrival estimation through antenna array [371]. In
AOA algorithms, the bearing between the receiver and the transmit signal source is
determined based on the angle of the incoming signal. The multipath fading effects
of the of the environment such as Doppler shift [372], signal attenuation and low
values of signal-to-noise ratio make the process of detection of the signal source
extremely difficult [373]. In cases where there is a LOS signal present the problem
lies in the separation of the true line of sight signal from the delayed and
overlapped replicas arriving at the receiver and the addition of noise further
complicates the process. All these problems make it extremely difficult to detect the
LOS signal with absolute certainty. To improve the detection of the LOS
component the resolution of the channel response in time domain requires

enhancement to resolve for paths and enhance the estimation accuracy of the
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AOA algorithm. In several scenarios if the wideband system is employed it
mitigates the negative effects of the multipath and in turn improve the ability of the
localization system to successfully resolve the paths. Majority of the AOA
estimation techniques are narrowband estimators. However, the extended versions

of these algorithms can be applied to wideband scheme.

This chapter presents a coded OFDM system to be used in the application of
localization systems. In a practical wireless transmission, the spectral response of
the channel is not flat. The spectral response has nulls present in it which are
caused by the reflected signals. These reflected signals cannot only cause the
certain frequencies to be cancelled at the receiver but can also result in deep fades
in the received signal strength if they arrive at the receiver with the same power as
that of the direct signal and destructively interfere. In a narrowband transmission,
the entire signal can be lost if the null is present in the frequency response at the
transmit frequency. By employing a wideband signal, complete signal loss can be
avoided. Another solution to complete signal loss is to split the transmission into
many small narrowband carriers by using Orthogonal Frequency Division
Multiplexing (OFDM). In such a transmission scheme, multiple carrier frequencies
can be used to digitally encode the data. This results in the transformation of the
frequency selective channel into several flat fading channels [374]. Any loss of data
can be prevented by using coded OFDM in which forward error correction (FEC)

codes can be applied to the signal before transmission.
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Moreover, as explained earlier, the received signal at the receiver consists of direct
line of sight (LOS) signals and non-line of sight (NLOS) signals caused by the
reflections from the scatterers present in the propagation path between the
transmitter and the receiver. These reflected signals arrive at the receiver with a
delay due to the difference in the path length travelled and the received energy is
spread in time which is referred to as channel delay spread. The channel delay
spread can be described as the time between first and the last significant multipath
signal arriving at the receiver. This delay spread is responsible for the inter symbol
interference (ISI) in the digital wireless communications. The inter-symbol
interference occurs when a delayed multipath signal overlaps the following
symbols. One method to reduce the ISl is to divide the bandwidth into several sub

channels by using OFDM.

This chapter is arranged as follows: Section 7.2 provides the mathematical model
for the orthogonal frequency division multiplexing scheme that can be employed for
the angle of arrival estimation followed by Section 7.3 which describes the
simulation model. Results and discussion are presented in Section 7.4 followed by

the conclusion in Section 7.5

7.2 Mathematical Model for Orthogonal Frequency Division Multiplexing

(OFDM) For Angle of Arrival Estimation

Assume the broadband impulse channel response is given by
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n ) 7-1
hr)=Y e’ S -1, ()
k=1

Apply an input signal:
ft.o)=e" (7-2)

Then the output can be simplified to the following:

st,0)= 3 agel¥ eI N (7-3)

k=1

This alternatively can be given by:
(7-4)

st,w)=e/™ Y ape’% e % =/ U(w)
k=1

Extend U(w) over baseband bandwidth B (shown in Figure 1) for N frequency

samples, then the it" frequency sample might be expressed by:

f= B (DA =B (i~ D =B (14 (—T)22 (7-5)
where
NAS = B (7-6)
B2 B2

Figure 7-1: Assumed bandwidth range

The sampling time can be stated as follows:
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L = E , hence Ar = l (7-7)
2 B

2At
Thus, the minimum sampling frequency assumed by:

1 22§:B (7-8)

The it" uniform frequency sample of U(w) can be given by:

y . / 27f, 7-9
U(zﬂf;) = Z ake/me*ja)rkesz,m,k ( )

k=1

7.3 Simulation Model

The wireless propagation simulation software Wireless Insite by Remcom is utilised
in this study as it can provide the most realistic simulation model for real life
wireless propagation. It is an electromagnetic simulation tool that helps predict the
propagation behaviour of electromagnetic waves in the presence of objects with
different electrical properties. The propagation scenario used in this work is of
Ottawa city in Canada available from Remcom which can be classified as an urban

environment as shown in Figure 7-2.
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Figure 7-2: Study Area for OFDM

A 3-element array of ideal dipoles spatially distributed in the azimuthal plane with
angular separation of 120 degrees at known locations with inter-element spacing of
A3 was used to receive the electromagnetic field propagating from the far field
transmitter. The output of each element in the antenna array was then used to
calculate the angle of arrival. The receiver array and the far field transmitter lie in
the same plane so only azimuthal angle calculations were done. Complex
Gaussian noise uncorrelated from the signals was added to each element of the
array. The IFFT was applied to the received channel transfer function to acquire
the impulse response with 10 multipath including the LOS path over the desired
band. Each impulse in the frequency range was assigned an AOA and the AOA
assigned to the impulse with the highest amplitude was the true bearing angle. The
phase adjustments were done on the received components to account for the
antenna position within the array so that the impulse response is in line with each

receiver channel. The dominant impulse from all received channels was then

161



passed to the narrow band angle of arrival estimation technique and the

performance is evaluated in terms of AOA estimation error

5.2 Results and Discussion

The results from two different array types, 1) 3-element uniform circular ring array
with element spacing of 120 degrees and 2) 5-Elements uniform circular array with
an element spacing of 72 degrees are presented for available bandwidths of TMHz

and 10 MHz.

Figure 7-3: Multipaths travelled by the transmitted signal

The Figure 7-4 (a) shows the results for the 3-element UCA where the
transmission is split into small narrowband carriers using 1 MHz and b) where the
transmission is split using 10MHz for the total of 11 carriers. It is to be noted that
there is noise and multipaths presents in the system and the resultant frequency
domain and time domain results are close to the true AoA for most carriers but still
not sufficient enough clarity to deduce the true AoA. To further improve the

performance, the same experiment was repeated with a 5-element UCA.
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Figure 7-4: 3-element Circular Ring Array using OFDM

The results obtained in Figure 7-5 clarify the usefulness of the transmission
division into narrowband carriers and show how all carriers are in sync with using
either time or frequency domain estimation technique. It can also be seen that by
increasing the bandwidth as in Figure 7-5 (b) any minute errors present between

the time and frequency domain estimation were also resolved.
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Figure 7-5: 5-element Circular Ring Array using OFDM
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7.4 Conclusion

In this chapter, a multi carrier modulation scheme is evaluated for use in
localization systems. OFDM can provide many suitable solutions which the single
carrier modulation scheme or the FDM scheme cannot provide. The ability of the
OFDM systems to combat multipath make them the most suitable scheme for
angle of arrival estimation. The higher time resolution and the higher number of
array elements makes it easier to place decisions on the true angle of arrival
estimation. In such systems, however for accuracy an assumption must stand that
there is a line of sight present between the transmitter and receiver and there will
always be a dominant ray present. If this assumption is to be taken out of the
equation, then further processing must be applied to cater for non-line of sight
(NLOS) scenarios and this can include having a memory bank based on previous
calculations to calibrate the localization system in case a sudden dominant NLOS

component appears.
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8. CONcLUSION AND FUTURE WORK

8.1 Conclusion

An in-depth analysis of the techniques involved in the angle of arrival estimation for
several antenna configurations and different scenarios for both narrowband and
wideband spectrum estimations were presented. This type of work has high
significance in military applications, patient tracking and in providing the location
based services to the continuously growing community of mobile users. A new
signal subspace based algorithm is designed, implemented and testes using both
simulation and measurement models and has shown an improved performance as
compared to any of the previously proposed algorithms. In addition, a new and
novel miniaturized reconfigurable logarithmic spiral antenna with improved
bandwidth performance and reconfigurable frequency bands is designed,
implemented and tested using multiple element arrays measure the performance.
The results suggest the proposed antenna is highly suitable for localization
systems that have size constraints for the antenna array implementation, cost
constraints and require reliability and is also suited for mobile wireless devices that
require antenna surface mounting. Also, the degrading effects of the mutual
coupling on antenna arrays was studied and the procedures were detailed to
deduce the decoupling methods which were then applied to different data sets and
the performance of the AoA algorithms was evaluated before and after the mutual

coupling compensation, Finally an OFDM based transmission scheme was
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evaluated by dividing the whole transmission into narrow band carriers which is
suitable for AoA estimation systems and is capable of negating the multipath
effects of the channel and improve estimation accuracy. A brief thesis summary is

presented below.

8.2 Thesis Summary

Chapter 2 — A detailed review of the location based services and their applications
both in public and private sector was presented. Location based services have
found its place in the next generation wireless communication system applications
such as tracking, health, navigation etc. The chapter also presents the
infrastructure model for both indoor and outdoor LBS. The existing localization
techniques were also reviewed and solutions were presented to improve the

existing localization applications and techniques.

Chapter 3 — Mathematical background on the antenna arrays and angle of arrival
estimation techniques was presented. A novel high-resolution direction of arrival
estimation algorithm based on the signal subspace decomposition has been
presented with the core idea of finding the difference between the maximum
absolute value of the pseudo-spectrum and the absolute value of the pseudo-
spectrum thus minimizing the denominator and producing larger peaks in the

direction of arrival of the incoming signal. The proposed method exploits the signal
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subspace with array steering vector as opposed to the MUSIC algorithm that
exploits the noise subspace with array steering vector. The proposed algorithm has
been tested and evaluated using different criteria and has shown great potential to

be employed as the next generation localization technique.

Chapter 4 — The degrading effects of mutual coupling on antenna array elements
were discussed. Two methods of mutual coupling compensation namely the
conventional mutual impedance method and the receiving mutual impedance
methods were discussed and evaluated. Based on these methods, decoupling
matrices were generated and applied to the simulation data. The results showed
that receiving mutual impedance method is easier to implement with the same
computational complexity as that of the conventional mutual impedance method
and has better results and is a better fit for application requiring real time

processing.

Chapter 5 — In this chapter the design and implementation of a novel
reconfigurable electrically small antenna for wideband UHF frequencies is
presented. The antenna design makes use of the logarithmic spirals with biased
components and has considerable stable gain and efficiency with a small ground
plane making it a suitable candidate for surface mounting on tracking devices
which has size constraints. The performance of this antenna in terms of reflection

coefficient, radiation pattern and gain were presented which show the suitability of
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the antenna for localization applications with reconfigurable bandwidth, omni-

directional radiation pattern, vertical polarisation and small size.

Chapter 6 — In this chapter the performance of the antenna array consisting of 4-
elements and 3-elements of the proposed sensor was measured using the
anechoic chamber and the angle of arrival estimation algorithms were applied and
compared. The results showed that the proposed direction of arrival estimation
scheme provides very sharp peaks in the direction of the source which in turn
improves the overall average estimation error at low power levels. The other
algorithms suffer from big side lobes which at low power levels result in the

estimation of multiple angles and increase average estimation error.

Chapter 7 — A multicarrier modulation OFDM based system is evaluated to be
used for angle of arrival estimation. The channel characteristics received from the
electromagnetic propagation software were converted into time domain using IFFT
and spread across the desired band using subcarriers making the system more
robust against multipath effects. The time resolution provided by the wideband
transmission improved the angle estimation accuracy. The comparison between
the time domain and frequency domain estimation is presented and how the

bandwidth made an effect on these estimations.
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8.3 Recommendations for Future Work

As the topic of source localization is quite wide spread and the market demands
are ever growing there is always a margin for improvement. Some of the topics that

can be of interest for further research are listed below.

o As most this study was comprised around receiver antenna arrays it was
shown in Chapter 4 that received mutual impedance method calculated for one
angle helps reduce coupling error in majority of angles but this can be extended
further to develop a single mutual coupling compensation method that can be

applied to all angles.

o The proposed angle of arrival estimation algorithm can be used to test the
performance of angle of arrival estimation with more antenna geometries and can

be enhanced to include 3D angle of arrival estimation.

o Another important piece of work that is presented in Chapter 7 is the multi
carrier modulation scheme of OFDM for angle of arrival estimation. This work using
the proposed technique can be enhanced and further improved by adding space
time coding, improved channel estimations, frequency offset estimations, path loss

estimations and channel compensation techniques.
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Abstract: In this work we present the angle of arrival
estimation techniques and their comparison at different values
of SNR using a § element UCA. The techniques that have been
considered include phase interferometry, Multiple Signal
Classification and covariance. The results show that for very
low values of SNR the performance of the covariance matrix
based algorithm is the best but for slightly higher values of
SNR, MUSIC algorithm outperforms covariance.

Index Terms- Angle of Amval, Interferomeny, MUSIC,
Covanance, Localizaton

L INTRODUCTION

The evolution of the wireless sensor networks and the
necessity of connectivity to the physical environment in an
absolute frame through different localization techmques has
found wide spread applications in a vanety of fields [1]. The
data that 15 gathered for these applications 15 useless without
the position information of the comesponding node. The
position information can be denved either by using the
Global Posiioning System or by having some reference
nodes [2]. However the requurement of LOS between the
node and the satellite puts a constramnt on the use of GPS
signal for localization in harsh wban environments or mdoor
environments [3].

Due to the limited effectiveness of GPS signal many
applications like emergency response, tracking and
momitoning requure assistance using the hand placed
reference nodes or beacons which allow the unknown nodes
to localize themselves [4]. There are two existing
approaches to localization which can be charactenzed as
range based and range free [5]. Mostly the techmiques m
practice are range based e.g. received signal strength (RSS)
[6], Time of Amval (TOA), Time Difference of Amwval
(TDOA) [7] and the angle of amval based techniques [8].
The angle of amval can be determuned using different
approaches like phase interferometery, covanance, Music
andpostproceaingmed:od.lﬂeCI_EANp] Angle of
amval calculations requires the knowledge of the angle of
the mward bound signal in order to resolve the beanng
between the recerver and the transmutter. But these
algonthms and localization techniques mn general raise many
challenges from the perspective of DSP they should provide
highly resolved parameters under different application
specific and propagation channel conditions. In this work we
present the comparative study of phase interferometry,
Multiple Signal Classfication (MUSIC) and Covanance
based algonthms.
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I Estimation Techniques

Any algonthm that 15 to use for the localization
1) Interferometry

This technique makes use of the pnincipal that the incomuing
plane wave with some angle of amval wall be received first
1n ime by one of the elements as compared to the rest of the
elements due to the different path lengths which results m
the phase difference between the received signals.

2w
Aw = (T) dsinf (l)
Where, & represent the angle of elevaton. The phase
difference 15 then compared to the reference phase
difference for the localization amay at each wavelength and
locates the pomt of maximum cormrelation which comresponds
to the angle of the amving signal

Figure 1: Correlative Interferometry

1) MUSIC

MUSIC algonthm makes use of the covanance mamx by
decomposing it into its comesponding eigenvectors and
eigenvalues n order to estimate the dwection of amval
based on the orthogonality principle of the noise and signal
subspaces. For this purpose the first assumption 15 that the
covanance matnx 15 mnvertible (Non-singular). Where we
can represent the eigenvectors with large eigenvalues as M
and call them signal sub space and eigenvectors with lower
eigenvalues can be represented by N and call them the noise
subspace. Mathematically;



Ry = 2(‘;11 epe =UAUg+ UyAyUs @

By wnting the values of EK eigenvectors we can define the
MUSIC pseudo spectrum as;

1
Prustc (6) = a(6)*ExEza(8) 3
L  SystemDesign

A umform circular amay of five 15otropic antennas spatially
distnibuted at known locations as shown m Figure 2 15 used
to capture a propagation electromagnetic field and the output
of the aray elements 15 used to resolve the field for angle of
amval estimation. It 15 assumed that the recening amay and
the far field transoutter Lie in the same plane and the
complex Gaussian samples of noise are also considered to
be uncomrelated from the mcomung signals at each element
constituting the receiver amay.

Figure 2: Five element ring array

The elements are evenly distnbuted 72 degrees apart in the
azimuth plane. Inter element spacmng 15 set to Lamda/4
where lambda 15 the wavelength at the camer frequency of
400MHz.

Signal 15 transmutted towards the receiver amray from the
transoutters at known positions with regular azamuthal and
frequency stepping [10]. The stepping size of 4° or less 15
proposed by [10]. The amplitude and differential phase
values from the 5 elements are stored mto a calibration table
and the columns of the data matx comespond to the
azimuth angle and then form a companson vector as shown
mn Figwe 1. Column of the reference mamx and the
companson vector are both comelated The angle that 15
linked to the companson matmx with the highest comrelation
15 the bearing angle.

V. Results and Discussion

All the simulation have been performed using MATLAB
and CST.

All the algonthms were tested for different values of SNR
and as can be seen from Figure 3 covanance mamx
provided the least ervor as compared to the other algonthms
at SNR of -10dB
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Figure 3: Comparison at SNR -10, and Lambda/4 spacing
Next expenment was performed by increasing the SNR
value to -5dB.
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Figure 4: Comparison at SNR -5, and Lambda/4 spacing

In Figure we can clearly see that the performance of both
covanance and MUSIC algonthms 15 about the same and the
degree of emor for the interferometry has also reduced but it
15 still comparatively quite high as compared to the other
two techniques
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Figure 5: Comparison at SNR 0, and Lambda/4 spacing

Both the graphs obtained in Figure 5 and 6 supports the idea
that the MUSIC algonthm can shghtly outperform the
covanance algonthm at large SNR values for narow band
systems.
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Figure 6: Comparison at SNR §, and Lambda/4 spacing

V. Conclusion

It was concluded from the above work that for localization
mn narowband environments MUSIC and Covanance
algonthms can provide a high advantage over
interferometry. It was also leamt dunng the study that an
angle of amval estimation emror of 1° leads to an emor of
about 55m in the actual location of the transmutter. It was

also concluded that both covanance and music algonthm are
well suited for low SNR systems.
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Absrace—= The performances of twe different angle of arrival
estimation algeriibms, phase inderferonseiry amd oovarisnce
based smper resslution. amd o different muiesl cospling
compessaibon  metbesds, comemtional and  recelved mstmal
Impedasce, have been compared Twa differest soemirios have
been explared, fiwstly with a single somree trassouitter. asd then
with desl seurce transmirters. Differemt powers levels were used
to estimate the performance of these algorithms in &
miiltipathimubisssree environment over & perfect gromnd plame.
The resmlis show grester aecmracy usimg ibe covariamee hased

hmigeme. amd alse port ihe wse of the received mmimal
Impedance method for coupling compensation.

Keywonds—dagle of Arrval Aafermn array. Dierforomet.
cavaniance

1 INTRODUCTION

Fecent advances in the field of digital computing, digital
electromics, wireless communications and  microeelectros
mechanscal systems (MEMS) have led 10 the development of
low cost sersor nodes with short communscation ranges [1]. A
sensor nebwork comssts of the radio path that trarsmits the data
which & then detected by the sensor nodes, with subsequent
sigral procesang for the chaecienzabon of the amived ray.
Wireless sensors networks have mamy uses, inchuling patient
momiboring, westher measurements and muliry applications,

(Hten the data recerved at the base station is of less valoe of
the position of the trarsmittng node 15 unknown: ths
localoation problem provides a very active research bopsc. The
information 15 needed for location based services, including
mventory tracking at loading docks or warehouses, detecson of
miruders, provadmg, emergency services and in minang and
patient tracking.

Dafferent estmation lechmigues current i the liberature
inclode time of amival (TOA), tme difference of arrival,
received signal stremgth (R5S) and angle of ammival (AOQA).
Using TOA methods requires a costly and complicated setap
with synchronmed clodks a1 both tramsmitimg and recewving
naudes, which ran ransmisson prodocols i exchange the ime
information between each other [2). BSS can also be used to
predict the procamity of the trarsmitied signal bt the mamy
varmshles i a multipath enviromment make these readmgs very
unpredictable [3]. AQA esimation is most commonly used,

S7Ba"1=4T9R3EET-5 4/531 .00 E20142 IEEEE

with measurements using tan different approaches. The first
uses interferometry bo caloulate the tmme at every element of the
antenra sy wheress m the second approach, using a
covariance agorithm, the RS5 ratio between the smsor node
and teo or more directsonal antennas iz caloulated. These
methods are explamed m more detl below and  their
comparisn fiorms the mam content of thas paper. The use of
directional rotatable antennas has been suggested in [4, 5],

When a plane wave arrives & an antenna amay # will be
received by some nodes before others due 1o the diferences m
the lengths of the paths between the elements, resulting m
phase differences between the rawvs received. These depend on
the peometry of the amay. The interferometry  algonthm
compares the relative phases of the recerved mys at each node
of an amenma amay. For a circelar array amenrs ke the one
shiven in Figure 1, the path length difference can be caloulated
by uming the centre of the array as a reference point.

Fig 1. Unifoers Circular Aavary with theee clemms

For an amtenna amay of three elements at least two sels of
phase differences are required to get an unambagpous ADA
estimale,

The covaremce eshmaton algonthm uses  eigenvalue
analysis. Prior knowledge of the o2l number of the
uncaorrelabed sources 15 required for eshmation of the =y
characterstics, meaning that the number of rays incademt 2t the
receiver musl be known of the algorithm is o be ahle W
estimate the posibon of the transmatters. The algonthm
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computes the eigenvalue decomposition of the covariance
mutrix, and then the signal sub-space 15 searched for masama,

Mutual coupling between the antenna arrays degrades. the
accuracy of the signal processing algonthms wsed o the
antenra array applications, and can result in enormous emor m
directioneofsarrmval (D0A) estimation, Severul studies have
examined techmgques to compensate the undesired effects of the
mutual couphng and several approaches have been developed,
Cooventionally the muts] coupling wes described using the
mubual impedances between the armay elements in their
transmitting mode. However, it has been found that mutual
coupling has o be treated differently m transmatting and
recerving anbenna arrays [&, 7],

II. SHULATIONS AND INSCUSSION

All the smmulations have been camed owt wing NEC
saftware, with smple halfwavelength dipoles and guarter
wiavelengths monopoles moumted on square  conduocting
maters] of size 1A = 1L The antenna elements in each cose
were separated by L3, A perfect ground plane was used for the
simulation model, and mo mutml coupling compensstion was
appleed. The amennes were placed at 1.5L above the ground
plane, Vertically polanized amenna armays were simulated with
the transmitter or transmstters (half wavelength dipoleds 0.5
above the ground plane) placed 5k from the recenving amay,
Signal processing was done usang MATLAR,

Care [: Single source framsmitter: In the fira case the true
angle of the tansmitter was et 21 07 or 457, The nesults m
Figure 2 suggesi that the performance of imlerferometry 1s
much better with the monopole antenna amay than with the
dipole case; the covanance matrix gave stable results m both
cawes but shill with betier performance wing the monopaole
array amtenna.

Cave I: Denl semror trvmsmitters: [n the szoond case using
dual source transmitters with different power levels the true
angle of the ransmitters were set at 0% and 907 with 9° heing
five times domirent, or at 45% and M007, wiath 30 being
domirant, vsng a monopole antenna array oaly. The resals
obtamed from the smulabions are shown in Fagare 3.

The results oblamed in Figure 3 again showed the supernor
performance of the covanance based bechnaque for both the
angles. Imerferometry was able 1o resolve the 90 degree source
as the dominamt angle but was unable o resolve the 300 degree
source a5 being domirent. Both angles were well resolved by
the covariance estimabion with low error.

After the selection of the covanance motrix the study
progressed to the design of an Imverted F Antenna (IFA) with
nan=symmetrical pattern of mdiztion o be used 25 pant of the
three element equilsteral tnangle shaped army simulated wing
Computer  Smmulabion  Technology  {(C5T)  sofiware.  The
elements of the anbenna array were spaced 25 om apart and a
single tramsmtter was set ab 3 m away from the center of the
antenma array: the setup 15 shown m Figure 5. A half
wavelength dipole antenna was wsed fo smulate the tramsmitier
antenra with omms=directsonal radistson in the asrimuthal plane,
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A fmite ground plane of | m x 1 m was used for the recenver
array.
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Angle of amival messurements were based on the
wimuihal plane observations 2 both the transmissson and
‘eception amtermas were & the same level in the elevation
slane. For smulation purposes the transmilier antenna was set
o rofate amteclockwse with o siep soe of 207 from P o
607, 18 angles in iotal were vsed.

Fig. 5 Receiver anlenna promeiry far IFA

Table | gives the ADA estimation errors due to mutu]
:oupling using a wideband spral over 23 MHz rdotions
from the transmitter. The smulation step wze was 15 ki,
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Fig 6 IFA srray with mutesl conpling

Tabde I
il Resulls
ADA_REF AL ifleifromelnry ADA_Covaiianee
_"‘-I""L':"“'-'i % ;E.;E

£ 1343 ]

40 46.13 H

& &9 &l

B} 75,36 74

100 94,82 e
[ET] 11552 17
140 147.13 145
150 167.67 =3
(1] 120 [
200 1543 15
M 12T 215
240 234.53 115
p ] 35T.ER 365
ZED 2ELES 2R}
30 253.19 255
3 313.17 315
340 335,58 EELS
350 36D 360

Simulaton results wsing an array of three IFAs wene
derived uwsing the covanance eshmatwon  algonthm. A
decouplmg matrix extracted for each angle using the received
mutual impedance method 2 sated m 6] was then wed to
compensate for muotmal coupling. The calculastion of the
decouplmg matrix was dome with the assumptsons 1) that the
antenre array 1% in the mecenving mode and 2} that all the
antenre elements have been termainated wing matching loads,
L, with excitation through an external plane wave.

The current distribution at the resonant frequency of the
omai-directional antenna does mot chamge due o the azrimuthal
angle of the inbound =ignal thus producing mo change in the
received mautual impedance. For this reason ommi=directional
antenmas are well suited for ADA applications. However as
seen in Figore 3, the decoupling mairix will alse depend on
the geometry of the groond plane as the inbound my will
iravel a varying distance owver the ground plane o reach the
array. depending upon its hearing.

The results shown in Figures & and 7 clearly show the
improvement in the angle of arrival estimation when the
mutual coupling between the elements is compensated. It can
be seen that the angle error for a tnee angle of 157 has been
reduced from 7° ta 27 by the decoupling.

e Happ P iy madgind T

Mo (g g
1B — =k = o

=

AP BEHE

PP

o
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Fig 7. IFA array with muieil conpling ©ompemsalod

Further smulatsors were carmied out with the same stup,
but with fewer ohsrvation angles, m order 1o inveshigate
different mutual coupling compensation methods,

@} Comnventiong! Harur fmpedance

The conventonal mutual impedance method was applied
o the IFA armray, Four differem incoming signal angles were
studied for this occason, and three different direction fanding
algorthms were applied. The decoupling matrces were
calculated and applied to obizin the AoA estimation afier
compensation. From Table 2 we can see that for the IFA armay,
the trarsmitting mode decoupling matrix did not improve the
estimation errw. For some angles, the error even became
much worse,

B} Beceived Mwtwal Impedance
Mext the receiving mode method was used 1o generate the
decouplmg matrices for the IFA amay, The true angles are
calculated wsing the recerving mode matrices as shown m
Tahle 3. In contrast io the transmittng mode method, the
receiving mode method moch mproved the buwe angle
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estimatiom. The maximum estimation error afler compensation
15 17 for all directorsfinding algonthms.

Table X
ACRA i tiaa errar befure asd alter iremmissian
mvile comperacalion for e [TFA array

ADA erfor -

Cowariance ADA emor -
amplitude
B phase

BAD& error -
Covariance-

phase only

Interferometry

Table 3
ADA wtimation error before sed afber receiying mede compensation for
IFA areay

ALMA, AFFOF -
ADHA error -

Covariance
Covariance-

Amplituds
& plase

ADA arror -

Intarfarsmatry
plase anly

L CoNCLUSHN

This study =erves a5 a reference for the chiice between the
angle of amval techniques of interferometry and covariance
and also describes the negative effects that can be caused by
the mutal coupling present between the elements of an
antenna aray.

Resulls have been given for the performance of both
algorthms for different troe angles and i 2 multipath
environment with multiple tamsmeson sources. The results
support the idea of wsng covermnce bosed estimation

technaque in order to mcrease the acouracy.

The decoupling matrices using these mutual coupling
compensation methods were then generated and applied to
simulation data. After validsting thes: matnces by vanous
directson=findang algorithme, the recering mode method bas
shoem 1ts obvnows advantages. Compared o other methods, the
receiving mode method = ey to apply, requinng the sme
amaunt of calculabion and memory space as the openscircust
voltage method.
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Abstracié— This work propose: a new angle of arrival method
for tracling applications using compact omni-directional spiral
antenna arrays. The impact of muiual coupling is considered
within the covariance matriz calcuolation and then a switable
decoupling method is wsed to remove soch effect. An wrban area
consisting of many buldings with different heights and
characterized by varions materials was modelled nsing Wireless
In-Site Software to extract the impulse response of the channel
between non-stationary locations of the transmitted target and the
receiver antemma array. Orthogonal Frequency Division
Mulfiplexing (OFDAIL) scheme based on wideband spectrum is
integrated with the proposed angle of arrival to improve the
estimation accaracy. MATLAR code is developed to simmlate the
above conditions and the experiment results are presented and
discmssed.

Index Terms— antenna array, tracking systems, propagation,
mulfipath channel OFDAL DDA and location estimation,
localization, wireless communication.

L INTRODUCTION

Posifion-awareness 15 cwrently an achve research topic
playing a fundamental role n many apphications meluding
tracking systems [1], resene-and-search operstons [2] and
localisation services in fifth generation (3G) cellular networks
[3]. Althougzh the Global Positionmg System (GPS) 15 efficient
technology that can provide accwate posifion-awareness
around the world through a constellation of at least twenty four
satellites [4], the efficiency of GPS drops m harsh
environments, for example, in whan canyons, in caves and
bwmldmgs and under tree canopies [3], smee most GPS siznals
are not able to penetrate obstacles. Therefore, new and more
acowrate localisation techmques are needed for use m such
emvronments. A wideband wweles: petwork can provide
precise localisatton in GPS5-demied environments [6]. Im
particular, wide bandwidth sigmals can prowide reliable and
accurate range measurements due to ther fine delay precizion
and robustness in harsh emvironments [7]. In general, position-
aware networks consist of two categones of nodes: anchors and
agents. The location of anchors can be known through system
design or GPS, whereas the agent’s posifions are imfally
unknown and attempt to find thew locations. In order to
determine 1ts position and'or directions, each node needs to be
equipped with a wideband transcerver, and localisahion can be
achieved through radic mgnaling between users and ther
neighbouning anchors. Localising a target needs a number of
signals sent from the anchors, and the relative location of the
target can be mferred from these meoming signals usng a
variety of waveforms metics. Due to pessible physical
obstuctions in the divect path, nop-line-of-sight (WLOS)

condifions can result, together with multiple paths, resulting m
fading and mnterference 15sues.

Angle of Amival (A0A) 1= a popular approach in which the
armrval angles of the agents, which anive to the base stations
are used to estimate a target’s location [8]_Wideband AQA
systems can estimate not only the LOS drection of emmtters but
also the direction of mmltpath components, wlich proside
exira spatial mformation However, since the received signals
are affected by random phenomens, for mstance fading,
scatterng, shadowing, WLOS and rmltpath propagation, the
estimation of an agent’s location can be uncertain. In the state
of the art, conmparztively few works have iwestizated the
mpact of NLOS and oultipath propagations on localisation
resolution. Otther studies whlize namrowband signal models,
which use averagmg of the received path and are not applicable
for wideband networks. In contrast, wideband AQA models
utilize the directions of all the mmltiple paths, which have
different directions, tomings and signal strengths.

The size of an antenna amay 15 cructal m several apphications
and should be a5 small as 15 practical. Tvpically, it 15 mest
desirable for localization and tracking systems to combine an
efficient angle of amival technique with small compact cmm-
directional antenna arays. The contibufion of this work 1s to
mtegzte the compact ommu-directional spiral anterma that
proposed mn [9] with a new, efficient AQA algonthm for
tracking applications in wban areas. This system 15 intended to
wark on top of cars, so that the smallest antenna height 1=
desirzble. An whan area is modelled m Wireless-Insite
soffware where MNLOS and mmlopath propagations are
produced and then used to frack and localise the agents
posiion. The mmituzl coupling matrx 15 caleulated as m [10]
and then inserted m the covanance mamx, when an appropnate
decoupling alzonthm eliminates the effect of mutual couplng.
The OFDM scheme 15 used in this study to combat multpath
phenomencn, with the recerved signals spht into many small
narrowband sub-camers to mprove the esimation acowacy.
Several eshmation strategies are investigated such as
explotting the strongest signal path, the path with least time of
armval, and the averazing of all or some of the amival path.

The rest of this paper 15 organized a5 followmmg. Secton IT
provides the mathematical model for the anterma a1ray and the
OFDM scheme to be used. In section III, the prneiples and
mathematical model of a new algonthm we call “Inverse of
Subtracting” (I05) are presented. The computer simulzhon,
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experimental results and diseussions appear m sechon IV.
Section V summanzes the results and gives bref conclusions.

IO ANTEWNA ARRAY AND SIGNAL MODELLING WITH
OFDM

A cireular aray of spiral anternas is a common geometry
which can be used to increase gain It is suitable mn scenarios
where 360 degrees of coverage or both elevation and azirmath
for specific coverage area are requmed. For a resomant
fraquancy of 400 MHz, the gecmety of the anterma array used
1 thes weork 15 shown m Fig.l. The radms () of the ring armay
15 calculated based on (d = Af2 = 37.5 cm), then r = r =
—dr=31.9fm: where M is the mumber of antenna

()
=y

elements.
Py

., y
Ny Finite Giromid
. -

m.l:mmﬁsm$mmmmEm
B

After the anterma amray receives all migmals from different
directions of amval (DOA)s, the OFDM scheme is applied to
drnde the zctive frapsmussion bandwidth into namrow band
carmers which are suitable for wideband AQA estimation. The
broadband ingpulse channel response 15 given by:

R -
Hr)= T ape! (e —cp) o
=

Apply an input signal:

fia el @

Then the cutput can be simplified to the following:

s(t.0)= T agel e 27K &)
=1
Thas alternatively can be gven by:
)=t @ 7 el eI _ iy “
k=1

Extending U} over baseband bandwidth B (as shown m
Fig.?) for M frequency samples, then the 1" frequency sample
can be expressed by:
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where
Naf =B )
r »
B2 B2

Fig. I: Aszumed bandwidth ranee
The sampling time can be stated as follows:
1 B _1 0
a7 bemee A=
Thus, the mimpmum sampling frequency 1s:
jsizg-ﬂ (&)

The 1* uniform frequency sample of U) can be given by:

D) = T apel ke i@TEI2WTE ()
k=1
Then, the covanance matrx 15 computed as follows:

Bew = U7 r;” (10)

M. THEMAYIMIM SERNAL SUBSPACE (MSS) A0A
METHOD
After the covariance mafrix is obtained, an AQA 15 applied
method to estomate DOAs. The proposed algontho s based on
the orthogonality between mamfold amray vector and the
eigenvector assoclated with the largest eigenvalue wath
regraded less to the mumber of recerved signals. Therefore, the
new method does not requre previous knowledge of the
number of amval signals in companson with Multiple Signal
Classification  (MUSIC) [11] and Estimation of Sigmal
Parameters via Fotationzl Imvanance Techmique (ESFREIT)
[12]. To sunwmarise the propesed algonthm, first we construct
the covariance metnx(R®,.), secondly apply elgemvalue
decomposition (EVD) on B, toyeld:
11
Ry = QEQH (1
@ 1z the (M=M) eigenvectors matrx and 15 given as follows:
@=[g1  Gaowreon qul (12)

and I are the eigenvalues that comespondmg to every
eigenvector, given by:

i I PR | (13)
Mext sort the eigenvalues n descending order (e A, = A, =
Az =eee oo, Myy) and choose the eigenvector associated
with the largest eigemvalue (A;). Onece this eigenvector is
obtained, the spatial spectrum can be constructed by using the
followng equation-
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P, (6) = 4, a(8) (9
Then, normmahise the psendospectrum of the above equation
using the madnmm value:
Prfnrm {3] =P‘1(ﬂ‘)fmz(P1(ﬂ}) {ljj
Maxt subtract Py (F) from unity n order to obtain narrower
peaks and zlso to mimmize side-lobe levels, as described
below:
B (B) =1 —Pyyrm (16)
Once this condition 15 achieved, we will obfam malls m the
direction of received signals, to obtain peaks in the DA
sigmals, the imverse of subtracting (I05) 15 computed as
follows:
1 (17
PA6) +e

where £ is a small scalar value added in crder to avoid possible
singularities. The last step 15 find the locations of the peaks to
deternine the direction of the fransmutters or targets.

Pyas (8) =

Fiz. 3. Showing scenario of macking process for an outdeor urban area.

IvV. EXEPERIMENTAL RESULTS AND DISCUSSION
scenanio such as rescue-and-search operstions and for public
securify applications. A S-element spoal anfenna amay 1s
located on top of a velicle at 2 m height These sensors are
spatially distibuted in the aziwmthal plane with angular
separation of 72 degrees and mter-element spacing st to A2,
The wireless propagation simmlation software Wireless Inmite
15 used m this study since it can prowvide the most reahstic
simulation model for wareless propagahon It 15 an
electromagnetic @omlation tool that helps predict the
propagation behaviowr of electromagnetic wawves i the
presence of objects with different electrical properties. The
tracking seenanio wsed m this work is an whan environment
(1000 m = 650 m): part of this area is shown mFig. 3. An omni-
directional transomtter antenna located at a height of 1.5 m was
considered for the evaluation process.

heights, wath a mamimum height of 50 m There are various
materials - concrete, brick and wet earth. The londest received
path is cnly shown m Fig. 3 to avoid ambiguity in the presence

of so much mulhpath As can be seen m Fig 3, the fracking
process 15 started by takmmg the first measurement at pount Bx1-
1 and then at point Bx2-1, ... until the last point at Ex8-1. The
sequence and location of the recetver at these points and of the
fransmatter are grven in Table 1.

Table 1. Showing the saquence and location of the receiver at each point in
the tracking process.

Tmcking steps Locatson of Locatson of
SEqUenCes TRCEIVED in wm) TeCEiveT iny (o)
2. Bxl-1 004 7
b. Bx2-1 ] m
. Bxd-1 850 0
d Bxd-1 e 150
e Bxs-1 M7 180
f Bxfi-l 67 11
£ Bx?-1 765 131
b ExB-1 753 ]

iTxl T20 B

At each point of the fracking process, the anterna amray
recerves ften mmltipath at each element with different power,
TOA and phase The mpulse msponse from all recerved
channels between non-stabionary locations of the bansmatted
target and the recetver anterma 1s processed via the wideband
OFDM scheme: the bandwidth here 15 10 MHz, split over 64
sub-carriers. The IFFT was applied to the received chamnel
transfer fimction to acquire the mmpulse response with 10
process was applied over several options such as loudest signal
strength, least ime of amival and the average of all / or small
number of anival paths.

The covarance matrix 1s caleulated and the effect of the nmtual
method is exploited to meduce the coupling effects Then the
data are passed to the IOS angle of amival methed fo eshmate
DOAs and track the locaton of the agent This process is
repeated at each messwrement point m Table 1 and the
estimated direction at each poinf is shown m Figd4. The
performance estimation of the proposed system can be
presented based on the locations of recerver at all the
measurement points and the eshmated direchions at these points
a5 shown in Fig. 5. As can'be seen from this graph, the proposed
system works efficiently and it 15 useful for such applications.
Another advantages has been obtained in the I0S algonthm 1=
by removing the false peaks and'or the side lobe issues
completely, which otherwdse could create uncertainty for
selecting the cormrect drection.
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Fiz 5. The performance estimation of the proposed tracking system

V. COWCLUSION

In this paper, a new and officient angle of amival method has
been presented based on the received signals from a 5-element
ring array for outdoor tracking, wsing small ommi-directional
spiral antennas for pessible integration on top of cars. OFDM
over a wideband spectum was considered and found to be
suitable modulation candidate for a such tacking system. The
mutual coupling effect was mcluded and an efficient
decoupling method was utilized to eliminate the negative

effects from the covanance matrix An example was
mmplemented to simulate the scenario of tracking in an wrban
area under mulfipath conditions and the results confinmed that
the proposed trackmg system works efficiently.
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Absracr — This paper examines the benefits and drawbacks of
these services, reviewing differences in infrastrocture, power
requirements, sensing devices, and other factors. Technologies
covered inclode Radio Frequency Identification, GSAL GPS, A-
GPS, Smart Anfepna:, Distributed Anfenna  Systems,
Localization by CellID, Localimtion by FPrediction (Dead
Feckoning method), Angle of Arrival (AQA), Localizmtion by
Finger Printing, Localization by Time of Arrival (TOA),
Localization by Observed Time Difference of Arrival (TDOA),
and Hybrid Localization-based AQA-TOA

Keywords— Localization Based Services LBS; Bensfits of LBS; Drawbacks of
LES: Advantage: of LBS; Disadvantazes of LBS; GPS; GIM BFID Sysem:.
I INTRODUCTION

Location Based Services (LBS) comprise business and
consumer services that rely on the posihon of the users, m
order to provide serices (both mfermation and enterfainment)
to ther users [1, 2]. LBS functions on three different lewels
3, 4]
[ p-oe!mmh.-nel. basad on the prasent position of the wser
» ‘trackmg level requering both the present and the past posstin of the user
« plamming level, requiring the present, past and firrare positioning of the user.

LBS technologes may also be charactenzed as Ihnerant
(serving moving users), Distmbuted (services via a computer
network) and Ubiguitous (providing services to any locaton
within the netwark) [3].

I CATEGOFIZATION OF LBS

Eemper and Linde mtroduced a passive infrared technique
usmg the thermal radiation of humans for localization. It 15
usefil in health sector to take care of old and special persons.
It doss not require a hardware tag, so it 15 very conveniant [5].
IBS use other localization techmiques mach as radio-based
systems, wultrasomic-based systems, actrve infrared-based
systems, camera-based systems and Smart Floor systems. The
drawback of radio-based systems 15 they need special
hardware Hytrid systems use ultasonie-based systems, eg
Actrve Bat [7]. Actnve infrared-based systems alse require
hardware and its precision is hinufed to a room only. The
Actrve Badge System 15 an active infraved-based system [8].
The benefit of camera-based systems 15 the non-dependency on
hardware. An example is the Easv-Living-Tracker, but the
need for computing power and the wiolation of privacy 15 a
drawback [9]. The Smart Floor system uses foot fall on load
cells within the floor [10]. LBS wtiize components such as
wireless networks, wuser devices, position technologies,
geographical data servers and application servers [11]. The
network congestion im LBS can be decreased by using
distributed architecture. Zhi-mang Fang and Qmg-quan Li
proposed a “layered spatial service archetechwe™ m which
there 15 a localization of a geographical database on a
distributed network [12]. This architecture dirmnishes the load
on central servers. Ching-Sheng Wang and Ching-Yangz Hong

proposed the uwse of P2P procedure in order to deliver data
related to the location [13]. The data is utilized n combination
with the vwrual naigaton scheme that receives the
posationng of the users in the real emvironment and then
shows the posihon of the user in a virtual moedel facing the
same environment. In order to opfinmze the shanng of PIP
file, groups of users are formed depending upon the location
and the conecerns. There are different approaches for
determining the positions of objects in LBS such as Ternumnal-
based Approaches and MNetwork-based Approaches. Termunal-
based Approaches include Global Positommg System (GPS),
Asmisted Global Posbommg System (A-GPS) and Enhanced
Observed Time Dhistance (E-OTD).  MNetwork-based
Approached inchides Cell Global Identity (CGI) and Time of
Amival (TOA). There are different pesitionmg systems for
mobile terminals in LBS that differ in relialality, acowracy and
caleulations. These posiboming systems melude satellite
posttionng systems, network-based posifioning systems and
local postioming systems [14]. Posiioming  technologies
greatly affects the rehiabality, efficiency and performance of the
LBS [15]. Posthioming Systems can be indoor, outdoor or
localizafion. Flora, Ficco, Busso and Vecchio propesed a
software architecture that was based uwpon both indoor and
outdoor location sensing technigues. They introduced a
generic AP at the top of the architecture that could suppert
bytnid apphications. Bluetooth and Global Positonmg System
devices were utilized as location sensors. This architecture was
based upon client side mechamsm and zoning location sensing
method. It is in accordance to JSR-179 provisions [16]. The
mformation about the locaton 15 kept on the mobile for
personal usage. There are vanous privacy 1ssues that need to
be addressed in futwre for this architechure. The advantages
and disadvantazes of different Chatdoor Systems Localization
are discussed below:
TII. F.ADE FREQUENCY IDENTIFICATION (RFID)

Fadio Frequency Identification (FFID) technology commenced
m the 1970s. Imthally this technolesy was just used for
tracking amimals. Today, Radie Frequency Identification has
vartous applications, rangmg from tracking luggage on
alrports to stonng university student’s details,

Fadio Frequency Identification beacons are munute and
hight weizht Thev operate by propazating small radio packets
at small wavelengths [17]. Radic Frequency Identification
beacons just have a range of up to 1 or 2 meters. Furthermere,
it 15 not necessary that the receivers and the transmutters are in
the Line of Sight for the completion of a transmission. Radio
Frequency Identfication tags also store huge quantity of data,
as well as instuchions. They can pinpoint locafions o
approxmately exact coordimates.

978-1-5000-481 5-1."39?@'33 1.00 @2017 IEEE
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BFID uses Auwtomatic Identification ID, that is; biomeinc,
volce recogmition, smart cards, optical character recognition,

nsing RFID ; for buman identification nanasement, crime m@te can be
rediced as will he fower chanves of frand or theft cases.

magnetic inks, bar codes, touch memeory, ete. These

G. Fuernal Location-based Services for Mobile Usars

technologes are good for huge production networks. It makes
we of electromapnetic waves or inductrve couplng for
zathering data related to some item [18]. The data camer
camprises of a mucrochip which 15 connected to an antenna
which enables the microchip to propagate information to the

FFID also provides infemal LES for mobile users. Siadat and Selamat
Wu\m-: wireless [XME and BFID techmoleey fin Jocating.
e and sending mionmetan to acoarding
:nhmmmmmmmu; sends the requast to te
sarver via the wirsless network. The server searches the relevant infomatien and
sends it back o the user. A client side application named Java 1 Micro Edition
(TIME) was nzed for thes purpose [24].

user. For secunty pwpose, data can be encrypted and anh-

H Eduraton and Research Purpase

collision alzarthms can be used for the tags if numerous of
themn are read by the users simmltanecusly.

The significant feature of FFID for tracking items is that it
provides unique 1dentification. Electromic Product Code (EPC)
iz used for the identification of an tem. This code provides a
standard number to the tem in the EPC global network. The
Object Mame Service (ONS) provides imtermnet addresses to
access the data. The use of ONS 1s relatively expensive, so it
cannot be always used in the global petworkmge [19]

hﬁmRﬂmmmmmmmmmdhm
the year 2009, reseanchers of Bristol University used Radio F

Tdentification mécr transponders i shadying the behaviour of ants [27). The
st size micro RFID chips are 0.05 mm in size and utilize Silicon-on-Insulase
(50T technique. Hence, BFID technology is quite nsefil fr sadying tte life
pattems, habitat and behaviour of aminals and birds. In bends, it can be nsed to
shady their misration range and habits. The major Emétation is the need of

amtennas which limirs the range to jiwst millimetrss. Apart fom these applicatans,
PFID cam be wsed in milstary logistics, dispersing contmal systems of fosls and

chemiralz, hagrage handbing, library inventory manazement, disstal sienanmes and

parcal and mailbag racking system.

Iv. DIFFERENT APPLICATIONS OF RFID

V. Gromar Posrmoeai sysTeses (GPS)

RFID technology 15 utihzed in different fields of life. Some
of the appheations are explained m Table T.

Tatile I: Applications of RFID.

A Tranzpormation

InImspmmmnmnhemaiﬁwsaﬂfmm distritration
mamagement Fadso Frequency g on the
md:mmﬂﬁnﬂrmﬁuﬂmﬂﬂ!mm;m and the commpamy to
wihich the mocks belong. The Commerdal Drving License with the tags verifies

that they have come for business at the terminals. This system also enables
deterrmining the conterts of the contaimers i the tnacks [30]. This flest

MUmAFEment system is pood fior safety purpese and fir reducing congestion

B Resailing

The Global Postioning Sysem (GPS) is an operational system conprsing of
earth arbéting satellite tuilt routing system. It provides it wsers all around the
wrldwith 24 bour a day acourate postioning and time gbsarvable to the standard
=hobal tme i the three dimensions. It compmses of thres “sepmenes” namety, the
Cantrol Segment, the Space Segment and the User Sagment Correct fmcticeing
of these thres sezments Jzads to the precise and consistent working of the whals
system The Confrod Segment is also known as the main control center as it i=
mhmdmﬂmmammwﬂr;mﬂm&ﬂe%ﬁegmmmdm’a

collection of satellites that orbéts abeat 20,000 km beyond the Earth. The
Segment is composed of the receivers that listen to the sunellicss at mfgmm
antenra G5 does not work effiisntty in mdnor emiromment as (25 snellits
possess weak szmals which cannot cross the walls of buildngs. Hence, (795 is ot
effective for indoor localization Indoor localization requires hizh Nore Line of
Sight (MLOS) and eficient posiforine svstem

In Retailing, BFID techmology can be used for checkout mana pement, shelf

stock mamagement and imventory manazement, smant Stting rooms, nart
checkout and prodinct location toals [21].
C. dgriculnme
hﬁmnmt&uﬁﬁr aop identification, animal and anipml
it T]n;nedlmlugfhusedmtem]e]rmmf quality

VI, APPLICATIONS OF GPS
PS5 technology 15 used m vanant field of life. Some of the
applications are discussed in Table IT.

Tahle IT: G245 techmolozy and itz applications.

Tampement sach a5 in the oulivation of seeds, sorps of seeds and

A Satellite Navigaton

manspormtian of seds o the supervision. seed qualin confimation and supply of
seeds o the farmers [22].

D Tickering mnd Traffic Mamagement

In tukefing and fraffic manazement. it can wsed for publc ransport orket,

Tte foremnst application of GRS is sapellite navigation m ships, airmad or
wehicles. It erables a GPS receiver to locate their position or pinpoint their spesd
with accuracy whether on land, airor sea It doas not only provide a route to

E‘.Emgmq&‘nuﬁm:

ausaratic vehicle lcation, toll collaction and swart car key. I toll payment it i
used i pre-paid access cards which congprises of embedded microchip. RFID
techmology s wsed in A Momagement System Inthis system,

GPS can sarve a5 an mypartant puipose In erergency sitaations. It asds rescue
teams at 52 or land to pinpeint the desired location of the accidens inmmediansly.

The I.mm'rBdRacngnnem.nﬂIhmﬁm Sryztem (TRTS) links Autorutic
Tmiber Plate PR techralosy with the Fadio Frequency

£ ddventurous Trips

Perosmition (AN
Iderrification [23]. The plate mumber of 2 wehicle is automatically captured.
stored amd &5 checked with the database comprisimg of registered vehicles, The
mfm:gufﬂ!phmmmtgadmhuemmsmtemmw
of harmer.

E. Healthcare Systen

Hikers 1se vamms maps and compasses 1o reach their desired locations ur
oow (3% can provide all the essenrial information for advenhmrs seekers. It
provides the correct routs, aliernative routes and divsctions to reach back to the
arizmal point. GPS can also pin point the learest location in case if hikers frget
their macks or get into some wouble [28]

Inhealthrare system, nnmbemedﬁnrehhlfme[‘#].ﬂmm

D Magping and Sunvgying

and and for
mghmmmwmmmm'fpa— Stanford Children’s Clinic is using real
time location system for the identification of the patients, persommel, medical

equipment, @ The clinic installed active 433 ‘r!leRaderaqnﬂt\'

(GEYS prowides a hizh accurcy dafa related to mappine and survsying. The

collaction of data is way too Sster - kess than a smgle day s compared to other

terhmiques usad for mamping and suweving:. From heights of moumtin to the
depth of rivers, GPS supparts the precise mapping aroond the globe.

Tdansification (RFICY) and Tnfrared (TF.) fags in the form of badzes. The badzes are

E Driving ond Locatne Rodes

nsed fior the marsmission of the uniqs identrfier to the recemars (V-Direct - with
cable or power connection of V-link — wirslsss battery powered comnection). The
sensors on the o lings recefve the unique [Ds mansmitted by the badess. The
tadge inchides a tutton which the patient or the staf member presses for getring
aszstance. Versus Asset tags bove also being attached to the medical equepment

{2 £ for measuring Blood mnmﬁlﬁrmmmoﬂtehmug
Current surveys condacted in 2016 have revealed that the mtroduction of the

Eaening im view the mobile applications, Glinpse is an application through
which ane can share the maobile location by tet messazing and through the sl
media applications. The application locates stores and public places around the
nsars if they have amived at amy unknown place. This application also informe
absrat the roates, maffic alents and the altemate routes. Ulysse speadometer
provides the nsers with infirmaton soch as altinides directions amd wamires in
case of fst doving [29].

BFID technolozy has greatly improved the performance of the clinic [23]

F. Miitary Purposa

F. Himan Ientifiraton Manasement

In buman identification manazement, it can be used fior dizital ID), elactomic
‘passpont, getting access to Heilities and for pumishment systam menagement. By

200

GP%S has its sznificant janming properties of military
mmﬁzmummmaﬁnsmmlmémﬁm

aperatiors are vital It aids i ponitoring and tradiing of pofeniial targsts. Thess
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macking procedures can nse other tachniques aswell TECONIAISSANCE M
mthm;.fmmmm mﬁﬂﬂmmmm
e, Unmanned Asrial Vehicles (11AVE) are nsed in military actions arvumd the
globe The GBS macdking systems are quite affective in providing smdance to hish
alrinads TIAV:, espacially i those areas whens camera instalmens fails doe= to
emviommental fictors The emergence of GPS in jamming devices is of prime
mmnce A sizral jamming is  major thread in oilitary operations. G5 uses
satallite navization to broadeast signal. as a result of which, information
iz obained. Cma of the military applicatsans is GBS JTammer Location (JLOC). It
is desipned to monitor GPS inferference threats as well a3 to provide alerts fir the
threats i the detectad arsa Apart from it, GPS also serves civil purposss m
ainTaft pavization and maritme navizaton [30].

[36]) Moreover, samless integration to Google maps has made this techmique
quite popular.

D). CDAA/GPRES fwith 4-GFS)

Cme of the mest popular GPS kocation trackers in the market today, is the
GEM GPRS macker. GPS tacker bat with ane that has access to a G5 SIM
card The G5 sm card allows the macker to mansmet wireless daca to an APN or
3 wiraless acress point. Mewt, the AP fraremics the received data to a GPS
service provider via mmemmet, so that the end user can acress the mackme data
Thiz method overcomes the flaws of the older system wbich mvoled dafa
ramsmmizsion throwsh M3 messages, that being expensive and unreliable Thus, it
ks the GRS macker cost effecive, reliable and eficent

G Astivied GPS (4-GPS or a-GPS)

A-GES uses a server fom an extermal device and the satellite system The
advamtage of A-GPS & that the siznals are always conplete and there are to
frazmentz m it. Secondly, it is fster and uses the surounding cell towers which
e a wvivid pichure of the podfion. A-GPS comes alonz with nesative
exgernalities. To use A-GPS a subscription &= required, 01t is costly. Other A-
(525 requaire Wi-Fi o other wireless intemeat connection which may not be
available imiversally tur if available they will once agin increaze the cost. Thers
are also s0ms privacy concems as the third pary knows the location of the ser
which is danzeronz. Most of the A-GPS devicas are dependent on the outzide
server, 5o they mizht not finction property wathout it [31]

VII. OUTDOOR SYSTEMS USING TERRESTEIAL BASE STATION

The Cutdoor system using Temestrial BS: compnises of
Global System for Mohle Communications GSM (with E-
OTD), G5M (with CELL-ID), CDMA/GFES (with A-GFS).
CDMA/GPES (with A-GPS) - AFLT+AGPS, Wireless
Assisted GPS and AFLT: GPS One A Hybnd Soluhon,
WCDMA (wath IPDL, TA-IPDL and OTDOA-PE). Systems
with Smart Antennas and Dhstnbuted Antenna Systems
(DAS). The ments and dements of these systems are
lustrated in Table I

Tahle II: Memnts and demnents of the localized outdoor systams.

The key difrence amonz the GEM and GPES techmiques is that former is
based en circuit switching while the later ane is basad on packet switching just
like infermet profocols i addition to this TDMA wser can also be ambedded in
endisting GERS techmiques The comnection spead in GPRLS is fr more than wired
comnections, a5 this system ulizes packet data netwrk just 1ike the mfermet [37]
This simple radio principle iz adopted by GPRS to mansiér dam packets These
packets are later on directly routed over the packet switched eitter for accessine
the mternet or making the calls and sendine SMS. The key feanme associated with
GRS are always ooline capability, sasy upsmade of the existing G5M comnection
and the frmdations for fiarther enbancements in this arena which laads to
the mtroduction of 3G, EDGE, LTE and similar other connections [38]. There are
also some key charctenistics associated with a GPRS which inclodes Mobility
{online while roaming aroumd), frmediste comection and getting the emct co-
ordinaszs. All these advamages greathy outshine the s=cond pensmtion celhilar
system GEML

The CDMA GPS mackers differ fom the former ones soch that they use a
GPS0me chipset, which is pot as acoumes as the GPELS macker The CDMA
tracker, fimotions usmg Aszsted GPS. A-GPS uses dafa stored on a netwodk

server with fragmmented daca to localize mubjeﬂ[‘ﬂ] ngnsq:mmm
storaze &5 costly that makes the COMA tracker pmch more expensive than the
GERS macker.

E COMAGPRT fistth 4-GPE) - AFLT+4GPE

A Global System for Mobile Commmumsicaton (GIL)

Global System for Mobile Conmmimication is the modern celfular tech used to
woice and data throughout the world GEM has becoms the industry standard
when it comes to mebile comrmmication Momeower, due to the extesive
coverge, G50 users can trawel in ower 218 coumtries without changing their
mobils phops mumber. Abthough, different countries wse variant frequency bands,
it comes down to the handset of the nser, whether it can support those
or noit and bow much the user’s original camisr charges for mamine [32].

On the other hand, GSM suffers from the issue of bandwadth lag. This is a
major sefback as when mamy users share a bandwidth, imterference can be created
exstly. That &= win Sster techmologies ke 3G are being bailt upon CDMA a
dEfferent type network, to aveid such Emétations. Another very cracial drawback
fr G5M is that it bas the terdenry to interfore with certain elactonic squipmens.
Due fo its pulse mposmisson techoolosy if can afedt a pacemaker of rado
CONMUNiCations of an Airpart

When pesitioning outdoars, the Fiybrd system of Assisted Global Pesittonins
Sapellite system and Advanced Forward Link Trilateration sysi=m is considersd
the best and most acomate of all. Cbiaining fixes inchide the use of both GBS
peendo ramges and the CDMA or GSM pilol messwememz The pdot
measurements are used in te ame milaeaton _when there are
imsafficient pseudo raness for a GPS-only localimdion hybrid system
povides the most acourate pesifion even when a GPS coly solution is not
mvailable. Although, there is a slishe s2 back to acknowledee that if 3 GPS-only
sofrtion is mot available, and a direct Line of Sisht to thres (mlateration raquires
three beacors) celiular tower is also oot available than there is a risk of
IEACOmacy wtnmmmm[%]%mﬁm@hmmﬂvmm]ﬂm&
Tio s, Wsers can exjory the acoumcy of Assisted GPS, cellular positioeing and
advanced forward Ink milateration Moreover, AFLT #zalf gives nearly a 90%
yield indoors too

FE ﬂ%ﬂhﬁjﬂﬂd&ﬁmﬂf G One A Hybrid Seiution

B. G5M fiwith E-OTDH

nsad
Ihe

Enhanced Ofserved Time Diference (E-OTDY) is a pesitioning techrique
by GSM mobde opemios o locate their users, by muiltilaeration [33].
procedure is very much sivdlar to the technique Time Difererce
amq:ﬂnfanﬂuﬂtepmﬂmga]gonﬁmmdaﬂudambﬂamm
performed in the user’s device or handset rather than the base statien or server In
order o Bcilitae the equations a lot of data is required, inchading diffrent tme
measmements, called Location Measorement Unit (LML) [34]. The Location
Meazurement Tinit provides the mobde user with a real tme difSrence which i
requirad by the handset to cloie the seomedric tme dffsrense and the location
consequnively. Placng Location messuement umits Swoughour the coverage
region is ¥ mmﬂﬁw ﬂmusa':.tnndsamﬂlqmml
mxlamnsummlmlmbemDLﬂ'Em:eMmalmemasam
alrerrave.

The localization sohten GPSCme positioning using the
celhidar network and the GPS constellation. The bviwid was desizned to combine
the hensfits of hoth sngle systems while covering their drawbacks. Its gairs
inchade more acourate localizations even indoors and in places whers less than 4
satellites are wisible and enhanced GPS receiver sensitvity. Morsover, GPS0ne is
faster as the GPS receiver &5 provided a search window as o which satellites
nEght be vishle by the cellular petwork via Cell ID or other techmique [41]
Furthermore, this system cost less finamcially and in terms of battery usage as
well There is also 2 reduced inferference in the mobile nefwork, hence, oo
hindrance in calls durins localization. Moreover, it offrs contmuos Tackins
anromatically ance a fix & obtained which reduces the time to gat an aoourate fx
U L5 . The only downside is thar is has its own hardware and sofware
and an & chipset is required for its nse

. Systeme with Smart Antemna

C. G5 dwvich CELL-ID)

Tio have the mest coveraze, netwodk providers dividad areas and asgmmed base
trapsceiver stations. Then, fiarther dhvided the remions and assigned to each a Call
ID and 2 mdio tower throush which every user was to comect to. Now, G0
providers could nse different localization alzorithms to positon a user, asa Sxw
the Cill ID wwould narrow down the positon fo some extent [35]. Alzorithms ke
ToA (Time of Amival), TDed (Tme Diference of Amival), Aod (Angle of
Armival), efc. are although not as acourate as GPS as the user can be anywhare in
a Cell I, ur pesitioning i Sst as there is 0o searching for satellices availatle

Smart Antenras use adaptve amay antemas to inoease effidency n winsles
commumications systens. Special Antenna amays can use sigmal processing
algorithms to locate or track a mohile user [42]. Using soust anenmas gves the
sarvice provider nomy bemsfits such as maach higher murher of users can be
catered conoarently. The anfenmas with gained Soci can cowver a omuch larper
region, hence being cost effective. Moreover, they provide higher security and
reduced inferference, due to ther directionality, than the old-fshioned Ommd-
directional anterras. Furthermens, in Smart Antereas the broadeasted frequencies
are re-nsable and oultple paths are available for data packets to travel. Hence
there is an creased bandwidth as well [43]

H Disgibuted Antenna Syziems (D45)

Dlistributed Anterma Sysam &5 a struchare of spatially alienated anfenma nodes
Iinked to a common source through a transpont mode that gives wireless semvice
irside a geographic area A Dhistrited Anfemna System utilizes coandal cabla
Shre optic cabls and antennas in order to increass calhilar, public sy and other
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simmals inside a bulding eovironment [44). Distributed Antsona Slmﬂ}iSJ
msmradasnpmmﬂmmwgyhﬁmemm& conmumications as
Mdmmﬁufmhmﬂhmmmw
of the srmals and derreasing the power [45-446].

VI APPLICATIONS OF DAS

In the past few years, Indoar Posiionmg Systems (IPS) has
gammed an extenzive sigmificance as commercially available
satellite peositiomng  systems.  Actve radio  frequency
identification systems can provide aceuracy up to centimetre
range, but due to complexity of digital signal processing, these
systems are too costly. Therefore, several power levels at the
acoess pomts can be combmed wath the previous knowledge
about the properties of antenna system into an estimator for
the positioning of the client’s terminals. However, this could
be difficult because amplitude detection 15 sensitive regarding
intrinsic amplitude fading affects. In any case, a large number
of access points are requived to reach the accuracy. It can be
achieved by placing Dhistnbuted Antenna System between the
access points. Secondly, use of leaky wave cable is also
challensing due to difficulty in allocation of radiating pattern
to a radiating slot. Futhermore, to enhance the funchonality
of the cable requires a modification that can result in a
complete change of desigzn of the whole cable stucture.
Therefore, 3 Distributed Antenna System 15 perfectly swted
due to the posmbility of changmg =ingle components with
well-known properties indrdually [47].

Dhstributed Antenna System 15 now 3 common feature of
cwrent underwater networks as well It includes secondary
communication link, centralized processing and multiple
acoustic nodes at various locations. Due to cwrent acoustic
OFDM modem technology, any message can be sent, no
matter what the content of the message 15. In case of stationary
netwrork such zz Dismbuted Antenna System the Doppler
spead of any mohile node can be accwrately measured Apart
fromn this posibon and imstantaneous velocity can also be
estimated [48] In the past few wears, wadely dismibuted
stations have been mtroduced in the radar architectures
including multiple nput omltple out, mulh statie radar
systems and radar systems with widely spread antennas. These
systems are semving sigmificant advantages as compared to
monostatic radar system. Therefore, Multiple Input Multiple
COutput (MIMO)} along with widely distributed antenna
network provides an enhanced target localization capabulity by
exploifing increased spatal speed Localization functionality
can be immproved as well by increasing the number of
participafing radars or the transmission power.

DAS system is of eritical importance in radar applications
including the surveillance radars that are on vehicles and anti-
missile defence radar systems with himifed energy sources
[49]. Usually wareless devices are not reliable for huge
buldings. They might not be avalable for the person standing
on the 75" floor or in the basement Secondly, these buildings
are made up of metals and concrete. Therefore, 1t 15 nearly
impossible to mamtain reliable lmk  Here Dhsmbuted
Antenna Systems eliminates the poor wireless recephion m
these environments and provides mereased coverage, highly
data throughput and improved call clanty. Installation of
Dhstmbuted Antenna System replaces the need of additional
base stations or tower locations that can solve capacity 1ssues.
It allows macro cells fo address other network issues and
allowrs for reduced power lavels thereby reducing interforence
and mereasing bandwidth It does not disrupt the swrounding

macro network and thus can be uhlized more effectively with
less expense The cost associated with providing service n
buldings and to other REF resistant environments 15 shared
among the pumber of camers m a Neutral Host DAS modal,
hence enzbling medium and smaller venues to become
economacally feamble. It also provides speed to market for
service proviston [30]. Localization by Distnbuted Antenna
Swstem can deliberately serve for public safety. For cntical
commmmications, public agencies require wareless coverage.
Public safety for TE's DAS ensures for distortion free
transmission  along with  the distmbution of contical
commmumication information whether wareless voice or data.
DAS soluhen suppests primary public safety as well as the
critbieal first responder frequencies in the bands on a single
system. It provides hugh relialabiy coverage for public safety
services both indoors and cutdoors. This 15 a proven solution
for making buildings safer. Apart from this, 1t can also be used
by the government, first responder, tramsit, commercial
enterprises, secunty personnel, education and also m military.

Dhgital Distnbuted Antenna Systems provide unmatched
benefit: much as 3 common hub for mdowr and ocutdoor
Dustributed Antenna Systems. It enables the muxed match of
ligh and low power remotes. The system allows the use of
existing fibre, flowng expansion and remotes to achueve the
highest acoess. It 15 easy to install and marage and umfied by
20, 3G and 4G support. It perouts low loss fibre transport and
TE digtal DAS offers an IP connection for Wi-Fi or secunty.
Flex wave prism 15 multi band high power DAS that can
support up to fowr frequencies per node and deliver hugh
performance coverage It effectmely enhances warelsss
coverage m outdoor large vemmes and it 15 also very cost
effective. It 15 best suted to cutdoor coverage meluding wrban
o sub urban shadow areas, along roadways, coastzl, and
canyon areas, subways, tunnels, corporate or umversity
campuses, stadiums, mazlls and conventional centres. Another
one is flex wave spectrum which 15 an advanced mult band in-
bulding DAS along with distnbuted amplifiers. It 15 used to
extend the wweless semaces throughout a bwlding, mulf
buildings or campus. It provides mmlt band fSexibility and
edze to edge bandwnidth.

¥I. TECHNIJUES FOF. THE EXISTING LOCALIZATION

The techmgues for the exishng localization comprises of
Localization by Cell-ID Localization by Prediction (Dead -
Reckoning Method), Localization by Angle of Amival (AOA),
Localization by Time of Armval (TOA) and Observed Time
Dnfference of Arrrval (OTD), Hybnd Locabization AQA-TOA-
based and Localization by Finger Printing. The ments and
demerits of these techneloges are explamed m Tabla IV,

Taie IV- Merits and demerits of the localized systems of Section X1
techniques.

A Locaiizasion by Cell-ID

Cell IT Pesinonins requires an already esablished celbular petwork 1o localize
2 mobile usar. The base mansceiver station commuricates with a user handset,
while covermg many cells and smaller areas of the region under coverage by a
BTS [51]. Bvery c=ll bas a specific siznal mansmitter and Cell I, throwsgh whech
the BTS comnumicates with the wser's devics Whilst positioning. tha network
:m'a'd:er_k the Call ID of the user that kas requested localizaton. The BTS

mcgunmiﬁemhmmhcmmmﬂﬂmiﬁm
vﬂnﬂlxehmm amy of the techniquss, ie. Time of Amival
[TaA). I‘nreDlEt'a'mqum':ul(TDuﬂ,x.@c This method consmmes lower
power than mary of its competitors and can cover 3 Enge Som a radius of 2 Bw
Immdred metters o several kilomsters

B. Localization &y Prediction (Dead -Reckoning Miethod)
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DChming mavization, Dead Feckoning or prediction is the technique used to
caloulage a user’s oument position by usins previcusly caloalated posidon, and
afvandng it on the basis of estimated speeds over an elapsed time and distance.
Same techrique has been used in wild hfs scences for the monitonme of patems
of the mizranon of animals. It is known as path inegration. This technolegy was

ey untl it was discovered that Dead Reckonine was sulject to emor
Its biggest flaw is the St that once a wrons fix or location &
mummmwmt&mufuﬂ.mmﬂmﬁn

that every new position & based oo a previous fix [32].

' Lovalization by Angle of drrival (AQ4)

Localizaton by Angle of Amnal iz done by estimating the angle at which
siznals are recsived at multiple mesivers om a base smton, then by using simple
Ee0mETic equanons, node bocatons are calodlared Genemlly, Angle of Amival
(ACA) methods delivers maore predise localization ouscome than Faceived Sisnal
Strength Indicator-based techniques Tt the cost of hardware is wery hizh in this
methodology. The flaw in this techréque is that for a quickly moving object,
localization by Anele of Amival is very inacourte, and tme consming due o the
Bt that the mmitiple receivers at the base stadon do not accoumt for the tme
difference in between and fl to predict moton [53].

D Locaiizaion by Time g drrival (TOW4) and Obrerved Time Difference of
Arrival (TDGA)

Localimation by Time of Amival (TOA) &5 an iteration method that &5 used to
caloulane the locaton of a mobile user [34]. The TOA system, caloalates the
position of the user by detenmmining the distance of the user to signal ecefving
beacons. After omifipls beacors have registered a time stanped digral the sysem
ummmmemumummmmmw
spend, then a Iithe peometry s required to conmplete the alporidm
pmaﬂnsmnsﬂutumteqaﬂnﬂmuﬂuh]mufﬂmhnswﬂlee
BF, acoustic, infrared, ulwasound, etc. This system is wery acourate if the user i
in Line of Sight. This iz a major drawhack of this sygem, as it requires the ser to
b in Line of Sight of the smal receiving beacons, which is not alwarys pessble
fr a mobile nser. Arother flaw is the fact thart the wave progression m air difers
with weather conditons such as tenperature and umdity This infrodces
macouracy in localization via distance estimation [55]

E. Bybrid Locaiization AQ4-TO4-bazed

Hytrid sysems are a merger of different smele localizmtion techniques which
overcones the flans pesent in the solo implementation of single positioning
methods, &z TOA AQA Time Difference of Amnal, sfc. The Hyhrid of Times of
Amival and Angle of Amival sobves the ismae of Line of Sight berween the
receiving beacon and the mobile source. As the technique Angle of Armival canmot
distimzish between Lire of Sighe and reflected derals, the system deploys mamy
eficient alzomithms to overcome it The benefits are clear, acomate localization
and raliabdicy. Mew and mach more conmlex alzorithms are wsad to spesd up the
localization [56]. Moreover, spedal hardwars could be more robast and expensive
[37]. Far TOA-A0A. both the receiving towers and the mobile user need o be
e snchromized

F. Locaitation by Finger Printng

Fineaprinting refers to idemifying a specified location oy relying on the data
mmgnmmmnmmfmmmmm
siEmaires Sigmmires are daim of position arkers spread ouf evendy through the

prone to senions emors such as anvons, momels, ar.l-'urltﬂ:lm&.ﬂusnaqun&
does o requiTe amy cetwork access fo 2 centml server, and bence is a sandalone
localization sobation [58].

. CONCLUSION

The indoar and cutdoor localization techniques of LBS have
several merits and demerits. Advancement in EFID has led to
optmuizaton of resowurces, enhanced efficiency of busmess
transactions, increased health care systems and improved
customer support. On the other hand, the drawback 15 that
EFID takes a lot of time to be programmed for the speafic
needs. The GPS system 15 very cost effective relative to other
navigation systems, and the recerver is not affected by weather
or climate changes The drawback of GPS technology is that it
does not work efficiently indoors as GPS satellites possess
weak sipnals which cannot cross the walls of buildings. The
ment of A-GPS technology 15 that the mgnals are always
complete and there are no frazments mn it. GSM Technolegy
provides worldwide coverage for commmnication and data
exchange but the drawback iz the bandwidth lag. Smart
Antennas provide the advantage of connection fo a larger

number of users concurently, re-usable frequencies, multipls
paths, increased bandwidth and cost effechveness. The
drawback of smmart antennas 15 that managing their large size
and locafion needs a lot of planming. Dhsmbuted Antenna
Systems (DAS) prevents shadowing and penetration data
losses, provides better coverage, lower power confipuration
and fewer coverage holes. The dement of Distnbuted Antenna
Systems 1= that there 15 high infrashuctural expense and
maintaimng the system 15 complicated Locabization by Cell-
ID consumes low power but it does not cover a long distance.
Localization by Prediction (Dead Reckoming method) uses
path mtegration and 15 uwseful for monitormg patterns of
migration of wildlife but the demerit is that it 15 subject to
error accummilation as new posifion 15 based upon the
previously calculated position. Angle of Ammval (AOA)
methods provides more precise locabzation outcome but the
hardware cost 15 very high.

Localization by Time of Anvval (TOA) can be applied to
different signals such as BF, infrared, ultrasound, ete. but the
demerit 15 that 1t requires the user to be in Line of Sight of the
signal recerving beacons, which i1s not always poszible for a
mobile wser Observed Time Dhfference of Amival (TDOA)
localizes 3 user by uwsmg time synchromized receivers. This
technology 15 more cost effective and faster but it does not
address the drawback of the need to be 1n Line of Sizht of the
recelving beacons. Hybnd Localizatton AOQA-TOA-based
solves the 1ssue of Line of Sight between the recenving beacon
and the mebile source as it is 2 merger of different single
localization techmugues. Its dement 15 increased computational
cost. Localization by Finger Prinfing 1= very effectre m
locating a2 mobile user in an indoor enviromment and
complex environments. It 15 precise and accurate but the
drawback 15 that the database needs to be updated every ime
there is a change in the emaronment and it is very expensive.

Fesearchers have proposed vanous sclufions for enhancing
the exashng LBS technology and services. The fohwe prospects
of LBS are very lugh as with further research, the existing
technologies can be improved and new cnes can be created.
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ABSTRACT correct bit decoding.  Basis sets of ths transform use tme-

This research mireduces a physcal layer techmigue 1o enhanoe
the capabality of MIMO wavelet syslems by using successive
erference cancel lation which enables the receiver 1o decode
simultancous data packets. The received power of the dal
packet was mtroduced 1o further optimze the receiver's
decision capability. Kesulls show that a Disorele Wavelet
Transforme=based MIMO  system wsh  mterference
cancellason provides a performance gain as compared o a
theoretical 2x2 MIMO chanmel in terms of BER . SNR
performance. The performances of two different techniques
have been evaloated in thes work using  mierference
cancellabon both with and without consideration of received

signal poswer.

keywords
OFDM, Wavelsts, DWT, WPT, Zero-Forang, Minimum
Wlean Squared Exror.

L. INTRODUCTION

Wavelet transforms provide an aliernative to the Disorete
Fourier Tramstorm (DFT) used m Orthogonal Frequency
Dhvision Mubsplex (OFDM ) malticarmer tansmassion. When
compared to conventional singlescarmier systems, muliscarrier
systems have the wellsknown advantage that they reduce
mier=symbol inderference (151} cansed by the chammel delay
spreaed i high data-mle tunsmassion. In a multicamier system,
multiple lgh datasrate senal streams are divaded oo a
number of kwer rate paralle] streams [1]. With a fixed overall
handwidth, an mcreased number of sub=channels mens lower
bandwidth amd hence lower dalz=rate in each sub=chanmel,
resulting im lomger symbol periods with reduced susceptibility
e channel delay spread and related 151 Alternatively, this can
be viewed a2 making the subechampel bandwidth small
compared bo the coberence bandwadth of the charmel [2].

Wavelcl-based syslems can provede all the convenlzomal
advantzges of OFDM systems and can help improve the
PAFE, senmbivity to camer Eequency tmung offsel and
overall Bit Emmor Rate (BER) performance of the system [3].
The 151 produced mn the wavelet=based multi camer syslem
{MCS) can be divided among dafferent wavelet symbaols, thus
becomang easily correctible at the receiver. Insertion of a
cychic prefix (CP) or a guard band is not required in soch
systems  as  they mamtamn  orthogonality uwsing  perfect
reconstruction quadrature marror filer banks (PROMEFL Due
i the energy contxinment in the main lobe of the wavelet
symbel, these symbols have strongly suppressed side lobes
providmg them with hagh speciral density and reducng mter-
camer inlerference {ICIL Moreover, the sub-channel in this
transform 15 compact which increases the probability of
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frequency partsboming, which m ENR

performance gain [4].

To make more reliable and efficeent systems with higher data-
raie and increased coverage, Mubiple lopat Mulisple Ohuipt
{MINICY) has boen used 1o create multiple channels in space
{spatial muliplexmg) without requinng addrisons] bandwidth.
MIMO=based systems are superior 1o Smgle lopat Smgle
COudput {S150) systems mn terms of their spectral efficiency
and they require bess tmosmission encrgy to match a given
throughput for any given BER.

The three mam contribusons of thas work are 1) to enhance
the capabilities of wavelst MIMO systems, optimizing their
polential use m mext generston wireless commumicabion
systems, which will require about 1| Ghis tramsfer rates, and 2)
i permut efficsent use of the frequency spectrum withowt the
bandwidth wastage due to the CF mserbon. Depending on the
system dexign. the CP can waste up i a guarter of the total
handwidth.

tum  provides

The fimal main contribution is to propose the best equalization
and data recovery technique for waveletsbased systems, since
withowt a P these symbols go through time domain
convolution with the chamnel introducing an ireducible ermor.
It was sasd m [9] that of the coefficients from the noisy
wavelel signal are used for channel equalization rather than
the omgmal tmosmstted signal they o produce large
exiimabion emmors since longer wavelst filler sequences are
required. No previcus published work has contmbuted o the
study of this problem in wavelet=based systems.

Successive interference cancellstion (SIC) and  opiimmoed
sucoesmve inlerference cancellation (OSIC) physical layer
techniques. use rerosforemg (£F) and mandmum mean squared
amor  (MMSE) equalizabon algonthms to increase  the
accuracy of equalization at the receiver, using the received
signal strength al the receiver. Both techniques provede a
marginal gain in terms of BER performance when compared
e a theoretical 2x2 MIMO channel and can provade much
higger performance difference than practical sysiems.

Thas paper has been organmeed as follows: the basics of
wavelel tramsforms are described in Section 2. followed by the
DWT baschand architecture m section 3, system model m
sechon 4, channel equalizabion methods i section 5,
simulation results in 6. followed by the conclusions.

L. WAVELET TRANSFORM BASICS

The waveletsbased transform is a technque of sigmal
manipulation for multi=resolution analysis, which allows a
signal x[n] i be decomposed and amalysed using shifting and



scaling inlo approximate G, and detxiled H, coeflicients.
Thas relses on the concept of embedded veclor spaces

eV CV, VY, SV E V., © i

If a vector space Wy comssis af subspaces Ve these

suhspaces can be referred b as decomposed signal spaces, so
the mualtiplysresolved components of our total ongmal vector

space can be shown as in Fig, 1.

In [5] Vi, = bemg mathematically defined using a dalation
cquatian as;

$() = VI ) alma(2t - n) o

m

Umce thas dilation takes place the cngimal vector space of the
signal gels divided. and by using Equation 2 the low
lrequency component can be extracted through a half=band
lowspass filler gin) which will have half the bandwidih as
compared ko the ongimal sgnal as implsed by the dilation
facter I used im Equation 2. The ssme can be done for the
high Frequency component, using a hall=band high-pass filter
hin), which can be mathematically stated as:

(1) = VT ) h(n)g(2t—n) -

Fig 1: Multiplysresolved vectar spaces

Eguations 2 and 3 can be further solved to determme ane of
the mimse sets of wavelet basis functions. Once ibe lowspass
filter coetlicients are extracted the relation in Equation & can
be used o extract the high=pass filer coefficients 1o construct
the PROMF hiller bank:

hin) = [-1)"giL—a+ 1) {4

where L stands for the filter length and n is the filer
coelficsent. The continuous wavelel iransiorm of a signal x|n|
aver he vector space T can be wriblen ax;

xf'ﬁTtu-ﬂ=fx[n:h¥m,l“}dt (5)
T

where o = the scale and © & the shafi. The immsform m its
continuous form requires extensive analytical selution and mo
viahle practical inverse exisls so i 15 impoeriant to discrebze it
whach also produces an error when an infimite sequence 15
squeezed o finte length and can be mathematically written as
laf:

Winn = 2 2HEZ1 1) (®)
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where m represents the scale and n represents the shafl. The
dizcretized signal compoesed of its constituenl approximatbion
and detail parts can be writlen as | 7];

®(t) = Z L}J_',,Z"I_I-lpLE‘Ll—n}

*i i HonZ SpE™

—n}

Fig 3: 3=bevel discrete wavelet transferm

3. THE DWT BASEBAND

ARCHITECTURE

Unce the data 15 discretised the input signal can be analysed in
different frequency bands by decomposing il mio an
approximatien part, Gy, and a detml part H,, Ths
decompoesition Bakes place bor every shaft and scale. It is to be
noded that when the DWT 15 employed (5 15 the only part
that gets teratively decomposed which means that the second
half of Equation 4 15 absent and the iotal mumber of sub=
channels that can be canssdered for multiplexing will equal M
= log,(K) + 2. K stands for the number of decomposition
levels and M represents the resultant sub-chammeks in each
level.

4. SYSTEM MODEL

A two transmits and two recemvesantenna based MIMO system
was formed. which will be used to model the ransmissson of
the data stream. The data stream is divided and ammanged as
two sels of symbols in each bme slot for both the anlennas,
whach enables tv double the datserade by reducing the total
number of time slots by half, when compared 10 a one-
transmit=antenna syslem.

11
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4.1 Multipath PFropagation Environment
The channel envirenments usesd was Raylesgh mulpath with
Addimve White Goussmn MNoose (AWON) and  each
transmitted sircam encounters an  independent  multipath.
When a multipath environment is present there will be a tram
of impulses received atl the receiver for every tramsmatbed
impulse. The bands=pass signal can be written mathermatscally
as [E]:

%) = !ﬁixh (e}, e"-"@} [E1]

where %, (t) denoles the baseband signal, 'R represents the
real part, [, is the carrier frequency and time is t. The received
signal after travelling through the mubtiple path channel where
the atienuation of the k™ path is oy, (1) and time debay is 1 (1),
can be mathemabically described as:

¥t = E (Ut — 7, {1]]. R

Sybstituting Eq. (K) inte Eg. (9 vields
it = 511 o (3 N N 1) S i1m)

The baschand equivalent of the received signal has a
mathematical form:

Vaalt) = Zku*{:}&‘m'mxh[: — 1] an
where B,(t) = 2af7{L) represents the phase of the k™ path
and the impulse response is wrilten as:

ba(t) = ) ayltenionts .

4.2 Rayleigh Fading Environment

Aszumang a tolal of k paths, the central lmmat theorem can be
applied amd each path can be modelled as circulady
symametric complex Gaussian mndom vamable:

=N+ {13

Time is the varable quantity. Equation 13 shows that both the
real and imagmary parts are rercemean independent and
sdentically dstnbuted random Gaussan vanables. For Z

E[Z] = E[«®Z] = oifE[z] 14
the statistics of Z can be sstisfied by the varance a=:
o = E[Z?)] {15)

The quanisty |Z| represents the Rayleigh random vamable.
This is the most praciscal dynamscally changmng channel
modiel,

5. CHANNEL EQUALIZATION
METHOD

A transmitted signal convolved in the time domain wiath a
channel with no cyclic prefix gives rise o an imeducible 151
error. Thus, il 15 imporiant o noée that the sagnal will mot only
be cormapted by the channel impairments and noise but will
alwo be cormupted by the 151,
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3.1 Ferv Forving, S1C and Oplimizativn
When transmitting usng a 2% MIMO scheme the t1otal
number of channels that exist between the tamsmatter and
recerver are four, where channel by exasts between tx) and ;.
h, exisls between tx, and rx,, h, exists between bx; and rx, and
hy exists between Ix, and ;. %y and x, are the ransmatted
symbaols in time slot 1 for each antenna. This means that hy
and h, will convolve with x, and x, with the addimion of noase
and I5] resulting m v, and same is true for hy and by whach
will result in ys.

¥ = huxy + hzxa +m [16]

Yz = h]ll + thg + Iz [l-?]

bl =l T+ )

¥zl by 2 fz (18]
Za, i the zere forcmg linear detector, €, can be modelled as

€= (HYH)="H" [19)

Multiplying Equation 15 with received signal matrix [#*] will
provide the eshimated transmmiled signal.

]

Mow, the receiver can arbitranily choose one symbol, in ths
Q@SE Ny 3nd subtract nis effect from the received sigmal
vectors yy; and ¥z e

15 o o 1 RS

The same procedure 2= in Equation 200 can be done for F;.

’irz] _ Ez - hlxnl:ll _ L}::‘.HJ] + Il'lz]

Fr 2= By Xtz fz (22}
Once r is successfully extracted, it can be combined using
Maximum Ratio Combining (MRC) as the system is now
simalar to one trarsmil two reoeive anbennas and the recerver
diversity can be used i combine the informatson.

For optmmization, opnal power can be used which can be
calculated as:

(20)

Pag = |ly® + |kg|* (13)

Prz = hgl? + Ik, (24

521 MMSE Equalization
In MMEE equalimtion the mam step 1z o denve the
equalization coefficsents k[i] for cach sampling instant [i]
which can be used to reduce the emmor between the onginal
transmitted signal and the estimated recerved signal k[ 1]« 1].
Mathematically st can be shown [9]:

Eferr{i)}® = E(s(i) — k(i) = r{i))® {25

= Es(i) — kTeds(i) — k')T (28]
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= E(s(i1)* — E(kTrsa{i}) — E (3{i)s"k)
+ E(kTreTe) {27

= E(2(i))® — k"R — Rk + KRuk {28)

where at any sampling pomt the ermor introduced (i) = ernfi).
k ropresents the equalizabon cocfficients and the received
samples are denoted as r. B shows the crosse and auto=
carrelations between the sequences. To decipher for MMSE, k
is required that will reduce E{ers(i))* to a negligible value.
[hiterentiating Equabien 28 with respect to k and setting the
result equal to zere wall provide the minimal ermmor rate
ooefficsents

%Iﬂs{i}}‘ KR, Rkt KRkl =0 P

After solving the above equation

—Hq +REgk=10 (20)

adding Ry 1o both sides of the equation and then dividing by
Ry provides the required equalization coefficients k as;

k= Bj'Rg 21

6. SIMULATION RESULTS.
All the simulstsons have been performed wsing Monte Carlo
simulations with following parameters as m Table I:

6.1 Successive Interference Cancellation

In the first smulation only the ZF-51C technique has been
used where the recarver can choose any symbol o ikes and
ignone the other one which im twm makes the whole system
exactly hke one transmit two recerve anfermas. Maxima) atio
combining was then employed 1o efficiently combine the
mnformatzen. Results produced by such a system are shown m

Figure 4.

NOTE: The results are compared o theoretical results for
accuracy

The SIC provides a marginal performance gam of ahout 02
dE at low SWE compared with theoretsical values which is not
significant emough but if real life practical systems are
oansidered it will be a great performance improvement, bt
still 1o optimere the algorithm farther the signal power m
addition 1o SHC was employed o0 see the performance gam
after optimzmatson.

| ——-IZ WMO R IF ||

| | ——2n2 IS itk 2F.BC ||
[ :
ﬁ '
Ll i [ [ 1]

Fig 4: DWT-MIMO=MUS using LF-510
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6.2 Optimized Successive Interference

Cancellation

In thizs method, the power of the recesved signal has been
considered for more accurate prediction of which symbal to
keep. The results for the study are shown im Fagure 5.
Companng both Figure 4 and Figure 5 1t 15 evident that even
though it 15 assumed that the channel s known at the receiver,
the ZF equalizations grves nse o extra noise which makes 1t
hard 1o predict the correct symbol. Thus, this technigue with
ZF equalization does not provide satisfying resualts.

TABLE 1: Simulation Parameters

Transform DW'T
Symbal Lenath 1 x ¥
Modulation BPSE
Chansel Rayleigh Flai Fadisg Wb hipath
Wiith AW
Wvelat Family and Filter Order Daubsechies §
Combining Technigoes MRC

=== i A Wk IF
| D) i 2F- 5 D00

Prasg._
b -;\.-_-L__ 2|
. 8
B
S,
E 1o} -
I %
H}‘\,\-
bl E] ¥ [] a
L ey

Fig 5: W T=MIMOMNMUS using £F=Chptimired=S10

6.3 MMSE Equalization wsing S1C and
OsIC

To further study and differentiate between the performances
of Zere forcing equalizabion that gives nise to added noise also
MMEE was implemenied both with and without OSIC and the
results ane shown m Figure 6.

10

—4—MIMD 2o MMEE Theaory |
— = - MING TE WMRE-SIC

N"""‘-—.‘:M"ﬂ T MMSE-Q5G ||

L -1I|] é

Fig 6: W T=MIMO using MMSE with successive

interference cancellation wnd optimioed suwocessive
interference cancellution

This equalirstion melhod when employed gives a
considerable gain of sbout 3 dB at BER of 10F' for both
techniques steady gam of 3 dB around BER close w 107
whereas the optimized system yields 2 dB extra gain.
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6.4 MMSE V5. ZF in 5150 DWT-MC5

In the simulation resulls shewn below 1t can be seen that the
performances of both equalization techniques maich each
ather. This 15 because the noise term addson in the £F
algonthm, even though the channel 15 known, reduces the
BER performance. So, the MMSE equalization which
conventional OFDM theory suggests should perform betler
than ZF does nol. Thas 1s due to 151 produced by the channel
signal linear convelution which mereases the error n the
equalization coefficients for MMSE.

‘igure 7: EF and MMSE in SIS0=DWT

T. CONCLUSIONS

In this work, a wavelet=based mulbicarmer syslem usmg a
MIMO  2x] scheme was proposed 1o oplimire  the
performance of waveletsbased systems and 1o mcrease the
overall system relability, datae-rate, speciral efficsency and
aptmmized use of the bandwidth proveded. These syslems do
nod have the constraints of guard time insertion because even
though the signal = disiored when pessed through the
channel this does oot affect the orthogomality whsch s
maantained using the PROMF bank. Wavelsls are more
appealing because of their mproved SNE performance as
compared to the conventional FFT OFDM system because the
signal energy contaimment n the mam lobe and suppressed
side lobes. The MIMO scheme allows the data=rale bo be
doubled 2= the timing slots required for the transmission of a
given sequence are reduced by hall’ because the symbols can
be transmutled in pairs.

Equalization of wavelet symbols, removal of noise and correct
symbol prediction is also a problemc it 15 shown that OS1C
when employed with MMEE equalization will produce the

TREA™ - wwwicaoniinenry
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best resulls. A compansen of MMSE and ZF has also boen
preseoted 1o show ihat both equalizabion algonthms show
equal performance in 5150 wavelet=based MCS but when the
MIMO=0SIC  and MIMOSSIC s employed MMSE
outperforms ZF because no added noise 15 produced which
makes it easy o predict the correct signal.
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ABSTRACT

This paper proposes a MIMO-WPT-based multicarmer system
with feedback from the recerver o the transmitler camrying the
channel state informatien (CS1), whereby a steering matnx
can be defined 1o enhance rhust performance  xgainst
multipath fading effects at the receiver. This relies oo the
time=scale localization of wavelet bases, and is demonstrated
in berms of bit error rale performance. In contrast to sinusoidal
camiers WP have very nammow side lobes, wath most energy
cantained m the main lobe; thes makes the proposed system
less susceptible o interscarrier interference. The mam
contnbutson af this work 15 the evaluabon of system
parameters usmg different wavelet families, order of filters
and number of elements to balance overall performance and
cost of the system, and 1o provade a reliable system with a
high datasrale.

kKeywords
MIMD, Wavelet, Transrmi
Multscarrier System

L. INTRODUCTION

The fundamental isswe in communicatson theory is b trmnsms
informabon through an unrelmble multpath channel with
manamum distprtion. Most researchers divide their approaches
i wo, treating source coding or channel coding. although
these are stroogly mterrelated m real world problems.
However, by using Shannon's source channel theorem these
problems can be handled as two independent entities and can
be addresszed withowl much loss i the ovell system
performance, although for particular chammel classes onldy [1].

Diversity, Beam-forming,

Source coding technigues are implemented o reduce
redundancy in data, mimimizing the amount of dala o be
transmitied. Ussally a dscrete digital representation s
preferred such as a discrete binary bit stream. Much research
has fiocused om using source coding to enhance multierate
signal processang [2 = ).

Channel coding then adds addibicnal mbormation to the
mammized sourcescoded dala bo combat the effects of the
channel. Cplamal performance can be achieved of this can be
based on the specific chamnel characlenstics. Channel coding,
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modulation schemes and wse of different waveforms are still
less explored areas m the ficld digitnl communscalions and
an play a vital role in the advancement of wircless systems.

Currently Orthogenal Frequency Divesn Multiplexing
{OFDM) systems using the fast Fourer transform lead the
market because of their ability 1o increase the symbol period
af the transmitted symbel and =0 counter the degrading effects
of mubpath environments. However, the orthogonadity of the
OFDM subcamer is highly sensitive to frequency errors and
signal phase offsets. Also, the truncation of windowmg m
OFDM causes production of subcammer swde lobes with a
frequency spectrum which 15 oot band=lmated |5]. The first
side lobe generabed by the FFT processmg is only 13 dB less
than the main lobe, generabing inber=carrier interference when
the sub=carriers lose their orthogonality. In mitigation, a gaard
mderval 15 added, equivalemt to the channel delay response,
but this results in less efficient transmissscn.

Same blind methods have been proposed for both CDMA and
OFDMV=hazed systems [6=T]. In [6] the authors have imphcatly
made use of time diversity, and proposed a filter design 1o
convert the stationary transmatted signal to a cyclo=stationary
lorm so that a second order method can be derrved.

The radse frequency channels for wireless communcatsons
usually comlam multiple paths because of reflections amd
diffmction due 1o chstacles and the resultant multiple signaks
are then superimposed at the receiver. If the received signaks
combine destructively the signal can suffer attenuaton. A
typical figure would be around 35 dB. Depending upon the
total system bandwidth, fading can be flat or freguency
selective. When dealing with mobile systems it will be time-
varying [=].

Diversity bechnigues are used to mitigale the negative effects
of fading, classified into differemt technigues as spectral
diversity, spatial diversaty, or ime diversaty.

This paper sets out a multi-rate filter bank-hased system
employing a wavelel representation of the dats and channel
ooding to achieve highly reliable multipath transmissson: the
i= proposed as a novel grategy o provide diversty for an
unrelizble chamnel.



Wavelet-based systems  use wavelet pulses which have
diserete time and frequency localization as compared 1o the
diserete time rectangular pulses with ideal unlimited response
in the frequency domain. The use of waveles for signaling
was also proposed as a bandwiadth efficient modulation in [11-
12]. In [13] the awthors proposed uwsing wawveles for user
signature waveforms w improve the cross correlation of the
peewdo-random codes. In [14] another wavelet-based CDMA
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systermn was proposed, and i [15] the auwthors applied a
wavelet packet-based CDMA system to design an optimal
juint ditector. In [16] authors found significant performance
mmprovement  of guadrature amplimde modulation  wsing
wavelet packers, and in [17] an optimized wavelet packet
multiplexing algorithm was proposed after the sdy of the
tming error effects. The idea of

]

ik i Multipath Channel o il

=1 g zE H + LE; i

B & EJ’ E _i ,!
" Feedback Channel '

Fig la: l-level wavelet reconstruction {Symthesis)

forward  eror  correction  (FEC)  and  wavelet  packet
multiplexing was introduced in [18] for MC-CDMA channel
equalization methods in section 5, simulaton resulis m 6,
followed by the conclusions.

Mone of the work cited above utilized the time localization
properties of wavelets. Firstly, the research proposes a new
wavelet-based multi-rate modulation scheme and its gystem
model for mult wser communication over a Rayleigh fading
channel which proved o be a great ool in successfully
mitigating the fading effects in multipath environments. The
proposed system can be implemented for both forward and
reverse links. The proposed treatment does nod consider
mterferemee types such as shadowing, hosule jamming,
military applications, or co-channel interference.

Secondly, MIMO and beam-formang are employed using an
antenna array al the transmitter with two elements o provide
temporal diversity o the multi-user system. A complete
parametne sidy has been carried out o find the best
communication system architecture. The mesearch consaders
the behavior of different wavelet transforms, families, and
filters, and suggest one that hkas the best reconstruction
properties for use i a multicamer (MC) system. The
proposed system consists of three aspects: 1) using wavelens
1o reduce IC1 and multipath fading and 1o reduce bandwidth
usage, 1) wing MIMO o ensure high data-rates and 3) beam-
forming for good link reliability. Most of the processing
burden s kept at the Base-Station (BS) with less cost and
POWEr Comsirainis.

The paper s divided as follows. Secton I provides a
background in wavelet analysis, sub-band coding and perfect
reconstruction of filter banks, Section 11 wall descrnibe the
syatem model, Section IV deals with the ermor probability and
transmit beam-forming, followed by the simulation and resulis
in Section V, with conclusions in Section VI

1. WAVELET ANALYSIS

Wavelets transform decomposes a signal mo s constituent
components  comespondmg 1o different  scales, covening
different frequency ranges. There are three diffierent transfiorm

Fig Ib: Multi-path Channel

Fig le: X<level wavelet decompasition | Analysis)

methods namely: a) the dyadic wavelat ransform [19] n
which logarithmic band division is achieved using a two band
wavelet ransform, b) using wavelen packets by employing the
full dyadic tree decomposition [19]. and ¢) n-band wavelet
analysis [B]. which divides the spectrum mnto equal-sized
bands. Wavelets ane gquickly decaying oscillations denving
from a basis function, the mother wavelet, with translated and
scaled replicas known as daughter wavelets [20]. Signal
analysis can wse any of an infinite number of basis functions
o solate the information required, n contrast o other signal
analysis mithods.

The continwous wavelet transform can be mathematically
defined as [20]:

1 t—z
ial) = T’E*{T] (1

Here "x" stands for the scaling factor, "2" for the shifting
parameter asd Y, (1)7 15 the mother wavelet In its
continwous form the transform requires extensive analytical
calculations due to data redundancy and no practicable inverse
exists for this transform other than in theory, 50 5 restricted o
discrete valued data. In order to accomplish this we chooss
X= x;{m&} and = = mizgxh where | and m are integers with
fiwed valses of ¥y > 1 and 25 = 0. Then we have:

1 _ 1
Um(6) = X7 (‘ﬂ)
e 2)

= x'éw{a;'t —mzy ) 3)

SO= ) ) als dah sl )

The mother wavelet in (2) can be written in its discretized
form as:

i3
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—m!
DWT(L i) = 2-4z ZZ (o) (l—zl—]
5

Any signal with a finite amount of encrgy can be successfully
reconstructed by using (4). The k™ coefficient of the wavelet
transform & linked to a fastidious scale for fastidious number
of times, orthonormal transform. We can define the DWT of
any mndom signal 8n] 2= s product with the scaling and
wavelel function [211] as:

Puslt) = (2t —b)
)

fraplt) = 2.i+|;2'l— b}

where (L) is the scaling funchon and it} is called the
wavelet funclion. These functions are discretized at 2 {a =
12 _.m} and =t Eenslationb(12....th The DWT is
implemented in a2 MCM  system using a  Perfieat
Recanstruction Qundrature Mimor Filter Bank (PRQJME)
with 2 balftband highepass. filter g(b) and a halfshand lawe
pass filter hih). These filers valwes can be calculated as:

hiby= (—1)%g(L+ 1 —m) M

The filters satisfy the conditions:

Yappll) = Ephlb]. M}
4-'-41,;:{!}: Ehg[hl-t-,h )
The resalting DWT can be writlem o express the
approximation and defailed coefficients in 2 mathematical
form as;

Apgrm = Eb"‘q.b . hy[b- 2m|}
Dherm = LbAap. ga[b—2m]
(k)]
Diue to shifting and translation of the wavelet signal, each of
the compasite symbols suffer a delay by a factor *i" according
e the zetramsform  relation  (X{z) = ¥, x(m)z==,
where 2= = &=} for which adjacent maiched fillers are
required to perfectly reconstruct the signal. This condition can

be wmiken as:
hiz)h™(z) + gladg™(z) = 2z== {10
hiz)h*(—2) + glzlg"(—=) = 0 | Lk}

2.1 Sub-Band Coding and Perfect
Reconstruction

Sub-bard coding = very useful m signal, audic and video
coding applications. The mput signal ={m) is decomposed mbo
N different frequency sub=bands, using the analyss filter bank
as shown m Figure {lc). These are downesampled o get
¥i{n) = %;(Nn) and then quantized. The ized oulputs
Filnjare then up-sampled to 5(m) (with (3aN) = F(n) and
Fink + 1) summed to get an output signal £, using the
symthesis filler bank as shown in Figure | la).

Mow for such a filter bank o be employed in a MCM ol must
be nearly perfect reconstructson filter bank in practical lafe,
when no quantization = performed (in theory (perfect
reconstruction )} can be defined as;
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The conditivns that the filters need 1o follow bave been shown
in { 10a) and (105).

Fig 2: Chirp sigmal

In Figure 2 = 3 it has been shown that how the signal gets
replicated when it = darectly up-sampled or down-sampled by
2 witbout the fillers being present. In Figure 4 dosmesampled
and up-sampled signal using low pass synthess filler 1 shown
and lastly in Figune 5«6 a signal that has been downe=sampled
and up=sampled wsmg the lowspass (analysis and synihess
filter) and high-pass (analysis and synthess filer) is shown
and Frgure 7 shows the reconstrucied signal of two channel
filter bank.

Fig 3: Replicated chirp signal due to up=sampling and
dewn-sumpling without Alter bank employment

3. SYSTEM DESIGN

The system that is comssdered 15 for a wareless cellular
network with many users conpected to the same base siation
even though it can be used for several other applcations. The
communication between the base stason and the mobile user
which is the forward link and mobile user to base station ar
reverse link 15 essentbial and requires nonsinterfiering channels
[21]. A general system model & shown in Figure (1 and 9). At
the tramsmatter, the incoming bit stream wath a bt mte of
{KSLM) &= represented as (12}

salt) = Z sty (e— «(®/fa))

Thas stream is then serial 1o parallel converted to viekd (13)

Ll

slt) = Z 55 "'cr':u}{'[_ (%)) .

where K represents the bit duration of this super stream, and
Mi{+} is the rectangular pulse of duration 1 and M s the total
number of super-sireams. These parallel streams are then
modulated usmg a suitsble modulation technigue and then
passed through the s = filter bank.
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Fig d&: Dutput of o low=pass flter in o syathesis Alter port

To mplement wavebs! imnsform in a MCM system the
inverse transform needs 1o be implemented 21 the transmitter
as shown in Figure 1. Using the PROMF the pamallel symbols
are first upsconveried by a factor of two and then passed
through the high pass flter (HPF) and low pass flter (LPF).
This convoluton between the symbals and the filters can be
mathematically described as;

Sl D) = s(b) = hib) }
Spggn (B = s(b) « g(b) (13

These resultant approximale cocfficients from the LPF and
detailed coefficients from the HPF are then summed to
canstitute a wavelet symbol. The process of IDWT is also
referred to as & Synthesis Process. This synthesized sigmal
then propagates through the Rayleigh mubmpath fading
channel m the presence of noise. For greater understanding of
the process of convolutson with the filbers and channel please
refier 1o authors [12].

-.,..
11 Baiiial

Fig 5: Up=sampled and down=sampled sutput of Glter
bank with LPF.
J.1 WMCM signal in Rayleigh Multipath
Channel and AWGN
T The signal when propagated through the Rayleigh fading
channel suffers phase and amplitude changes, time delay and
the mathematical Equation m (12) can very well summarize
this effect.
R
hit, 1) = Z &t 1) 70t — 1 (1))

(=

(12}

where 3,(t, T], represents the amplitude and the time delay =
represented by and T, phase shift for any ™ multipath 21 time
instance t can be described as @, (8, = 2af,7;(t)). Multipath
summation limals are from r = 1 to R, where R stands for the
total number of multipaths with the Dirmc delta &(#). The
resultant received signal at the recerver can be given as [22].
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Km1
gln] = Z Z ay [ mlyeln = ml] + wln] (13)
demil

The effects of the multipath propagation cawsed by the media
Muctustions and lhe transmatter and receiver mobion are
captured 2t time mstance of n for the m™ sample for the unt
time sample nem in dg[n; m]. Moise and any cther type of
imerferences present in the system are caplured by the w|n].
If the kemels im (13} are zere mean and Gausssan tbe resullant
channel will be the Rayleigh fading channel [22).

Far frequency selective channels the magnitude of the time
variant frequency response varies for every noas a function of
aw and is independent of @ for at fading channels and can be
mathematically written as {14):

Agfwrn] = ) agln; mjeiom
™ P14

Figb: Up=sampled and down-sampled outpat of flter

bank with HFF.

3.2 Implementation WMOCM in Receiver
When the signal is received 2t the receiver it is passed through
the comjugate LPF A" (=8} amd HFF g7(=b). The sigmal 1=
decomposed inlo ils approxmmaic and detailed coefficients and
then downesampled by a factor of 2. This process is repeated
until the dessred M data streams are successiully recovered. A
parallel to serial conversion is applied next which is folkowed
by a smitable de-mapping scheme.

Fripaiy

Fig 7:

3.3 Implementation of WPMOM

This trarsform follows the concept of W T very closely other
tham the fact that both the detailed and approaimated pars of
the sagnal are again passed through the LPF and HPF ot the
transmitter and through their conjugate flters at the receiver
whach means more processmg = required at each node as
shown m Figure (91

Resultant signal from 2=chunnel flter bank
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Fig 8: Transmit beamsforming 2Tx 1Rx
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4. ERROR PROBABILITY AND

TRANSMIT BEAM-FORMING
The instantaneous probability of ermor in the presence of
AWGN for luod detection can be mathematically writien as

1
= Sl

T

— () |

]
ki
Seamap i

]
ks e
Samifda

Fig %a: 1 Level WPT- Synthesis Process

However, now this ermor probability will change if the beam
lorming is applied and can be given as;

=
E = f P (y)d:
] R 2,.{}-’} L(¥)dy (16)
where the probability denssty function (PDF) of the ouwtpat
signal & represemted by Z (p). however this value will
depend on the PDF of the mput sagnal.

To implement transmit beam-lorming system two or more
anbennas are required ab the tmosmitter. Thes techneque s then
applicd Lo every subcamer of the WMOCM system at the
baschand kevel. A steening malnix is computed which is used
o steer the transmitted signal in the direchon required. The
transmitler weights that are applied i the sleerning matnx are
denved using the channel stale mformaton (CS1) whch s
provided by the recerver in the clozed loop systems.

Unless the phases of the sigrals from two different antennas
align at the recerver no diversity gam can be achieved because
of each transmatted signal will traverse through a differem
Rayleigh multipath channel so the overall system performance
will be equal to a SISO system.
Mathematically the implementation of this techmique can be
realized ax;
IF*s" i the transmitbed symbal and *h* 15 the chanpel mpulse
respanse then;

y=hs+n (17

where n s AWGN. When two different tramsmiblers are
employed them (17} can be modificd to add amother
independent channel and can be witten as:

v = kol [[] + notse (18)

Fig %h: Raybeigh Multipasth Chanmsel + AWGN
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Fig %¢: 2 bevel WFT- Analysk Process

I the chamnels have phases e/F and eles respectively. As
there is a closed loop between the receiver and the transmitler
and C51 & known Equation |18} can be further modified using
sleernng matnx o

ol [

y= £ + noise
S (19
The recaved agnal *v" 1% then passed through the DWT and
Equalized.

5. SIMULATION RESULTS AND
DISCUSSION

This section presents the performance of the proposed system
and the parametric studies that were done. The performance of
different wavelst families, impact of filter order, drversity
arder and the performance of DWT and WPT have been
considered. For smplicity, BPFSK modulabion was used for the
proposed final system and the parameters used for each
simulation have been described in the comesponding lables.
All the results presented m this paper are through computer
simualations. wsing MATLAB and are solely based om
numerical imegration.

5.1 Performance Comparison of Wavelet

Families

Figure 10 and Figure 11 show the performance of two mitzl
systems employing two different transform methods, e
DWT amd WPT. From the resulis, i can be seen that when
DWT = employed onbogonzl, bsorthogonal and reverse
hiarthogonal wavelets perform alike. If the order of filter =
increased, the performance degrades in the case of
borthegenal amd reverse beorthogonal wavelsls because these
wavelets don”l bave good reconstrucbon properbies, whale
arthegenal  wavelets have been applauded for  thair
reconsinuction propertics, so even the signal 15 decomposed
more ngorously and many more coellicients need to be



recovered to construct the original tramsmitted  signal,
orthogonal wavelets were shown ta do that with case.

T

T o] =

=B i i

=N bl S

I'J'MH_ -r_-":l

a L] n o L /o [ m m|
MLk
Fig 10: DWT=based MOM system with different wavelet
family filters

Table I Modulation Parameter for Comparison of W amd DY
using Oirthegonal. Biorthagonal amd reverse hinrthogonal

wivelets

DWT WPT
Bl st bk 16=3AM 1 G4 A
Symbal length Pl ] A& 10
Channel Rayleigh Multipath | Rayvleigh Multipath

Fadmg Fading
Mosse AWGN AWEGN
Decompasition Log2in), m=6d; Log2in), m=fd;
Levels
Antennas | Transmit, 1 Tranzmst,

| Receive | Receive

In Figure 11 however even the lower order biorthogonal and
reverse  biorthogomal wavelets canmot  compare 1o the
orthogonal  Daubechies  wavelets;  neason  being  the
decomposition at every node of the wavelet packet which will
require a wavelet that has good reconstruction properties o
recover the signal comectly. Daubechies wavelets however
performed alike regardless of the wransform employed. Any
orthogonal wavelets (e.g. Daubechies, Symlet, Coifler) will
show the same performance in AWGN and Rayleigh channels
[23]. The answer to the question of the effiect of filter onder in
orthogonal waveles s addressed later in the discussion. The
remson for selecting a higher order modulation technigue for
this simulation was o study the perfformance of these
wavelets for high data-rate systems and complex mapping.

—

1] == 1E0AM i
| TEGAM bl &
=il MM biodd 1
—— JECAM ]
15 il 1

®
]
i’
lI:rlll I;I .';I !I: 1 ‘JII IJII b 1]
SR il
Fig 11: WPT-based MCM sysiem with different wavelet
Tamily filters
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5.2 BER performance of orthogonal

wavelet families

Figure 12 shows a comparison betwesn thres different
orthogonal wavelet families. It has been sugeested in [23] that
all orthogonal wavelets perform alike which s true in the case
of BER performance both with and withowt beam-forming buat
the system processing time considerably vares between them.
In this smady, it was noticed that the processing time of the
Daobechies wavelet fillers of onder 8 had the fastest
processing followed by the Symle filters of order & and the
Coafler filters of onder 5§ had the slowest processing. The
reasoning behind this s how the coefficients of these waveles
behave which is out of the context of this paper but the reader
15 referred 1o [24] for a general idea of the difference. This
difference is important in the case of digital image processing
but for effective communication system purposes Daubechies
¥ 15 berter suited.

TAELE 1l Modulation Parameter for Comparison of WP and
DWW usimg Crthogonal, Biorthogonal and reverse biorthegonal
waveles

OWT
BPSE
286 104
Ravyleigh Multipath Fading
AWGN
Log2in). n=id:
Symilet §
Coiflet 5
Dauhechizs &
2 Transmit
1 Receive

Muodulation
Symbsal length
Channel
Mo
Dlecanmg Levels
Wavelet Families

Antenmas

===DNT-2Tx1R=-0lS
BF-OWT-ZTel Rx-col®
=== WT-2Tx1Rx-zymE
—&—BF-OWT- 2Tl Ryl
CAAIT-2 T Rl
—+—EF-OWT-2Tx i Rs-ckE

wom 1
S (dE)
Fig 12: Comparison of different orthogonal wavelet
Families wsing DWT

53 BER performance of DWT with beam-

forming and effect of the order of diversity
This part of the study studies the bebavior of different wavelet
families, performance comparison betweesn a low  order
Daubechies filters and high order Daubechies filters, and the
effect of order of diversity on the total system performance, o
understand other tradeoffs that are required in the systems
parameters 1o achieve a specific divesity gain.

TABLE 11l Modulation Parameter for Comparison of W anad

DWW usimg Crthogonal, Biorthogonal and reverse biorthegonal

wavelets
DWT
Modulation BPFSE
Symbsal length ot [ ]
Channel Rayleigh Mubtipath Fading
Mo MWW
Diecompaositson Loeg2in). n = fid;

7



Lewels
Daubechizs  Filver Dwabeckies 2
Ordier Dwobeckies &
Dugbechies 186
Antennas 2 Trameemit, | Revene
3 Trassmit. | Receve

Figure 13 shows that the implementation of Transmn beam=
forming considerably improves the sysltem performance due
e the pror knowledge of the channel at the transmatter with
the help of the leedback beop from the equalizer, through
which decision can be made on the phase of the channel and
the phases of both iasmitted dsta streams can be
constructively combmined at the receiver using a steening
matrix. The increase in the order of filker marginally improves
the system performance due o higher filler coefficients but
that alzo increases the system latency quate a bal. Between the
three different filter orders that were used the performance of
Diaubechies family filker with & coefficients can be regarded
the best overall whem the imdeoff s made based on
performance amd latency.

The system does not show any performance gam by just
increasing the wavelet filler order if the beam=formmg is not
applied. Each data stream encounters an mdependent channel
whach makes the equalization al the receiver a challenge and
will require more effective techniques which will increase the
tdal receiver cost and power requirements.

| —— = DWWT-2Ta1 e a2 |

f BF-DWT-2Tud Rw-dbZ ||
COAT=2 T R il

O BF-DWT-2Tw1 Rt ||

DAT-2Tal Rl 1

= BF-DAUT-2 T2 Re-dENE f

16 20 25 30 36

AraR (A

Fig 13 Effects of beam=forming and wavelet flter arder
with 2 trunsmit elements using DWT

In Frgure 14 effects on the system performance have been
studied by mereasing the number of tmnsmatting clements by
1, i.e. from I transmit antennas 1o three amlermas which will
increase the system implementation cost 21 the Basze Station,
power 15 ol a constraint al the Baxe Station, so ol 15 just the
tradeofl between the cost of hardware implementation and
mamnienance and the performance. It is evident from the
resulls produces that the syslem gain increases about 5 dB at
BER of 107" but the overall system guin has decreased to the
quarier between the addition of onme extra transmit element
and two exira transmit dlements.
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Fig 14: Effects of benm=forming and wavelet filter order
with 3 transmit elements using D'WT

54 BER performance of WPT with beam-

forming and effect of the order of diversity
Figure 15 shows the system performance of WPT with beams
forming and the effect of the order of wavelet filters used. In
WFT more super channels are created withm paralle sub
channels as can be seen m Figure 9 whach at the end of the
liltering process are combined to obtain 2 wavelet packet.
Thas type of decomposition results in detxiled decomposition
of signal which resulls in more number of coefficients. This
type of system requires more processing time and can suffer
badly from the effects of 18] that = creabed when the
convolution between the channel and the wavelet packet
occurs as explained m [12].

-—-WPT-ITl P2 |
EP-NPT- 3Tl Bada |
WET-3Tal Rt

= BT AT Sl |
WPTATa I Re18 |

"'\‘_—o—!.:wn'rar.m,dus-
b

Fig 15: Effects of benm=forming and wavelet filter order
with 3 transmit elemenis nxing WFT

Thas mberference is lhen distnbuted i differeml wavele
domain e make the degradation effect mmimal. But if the
channel response is known and the steering malnx is applsed
then as can be seen the constructive imerference of two
signals a1 the reociver can provide high gam as compared o
the three independent streams travelling through a mulspath
channel.

TABLE IV Modulation Parsmeier for Conparison of WP asd
D'W using Crrthogomsl, Blorthogonal and reverse hiontbaponal

wivelets
WPT

Mhidulation BPFSK
Symhal lengh 25 * 107
Channel Rayleigh Multipath Fading
Maise AWEGH
Decomnpasition Levels Log2{m), m = f4;
Daubechies, Filer Order Danbeckies 2

Daubeckies 8

r\! N B lﬁ
Amitennas 3 Traseomit, | Beceive

It was ako noted that the performance of separte streams
degrades when the WPT 1z applied because the coethicienls
are badly affected by the mulispath and the IS that 5 makes 0
impossible 1o predict the amving signal to suwooessfully
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cqualize the chammel effects and retneve the onginal
transmitled data. But on the other hamd, =ame system
outperforms the DWT-based system when beameforming =
applied for the reasons.

5.5 Proposed System compared with DWT
Figure 16 shows the performance of the D'W'T and WFT using
beamsformang with two transmit and one recerve ambennas.
The WPT=based system provades the best BER performance.

TABLE ¥ Madslatien Parsmeter for Comparisen of WEF and
I using Chrthogomal, Blorthogonal snd reverse hlortssgonal

wivelets
wT WFT
Modulation HESK HESE
270 * 104 200 * 10~
Channel Taylcgh Malipalh | Rayieigh
Foding Muly Fadin
Maise AWGN AWGN
Devomposition Log2in), m =t Log2(n), n= i
Lewels
Amienzas 2 Toamsmit, 2 Trassmit.
| Receive | Receive
Wavelet  Family Dwobechies & Db chiiess &
and Ovder

The WFT-hased system provides a higher gam at the cost of
exim processing ime when compared o DWT with two
transmit antemnas, but the performance = the same as a 3
element I'WT which also takes additional processang time amd
n<ludes extra bardware cost o mplemeent the thard transmst
ambenna

s O T T B
B0 2T Rl

e AT Tt Rw-cid

—+—BF WP 2Tl -l

I
R 08

Fig 16: Comparivon af D'WT and WFT

6. CONCLUSION

From the ahoue chady, f cam he cnnclided Waselet Packet
Transforme=hazed MC5 using Daubechies & fillers can give the
best BER vs. SNE performance usng bwo elements which can
reduce the overall system cost, Increase the coverage amd
reliability of the system, Power burden = all on the transmitter
s the receivers can save power. Processing ime 15 slightly
mereased when WPM 15 employed but 3 JdB to 4 dB =
sulficient gain with one bess clement at the tramsmitter fior thes
syslem Lo be acooptable. An additron of an extra clement with
DWW T-based system will alse increase the processing time and
the haniware cost. It i3 abo concluded from the results above
that for the communication system oribogonal wavelets of
Daubechies family show the best overall performance amd
arthogonal wavelets perform alike in terms of BER bat differ
in processing tmme. From the resulls it is also evident that even
thaugh 2x| transmitters are employed they perform just like a
SIS0 system because of the independent chamnels and the
sudden changes are due to the small symbol length whale
when the C51 15 known and the signal adds comstructively at
the receiver the ermor is mmimized.
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ABSTRACT decomposes signal mto different bands of the frequency

Becemt  studies sugpest that multcarmier systems  using
wavelets outperform conventonal OFDM systems using the
FFT, in that they have well-contained =ide lobes, improved
spectral efficsency and BER performance, amd they do not
require a cyclic prefis. Here we study the wavelel packet and
discrete wavelel tmnsforms, comparing the BER performance
of wavelet transformebased multicarmer systems and Founer
bazed OFDM systems, for multspath Raylesgh channels with
AWOM. In the proposed syslem  zerc=forcing  channel
estimatson m the frequency domain has been uwsed Resulis
confirm that discrete wavelet=hased systems using Davbechies
wavelels outperform both wavelel packet transform- based
systems and FFT-0FDM systems in terms of BER. Finally,
Alamouti coding and maximal ratse combining schemes were
employed in MIMO environmemts, where results show that
the effects of multipath fading were greatly reduced by the
anbenna diversity.

Keywords

OFDM, BER, Multupath, Discrete Wavelet Translorm
{DWT), Wavelet Packet Transform (WPT), Multsple Input
Multsple Chatput (MIMO)..

L. INTRODUCTION

Contemporary communication systems employ a number of
dilterent techniques for signal transmassion, reception amd
processing [ 1]. High level methodologees such 2 multiplexing
i frequency |2]. [3]. in tme 4] and spatially 5], which are
now in common use, are undergoing extensive rescarch in the
search for highest quality of service.

Ohrthogenal Frequency Divisson Multiplexing (OFDM) is the
main contender for the communication systems of the next
generation. In ths multicamer modulation technigue, the total
channel bandwdth 1s dvided into different subsbamds and the
dala symbols are then tramsmtted over these sub-bands. Thas
division of the channel bandwadth provides high tolerance
agninst multipath fading [6]. OFDM 15 now accepled as a
standard in asymmetric digital subseniber lme (ADEL) and
digital vadeo broadcasting (DVE), and in WilAX and IEEE
HO2.11 7]

However OFDM does have major dsadvantages, namely
strong side kobes, high peak to average power ratio (FAPR),
and sensativily o carmer Hming offset [ §].

In consideration of the abowve OFDM limutstsons. recent
studies have supgested wavelet-based multicarmer systems
[9]=[12] 2= an alemative to cooventsonal FFT-0FDM, using
the Discrete Wavelet Transform (DWT) or the Wavelat
Packet Transform (WPT). This may provide all the
advanlzges of conventional OFDM, but alse mitigate the
problems of PAPE and carmer iming offset [13)=]15].

In fast Foumer amalysms a signal iz decomposed mio its
constituent individual sinusosds, whereas a wavelet transform
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spectrum, with the same computational complexity of order
OfMlogaM) [16] for discrete cosine while many other types of
wavelel lransforms m which FFT s approximated using
wavelels can be effecuvely computed with the bime
complexity of O{X) [17]. Inter=symbol interference (151} and
inter-carrier mterference (ICI) arising from the loss of
arthogonality of transmitted symbols m OFDM can be
countered by the use of wavelets and i [18], the effect of
narrowband mierference has been  shown 1o be more
pronounced m OF DM uxing the FFT rather than the [MVT.

The waveld-based syslem achieves crthogonality through the
use of orbogomal wavelet filters, alse referred to as filer
banks [19]. The DWT produces narmmow side lobes with karge
power spectral dersty. Mo oyelic prefix insertion is required,
whach can save up to 25% of the bandwidih making wavelet=
based multicamier systems more bandwadth efficient [ 2]+ 24]
and enabling improved BER performance. The wavelst
transform represents sigozls jeintly n the me and requency
domains, usng mult-resolution analysis. The property of
wavelets alse makes them sustable for treating signals with
exotic spectral properties, for example signals that have bme=
M \

A

P L speciral propert

Mare recently, itbhe present authors in B Asif et al [25] have
proposed DWT  for multi=carrier modulations using  time
domain equalization. In this study we present a new way of
channel equalization whenm working with wavelets. We
examine the 151, and compare the performance of different
wavelet families in terms of sgnal recomstruction. DWT and
WPT meethods are stadied in terms of processing ime and
performance. Another major contributson of this study s the
exlenmen of the DWT technique mio the MIMO environmend
where the performance of the system has been evaluated using
boeth receive and transmit diversity technques.

Soction 1] of thes paper illustrales the baseband archstecture
and mmplementation of the proposed system. The simulation
resulls are discussed i Sectson [11 and Secton IV contains the
conclusions.

1. DWT BASEBAND ARCHITECTURE

AND IMPLEMENTATION
The contimucus-tme wavelal tramsform (CWT) can be
writen [26]:

CWTx(z,a) = (x(t). i}

= ;I.;T“[_: 2O E‘TTI}:I: (L

In the equabon the parameter ‘o’ 15 a scaling Bcior whach
contrivls the scaling of the sgnal in frequency and t© 15 the shift
parameter which contrels the signal dilation or contraction m
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time, while g" is the function which defines the CWT, known
as the mother wavelet from which all daughier wavelets that
are used m transformation are denved. ** denotes  the
oomplex conjugabe.

The mother wavelet 1= designed such that i can be

inverted and the ongmal signal can be retmeved, so that m
theory we can write the inverse of the OWT as [27]:

1 1 [—1
1) = ajj;ﬂ—ft [a,rm{T]dma o
a
However, i its comtinsous form the transform is extremely
redundant, involves extensive analytical caloulation, and,
cannot easily be myverted i practice. To awvoid these
difficulies, the wavelets are made discrete using scaling and
translation parameters @ = 277 and © = 2/ k respectively, so
that the DWT transformed signal can be wnitlen as [27]:

DWTx(f k) = (el

-
=¥ > smyin-ky
n=—

In this study, we have constraimned ‘s’ into a positive lnite
region only, since the length of a signal cannot be infinte.
Thas transform can be readaly ioverted o retrieve the onginal
signal as follows,

Ll

-
z(n) = z E DWT (), k)g( 2 n — k)
) e

With the above basehand architecture, 2 Multiple Input
and Multiple Output (MIMO) front-end is then appended 1o
the DWT-0FDM whereby data is both transmitted and
recesved by mulbiple amtennas. MIMO systems can provade
significant increases in data throughput and bink reliability
without any additional bandwadth wsage. This form of
baschand and froot-end formulation is known to achieve high
spectral efficsency and throughput [ 28] 20].

21 Proposed Wavelet based Multicarrier

System

The proposed implementation has similanties to FFT=0FDM.
On the transmibler side data bats are modulated, for example
using BPSK or higher level modulation, mapping the data mio
symbuls, which then pass through a senal to parallel converter
o reform as N paralld streams, where & s the oumbser of sub-
channels. Mext, crbogoml wavelat division multiplexing is
applied: a pair of dsa streams x4/} are up=sampled by a factor
af two and then passed through a Quadrature Mimmor Filler
{QMF) bank that consasts of two half-band filters. These are a
lowpass filter (LPF), with impulse response fr, and a highpass
filter (HPF) with impulse respomse g. These comvalve wath the
signal, such that xudfnf = hfnf *sfef and uufnf = ginf "xfwf.
where xfm/ is the coriginal signal.

(1]

The coelficienls owtput from the two filbers comstitute a
wavelet symbol. The combined process of up=conversion and
filtering is known as synthesis, and is repeated suooessively to
complete the translabion=scaling process. Fig. 1 shows a two
level wavelst synthesis process, also called the Inverse
[hacrete Wavelet Translorm (1DWT L
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Fig. L. Z=Level Wavelet Synthesis

The synthesized data 15 then passed through the channel in the
presence of AWGN as shown in Fig. 2.

Ferucell

Jam 'l i T ]
Frieth
[
Ol
LY

T VR [ R R I T I L I

L]

Fig. 2. Proposed DWT multicnrrier system.

The convelutson between the channel and the signal is lmzar
and the effects are discussed m Part (C).

O the receiver side, the received signal = converted 1o the
frequency domain using FFT and then equalized using xero
torcing (ZF) equalization algonthm. Once the recerved signal
15 sucoesshully equaloed o the Frequency domaim 1t =
converted back 1o time domain using IFFT and then analyred
using dmcrete wavelet tramsform  process. This imvolves
conjugate high pass b%ew) and low pass filters g®fen)
fallowed by downe-samplng by a factor of 2. This process is
repeated until the mital N parallel streams are obbximed,
whach are passed through a parallel tv senal convertor and
demodulated. Fig. 3 shows two kevels of the DWT,
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Fig. 3. I-Level Wavelet Decompaosition.

Comsider an  impul sequemce, xfml, which is o be
transformed by a scaling Glter gfel wath cocllicients [gli).
gllh 22k g(3)] and wavelst Alters ffm) with coefficients
[hiy, hil}, hiZ), B{3}]. These will be convolved with xfm)
according to the followang [31), |3Z):

(b(3) W2) WD MO OA OO S

[pl0) +(0)
iy | |59 B3 ED 2@ U A DO
py | |00 AN MDA BO) A O

sy | |00 5@ A2 g w0 A of

M 0 M
4 m
%o | [ w00 a 00k i [T

M B2} b1 RO) 0 A 0 0 A |
LAn=BY Tei) gt g0 0 4 0 0 g™ M

By a liftmg scheme [32)]35] the LPF amd the HPF can form a
single functson pinl, and we can express the relabion above m
a compact form as;

yin} = pln) = x(m} (6}

pinp i the relation above has been shown m M. Vetterls 2t al
[31] 1o be a Toepltz matrix. The shafting by 2 {looking from
the left=hande=side) m the matrx equation is produced by the
up=sampling {or down=sampling., as the case may be) in the
wavelet configuration [32]. The matrnx for the fler impukse
respanse must be resized according o the length of the imput
signal.
Az the =mgnal pfn) traverses the mulbipath channe, the
arthogonahity of the symbols will be lost but if delays are not
longer than the shafls dunng the scaling and translations, by
applying equivalent matching filers, the signals will be
correct]ly recomstructed [36].

The relationship between the high-pass and lows-pass filters of
QMF banks can be expressed mathematically as:

My =(=1)"g{l +1=m) [”
Where, ! is the length of gim).
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2.2 Multi-resolution Analvsis and Sub-

Band Coding

Various lechmsques of muls-resolution analysis enable signaks
i b analyred mto muliple frequency bamds. The approach
employed in this imvesbgation 15 called sub-band coding in
whach ssgmals are divided into several independent sub=hands.

Fig. 4. Twe chunnel subs=band coding snalysis and
symthesis.

The block dizgram in Fig. 4 shows one stage of analyss and
synthesis. Two parallel streams are created by de=multiplexing
the mput signal stream, one of which 15 analyred using the
low pass filter and the other usmg the high pass filler.

Meanwhile, the input signal amd the flter follow the 2=
transform tradition as follows:

Xz)= ) xt)z= (8a)

Wheere,
U = g—.*“' [I:.:I

The imlermediate signals A ¥z) and 8 'Yz that are obtained
after the filtering process of Xf=) are as follows:

A=) = X(z)Giz) {10
And,
E'(z) = X(z}H(z) {11
A'fzh and 8°(z) are then down-sampled by a factor of 2, to
gve:
Alz) = %[.-:' {z’:*} + A’[—ziﬂ a2
And,

_lr .1 . L {13)
B(z) 'E[E {:’I]+ B {—zf}
Following the sigmal path on Fig. 4, these signals are then
up=sampled by a factor of 2 to give two intermediate signaks
a2 folkows:

AT(z) = Al2Y) {14}
And,

B*(z) = B{z%) {15)
Mew, subststting {10) m (12) and {11) m (13} yiehis:
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1
Az} = < [A2) + A'(—-2)]
2 {16)

1
Bz} =< [B'(z) + B'{—z)]
z {7

Hence the output produced by the flter bank can be
expressed by the followmg:

iz} = AIE+B A2 (18}
Substituting {16} and {17) mea {18}, £z} i= given by:
Bz = %Ir!'(z} + A (—z)| iz}

1. . . _ (19)
+58 () + B (-2)fz)

It fallews that the synthesized output can be given in terms of
the onginal signal, Xz} by substituting the values of {10 and
(11} imto (19),

. 1 -
Xz} = Z—[X{z}lﬁfz} + Xil—z)a(-2)]E(2)

1 [
+5 e (z)
+ X{—2)H(-2)]A(z)
Simplifying (20), results m:
(Z1)

Riz) =5 [6(E) + HEDAE ()
2

+3[6(-2)6()

+ H{—2)f(z)lx(-2)

It is worth noting that the estimated signal ¥{z) in {21}
contains both the original transmatted signal (first term) and
an associabed alias part in the second term.

In order to remove the aliasing pant, the second term 1= z21 Lo
FETO, LE.

Gl—2)f(z) + Hi—2)f{z) = 0 (22)

T extract a realizable selution for (200, His) i1s taken as a
Finite Impulse Response (FIR) filter of order (&+ 1), where N
15 always an o<dd number. Then the following two condssons
are applied 1o compensate the antisaliasing 10 {22):

Glz)= —H{z) (23a)
And,
G{z) = A(z) (23b)

With anti-alinsing imposed, the output produced by the flter
bank ( £{z]]. in (21} reduces to:

. 1 - - 24
K= E[ﬂzjm;z} + H{)H()] %) (24)

We now need the following well known defimitions [ 30]:

A28 = NH{z ™ (25a)
Bir)d kN — n) 25h)
Bl 2N l-1) (26a)
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Glr)2g(N —n) 126b)

If (23b} and (25a) are combined, (=) can be expressed in
terms of fiz—") thus:

Glz) = fl—z) = —(z=%)H{—z-1) 2n

The above equation can abso be rewritten in the following
format-

Gzl = —2~VH{—2"") (ZH)
Mow subststutmg (23a), (25a) and (28} mio {24), .f{:_] can
be writlen in terms of M=) as follees:
. 1
Xz = E|—z-" H{—z=*)[=H{—2))
+ H{zhe Y ==X (z) (29
The samplificd fiorm of (29) 15 given by:
£(e) = (-2 (-2
+ HEH ()] r(z) en

Setting the inner elements within the two brackets of (30),
equal to the value 2:

H{—zlH(—2~") + HizdH(-z"") = 2 (31)
It fisllows that the estimated signal (2} will be precisely

equal o the transmitted signad X7z} with an N sample delay. If
(%), iz used in (31, this gives:

Jer =] + et =2 @)

e

Fig. 5. Proposed Alnmouti Coded 2x1 DWT-MIMO
Multi={"arrier System

Thus the criterion for perfiect reconstruction is expressed by
{32} or cquivalently by (31). Hiz) and Gfz) are quadrature
marror filters.  If Hysp is known, the three required filbers
gven 1o (I3a), (25a) amd (2E) can be easily demved to form
the perfect reconstruction filer bank.

2.3 ZLero Forcing Equalization

Channel estimation i wavelet=based multicarmer syslems 15 a
challenge, and finite mmpulse response (FIR) based zeroe
forcing was proposed m Farrukh et al [22] for a time domam
equalization. In this work, we implement frequency-domain
equalization. An FFT operation has been performed on the



wavelet signal at the receiver (see Fig. 2. 5 and 6) according
e the following:

FFT
S(f)= X{1,a) (33
Where, X[, 2} 1= the wavelet=domann sienal scabed by “a™
and shafled by “t™ and %) is the transformed signal whach
will pass the equalizer.

In conventional OFDM systems where a oyche prefix =
mcluded, hnear convelution m the bme domam with channel
impulse response bft) s equavalent o cychic convolubion. As
a result, there 15 no 151 and frequency domain equalization can
be mplemented exacilly by dividing by the frequency
response of the chanmel, & This is estimated, cg. by
transmithng known traiming data. I the received signal in the
requency domain 1s

o= HE + X, (34}

Where, 5 15 the signal spectrum and N = the nose spectrum,
then

B = X 4+ N {35)

Mode that meize will be increased in sub-channels in which &
1s faded. Where there is no cvclic prefix, then the convolution
15 mot oyclic and the comvolution theorem does not apply
exactly. Then

R =5+ X+N (36

Where, X represents the ISI mo the frequency domain,
introducing am error. It Bllows that

RV = 8 & (X+NWH. 3T

In conventional COFDAM, symbols transmitied in sub chamnels
where H & faded will expersence increased probability of
errar due to X as well as o ¥, In the propesed system, the 151
iz spread by the wavelet trmnsform across a number of wavelet
domain symbols. The deleterious effect on error probabalsty is
affset by having more symbal power, since none is wasted in
transmithing the cyclic prefix.

51 a2

51 52

Fig. 6. Production of 151 in the proposed system
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2.4 Maximal Ratio Combining

The above mentioned lechnique is pow extended o include
a receive diversity scheme, using maximal ratio combining to
obiain optimal performance, although at the cost of mcreased
complexity. The benefits of using receive diversity, with a
number & of different antennas, 15 to mprove the cffective
Fu) K times a= compared o that of 2 single recenve
antenna [32]:

K
Ihe | By

¥= N,

[ELY)

Where, K 15 the number of the receive antenna, and ¥ = the
signal ko noase power ratio (SNE) gam as the £ mereases.

15 Almmouti Coded Wavelet based System

Mext, space-time block coding is meroduced, which = also
a MIMO techmigue. Fig. 5 below shows an Alamouti coded
waveletsbased OFDM system with two imnsmatting and one
receIving anienmas.

Al the transmatter the bimary data were BPSK modulated
and then reformed mio parallel data by a senal to parallel
converter. Afler the IDWT process, the dala were coded uxing
the Alamoutt scheme before transmassion over a multpath
Raylesgh chamnel with AWGHN. The particulsr Alamowti code
15 as follows [37):

_|a =
§2 -

5 {39)

Symbols 5, and 5, were trarsmatted in the first time shot (1)
over the two chamnels and —s'r and —:'; [where ® agam
denotes the complex comjugaie) were transmitted m the
secomd ime slot (#+7). The symbels received can be wtten
a5

r=[n ] 7 {40a)
2 -8
or,
35
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k= [-‘1151 +hysy sy —hys) ]

(4db)

Where, &, represents the chanmel. AWGN has been added
e each clement of K.

Mow, & * 5" where, ()Y stands for the Hermstmn
transpase, gives:

RS =nss™ =y m)guf +sf

(1)

557 = +}s2f)[1]

Where, [1} is the identity matrix.

{4Z)

Once B = known, for the subsaquent unknown symbols, a
matrx £ is consinacted as:

L
s )
Then
Ril)
O=Hi= Ry 44)
Therelare

HHQ={PH|1+|#1IZJ[:] a8

Where, HH" is a diagonal matrix.

Once the symbols are separated they can be decoded in the
detecior, the semal data passing through the DWT, and the &
parallel streams then reformed wvia the parallel 1o sersl
convertor, prior to demodulation.

In Fig. 7 we now show a discrete wavelet transformebased
Alamouti=coded two  moomatter and two  receiversbased
sysleme The transmitter part of the 2x2 Alamouti coded
waveletsbazed OFDM 15 the same as that of 2x1 but we now
have two recerve antennas, so that there are four channels

mvelved:
1 1
| [k 2 i
% _ "_El *"‘:f [”]+ b
= | | by - . =
3 12 &]" 2 |y (46)
Fi iy i
¥ bz h By

Where, ky (for i=1.2 and j=1 2} is one of the four mdependent
Rayleigh fadmg channels. Then after equalceation the
extimaled transmatted symbols can be wtten as:

M
- 1
x L ¥
[‘}{Hﬁ“} 7l et
5 2
L (47}
2-
¥

In this case, equalized serial symbols then pass through three
levels of DWT, the paralle]l 1o senal convertor and are then
demodulated.

3. SIMULATION AND RESULTS

In this sectson the results from the systems described above
are discussed. These were obtamed through Momte-Carde
simalations.

36

270



The first study was 1o compare the performances of different
wavelet famaliess not all wavelet families perform alike
because they all mvolve different filiers.

The resulis support the theory that the Daubechses Emly
works best for reconstruction and can provide the best results
in multscarrier systems, and Fig. & depicts an (Ep) gain of
approximately 2 dB for a BER of 107 m a multipath Rayleigh
channel with AWGN.

The simulaton was repealed under the same condibons as
shown in Table | for Daubechses. Biorthogonal and Reverse
Biorthogomal wavelts.

TABLEI

DWT S0 LATION PARAMETERS

Farameter Parnmeter Yulue
Muodulation scheme BPSK
FFT size Ml
Cyelic prefix Ml
Waveld famalses dbg, horl 3, dheorl.3
Propagation Rayleigh fading + AWGN
Decomposition stages K= logy (W), N =64
Symbal length Fuhd, M= 107

Afler selecting the Daubechies wavelet family, a filter length
of & was found, afler several tmals, 1o give the best balance
between overall system performance amd  acceptable

processing speed.  We next compared the BER. performances
af the wavelst packet transformebased system and the discrete

wavelel=based system. Simulabion parameters used for both
the DWT and WPT are described in Table 11 below.

TABLEN
SIMULATIHEY PARAMETERS DWT axn WPT

Parameter DWwT WPT
Modulation TECIAM, GeldapAM  16=0AM, Gl
scheme OAaM
Wavelet family  dbs dbi
Fropagation Rayleigh fading + Raydeigh fading +
1 AWEGN AWGN
Decomposition
stages K=logz(MNL N = K = logiM), N=
il b
Symbol length
Fund, M= 107 2%, M= 10

Monte=Cardo simulation results obtamed are shown below mo
Fig. 4.

It was ohserved through simulations as shown i Fig. 9 that
the IMWT owtperforms the WFT by an {EpN,) margin of aboat
5 dB for the same BER of 107, The performance of wavelet
packet tmnsform based system margmally improves at high
(ERNd values, but the discrete wavelst transform  still
performs better. Thus we selected the DWT lor our system

Interrationzl fowreal of Computer Applications (1975 — 8887
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Fig. §. Performance Comparison of Different Wavelet
Families
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Fig. 9. Perfarmance Comparison OF I'WT and WEFT in
MO

The fimal chowor = what type of modulation scheme b use,
Simulations were performed in which we choose four
different types of modulsions and keplt the rest of the
simulation parameters the same as m Table 1

=
&
i) [—e—EraconT
]
In". : . : :
1] 5 ] is 1) = k1| B 40
SMA B
Fig. 10 YW T =hased MOS using different modulation
schemes

For simplicity and best BER performance BFSK was
selected as the modulation scheme for the rest of this study.
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TABLE 111

SIMULATION PARAMETERS DWT axn FFT

Farameter WwT WFT

Modulation BPEK BPSE

scheme

FFT xize Ml b

Wavelet famaly  dbs dbi

Propagation Rayleagh fading +  Rayleigh fading +

. AWGN AWGN

Decomposition

stages Ko logy (W), N = K o= logyi W), M=
b

Symbol length

M, M = 107 2, M= 10

Mext we compared the conventional FFT=0FDM and
W T=based multicarmeer systems. The results produced in the
Fig. 11 amd Fig. 12 clearly suggest that the DWT-based M5
performs better than the comventonal Foumer-based OFDM
system by a margin in (Ep™Ng) of about 6 dB at a BER of 1w
i a multipath Bdmg environment.

W ;i

1:1“ 3 H i 1 d b

SHE idby

Fig. 1L Comparisan of DWT-CFDM and FFT-0FDNM
in AWLN
" T

—E—FFT-0F 0
=l [T CF Db

a =] L =] 15 o1l s = ¥ £
S

Fig. 1. Performance comparisan of DW Tehased MOS
wndl FFT=00FDM

The model was them extended to wse Maximal Rabo
Combining recerve diversaty.

Interrational Jowrnal of Computer Applications (0975 — 8§87
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The resubts obtamed are depscted in Fig. 13 and they show
that as the number of aniennas on the receiver = increased the
performance approaches that of linesofssight systens. Also, it
can be seen that wavelet=based MCS complies with the law of
dimamishing returns. Thus, the amlenna gam decreases with
ncreasing number of anlemas.

The Alamoutisbased tramsmit daversity lechnigue was then
applied and compared wnh MBEC which showed that two
antennas on the transmitter side and ome antenna on the
mecerver side has the same diversity order as that of one
transmit and two receive anbenmas as suggested by Srvash
Alamout: [32]. Fig. 14 shows these results.

—t— A [T Fumi]
il i (T Fw=3i [
i A 2 (T R3]
—i— MEIC [ Te=1 Fa=d] [i

G n = 0
SHR jE)
Fig. 13, D'WTMIMOMCS wsing Muaximal Ratio

Combining

4. CONCLUSION

In thas work, an alermatrve lechnsque to FFT=0FD% has been
presented and mvestigated, and made comparisons belween
different wavelet families and different wavelet transforms a
frequency=domain channel equalization method using @ero=
lorcing equalizapbon was introduced which showed better
performance than comventiomal FFT-OFDM  frequency-
domain equalization. The proposed system explosts the special
property of wavelet transforms such that filter distortions and
signal alsasing is completely cancelled uxing the analyss and
symthesis filters. Thas resubled in the perfect reconstraction of
the cnginal mput data signal and perfect extraction of the
multiplexed mput signals. The alasing cancellation condition
that 15 imposed 1m the hlter banks ensures oo cross lk in the
corresponding  transmulbiplexer. Meanwhile, the proposed
wavelet transform multicarmer modulaton scheme  brought
increased spectral efficiency, consequent on the non=inclusion
of cyclic prefixing which needs up 10 25% of the transmit
bandwidth im the conventional FFTsbased OFDM.
Companson between two different types of wavelet-based
modulations was alse presented which showed that the DWT
performs better than WP T both in terms of BER. performance,
and mn terms of processmg imes as WPT decomposition s
performed 21 each moede. [hversity technigues were then
studied wsing the proposed DWT=-0FDM with frequency
domain equalizatson. Overall descrete wavelet  transbormes
bazed MC system performed better than the comventsonal
OFDM system in terms of BER performance with savings of
% 1o 25% bandwidth.
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ABSTRACT

Other than the conventional fast Fourser transform (FFT) for
multicamer modulation, a new approach for mulscarrier
medulation (MOM ) has been known. Meanwhile, mulbicarmer
modulation mvolves dividing the broadband channel ino
many orthogonal but overlapping narmowband cariers. In an
OFN modulazon based mulbicarmer system wusmg the FFT, a
cyclic prefix (CP) & inseried after each symbol frame to
combat the effects of inter symbol interfierence (151 By
mserting ihe CF, which results in spectral inetficiency OFDM
schemes trades up to 25% of the transmit bandwidth. A new
MCM approach that 1= vosd of the expense = the wavelet
transformebased syslems. These systems also have wvery
suppressed  sideslobes and exhabit mmproved  BER
performance. In wavelet based systems, the lstest challenge in
s implementabion 15 in the chanoel estimation. In thos work
we have studied the performance of the FFT based OFDM
system against wavelet tramsform (WT) based mulbicarrier
system using a simple zero forcing (ZF) egualization m time
domain. The studied system shows some improved BER
performance.

General Terms

Equalization, Algerithm, Performance

Keywords

Orthogonal Fregquency Divason Mublplexmg (OFDM). Bt

emor ratio (BER), Wavelet Transform (WT) Multicarrer
Maodulatson [MCM)

. INTRODUCTION

There is an ever=growing need for the communication sysbems
that can provele high dala mtes. Modulabon schemes
characterized by theses high dala rate transmissons can
turn imcur 151 which s usually caused by the channel deday

and as a result, high performance equalizers are
mequired. Solution to this problem involves using mulbcarmer
modulations (MOM), which divedes the hagh data mate semal
sireams inlo a number of parallel streams with low data rabes
[1]. The mumber of sub-channels 1= selected s as 1o increase
the symbol time as comparned 1o the channel delay spread, and
alzo to reduce the subestream bandwidth size than the size of
the channel coherence bandwwdth so the 151 can be beamble
[2]. An mstance of such MCM is the OFDM whach is an FFT=
bazed mulsamer medulabon (MCM) scheme. OFDS
modulation is the mam comtender for the communication
systems required for the next generation. This method of
multiplexing 15 rather expanded by the large side-lobes
intrmsic m the fixed rectangular shaped FFT-window, This
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scheme ako required a cyclic prefix insertion in order i
compensate for the mier-symbol mierference {151} whach
wastes up 10 25% of the scarce bandwidth 3, 4]. Also, the
OFDM smgmals are charactenzed by high peak-to-average
power ratio (PAPE) which dnves the ligh power amplifiers to
aperaie near the saturation limits.

Wavelel Transtorm based multicamer modulstion & senously
being mvestigated as an allernabive 1o the convenbional Fast
Fourner Transform lor use in OFDM systems due to the fac
that they can provide all the same benefils as of the FFT-
OFDM with an added benelit of PAPR combat and carmier
frequency tming offset [5]. Unlke the comventomal FFT=-
OFDM system wavweel scheme sahisbes the condstion for
arthegonality and achieves perfect reconstruction (PR} using
the oribogonal hOlters aof the Qhaadrature mimor flier (QMF)
banks [6]. Discrete wavelet transform has large power spectral
density as compared to FFT=0FDM due to the fact that DWT
produce well contined sde lobes with the narrower side lobe
having the cootamed energy with reduced oul=of-bamd
emassions. Since there 15 no CF, the equivalent copied noase
during cychc prefixing is saved so that the BER performance
of the WT-bazed systems 15 improved Besides all these
benelits wavelets alsp use multisresolution analyss of the
signal in which by the applied basiz functions, the signal 1=
well localized both 1o time and frequency domam and ther
resolution [T]. This multisresolution= time-frequency sigmal
represantation is achieved by some shifting {iranslation) and
scalmng. Dhigital signal processing has played a very wvital role
mn ihe advancement of the communication systems. By the
filtering scheme in wavelets studies, the multirate filler banks
have been in use in manmy felds soch as  digital
ommunications, image processing and  degntal | signal
processing [£]. If we use the wavelet filters that allow the
decompesition of the studied signaks into equal high band and
low band components of equal filter length, like the db2, and
with the frequency components scaled in ime, a ssmple zero=-
forcing (£F) can acheeve a for equalration whereim the
channel state is knowm 1o the receiver.

The rest of this paper 1= divided as follows. Secton 11
describes the implementation of the OFDM scheme, Section
Il covers wavelets as mulbcarmer modulabon, simulabson and
resulls are presented in Section IV and Section 'V ogives the
conclusion.

. OFDM MODULATION
21 CFDM Tramsmitter
Let us assume that we have an OFDM system that has N

number of subcarmers. The subcarmers that will be used for
transmission <an be wnitlen as Mu + | whach be at the central



spectrum and the subcarriers at the adges wall form the guard
bands. The transmisson subcarmers are then modulated usmg
a daty symbol X,, where "a" 5 the number of the OFDM
symbil and "n” stands for the subcarrier number, Inverse fis
Fourier transform (IFFT) of size M & then applied. The
subcarners in ke guard band are not ublzed m order 1o keep
the size of the transmit sgnal less tban the bandwidth sie of
UT where T represents the sampling time of the OFDM
signal. The additson of a guard band helps determine the best
analog transmassion filer i be employved i order to restrict
the penodic spectrum at the owtput of the IFFT prodeced by
the time signal (discrete). A guard interval also helps combat
the inter symbol interference in 2 mubspath fading channel
envircnment. The resullamt zigmal at the owtput of the

transmitter can be mathematically woitten as [9]
L

1) = Xon¥on(L)Bgr 2] (n

= = Em =By 2

Where, E:n:pr:sml: the convolution, mmpulse response of the
analog filter used in the transmassion s given by ge(l) and
Wy al(t) stands for the subcarrier pulse and & defined as [9]

aTEEsia 1)

otherwise

JErlt=a=aty),

Wyalt) = [!ﬂ (2

The total tme of the OFDM symbel including the guard band

will be equal o T; = T, + 4. OFDM subcarmer spacing will
be equal o 1T, and A 15 the length of the guard interval.,

2.2 Muliipath Rayleigh Channel

The signal was then transmitted over the Rayleigh fading
channel whech causes a change in phase, amplitude and the
angle of arrival of the received signal and can be characlerzed
by
i
bt xh = " aclt o) e ot — (1)

=l

()

where, a:(L, 1), and 1, represent the amplitude amd the time
delay respectively and 8; = Zaf 5 (t) is the phase shift for the
o™ multipath at a time & R stands for the maximum number of
multipath posssble with (s} as the Dirac della. Thus, a
Raylesgh fadimg channel 1z modeled 2= a complex-valued
(iaussian process with rero mean.

2.3 OFDM Receiver

Al the receiver 1t is assumed that the guard interval & kooger
than the channel dielay spread, with perfect synchronization,
and then the 0® subcarmier output during the a'* OFDM
symbol can be wtten as [11]

Yarn = Xam Han Grin)Galn) + fan.
Ny

2

~Sren s w

Wheere, Mym TCpresents the additive white Gaussian mose,
Grin) stands for the frequency respomse of the amalog
transmission filber and G (1) denotes the frequency response

of the recerver filler at the nth subcarrier frequency [, = E_
channel response in the frequency domain is dencted as 0, ,,
and can be mathematically explamed as [11]
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[ 3
Hon = Z b, (aT,). e~ (s)

rml

The channels r® path gain during the 2™ sumber of the OFDM
symbol is represented by b, (aT,) m Equation (5] Mow if we
assume thal our transmission subcarmiers lie m the flat region
aof the amalog filters both at the transmitter and the recemver
then we can rewnite the Equation (4} as [11]

= JL’,’,.H_F

+ e a)
‘Which mean we have assumed Gp(n) and Gy{n) 1o be equal
1o ome in their flal region. Anctber way 1o climinate Grin)
and Gp(n)from Equation (4) will be to wse the o priona
knowledge of the transmitter and receiver filters. We have
ammed Equation (§) 1o be correct lor this study.

3. MULTICARRIER MODULATION
WITH WAVELETS

3.1 Wavelets Background

Wavelet Transform (WT) is a mathematical function which
cam be usd to decompose a contipuous time signal
dilferent scales and different times using the multi=-resolution
analysis |12].The contimuous wavelst transform of a sigral
x(1} can be mathematically wratten as [ 12

¥an

CWTx(r.0) = (x(0) )
" I—1
= E‘EL’L‘J"' (=) @

Where ® i ° represents the mother wavelet, parameter 7 " 15
the translation which corresponds 10 the time information
present m the signal and ‘3" = the scabing parameter which
corresponds 1o the frequency information contamed in the
signal and “*" represents the complex comjugate, which will
not be reguired of “y” 15 assumed to be real [13].

When a mother wavelet s designed ot is desgned o such a
way that it can be inverted to retneve the onginal trapsmitbed
signal. For continuous wavelet transfiorm there exist no viable
inverse in practce due to the redundancy in the information
whach will requare extensive analytical caloulation, but n
theary {only mathematically) the inverse for this translorm
can be wnilten as |§]:

[—T

*(1) = é‘”: %;;[a, v {T] deda

Mow 1o circumvent the above mentioned dala redumdancy
1ssue we discretize the scahing and in addition the translation
varables. Mow using the Equation (T) as a reference 1f we
discretize the tramskston parameter * T ° by 2%, and scaling
parameter “a* by 2. then we can rewrite Equation [ T) as:

18}

DWT2(j.k) = (x40}
—a7 Z 2~ n — k)

nmar

(k1]

And thus the Equation (9) will be our dascrete wavelet
transform of signal x(t). This transform can also be referred to
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s a form of subsband coding becawse in order 1o analyze a
signal it has (o pass through a siring of Aler banks [ 14].

3.2 DWT scheme and Perfect Reconstruction
The process involved in mmplementing the wavelet based

MCM 15 quate similar o that of the conventsonal FFT-OFDM
as follows:

Figure 1: Z-Level Wavelet reconstroction (synthesix)

Wavelet trumsform based multicarrier modulsted  systems
cansst of perfiect recomstruction quadrabare mirror filter bank
that employ half band low pass filter {LPF) whose impuls:
nesponse can be wrtten a5 “h7 and hall’ band hegh pass Hler
{HPF} whose impulse response can be wntlen a5 “g’ which
canvolve with the input signal x[i]. Two sequential parallel
dala sireams are created in wavelet transform mulplexmg 2
cach scale and imnslatson e Ty (1) Il'ld.tuaﬂ(ﬂ} as shown
in Figure (1) which are then upsampled by a factor of 2 and
passed through the LPF and HFF of QMF bank. The inpat
signal 1o cach filter convolves with the impulse response of
the filter o yiek siaelr] = Wl = zlw] for the low pass
filler, whech gives us owr approximale coeflicient and
:n:'ph[n] = glnl = x[n] for the high pass filtker which
produces the detal coefficient at the filter output. Anti-
imaging filler i= required in order to filter out the mxpe
frequencies  thal are produced durng the upsamphng
oporation within cach channed. These filtered streams are then
summeed and comsbitute a2 waveldl symbol. Thas just explained
process emphasooes synthess (inverse DWT=1IDWT) process.
Thiz symibeszred data is then passed through the chammel m
the presence of AWGN.

When the signal is recerved on ihe receiver sde ot 1s then
apgain passed through the Cuadrabore mimor Glter bank whech
canssts of a pair of conugate LPF h*(=n} and conjugate HPF
£*(=n) on the recoiver end. Two such pairs constitule a twaos
channel QMF bank 2= shown im Figure (2). The received
signal 15 first decomposed imlo it respective detailed and
approximate coefficients and then downsampled by a factor of
2 which 15 alse apparent rom the Frgure (2). Thas process
cantmues urtil the N paralle] streams of data are recovered.
The recovered data is then converied inbo a senal siream using
a parallel to senal converter and then demodulated using a
suitable scheme. In this stedy we have used BPSK and 16-
QAN
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“Figmre 2: 2slevel Wavelet Decomposition | Annlysis)

The HPF and LPF of the OQMF bank can be expressed
mathematically as:

hin) = (-1)"giL + 1 —n) (I

‘Where, L desoribes the sequence of length of g (nj.

Becanse of the shift and tmnsabion of the wavele
transformed signaks, each of the composte symbols is mther
delayed by a factor *i” scconding b the s-transform relation
(Xle) = E‘:{m}lz". where 2% = g=Im) which requires
adjacent matched fillers to perfectly reconstruct the signals.
Thas perfect reconstruction can only hold if the matched filters
respect the following.

hiz)h"(z) + glzdg iz} = 22== {11a)
bzt {—z) + glelg (-2l =0 {11k}

4. Zero Forcing Equalization Algorithm

Ome of the challenges foed when implementing o wavebet
transform  based multicarmer system = of the channel
equalization. The use of zercelorcing channel equalization
algorithm for wavelel transform besed multicarrier systems
using some fimite response filters (FIR) was suggested in [15].
Meanwhile, £F 15 adopied for channel equaliation wherein
the chammel state is known 1o the recemver.

Tabde 1@ Simulativn Parameters for IPWT and FFT in the

presence of AWEGEN
WT FFT
Muodulation BPSEK, 16- BPSK, and
Scheme QAaM 16-0AM
FFT sizc Mil )
Cyelic Prefix Mil 144
DWT Family D2 Wil
Decompositic | K= log2iM), Wil
i Stages N=2"
Propagation AWGN AWGH
Emvirommznt
Symbol oM, TR,
Length M= 1¢ M= 10
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Without the ZF-with FIE approach, we can achieve a far
equalization i WT-lransmussions smece there are egual
lengths of wavelet filters in both the receiver as of the
transmitter for the wavelet family comssdered, dbX. 5o, the
zero forang equalization algorithm = performed for WT and
compared with that of the conventional FFT-OFDM over
Rayleigh laxling channel wilb some additive whate Gausssan
nodse [AWGNL

—B— 8P FrT
e (5 FEH DR

SHIE by

Figure 3: Performance comparison of DWT-(0FDM and
FFT-0FDM

The sigmal that reaches the recerver after the convolution with
the channel and addition of noise can be mathematically
writlen as %, = hs +n, where b is the charmel impulse
respanse and m s the AWON. In zero forcmg equalization we
need to find the filker cocfficsents oft] that can make
klel@ele] = 8el. By EF, we proceed 2= follows

Ferlt] = eltl@ylr] 12{a)
= ele](s[e}@hle] + n) 12k}
= gt] + ¢[t]@n 1He)

This £[t]@n causes noise amplification in sero forcing
channel equalization. The equalmed =ignal was then further
processed for onward bit error rate (BER) estimaton.

—l— (- AT

HER

B a0 F.l

mn 1
SHIE k)

Figure 4: Performmace comparison of W T«(0FDM
and FFT=(0FDM in AWGN usimg 160345
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5. Simulation And Results

In thes section the results of the above mentioned sysiem are
discussed. Table 1 outlines the parameters that were used to
cury oul these simulations. The performance was studied
using differemt modulstion schemes in the presence of AWGN
channel only as shown in Figures (3) and (4.

¥ W 15 @ & @ %
SRy by

Figure 5: Performance comparison of DWT-(FDM and
FFT-0FDN in Rayleigh Fading + AWGN using BPSK

It was notced that the performance of the DWT was
mentonausly marginal although with about 1db better at BER
of 107 in the case of BPSK system mn Figure {3) as compared
i the comventional FFTAOFDM system. Ths performance
cam be better at some longer symboel lemgth thanm the
mvestigated. For higher dala rale invesbgabion, e.g the 18-
COAM mn Figare (4), the perfformance advantage of the DWT=
scheme becomes mare pronounced with up o 248 gain at 1w
BEE m favor of the D'WT modulation. The performance memnt
n be explamed on the premse of cyclic prefixing requimed
mn the FFT-O0FDM which 15 nol required in the DWT-0OFDM
modulations since by copying 25 percent of cach of the
transmit symbaol kength, proporsonate amount of nose 15 also
oopied. This would lower the hkehbood of decoding the
transmitled bits carrectly.

Over the multipath, more disonentation are mmpesed on the
transmut signal by the mpulse response of the channel. But
the sgmals processed by the DWT scheme posses some sturdy
fexibility in bme and frequency coupled the filtering
mechanisms used m the wavelet. The filters of the wavelet
uszd (db2) decompose the sgnal mlo equal lengths of low=
band and high-band and reconstructs them likewise. Sinoe the
channel siie 1= known o the recemver, the effect of the
channel can be removed with some bearable ermor introduced
by the system nowse. Comparing the performance of the DWT=
OFDM and FFT-OFDM in Figure (5). the results obtained
from the simulation using discussed time domain equaliation
shows an improved BER performance and a gain of up to 3db
at BER close to 107 in Bvor of DWT medulation when
propagated through a multipath chamnel environment m the
presence of AWON usmg BPSE.
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6. CONCLUSION

In the study we implemented a wavelel transform based
multicarmer system which compnsed of perfect reconstruction
Cuadrature mirrar filter banks and compared #ts performance
againsl the conventional Fast Foumer transform  based
multicarmeer  system im the Rayleigh multpath  fading
envircnmen! with addstrve white Gaussian mose usmg zero
forcing  channel  equalization  algonthm  which  was
implemented m time doman just before the DWT process.
Resulls obtained showed slightly better BER performance in
favor of the wavelel tmmsform moedulation. As no cyelic
prefix or guard band was mserted spectral efficiency was
impraved in DWT a2 compared to the comventsomal FFT-
OFDM system where in order (o counter the degrading effects
af 151 cyclic prefixmg B required. Consequently, further
multicarmer modulation stedies can be possible using the
DWT-OFDM.
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Abstract- In this work we present the work on the equalization
algorithms to be used in future orthogonally multiplexed wavelets
based multi signaling communication systems. The performance
of ZF and MMSE algorithms has been analyzed using SISO and
MIMO communication models. The transmitted electromagnetic
waves were subjected through Rayleigh multipath fading channel
with AWGN. The results showed that the performance of both of
the above mentioned algorithms is the same in SISO channel but
in MIMO environment MMSE has better performance.

Keywords- Wavelets, DWT, MIMO, Zero-Forcing, Minimum Mean
Squared Error, V-Blast.

L INTRODUCTION

In the context of NGWS world 15 expecting a lot of changes
after the failure of 3G systems due to thew poor performance
and high deployment cost out of which some physical layer
weaknesses are still expected to be present wathm the 4G
networks. It 15 predicted that the 5G service wall open a new
world of opportunities for the users, with hugh data rates and
VOIP enabled phones [1]. With such high expectations
industry giants are looking for the best available systems that
can optimally use the resowrces some of which are scarce like
frequency spectrum. In order to combat the ISI caused by the
channel delay spread in a high data rate transmission system
multicamer systems have played a wital role. These
multicamer systems divide the high data rate senal stream into
a larger number of parallel streams wath low data rate [2). Asa
result mncreasing the on air time of the symbol but reducing the
bandwidth size of the sub stream in companson to the channel
coherence bandwidth by choosing the nght number of sub-
channels which in tum helps avoid ISI. Both multicamer
systems like orthogonal frequency division multiplexing and
MIMO antenna techmiques have eamed their reputation to
provide lhigh spectral efficiency{3, 4]. OFDM systems
provides for a way to transmit processed signals from the
same source at different frequencies but at the cost of
bandwidth wastage due to guard bands [4] and ugh PAPR [5].
The main success of OFDM systems 15 due to the fact that
they provide robust transmmssion agamst multipath
environment by making using of the cyclic prefix but at the
cost of bandwadth [6).

Wavelet based transmussion scheme has been proposed for the
next generation wireless systems by the authors m [6, 7). It has
also been shown that the wavelets can provide all the same
performance advantages as of the OFDM systems and does
not require the addition of the cyclic prefix and has improved
PAPR and BER performance.

978-1-4799-3525-3/13/$31.00 ©2013 IEEE
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The advantage of wavelet based multicamer modulation
techmique 15 that all the benefits of conventional OFDM
system can be achieved with some additional benefits namely
mmproved PAPR and BER [8, 9], and also camer frequency
timing offset. Wavelet transforms spreads the ISI over
different wavelet symbols thus reducing it to a neghzible error
which can be easly comected at the receiver. Another
advantage of wavelet transform 15 that the =ide lobes are
greatly reduced as the main energy 15 contained in the mamn
lobe thus in turn reducing the error probability that one bit wall
be decoded as another. The basis sets of wavelets has
mcreased time - frequency partitoning resulting in an
improved SNR performance [10]. This transform satisfies the
conditon of orthogonality by employing a perfect
reconstruction Quadrature muror filter bank which allows for
the decomposiion of the signal into 1ts constituent
approximate and detailed parts and the reconstruction of the
signal This perfect reconstruction 15 achieved using conjugate
filters on the transmutter end.

The goal of this work 15 to study and evaluate the performance
of most entical component within the receiver 1.e. the channel
equalizer mn order to optimuze the performance of proposed
wavelet based multicamer system. ZF and MMSE techmiques
work in the time domain on de-convolution of wavelet
symbols in channel impulse response estimation, as channel
estimation in wavelet transform 15 challenzing due to the
hnear convolution between the channel and the wavelet
symbols which results m severe mter symbol interference.

No previous published work has signified the importance of
this important factor of irreducible inter symbol mterference
between symbols. We have used two different equalization
techniques to show how this affects the wavelet based
multicamer system mm terms of equalizaton  MMSE
equalization algonthm in the conventional OFDM systems 15
well known for its better performance as compared to the ZF
algonthm but in this simulation we will show that even
though MMSE starts of better at low SNR's but as the SNR 15
mcreased the performance of MMSE algonthm decreases so
as to a pomt where it matches the ZF for the SISO
environments but when the MIMO environment 15 employed
MMSE again starts to show better performance confuming the
theory that the ISI 15 evenly distnbuted among wavelet
symbols.

This paper has been divided as follows; Basics of wavelet

transform have been descnbed m Section II, followed by the
DWT baseband architectwe i Section I, Channel



equalizations methods m Section IV, Simulation results m
section V followed by the conclusion in Section VI

II.  WAVELET TRANSFORM BASICS

Wavelets are a mathematical tool for the multiresolution study
of a signal x[n] 1e. the signal can be analysed at different
resolutions through the process of shifting and scaling by
decomposing the signal into its constituent approximate Gy,
and detailed H,, , coefficients at each shift and scale. This 15
achieved by using embedded vector spaces.

~CVCWVKCViCVo,CV, C-- )

Let us consider a signal within a vector space Vr and within
this vector space lays other spaces which we can identify as
Vi, Le. the decomposed part of the signal space. This means
that the space constitutes of multiply resolved components of
the total vector space Vr as shown in Figure 1.

Using a dilation equation we can mathematically wnte Vr, .
@(t), and @(t) 15 defined as [11];

9= V2 ) gme(x-n) -

After establishing that the total vector space occupied by the
onginal signal 15 now divided Equation (2) wall provide the
low frequency mformation using a half-band low-pass filter
g(n), the length of the onginal signal 15 also halved as imphed
by the dilation factor 2 used m Equation (2). Now repeating
the same 1dea of multiple vector space resolution using a half-
band high-pass filter g(n), the high frequency information can
be retneved and mathematically desenbed as m Equation (3);

¥(© = VZ ) h(e-n) &

Figure 1: Multiply Resolved Vector Spaces

Equations (2) and (3) can be resolved determune the basis
functions.

If the impulse response of one of the filters 15 known the
coefficients requred for the other filter can be easily
calculated by using the relationship
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h(n) =(-1)"g(L-n+1),

Where, L stands for the filter length and n 15 the filter
coefficient. Mathematically the contmuous wavelet transform
of a signal x[n] over the vector space T can be given as;

@

Where, & represents the scale and T represents the shuft. The
transform 1n its continuous form contams redundant
mformation and requires a lot of analytical calculations and
also no wiable mnverse exist in practice so it 15 discretized and
can be wntten as [6]

Xcwr(@,9= [ x(@)y, (dt
T

¥ma = 2 TW(2™t—n)

Where, m 15 the scale and n 15 the shift. The discretized signal
consistng of 1ts constituent approximation and detail can be
descnbed as;

x(t) = z Guz“5¢(z"1 -n)
e L 2y
£ ) Baa2Te@™e-n)

malne-o

(&)

to the implementation of the stmngs of filter banks
ired to perform this transform 1t 15 also referred to as sub-
band coding.

= E

Figure 2: DWT Tiling on T-F plane
II.  THE DWT BASEBAND ARCHITECTURE

Once the transform 15 discretized the DWT can be employed
to decompose the signal into an approximation G, , and detail
H,, , for every shift and scale to analyse at different resolutions
and at different frequency bands so in order to process the
signal’s useful information and drop out the rest. The pont to
note here 15 that when the DWT 15 employed we only de-
compose the Gy, or the approximate mformation part which
will mean that the second part of Equation (5) 15 absent and
that there will be M = log2(K) + 2 number of total sub-



channels which can be used for signal multiplexing, K
represents the total number of decomposition levels and M
will be the resultant subchannels in each level

N-Parallel Samples

N-Decomposed Samples

Lewsl3

Figure 4: 3-Level Discrete Wavelet Transform

IV.  CHANNEL EQUALIZATION METHOD

Channel estimation 1n wavelets 15 a tncky subject Authors m
[9] sad that if the coefficients that are used for channel
equalization are of noisy wavelet signals rather than the
onginal transoutted signal they can lead to large estimation
emrors due to the longer wavelet filter sequences required.
Another challenge when working with wavelets 15 that the
transmutted signals when in the ime domain lmearly convolve
with the channel so that they zive nse to the ISI. Thus it 15
necessary to keep in mind when modeling the channel that the
recerved signal at the receiver end will not only be comupted
due to the addition of AWGN but also by the ISI. In this work
we presented the performance companson between the MMSE
and ZF equalizaton techmiques wusing time domamn
equalization of DWT coefficients of the ongnal signal that
have been comupted with noise as well as by ISL In our
simulation we have designed a frequency selective multipath
channel and comupted 1t with noise and ISI. The type of
transform 15 the DWT employing orthogonal Daubechies8
wavelet fanmly filters, and the receiver 15 only capable of
demodulating BPSK symbols.
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V.  SIMULATION RESULTS

All the results have been produced using the Monte Carlo
simulations. Simulation parameters are summanzed m Table I
and Table IT.

TABLEI
Modulation Parameter

DWT
Modulation BPSK
Symbol length _ 2°6*10°4
Channel Rayleigh Multipath Fading
Noise AWGN
Decomposition Log2(n),n=64;
Levels
Number of 1Tx-1Rx
Elements

From the results obtained in Figure 5 it can be seen that how
both the equalization schemes show the same performance. In
zero forcmg even though the channel 15 considered to be
known perfectly but stll ZF algonthm has a disadvantage of
addition of noise term, in OFDM systems MMSE has shown
to perform better because there 15 CP m those systems which
reduces the ISI but when the wavelet transform spreads that
ISI over a range of wavelet symbols MMSE fail to perform
better. Just to establish the fact, 1t has been proved m [6] that
wavelet transform has better performance regardless of the
equalization algonthm in companson to the conventional FFT-
OFDM.

------ —8—OWT.IF
S| == T-MMSE

2 4 b6 98 W 12 14 6 B D
SKR (db)

Figure 5: Comparison of ZF and MMSE



TABLEI

Modulation Parameter
DWT

Modulation BPSK
Symbol length 276 * 10°4
Channel Rayleigh Multipath Fading
Noise AWGN
Decomposihon Log2(n),n=64;
Levels
Number of 1Tx-1Rx
Elements

The above stated results led us to perform the same
expenment using MIMO V-Blast and the results shown m
Figure 6 confirmed the theory that indeed the ISI caused by
the linear convolution between the wavelet symbols and the
channel 1impulse response 15 bemg dismbuted evenly over all
the symbols and when extra elements were added and antenna
gam was achieved which started to suppress the negative
effects caused by the ISI distmbution MMSE started to show
improved performance.

104 | —e—Tx=2, Rx=2, ZF —
——Tx=2, Rx=2, MMSE
s 1 1 1 1
10 0 5 10 15 20 25

SNR (dB)
Figure 6: Comparison of ZF and MMSE using MIMO V-Blast

VI  CONCLUSION

From the results obtamned through the Monte Carlo
simulations 1t was concluded that the wavelet based
multicamer systems are mdeed a better choice for the next
generation wireless systems as they are more spectrally
efficient, they can combat the degrading effects of the
multipath channel without the msertion of the CP. Another
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important conclusion 15 that if the channel measurements are
made carefully both ZF and MMSE channel equalization
methods provide almost the same performance in SISO
systems due to the fact that how wavelets transform mitigates
the effects of ISL.
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Abstract. 4 mgjor drawback in deploying beamforming
scheme i orthogonal frequency division multiplexing
(OFDM) is to obtain the optimal weights that are associ-
ated with mormation bdeams. Two beam weighting
methods, namely co-phasing and singular vector decompo-
sition (SVD), are considered to maximize the signal beams
Jor such beamforming scheme. Initially the system per-
Jormance with and without interieaving iz imvestigared
using coded fast Fourier transform (FFI)-OFDM and
waveler-based OFDM. The two beamforming schemes are
appiied to the waveler-based OFDM as confirmed to per-
Jorm berter than the FFT-OFDM. It is found that the beam-
weight by SVD improves the performance of the system By
about 2 dB ar the expense of the co-phasing method. The
capacity performances of the weighting methods are also
compared and discussed.

Keywords

Beamforming, steering, MIMO, wavelet, OFDM, ISL,
FFT, LTE, beam-weight.

1. Introduction

The wavelet transform (WT) has been introduced in
the design of multicarrier communications systems in quite
similar way to the well-known OFDM systems using the
FFT [1-3], in which the FFT divides the selected wide-
bandwidth into many narrow-bands and then provides
many subcarriers for multiplexing input symbols. Mean-
while, WT contributes well suppressed side-lobes with low
mter-symbol interference (ISI) and inter-camer interfer-
ence (ICI) index than there are in FFT-OFDM [1-4]. WT 1s
also a windowed transform [5] with improved BER per-
formance and can operate without a cyclic prefix (CP).

OFDM symbols can be coded, for instance using con-
volutional coding, against channel impairments with inter-
leaving [6]. This provides the symbols with improved BER
statistics at the expense of effective information rate since
redundant bits are required When decoded, the Viterbi
algonithm [7] is used in the receiver with, either early sig-
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nal quantzaton (hard-decision) or later quantization (soft-
decision). While convolutional coding dominates multicar-
rier signaling in noisy channels, interleaving is remarked
over impulsive distortions due to time vanation of the
channel response.

Hereafter consider the channel using co-phasing
method [8], the degree of correlaton of one multpath
channel to another is increased thereby reducing the level
of impulsive fading expenenced by the transmitted sym-
bols. This scheme is usually discussed as beamforming, for
which the transmitted symbols may be weighted. It has
been shown in [8] that, by hamessing the eigenvectors
from the SVD of the channel as beam-weights, the system
performance can be improved. It follows that, instead of
co-phasing the transmit beams whose weights could repre-
sent the power with a number of transmitted antennas; each
signal beam might be steered by some respective weight
vector from the SVD to maximize the beam over some
propagation media. Then, using WT-OFDM, one can ob-
serve this can do better than the FFT-OFDM when it is
coded. Hence, different beamforming weights in a multi-
antenna transmission are compared to establish the best
operational performance.

The code structure used is described in Section 2
while the OFDM for different kemels are discussed m
Sections 3 and 4. In Section 5, the beamforming scheme 1s
described and simulation results are shown and discussed
in Section 6 and then followed by summarized conclusions.

2. Convolutional Coding

The convolutional code structure discussed is similar
to the INMARSAT standard-C earlier reported in [6]). It
has ': code rate and two polynomial generators G1 and G2
each defined by 1011011 and 1111001 (in binary form)
respectively as in Fig. 1.

Like the name implied, there exist a convolution
between the impulse response of the polynomial generator,
Gn, =12, and the input bit. Hence, for 4, input bits
occupying the prevailing memory register, then the output
of the convolution of the i* bit with impulse response of
the G’ polynomial gen*ator (as shown in Fig. 1) becomes;
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L-1
C,-Zd,oG,f. v nel 2 o
Tl
where ‘*’ is the convolution operator, » represents the
index of the polynomial generator and C, represents the
output coded bit. The resulted coded bits are mapped using
QPSK or BPSK, for example, before OFDM modulation.

we .\u% o]

[

Ustput
Data

Fig.1. Coavolutional eacoder.

3. Orthogonal Frequency Division

Multiplexing

WT used in multcamier signaling follows from the
traditional OFDM systems which are designed using the
FFT. Wavelets provide as many narrow-bands as the FFT.
So, a WT-OFDM system divides a wide bandwidth into
many smaller narrow-bands. If there are N-wavelet points,
there will be N-narrow-bands. Meanwhile, an N-point FFT-
OFDM system sampled at 7 = nT can be represented as:

qn)=—=

ZS = 2xnk/N "_ﬁvr....—],ql.....v—l )]

where /¥ is a scaling factor with V as number of the sub-
channels, T is the signal period, N, 1s length of the CP and
n 1s the index of the prevailing subcamier. §; represents
the complex PSK or QAM modulated input symbols. The
sub-channels are spaced equally from another by 4= 1T
such that N4f= N/T. So, the individual available narrow-
band sub-channel is modulated by the input bits, say, using
QPSKE.

4. Wavelet-OFDMI

In WT, the multicarrier process can be expressed to
contain the basis function of the scaling function as [9]:

M-

)= Y X, n® ©)
L mel

where X; , represents the n* symbol that modulates m*-
waveform of the ¥"-constellation. @, ,(r)is the complex
orthogonal basis function like in the traditional OFDM:
Omn = {l e @
0 elsewhere
where m and » are scales and shifts respectively.
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5. Information Beamforming

The beamforming technique was applied to achieve
improved diversity gain instead of capacity gain [10] and
in addition simplify the system implementation than other
MIMO techniques. The beamforming requires that the
received signal must be highly correlated and as such the
antenna separation must be as close as possible [11]. In
outdoor environments, the beamforming technique
achieves better performance than in an indoor environment
because the beamforming technique depends on the angle
of amrival (AoA) spread of the received signal [12]. Conse-
quently, the spatial correlation between the received sym-
bols 1s high since the angular spread of an outdoor envi-
ronment is lower than the angular spread of the received
symbols in an indoor environment due to the degree effects
of multipath.

5.1 Maximizing the Signal Beams (Weight
Computation)

The beams of the input signal are usually weighted in
beamforming scheme subject to specified constraint as
example the power level. In the receiver, a maximum ratio
combining (MRC) 1s applied With MRC, these weights
(w) have been discussed early by [13]: for which if w maxi-
mizes A such that the probability of error is minimum [14],
then the SVR due to MRC becomes;

SNR 4 = (Zlhl )A 2‘“ ®

¢’

z

Consequently, if the average SNR of a SISO system is
defined by SVRgs, = |h,*3/c,”, then the diversity order of
a MIMO system with ¥ antennas by beamforming scheme
gives:

SNR =W 1) 0, =kSNRwy ~ ®

Since there are usually one-power amplifier per antenna,
then each antenna is power constrained such that the
weight must not be greater than a threshold, say Ay, as

bof* <47, Wi=0L.k-1. -

In most cases, i, is set as unity [14] for shor-term
power constraint or different for each branch for long-term
power constraint [10].

Fig.2. MIMO-wavelet-OFDM with beamforming



Examples of these weights in MRC can be determined
by eigen-filter approach and they could be the same irre-
spective of the signal branch correlation [15] or equiva-
lently, the complex-valued (conjugate) channel gains [13],
[16]). In this case, the optimal wansmut beamforming
weights can be obtained as;

w, = JAr /k-a%, Wia0).. k-1 ®)
Arcan be set to 1 [13]. Equation § can be written as;
u;=com(ﬁc'jq). Yi=0L--- k-1 ©)

where 3 -.[i;/k in (8). Fig.2 is typical of an OFDM
system with beamforming. The input symbols, at each
antenna branch, are weighted by W =[w, w, - w.J.
w, e CVPM wio1 2. Ny where CYTM s a complex
vector of Ny x Ny dimension, k is the maximum number of
transmit antennas and [.]” is a ransposition operation.

5.2 Weight Computation using SVD

The method for computing the weights for systems
with beamforming whose channel state information (CSI)
1s known to the transmuitter is shown in Fig. 3 [7].

) & zn 2,
a LA (/) o 50) 'ﬁ‘l’-' O =T
Mm _M"

Fig.3. Baic representation of beamforming weights and
channel.

The beam-weights can be obtained from SVD
property by letting the channel discussed from the SVD as
7

H-U{V. (10)

U and V are eigenvectors of dimensions Ny x Ny and are
cN*¥r [ s the diagonal containing eigenvalues. As
shown m Fig. 3, the vectors that are charactenistically given

by C¥M  are used to weight the beam of each antenna
branch.

5.3 Beamforming by Co-Phasing

Consider a multipath channel of the Rayleigh model
with complex eavelope as:

H=Jd+8? .° an

where @ and & are 1.id Gaussian vanables fom h = a - jb
and @-tan~}(d/a). The signal beams can then be co-
phased in the following way; if the transmit branches have
signals with phases 8, in x,=5-¢ /% Vial2 .k
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where k 15 the maximum number of antenna elements, then
the received symbols from different branches combine at
the receiver can be given by:

X
Xty by B)x+2
X3_|

12

where Z is the circular symmety noise term with zero
mean and unity variance. The weight factor in this case can
be obtained from (10) as jiy/k . Thus, the beams are

weighted respective to the number of transmitted elements.
In this study, only 3 transmit branches are considered.

6. Simulation Results and Discussion

A typical mult-antenna scenario is preseated for up
to three transmit antennas. Input symbols are randomly
generated and coded using the convolutional eacoding
structure described in Section 2 and then interleaved using
a matrix interleaver. Its trace-back length is 32 to reduce
computation time. There are 128 input symbols randomly
generated and averaged 10° imes, mapped using the BPSK
and QPSK. In the first case, OFDM was constructed using
the FFT and then the wavelet transforms. The DWT and
WPT are also investigated. Over each transmission branch
for CSI condition, the OFDM 1s performed and the signals
convolved with the channel.

6.1 Coded Wavelet and OFDM Systems

The results for coded and uncoded OFDM systems
constructed with three different kerneles, comesponding to
single-input single-output system are shown in Fig. 4.

Fig.4. Coded 23d uncoded wavelet with taditiomal OFDM
compared.

In [6], it has been shown that the wavelet-based
OFDM outperform the FFT-based OFDM. In WT the im-
pulsive distortion effects of the multipath eavironment can
be minimized.

The summanzed results shown in Figs. 4 and 5, sug-
gest the use of coded WPT rather than coded DWT or
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COFDM in terms of BER performance as a proof of con-
cept. Therefore, it is recommended to adopt the coded
WPT for the SVD and Co-Phasing beamforming schemes.

Fig.5. Compariton of coded and umncoded wavelet with
OFDM.

6.2 Beamforming with SVD and Co-Phasing
for Uncoded Wavelet-OFDM

The co-phasing beam-steering technique is compared
with the method for WPT multi-antenna system (3x1)
using BPSK and QPSK in terms of BER and Capacity.
Recall that the co-phasing is weighted as discussed
Section 5.3. “BeamSteer™ is used for SVD and “cof” for
traditional co-phasing in Figs. § and 7.

'

B¢ ErrorRatlo

Fig. 6.

OFDM systems (3x1).

The co-phasing method improves the degree of cor-
relation among the sub-channels in which the fading 1is
reduced. However, the fading cannot be similar for all
cases and using the steening weight improves the concen-
tration of each received beam for every transmit branch
For BPSK and QPSK systems shown in Fig. 6, the SVD-
based weights contribute about 2 dB gain for an uncoded
WPT-OFDM system.

Fig. 7. Capacity performances for SVD weighted beamform-
ing and co-phauing for uncoded WPT-OFDM systems
(BPSK).

From the performance metrics of Figs. 6 and 7, the
technology can be further extended for coded wavelet-
OFDM for any mapping scheme. It can be conjectured
based on the performances shown that coding will extend
the performance of wavelet-beam weighted OFDM sys-
tems using SVD approach at the expense of the traditional
co-phased. It is needless, therefore, to emphasize the case
of the traditional OFDM. The side-effect in beamforming
technology is the computation index since a full block of
information is transmitted over different antenna spaces
unlike in space-time block coding (STBC) wherein the
information is coded in smaller number of bits (respectve
to the number of antenna spaces) for different time slots.
Perhaps the propagation link severed the information
beams (in beamforming), the likelihood of comrectly de-
coding transmitted data will be reduced than in STBC.

7. Conclusion

A multi-antenna system based on beamforming with
WT and FFT as the baseband kernels have been presented
and discussed. It was found that WT-OFDM 1is sturdier
over impulsive channel when coded than FFT-OFDM.
Selected for further examinmation, WT-OFDM in mult-
antenna design was shown for beamforming with two dif-
ferent weighung schemes. Although the co-phasing method
has been used in discussing beamforming, the use of SVD
beam-weights is now shown to outperform the traditional
co-phasing beamforming method in terms of capacity and
BER. Capacity plots confimmed the performance advantage
of the SVD-weighted beamforming compared to the tradi-
tional co-phasing technique. It is conjectured that by com-
bining the SVD weighted beamforming technique with
coded WT-OFDM for multi-antenna design, it is possible
that scheme can show greater improvement, than uncoded
scheme.
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An Active Microwave Sensor for Near Field Imaging
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and Peter 5. Excell, Life Senior Member, IEEE

Abstract—Near-field imaging using microwaves in medical
applications s of greal current interest for s capability and
accuracy in identifying features of interest, in comparison with
other known screening tools. This paper documents microwave
imaging experiments on breast cancer detection, using active
antenna tuning to obiain matching over a wide bandwidih,
A simple phantom consisting of a plastic container with a low
dielectric material emulating fatty tissue and a high dielectric
constant object emulating a tumor 5 scanned between 4 and
# GHz with a ultra-wideband microstrip antenna. Measurements
indicate that this prototype microwave sensor is a good candidate
for such imaging applications.

Index  Terms— Cancer  detection, near field imaging,
ultra-wideband, microsirip antenna, microwave imaging.

I. INTRODUCTION

REAST CANCER is the most common non-skin related
malignancy and the second most common cause in the
world of cancer deaths among women, causing many thou-
sands of deaths every year [1]. Until research finds a way to
prevent breast cancer. early detection must be kooked upon as
the best hope for reducing mortality from this disease.
Fifty years ago. there was no established method for
detection of breast cancer at an early stage but advances in

technology have very much changed the situation. The use of

X-ray imaging for detection of breast cancer was proposed
in the early days: howewver, mammography did not become
an acceptable technology until the 1960s. Ower the past
decade, investment in breast cancer research, including carly
detection, has increased significantly, with new and improved
technologies rapidly emerging.

X-ray mammography has proved to be the most effective
tool and plays a major role in early breast cancer detection.
Despite providing a high percentage of successful detection
compared with other screening tools, X-ray mammography
also has its limitations. The uncomfortable breast compres-
sbon associated with this diagnosis method militates against
patients undergoing carly stage examination and both false
positive and false negative rates have been reported [2]-[4].
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which suggests a need for screening altematives. Exposure to
ionizing radiation from X-rays is also a concern.

Recently, other sensors such as Electrical Impedance
Tomography Sensor [5], Isotopically Etched Silicon Microar-
rays [6]. Acoustic Biosensor [7] and S5iNW-FET in-Air
Biosensors [#] have been proposed for better detection of
breast cancer. OUne altemative under investigation is ulira-
wideband (UWH) microwave sensors. Based on the vanations
in the dielectric properties of tissue, this technigue permits
non-destructive evaluation of the biological tissue, and creates
images related to the electrical properties of the breast tissue.
The tissue of a malignant tumor has a high water content and
hence diclectric properties which are distinct from those of
normal breast tissue, which has a lower water content [9]. As
a result, strong scattering takes place when microwaves hit the
tssue of a malignant tumor

Microwave imaging of breast tissue can be categorized into
three types: passive, hybrid and active methods [3].

» The passive method is based on differentiating malignant
and healthy tissue by sensing the inherently increased
temperature of the tumor by means of microwave radiom-
ctry [¥]. Temperature measurements then map out an
image of the inspected region of the breast for further
diagnosis and verification.

« The hybrid method combines microwave and ultrasonic
sensors to determine the presence of a tumor. A tumor has
higher conductivity than the normal tissue, so microwave
energy is preferentially absorbed by the wmor, heat-
ing and expanding it. Using ultrasonic transducers, the
pressure wave created by an expanded tumor can be
detected and transformed into an image to locate the
tumor [10], [11].

« The active method wses microwave radiation into the
breast to detect the presence of a tumor and is the most
widely adopted method. There are significant differences
between the dielectric properties of normal and malignant
tissue which alter the reflected signal response [12]-{17].
A fully mapped Image is generated by controlling and
reconstructing the backscattered energy.

In this present work, we propose an active microwave method
using surface mounting of microwave sensors for breast cancer
detection. Specifically, a microstrip sensor is placed on a finite
ground plane to eliminate &s far as possible the back-scattered
waves in the near field zone and thus to direct most of the
radiated power into the breast.

II. ANTENNA DESIGN

The case for active microwave imaging as a diagnostic tool
for hbreast cancer detection has been strengthened in recent
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years due to its improved tissue characterization capability
as compared with existing mammography: several prototypes
have been constructed and tested [1E}20]. Performance is
assessed using test “phantoms”, targets which closely emulate
the actual dielectric mixture of normal and abnormal cancerous
tissues. For a feasibility study, it is sufficient to use a uniform
block as the phantom, but more sophisticated electromagnetic
maodels for the tissue-sensor interaction can be built up, for
cxample with a two-layer model to represent the breast. The
first layer represents the skin, and the second layer the breast
tissue, which extends to a width of 10 cm [21], [22]. The
electrical properties are summarized in Table 1.

A dual element sensor. for transmission and reception, is
investigated in our modelling, and in the subseguent experi-
mental investigations. Mutual coupling between the elements
must be taken into consideration within the design and dif-
ferent configurations are investigated through simulation and
measurement.

Good electrical matching may be obtained without the
addition of a further matching medium or lumped load when
the antenna shown in Fig. 1 is in contact with tissue [23}-[27].
This antenna was fabricated in microstrip, with an air dielec-
tric. The antenna is placed on a ground plane of dimension
L =W = 400 mm and thickness (1.5 mm. The anienna is
fed via a wertical plate of maximum height of 5 mm and a
width of 15 mm, which is connected to the feeding probe
through an aperture in the ground plane of 4 mm diameter.
Another vertical plate with similar dimension was used to shornt
the antenna to the ground as shown in Fig. la. The antenna
was modelled and optimized using a high frequency structure
simulator {HFS3).

A parametric simulation was carmied out to optimize the
performance of the antenna of Fig. la before the antenna
was manufactured and tested experimentally. Different antenna
parameters were considered for optimization of the operating
bandwidth. subject to suitable radiated power gain. Relevant
parameters include the total size of the ground, feed length,
dimensions of the disc, and gap between the vertical plates.
T check the influence of these parameters on the impedance
bandwidth, in successive tesis one parameter was varied
while the other parameters remained fixed. Simulation resulis
showed that the effect of changing these antenna dimensions
appreciably changed the resonant frequency and return loss.
The results can be found in [23], from which the optimum
dimensions can be summarized as follows: radius of the
circular disc, gap between the vertical plates, ground size and
height of the antenna from ground are 12 mm, 5 mm, 40 mm
* 40 mm and 5.5 mm. respectively. The antenna is designed
to be placed directly on the breast so the interaction of the
antenna with the tissue was investigated.
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Fig. |. Amenna geomeiry {all uniis in mm). {2) Proposed anienna. {b) Loaded

anterma. {cf 30 view.

A homogenous block of tissue characterized by conductivity
g = (4 5/m and a relative permittivity £ = 9 in the form
of a cubical box of 15 cm side length, has been used as an
equivalent model of the intenior breast tissue. The antenna
geometry including the tissue model is shown in Fig. 2.
By observing the resultant reflection coefficient when the
antenna is in free space and in contact with the tissee, it is
seen that the antenna matching from lower frequencies up to
6.8 GHz was adversely affected by the presence of the tissue.
Therefore, the antenna parameters were further optimized with
the antenna in contact with the tissue.

After several attempts, good matching was achieved by
reducing the height of the antenna from 5.5 mm to 3.5 mm
when in contact with the tissue, keeping the remaining dimen-
sions of the antenna fixed. Fig. 3 summarizes the varations of
the reflection coefficients of the antenna before optimization
with the tissue, after the optimization in free space and in
contact with the tissue. As can be seen, the antenna exhibits
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Fig. 3.  Anterma inpui retomn boss before optimization with the dssoe, after
apiimizaiion in free space and with the tmswe.

return loss less than 10 dB in the required frequency band of
interest {4 GHz to 8 GHz) proposed for this application.
Two antenna prototypes, Le. with and without varactor, were
fabricated from a copper sheet of thickness (L25 mm for
practical realization, as shown in Fig. 4. The GaAs Hyper-
abrupt Varactor diode, model MGV I25-08H20 from Acroflex
was used in the prototype. It has a capacitance tunable from
0.1 to 10.5pF over a 1-16 V reverse bias voltage range. A hias
tee circuit was integrated at the input port of the antenna. The
required decoupling high-0) (=40) capacitor and RF choke
inductors were set at 22pF and 1.2nH, respectively but are
not shown here. An HP 8510C network analyzer was used for
measurements. The experimental results in terms of the input
return loss of the antenna without the varsctor showed reason-
able agreement with the results of the simulation. as illustrated
in Fig. 5. The impedance bandwidth of the proposed antenna,
determined at — 10 dB [Sq4]. is 4.4 GHz or about 73.3% with
respect to the & GHz cenire frequency, which fully covers
the frequency spectrum reguired. The slight differences in the
return loss curves can be attributed 1o fabrication inaccuracies.
As previously remarked, a breast phantom should ideally
closely emulate the actual dielectric mixture of the tissue,
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Fig. 4. Physical anterma proiotypes: (a) withow varactor and (b with
waractor.
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and hawe an equivalent skin barnier. However, a simplified
model i wsed here, to provide a basic proof of concept. The
approximated breast phantom used for experiments is shown
in Fig. 6. It comprises a rectangular twbe with dimensions
100 cm = 1000 cm = 2000 cm, and was initially filled
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Fg. 7. Investigated locations of the two antennas on the phaniom:
{a) case | (amiennas adjacent). (b case 2 (aniennas 940° apan), and (c) case 3
{antermas 180® apart).

with vegetable oil, the skin being replaced by a Plexiglas
barrier of 2 mm thickness. Vegetable oil was used as the
dielectric filler for cost and safety reasons, as has been chosen
by others [2#]-[32]. The diclectric constant of the Plexiglas
varies from 2.39 o 2,59, with an equivalent conductivity of
0.009—0.007 S/m over the range of 3 GHz to 12 GHz [33]:
this obviously differs substantially from skin and thus it was
decided that skin would be omitted from the proof-of-concept
model.

The performance of the pair of antennas was assessed using
different locations on the phantom wall to gain physical insight
into the relationship between antenna performance and system
performance. Three distinct cases were examined as shown
in Fig. 7. In case 1. the transmit antenna (TX) and receive
antenna (RX) were positioned side by side. In case 2 they are
located %0° apart, and 1807 apart in case 3.

The analysis began as a simulation exercise, comparing the
antenna return loss in air, and adjacent to the oil phantom.
Since the final design of the scanner will employ a multiple
array around the breast, it is important to investigate the
effects of mutual coupling. Initially two identical antennas
were analyzed for different separation distances in air, for a
range of frequencies. This process was repeated adjacent to the
oil phantom. According to a study [34], a coupling level of
—20) dB should be used as the target for imaging in the 4 GHz
to B GHz range.

II1. EXPERIMENTAL SETUP

For experimental verification of the simulation model,
5y and 53 were monitored for each of the above configura-
tions using a network analyzer. both with the phantom empty
and also with it filled with oil. The antennas were in contact
with the outer container, and connected to the vector network
analyzer (WMNA) by coaxial cables.

The scattering material used to represent umors consisted
of 10 g of wheat Hour mixed with 5.5 g of water. This mixture
has a relative permittivity of 23 and a conductivity of 2.57 5/m
at a frequency of 4.7 GHz [35]. It is used to represent fumors
of various sizes and placed within the breast phantom oil for
experimental detection. In order to compare the performances
of the three antenna configurations, several experiments were
conducted.
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IV. RESULTS AND DISCUSSIONS

The specific goal here is to measure and analyze the
scattered waves due to the transmitted U'W B microwave signal
travelling through a phantom containing a simulated tumor as
described sbove. In order to evaluate the two-antenna array
system, we examine Sqp. 521, the envelope comelation (ge),
and the Total Active Reflection Coefficient {TARC). The last
two parameters are critical for the evaluation of the antenna
system: they complement the simple reflection coefficients as
they take mutual coupling effects into accounts. They are given
by [36]:

_ |5":‘|"'JTIZ"""*-ill"'jﬂl2
(1= (150 +1521 ) } {1 - (15221 +1512F )} }

||I|-5'|| +-"17|21’-f“‘|2
¥

(1}

Pe

+ |51 + Snel®|
2

where & is a random varishle with uniform probability density
over (7 to 360°.

The vanations of the simulated and the measured scatiering
parameters for the three test cases shown in Fig. 7 are
presented in Fig. 8. These results are obtained with the two
antenna clements mounted on the surface of the oil-filled
phantom, and show that the antenna array system is working
effectively in all three cases over the desired bandwidth, from
4 to # GHz. The UWEB performance was well confirmed, with
the reflection coefficient [S11] < —10 dB over the frequency
range, for all test cases. The 52y values confirmed the same
bandwidth was acceptable for all test cases, ranging between
20 and 30 dB. The 52 values are better than the resulis
achieved in our previous work [37] by around 10 dB, because
of reduced backscattered radiation achieved here by improved
anienna geometry.

The envelope correlation and the TARC for case | are shown
in Figs 9 and 10, both when the phantom is with and without
oil. It is noted that, for the chosen bandwidth, the curves lie
below 200 dB and 10 dB respectively for envelope correlation
and TARC. The TARC walues retain the orginal behavior of
a single antenna, as shown in Fig. 10. However, bandwidth
and return loss are changed because TARC is sensitive to the
cffect of mutual coupling and the phase of the incident wave.
Thus, we conclude that the TARC can be interpreted as the
return loss of the complete twio-antenna array. The resulis for
cases 2 and 3 are quite similar to those for case 1, and thus
are not shown here.

In cne practical example of the case 1 two-clement array, a
4 mm twmor was placed at different distances from the antenna
plane (10 mm, 15 mm, 30 mm and 40 mm separation) to test
sensitivity to reflected signals. The 52 transmission parameter
was first measured with no scattering object present in the
medium and then with the object present. The frequency data
was then transferred to reconstruct the time domain pulses with
and without the target, as shown in Fig. 11. The normalized
back-scattered time responses after subtracting the impressed
pulses of these three locations are shown in Fig. 12, showing
the sensitivity of the imaging system to this small object: the
reflections indicate the magnitude of the signals reflected from
the tumor, varying with its depth inside the liguid.

TARC =T, =

(2}
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Fig. 9. Measured envelope comrelation coefficient for case 1.

To improve the matching of the antenna with the tissue,
a varactor dicde was added at the base of the second plate,
as shown in Fig. Ib and Fig. 4b. The objective was to
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Fig. 10, Measured TARC coefficient for case 1.
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Fig. 1. Measured transmitted and peceived pulsesc () with no twmor
ohject and (k) with tumor object. (Solid lime: Transmitied signal, Dodied lme:
Reflecied signal).

achieve active frequency tuning over the total bandwidth with
maximum return loss. Fig. 13 shows three tuned frequency
spectra with three different varactor capacitances when the
antenna was mounted on the second phantom representing a
generic breast as shown in Fig. 14, More values could have
been tested., but the values wsed (0.1, 1 and 5 pF) were found
quite adequate to cover the entire intended bandwidth. In the
measurement, these three capacitance values are cormesponding
e 16V, 125V and 1.4V applicd voltage of the varactor. Both
computed and experimental results are in a good agreement.

Collected data were processed with sinusoidal Gaussian
pulse shaping to return the reflected magnitude and delay time
variations. Several attempts were performed and optimized to
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Fig. 13, Simulated and measured 5y of the proposed varacior-loaded antenna
adjacent 1o the phantom in Fig. 14, for three values of varaoor capacilance.

Fig. 14. The tissue model with anienna armangement including the simalaied
tumor locations. (2) Three sphere tumor model at the same distances from the
skim. {h) Two sphere tomar model: one at |0 mm Axed distance and other at
variahle distance xy. (all wnits in mm).

reduce the overlap between pairs of these spectra, smoothing
the response over =3 dB of the crossing point.

A single antenna was tested with the phantom structure
shown in Fig. 14, but with only one simulated mor sphere
present at two locations 10 mm and 30 mm distant from the
skin plane. The normalized reflected magnitude is shown in
Fig. 15 and clearly indicates the recovery of the scatiered
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Fig. 13. The normalized magnitude of the reflecied signal for iwmor locations
10 mm {upper trace ), and 30 mm {kwer trace).

waves in such active operation giving confidence that small
antennas in array configurations will be able to detect tumor
locations and their expected sizes.

V. IMAGING MODEL SET-UP AND RESULTS

More detailed examples as shown in Fig. 14a and b were
next investigated to demonstrate the capability of the system.
The tissue was of width 50 mm with 2 mm plexiglass contain-
ment thickness in both cases. In Fig. 14a three Smm diameter
spheres representing tumors were placed in a plane whose
normal distance x4 from the larger face of the container vared
between 10 mm and 30 mm with 10 mm steps. In Fig. 14b
there are two similar spheres at different distances from the
surface: the first is kept fixed at 100 mm while the second
was located at variable distances from the surface and 20 mm
lower than the fist. fixed tumor model. The two-clement
arrangement of case 1 in Fig. Ta was applicd here, with muiual
coupling compensated by subtracting the reflection responses
without a “tumor” present from those with one or more.

Fig. 16 shows the magnitude and the time delay of the
reflections for the three sphere tumor model of Fig. 14a. In this
example the maximum magnitude was normalized to O0dB, and
then a dB scale was wsed in the figures. In the case of the
time delay, the values were normalized to 1 nanosecond, and
again a logarithmic scale was used. This procedure gives clear
images that show the location and the resolution of the tumor
plots from these models. The metric of the image performance
adopted here is o measure the peak to peak value of the
difference in the backscattered reflections with and without
the spherical tumor models for each increment move. The
comesponding time delay was measurcd at the absolute max-
imum of the difference in backscattered reflections. Figs 16:
a2 b2 and c2 are extended versions of the magnitudes given in
Figs 16: al, bl and cl, respectively. The data was interpolated
using the piecewise bilinear Gouraud method. The results are
encouraging in terms of the feasibility of discriminating and
localizing the tumors. at least with a positional resolution of
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Fig. 17. The magnitode (al, aZ, a%, a4 and the time delay (hl. b2, b3, bd)
af the reflecied signals of Figure 14b for two distances of xy; 10 mm (al, al,
bl b2), 20 mm (a3, a4, b3, hdp

100 mm or better. The depths of the spheres could be found
from Figs 16:a3, b3 and c3. It is clear that even with spheres
at 30 mm depth the measurements can yield the approximate
distances.

Fig. 17 also shows the similar analysis as discussed for
Fig. 16, but with the setup shown in Fig. 14b. Contour plots
have been added to justify the correct locations of the spherical
tumor models since the magnitwde data was normalized once
subject to the total reflections. The magnitude contour plots
shown in Figs 17: a2 and a4 clearly identify the locations
of both spheres. In addition the time contour plots were
also used as evidence of the depths of cancer models. These
contour plots were generated subject to the code provided by
Pawlowicz [33] that handles parametric surfaces with inline
contour labels.

VI. CONCLUSIONS
An experimental investigation was made using small UWE
antennas, a breast phantom and simulated tumor targets, and

296

TS5

a VMA. The measurements demonstrate that this system is
capable of detecting small targets with dimensions comparable
to those required for the early detection of breast cancer.
Irregularly shaped objects were not tested: however it is
anticipated that scattering from such objects will be more
pronounced than from a spherical target. A lower limit on
size was not determined, but the contrast in the images for
10 mm diameter targets shows that it is likely that smaller
target sizes may be detectable under the conditions described
in this paper. This confirms the basic design concept. and
the choice of antenna clements. The proof of the concept
of applying active frequency tuning of the antennas using a
varactor dicde in order to improve matching performance over
the total bandwidth has been demonstrated.

The measurements and the imaging techniques presented
in this paper can be used as the basis for investigating a
3D inversion algorithm approach, and further experimental
investigation of the super-resolution concept.
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Abstract = Early detection of breast cancer nsing a radio frequency
application iz techmically challenging, but potentially of great
importance since it would be fast and cheap to implement. This
paper explores an ideal ultra-wideband application for detecting
tumour cancer within breast tissues wsing an FOTD numerical
methed. 1D, 200 amd 30 FDTD models are investigated
cxperimentally and the best ways of identifving the existence of
cancerous tisswe are discussed. Pulses with a narrow bandwisth
of 4 GHz, centred st 6 GHe, were wsed for excitation, and their
reflections from tumeur equivalents of various positions and sizes
were recorded and platted. Results of analysis snggest the scheme
is a suitable candidate for cancer detection.

Imdex Term—  Cancer  detection; FDTD;
Reflection: Scattering:

Ultra=widebanad;

L INTRODUCTION

The present work discusses the Finite-Difference Time-
Domain (FDTD) technigque for early detection of breast
cancers using RF signals of wide bandwidih. The FDTD
numerical technigque is robust and accurate tool for the analysis
of problems in electromagnetics, arguably the simplest
method, both concepually and in implementation. It has been
successfully applied in a number of electromagnetic research
areas including bio-clectromagnetic, micro-sirip  antenmas,
imtegrated optics and ulira-high-speed  electronic  circuits.
FDTD gives direct solutions of Maxwell's fundamental curl
differential equations on space grids in the time domain. It
allows modelling of complex geometrical configurations
comprising different materials and can provide wide frequency
response from a single calealation [1, 2].

Breast cancer is the second most common cause of death
among women [1]. Use of X-rays for detecting breast cancers
was proposed very early, however mammography was not an
acceptable technology until the 1960s. Despite being a useful
tool it has its drawbacks; the associated uncomforiable beeast
compression and significant rates of false positive and negative
resulis have been reported, which suggest a need for alternative
screening. Moreowver, exposure from X-rays is also a concern.

Ulira-wideband (UWEB) microwave imaging is currently
under investigation as such an alternative. Based on variations
in the diclectric properties of tisswe, this technique permits
non-destructive evaluations and creates images related 1o the
electrical properties of breast tissue [4].

Recently the present authors demonstrated the potential of
UWE antennas in identifying features of interest in near-field
imaging and other medical applications compared to well-
knowm sereening tool. [5]. The work entailed experiments with
a simple phantom consisting of a plastic container with a low

dielectric material imitating famy tissoe and a high dielectric
constant object emulating twmour. This “phlantom™ was
scanned with a UWB microstrip antenna between 4 o 8 GHz.
The present work explores the advantages of the UWE
approach employing three simulation modes. Several examples
illustrate optimum operational performances in detecting the
existence of cancer tissue within the breast model. The breass
mpdel is modelled through layers of skin and fat that spread
over 8 grid model. For excitation, a Gaussian pulse s used,
covering a 4 GHz bandwidth, centred at 6 GHz

II. FORMULATION MODEL

The FDTD method solves Maxwell's curl equations for
electric and magnetic wvector fields within a  finite
computational domain  truncated by proper  boundary
conditions. In the presence of electric and magpetic losses,
these equations. in differential form for a source and isotropic
msediuem are:
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where @ is the electric conductivity in S/m and a is the
nEagnetic resistivity in £ufm. Thus, oF and a H are the electric
amd magnetic losses respectively inside the mediom. Assuming
cubical FDTD ecells are used, the finite difference updating
equations for one magnetic and one electric field components
(others can be obtained in similar way) can be derived in the
following form [&6]:

I (3

i4)

aslil TF]
'H-r _r+|.r_.t "x:.}-l.':..l

. a .
'LM,LM E’W tohe, L“ T g
"'.U.l T I AL
Exjuars o =Ezirs s

v
Exppparz =

. ml
E‘LM

BT
YLk

- =2
D“""LMH"-“ ‘D"""I-..u[

'I.J-l"ﬂ-l'l

where the electric updating coefficients are:

(-] [+ )

FES
i §
[ compu Ereq-,-

0781509001 54=571 3 §31.00 © 2015 [EEE
DO 101 10 CITAUCCDASCPICOM. 201 5,158

1042

297



iy b

) %)

I
"'E.J.d'.'l

and the magnetic updating coefficients are:

T .
LA =[1-:_':"f_'*_ ]/[H dl'ffm]
"\'ur.‘_;.l -lua._.l.l
.Dt"L = A 1 L i
1 Hi g 28 ik

The computational domain & tuscsted osing perfectly
matched layer (PML) absorbing boundary conditions. The
formulation used in these codes is based on the original spli-
field Beranger PML. The configuration of the fields enables
the realisation of a discretised version of Maxwell's equations.
After determining the spatial resolution based on the
geometrical features and the operating frequency, a suitable
step time is chosen to ensure stability. A leapfrog arrangement
between E and H components is used to implement the time-
siepping FOTD algorithm. The half-cell displacement between
the E and H grids reflects the physical reality that the computer
st work through them alternately. To enswre the accuracy of
the computed results, the spatial increment A must be small
compared o the wavelength (uswally A < AWI0) and the
minimum dimension of the scatterer (whichever & smaller).
Stability requires that the numerical solution of the differential
equation  should mot grow in future time-steps in oan
uncontredlable manner. Once the proper spatial increments ane
chosen, stability 5 achieved by using the Ceowranr stabiliny
conditten, which sets the relation between the time step and
cell size for theee-dimensional FOTD as follows:

1
L T
FrERTER
where v, B the maximom wave phase wvelocity within the
model. For a cubic cell of size A, in a d-dimensional spatially
homegeneous FOTD grd (d=1, 2 or 3), equation {7) becomes:

Ars A ()
-

To minimise the computer rus-time requirement, the time sbep
should be chosen as large as possible yet satisfying equation
(8). Smaller time-steps give more accuracy bt with longer
simulation run times. Stability also depends upon the al gorithm
used to model the Absorhing Boundary Conditions to simulate
the domain extension o infinity.

The source of excitation for these models comprises a
differentiated Gamssian pulse with the following time and
frequency properties:

) = v, Sin{ 2, (1 —1, Jje~i=lal/ 1 5
Vijar=—purdwe I 7 (222 + 02507 hitlmar, 2 )

[ TR
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where =6 GHz, 1= 0,133 ng, to = 4t and v, is the voliage
amplitude. The pulse has a temporal width of 0.22 ns with an
amplitude spectral width of 4 GHz and zero de content. The
excitation spectrum is a band-pass Gaussian function (centred
at 6 GHz).
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Figure 1: Hasic plan of the 10y, 20 and 30 FOTD models of the
proposed work; (2) 10, (k) 20, dc) 30, (dimensions in mmjp

Table 12 Electrieal properties of Breast Tissue
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I, SPULATION AND RESULTS

The theee FOTD 1D, 2D and 3D geometrical models used in
this work are shown in Figure 1. Beranger PML was applied
for 20 and 30D models whereas Mur's Absosbing Boundary
Condition was used with the 1D model. For all models the
excitation voltage given in Equation (3) was used 1o model the
wide 4 GHz bandwidih. The thickness of the skin 5 2 mm for
all models. The elecirical properties of the layers used in these



madels are shown in Table 1. More layers could be added for
all three models; however, the idea here is fo find the optimum
performance of the detection technigue and its feasibility
including the limitations that possibly compromise accaracy.
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Figure 2: Retlections from the umsser of width 2 nam (left) and 4 nane (right)
fior vanous depth distances from the centre of the space;
) 130 cells k&, by 70 cells left, ) ot dhe centre dj 70 cells right.

a) The 1D FDTD mode] shown in Fig. 1a was run without a
tumons and reflections were recorded, afier which a tumour
was placed at various distances from the source and the
reflections were recorded again. 2 mm and 4 mm fumour sizes
were considered, and the computed FDTD cell adopted here is
025 mm. This was selected to see detailed reflection and
seattering field effects caused by the skin surrounding the fat
tisawe, The fat length is 80 mo equal to the diameter of the
cylindrical tissue applied later in the 2D FDTD model. The
detected tumour image was computed with the belp of the
differences of the reflections collected at the source of the
excitation port. Figure 3 shows the resultant differences of the
reflection amplitades form both 2 mm and 4 mm tumous sizes.
We have normalized the data to the maximum reflection
computed from the nearest position of the mmour from the
skin and the excitation source. The amplimdes of the
reflections for both tumowur sizes were comparable to sach
other. The maximum difference over the range of 210 cells is
aroumnd 20 dB, clearly shown in Figure 2, which is a workahble
figure for detection purposes. The reflections from pearest and
clogest tumowr targets could be easily identified for both
umour sizes evien with double reflection cansed by these small
geales TS,

b) For the 2D model showsm in Figure 1b, the field
distribution components for 3000 and G000 time-steps are
presented in Figure 3. The cell size here is 0.5 mm. The
position of the reflection from the small size tumour (4 mm
cylindrical diameter) is clearly found even when the excitation
pulse vanishing. (Re-state this last bit — vanishing excitation
would be a neat tricky The mmour reflections shown in Figure
4 for various depth distances from the excitation soufce are
again normalized o the nearest twmour position from the
gource. The difference in magnitwde over 120 cell widihs is
aroumnd 34 dB as easily caleulated from Figure 4.
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Figgare 3: Field disaribwions a1 3000 and G000 tins-steps;
{ledt) SHK time-steps, {right) S000 time-steps

) The last example is the 3D model shown in Figure lc.
A tissue model of 50 mem width with 2 mm skin thickness was
considered, with the width of the tissue chosen to be greater
than some data previously published in [7, &, 9] to enhance and
meatch practical realization of such an application. In Figure lc
spheres 0 model three tumowrs were placed in one plane
whose normal distance from the skin was 10 mm, then 20 mm
and then 30 mmn. The mutual coupling was compensated by
subtracting the reflection responses with no tumour present
from those with the three spheres in place. The data were
recorded on the bazis of a 10 mm increment of one element
movement from the centre (located ar 60 mm = 60 mm)
covering a total surface area of 30 mm = 50 mm. The diameter
of cach sphere for both examples was 4 mm. Fig. 15 shows the
meagnitude and the time delay of the reflections for the thres
sphere model of Fig. lc. In this example the magnitude was
normalized to unity and then dB scaling was performed. In the
case of the time delay plots, the values were normalized to 1
nano-second before dB scaling was applied. These procedures
were used since we found thar the results were quite
meaningfl in terms of the locations and the resolution of the
cancer plofs.

The metric of image perforrmance adopted here is peak-to-
peak value of the difference of the backscattered reflections
with and without the spheres for each increment move. The
corresponding  time  delay was measured at the absolute
meaximum of the backscattered reflections.
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Fig. 3: The magnitsde (al a2 bl bl el cX) ond the tme (a2, b3, c3) delay of

the refleried signaks of Figure 14a for various distsnces w10 mm {al, bl,cl),
20 mam (a2, b2, €2}, 30 mos (23, b3, c3)

Figs 5 (a2, b2 and ¢2) are extended versions of the magnitudes
given in Figs 5 (al, bl and cl) respectively. The data was
interpolated using the piecewise bilinear Gouraud method. The
results are quite encouraging in terms of the 10 mm resolution
applied here that show the actual positions of the cancer
locations. The depths of sphere models could be stadied from
Figs 5 (a3, b3 and ¢3). It is clearly shown that even at 30 mm
depth the data can be useful in identifying the approximated
distances.

IV, CoNCLUSION

A computational investigation wsing 1D, 2D and 3D
FDTD with wide spectrum source excitation has been tested
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for breast cancer detection. The results show that this system is
capable of detecting small fwmowrs with dimensions
comparable with those required for the early detection of
breast cancer. This study has shown the range of the scatiering
signal magnitudes from such objects for various depth
distances of turmowrs.
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Reconfigurable Neurons — Making the Most of
Configurable Logic Blocks (CLBs)
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Absrroct—An area=eMicient bardware architecture is msed to
map fully parallel cortical columns on Field Frogrammable Gate
Arravs (FPGA) & presented in this paper. To demonstrate the
comcept of this work, the proposed architecture is shown at the
system  level and  benchmarked with image and speech
recognition applications. Due o the spatio=temporal nature of
spiking mewrons, this has allowed such architectures to map on
FPLAs im which communication can be performed through the
use of spikes and signal can be represented in binary form. The
prscess and viability of designing and implementing the multiple
recurrent  meural reserveirs with a  movel maltiplier-less
reconfigurable architectures is described.

Keywords—recuwrrem neurndl networks; resérvior ommprning:
reconfigurmble compinting: FPGAL nenral signal processing

I INTRODUCTION

The kdea of reservoir computing was initially introduced by
Maass [1] and Jacger [2]. In their works in [1-2], the network
activity is regarded as ‘reservoir” where a memory-less readout
dewvice was used and trained to classify information from an
untrained recurrent newral reservoir. Jacger used analogue
sigmoidal newrons as network units and called the model Echo
State Metwork (ESN) [1]. while Maass called it Liguid State
Moachine (L5M) and focused on networks of spiking neurons
[2). Both E5SMs and LSMs are gencrally called reservoir
computing (RC) [3] and it has been widely used in range of
applications [2. 4-T]. Le. specch recognition, human action
recognition and object tracking. There have becn scveral
studies in the past to investigate the paradigm of reservoir
computing [3, 8-9] bt none of them provide any guidelines as
how to  implement and analyse a stable reservoir on
hardwarefsoftware (HW/SW)  platforms. In order to address
this deficiency, authors in [ 10-11] demonstrated the viability of
implementing neural reservaoirs on software platforms. The key
objective of this work was to analyze and examine the impact
of the input connectivity and to understand the parameters that
affict  the stability of mpewral  reservoirs.  Softeare
implementation of small scale reservoirs is not a serious
battleneck, however to exploit the inherent parallelism of
cortical columns, hardware implementations are essential.
Implementing newral based applications on programmable
hardware is challenging because the maximum size of a
network that can be implemented on a target FPGA is restricted
by the logkc and arithmetic operators available on a single
dewice. Therefore, @ HW//SW co-design strategy has to be
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devised for implementation of neuro inspired svstems on
reconfigurable platforms. The limited number of embedded
mulipliers available on a single device when implementing
large scale artificial neurons on reconfigurable platform is a
spocific bottleneck in this work. The square of the number of
neurons is direct proportional o the number of multi plicrs
grows. According to [12-14], a two laver network with size of
10 neurons requires 100 multiplicrs and if this network is
further expanded to 100 newrons, then, it will then require
10,000 embedded multipliers.

Synaptic chesior

Fig. Iz Orverview of synapic inmeraction amangst different neusons

This paper s a continuation of the work published in
[12, 16] where authors™ owtlined a framework for possible
implementation on reconfigurable platforms. [t wiilizes arca
efficient multiplicr-less architecture [ 13-14] which significantly
reduce the burden of multipliers required for synaptic
multiplications. In order to investigate the wiability of
implementing reservoir computing  paradigm on HW/SW
platform, this work presenis area efficiemt spiking newrons
architectures. These architectures are targeted for large scale
implementation of neuro  nspired cortical columns  for
computational related tasks swch as semsory fusion. The
presented architectures are wsed as the basic building blecks for
fully parallel implementation of multiple comical columns on
FPGAs. The hardware architectures implemented are inspired
by ‘microcircuits” which plays a fundamental role in cortical
computation [I1]. The main purpose of these so called
microcircuils is o read out information and communicate with



the neighboring microcircuits conmected in a columnar fashion.
Omne of the limiations in implementing large scale spiking
newral networks on HW/SW platforms is the limited size of the
network, its scalability and weight storage for online training.
Reservoir compating alleviates the burden of training at the
network level where only the readout newrons are used for
classification. The proposed architecture fully studies the
reconfigurability and scalability of FPGAs at the network level
which is targeting on three main areas which including pre-
processing, posi-processing  and  reconfigurable  neutral
reservoir. Pre and post processing is performed in software and
fully parallel recurrent neural reservoir or microcircuit is
implemented on FPGA hardware. To evaluate the rescrvoir
dynamics, it s tested and benchmarked with an example of
isolated spoken digit recognition — Texas Instrumenis 46-Word
(Tl46) [15].

h

Fig2. Membrane architectare

11 METHODOLGOY

Biokogically plausible neurons are parallel in nature and o
exploit this inherent parallelism, reconfigurable hardware
architectures were developed. FPGAs offer an inferesting
aliernative 0 software implementation because  software
platforms are not sufficient to simulate clusters of spiking
newrons in real time and another constraing is scalability. In
spiking meurons network, each newron receives input spike
potentials from other neuros within clusters. The input spike
potentials believe 1o have different spike strengths which are
accumulated in neuron membrane at different spike arrival
times. Each neuron is further connected with clusters of spiking
newrons. The newron clusiers are interconnected and the spike
firing dyvnamics depends on svnaptic strengths and their
corresponding spike firing times. An overview of synaptic
interaction is shown in Fig. 1.

There are numerous spiking newon models, from very
dedailed to abstract models reporicd in the literature. In this
study, a Leaky Integrate-and-Fire (LIF) neuron model was
chosen  for newral reservoir implementation. A svnaptic
imegration mechanism was modelled with the following
equation:

N
=3 wi n
i
In eg. 1. ¥, sums the incoming spike strengths o the

membrane, N, counts the number of synapses, w, is the weight
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associated with cach swvnapse and x; are the incoming hinary
spikes at specific time imervals . The incoming synapses are
accumulated into the neuron’s membrane and when the total
poiential exceeds 8 certain threshold, an owiput spike is
generated. The newron firing dynamics are modelled with the
following equation:

voiry=] rese =m0 > vn 2
= Wl =)+ o)~ Vipagel?) - otherwise 1)

In eqi2). Fa is the membrane potential, Foee is the reset
poiential, Fa (-0} is the membrane potential at the previous
time step, F, is the sum of synaptic potential and Fiu. is the
exponentially decreasing leakage voltage with time constant ¢
The membrane voltage Fo (1) will be &t Fewr if Fo 1) = Fa
otherwise the membrane potential will be equivalent to the
soecond term in eqf2).
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Fig.3. Owerview of HWISW environment for reserviorsbosed recognition

One of the bottlenecks in implementing fully parallel newral
reservoirs on reconfigurable hardware is the limited number of
embedded multipliers available on a device, hence it is
important that the wse of arca consuming mubipliers are
minimised so that muliple neural reservoirs with synaptic
dynamics are efficiently implemented [13 - 14]). Swynaptic
mechanism can be implemented by number of ways, the most
widely used technique is 1o multiply inputs with a fixed weight
valwe. This technique requires one embedded multiplier for
each synapse and as the number of synapses increase, so is the
number of mulipliers. This bottbeneck limits the realisation of
muktiple  newral reservoirs  implemented on a  single
reconfigurable device. The propossd design offers a iechnigue
which could overcome the burden of svnaptic implemendation.
The architecture was split into two sub structures: svnapse and
membrane. In order to implement synapses, a hardware
technique is investigated where random input spikes were
generated and converted into spike trains. The numbers of
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spikes were counted by the spike counter 1o model synaptic
strength of each spike.
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Fiz 4. Hardvware mmplemenistion of o neural recervair (3 x 2 x 3

The second half of the architecture is implemented as a
newral membrane @ shown in Figo 2. The purpose of this
architecture is 0 accumulate the input spike strengths (earlier
encoded as number of spike trains) and when the total
membrane potential exceeds a pre-determined fixed threshold.
Vi, an output spike is generated which is fied to the following
newrons in the reservoir. The threshold is modelled with a
comparator block and afier spike gencration, the membrane
potential was set o8 ‘reset” value through a register.

The hardware archibectures were implemented with Xilinx
System Generator toolbox where a discrete time step of 0,125
my was chosen for simulations. In order o efficiently
implement hardware blocks, it is important that appropriate bit
resolution s selected. The membrane  accumulator  bit
resolution is chosen as 18_12 (18 bit with 12 binary points).
Similar to biological neurons, a threshold value of 0015 W is
selected. As the accumulator reaches the threshold potential, an
output spike was generated and the membrane potential was
exponentially decayed 1o the reset valwe of 0 V. The
exponential decay function ks implemented on Lookup Tables
with a programmable decay constant 1. In order to calculate the
maximum clock speed, the worst case delay was caleulated and
0 capture the fully parallel newral dynamics, Xilinx
computational blscks were assigned computational latencies
accordingly.
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1. RESULTS AMD DISCUSSION

In this section, the T146 dataset [15] was used to test with
the proposed reconfigurable architecture described in section
Il Fig3 shows the overview of the integrated HW/SW
environment for reservoir-based recognition. This validates the
functionality of the neural reservoir. In this case, the input
specch signals were initially preprocessed to remove silence
parts and features were extracted by implementing the Lincar
Predictive Coding technigue. These features were further
transformed into Poisson spike trains as an input stimalus to
the reservoir and different states were necorded for post-
processing. The state represents the membrane potentials of all
the neurons in the reservoir. In this experiment, a reservoir of
size 8 newrons is adopted and eight membrane potentials were
recorded in one state. In wotal, 200 spike trains were processed
through the reservoir for a total of 10 digits and 20 spike trains
were generated for one digit. The “readout” neurons (feed
forward network) were implemenied in software for the
classification of ingut digits.

The network is designed where cach neuron was connected
with a minimum of two inputs spikes which are weighted
through fixed weights. To enable the input spike trains
interface with neutral reservoir, they have to be converied inte
Simulink Boolean type through input gateways.

In order to perturb the reservoir, these input spike irains
were used and the received responses (membrane potentials)
were stored and collected in MATLAB workspace for backend
classification. To feed input daia into the reservoir, the
reservoir has to be simulated for the total time steps which
equivalent to the time steps of spike trains. Once the total states
were recorded, they were further sampled and only five states
were recorded for posi-processing. It should be noted that the
states were recorded in linear scale from start to the end of
states. The readout mewrons were trained offline until the
algorithm converged to the goal. Then, they were tested with
the test samples to evaluate their classification accuracy.

As shown in Fig. 4 that a three-layered recurremt neural
reservoir (3x2x3) was implemented where input vectors were
directly connected to the neuron cells and each cell had a
minimum of two synapses. It should be noted that a total
number of 8 newron cells with 16 synapses were used and it is
alen possible to increase the number of neurons and synapses



with a chain of adders for synaptic accumulation. The reason
why all the neurons in the reservoir work in parallel is because
of all the inpuwis and ing random weights were
accessed at the same time. A total of 16 fixed weights were
stored for 8 neurons where cach meuron had minimum two
inputs, in the network. The Poisson spike trans where were
generated off-chip was selected as the input stimulus o the
reconfigurable reservoir. The reservoir states (membranc
potentials) were also stored off-chip for backend classification.

An MLP classifying engine was implemented as a backend
in software. Total data was split into two sets: training and
festing. A fraining sample is made up by 40 data poinis which
consists of 5 states of total number of cight neurons at five
lincar time sieps from begin to the end. and 10 output neurons
were set in the output layer which represents the 10 isolated
digits. The network was trained with the training samples. Each
training sample was compared with the target and the accuracy
is calculated based on this. It was found that the total number
of the 30 hidden neurons is the best combination with input
layer neurons. Imerestingly, the overall accuracy degrades if
the number of hidden layer ncurons either increases or
decreases bebow or beyond the maximum number of 30
newrons. Afier carrying out of the testing with the west data and
different hidden lavers. the resulis suggested that the overall
accuracy of 98% can be achicve on the test data and 100%
accuracy was obtained on training data set. Different standard
back propagation training algorithms were tested but best
resulis were achicved when the network was trained with the
MATLAB Levenberg-Marquardt training algorithm. It was
found that the training completed at 124 scconds and
converged to the goal after 25 iterations.

In addition, the time reguired o simulate a reservoir
depends on its size and the mode type used to construct the
reservoir. It will not be an issue to simulate small networks on
sequential machines, however considering large scale networks
it becomes a significant overhead. The simulation time
increases many folds if larger reservoirs are to be simulated. In
order to evaluate the simulation time requirement on sequential
machines, different reservoirs were simulated on Intel Pentium
P4 (320 GHz speed and 1 GB RAM). As shown in Fig. 5, the
simulation time increases almost at the order of 2.5 which
makes it impractical to simulate large scale reservoirs on
software platforms.

IV, CONCLUSION

This paper has demonsirated a  design of
Hardware/Software paradigm for developing a rescrvoir based
approach on reconfigurable platform. This will help to anabyse,
simulate and implement the inherent parallclism of corical
newral  networks.  The optimized proposed  hardware
architecture was performed at the network level and the
required resources were evaluated. The results confirmed that it
is feasible to design an area-efficient svnapse processing by
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avoiding the required multipliers for synapse implementation.
Interestingly, the resulis also supgested that the proposed
architecture can be casily scaled on multiple FPGAs to fonm
the distributed compact parallel columns. These attractive
features have offered size reduction of circuit and elimination
of control circuitry as well as possibly to design and implement
large self-contained meural reservoirs for sensory fusion tasks
on reconfigurable plat forms.
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Absrraci— In the st Ty 5 cars it bois beei elearly dentifiod
it 1l prisenee of biokegical chsiues efloen the perfer manie of
e antenns sed cossidersble eort bas Been mode o improve
the chidiFdctiristies of fhe imelhile plsdc solchne s bl very beas
effort has Boen pat Ga io evabaice the elfects of the radia
Freguency and caergy aliserption by the hinlogies] organiunr 1l
theeir eMect. I Ohis werk 48 pant of & bigger werk peckage we
hiave evaliated the elfects of e handset oricatslion on e valies
of SAR amd radiatien elMickency as well as the elect ol ihe
dispanee wpsa these valuwes, The study hse produced some very
intereting revills dlewing that the siosl omimon way of belding
e muhile phone i.c. microphone clese ot mouth produces the
highest 5AR values

Eepwords—SA R, Elavtramagaatic rllarens: Radis Frogusasy
L INTRODUCTER

Revem research activities im the field of adin frequency
and microwaves have given birth to a very diverse range of RF
equipment’s. The fields of telecom, broadeasimg, consumer
markei producis and medical devices have been completely
revoluitonized [1]. When used as a means of communication
eg m radio or TV broadeesting, incloding the radar devices
the electromagnetic field genemlly 1ends do extend aver a wide
range of area. The mdustrial and medical devices only spread
awer a shorl range. If the devices are short ranged the users tend
he more 2 a general trend ban these electromagnetic waves
when pet reflecied and scatiered in additson o the simultaneoas
RF emissions resulis in a complex sysiem which is simply said
tx be a multipasth and the fiebds that are non-unifommly
distributed i space[2]. The studies that have heen conducted io
study the negative effects of the BF exposure on the buman
healih has rmised some concerns [3] and the [mits have been
imposed by differem governing bodies inoorder o controd, but
the exposare outside these limils can canse serious side effects.
This effect s oot only signal sirength dependeni or time
dependem blnﬂ:eczmmulher factors that play in to the
ivdal effect and can include the frequency, -d.l!l.ur: from the
source and polarization. The elec madiatiore do
produce & change or a bialogical i the bialogucal crganism but
it is not abways that it results in side effects and it is wery
imporianl v understand this comcepl and the difference
hetween the two terms in order w0 determine how muoch
exposure is safe [4]. There is exposure in which some
physinlogical change & caused by the cleciomagnetic
radiztion, this is referred 1o as biokogical effect but if this
hidogical effect falls outside the imstations of the hickgical
hody 10 compensate then i will resaht in adverse health effects.
This paper has been structured in the following manner,
Sectiom | gave an inroduction imio the topic of SAR amd
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Section 1 will provide an msight an the simulation setap and
critena followed by the Resulis and Disoussion in Section 111
and the topic will be concluded in the section [V of this paper.

Fag. ?::u:l.ryn:l'lh:.ﬂ._- Figuee 12 Aursnpessent of Hesd and
-::Hlll.!: 15 Handsct

1. SMULATHS SETUP

The antenma used for this study is omlithand planar
anienna. The antenma & designed using a two snip monopale
and a meandered strip line with an area of 13mm = 42mm 2=
presenied m [1]. The geometry of the antenna is detailed m
Figure 1. This antenna has been mounted upsde down mio the
handset model in order to keep the radiaiors away from the
hisdogical tissoe and then iest the SAR In Figure 2 the retum
losx of the anterma has been presented for three differem
spemarios i.e. the red lime shows the reflection coefficient of the
anienna only and it can be seen that both frequencies of intenest
iz, SOOMHz an 1800 MHz exhib# sccepiahle  performance.
This performance starts to degmde with the addition of the
enclosure ie. the cover of the mobik: handset and then
oonsidershly decreases when placed in the proximity of the
head. The head template was imponed from the C3T studio
Suite and then the electric properiies = 500 and 1800 MHz
were adopied from [ 1], The amangement of the phone with the
head & detailed in the Figure 1. The shorest distance hetween
the handszet and the head wes denoted by *d", and orientation
angle between the center of the handset and the local =° aas is
.

. BESULTS AND DECLSSION

The study considers four different distances from the
human head Le Smm, 10mm, 13mm and 20mm respecovely
fior three different vaboes of theta & ie. 90 degree, 135 degree
and 169 degrees. The reason behind using 169 degrees mther
than 180 degrees was the unusual positbon of the handsel
The graphs |shown m Figs 4 and 5) for two classes of SAR,
namely SAR averaged over |g and SAR averaped over lilg
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have been discussed. Initially consider SAR over lg at
G000 Hz. The maximmm value of SAR over |g occurs at & =
133 degrees and d = 5mm and roughly equals 12.4%W/1%g. The
imput power is et at | Watl.

- —

Fipuee 3: quﬂqum:lﬂ'l}:m&ﬂmn:l’ﬁ:m ral: snknza only,
blec: with ench and bumasn beadl.

SAR data for the anienna model given in Figare 1, subject
i the onensation angle can he demomsirsied by following
tahleds:
Tahble i
SAR vales for 0" = 51 x990 M
7] nAK AR Lier | Hadwbon | Power | Hadsiod
Mm | svougal | sveraged | Fower | Efficincy Eain pemra
ez lgm ovET aun dB mi
Wik l0gm
ik
5 ES 545 LAER [ ] 0517 115
L 568 408 LK 0,550 D432 [
15 4.1 A1 T3 [ATT] L34 132
186 237 155 ] ALY |

The three parameters given im Table | and 2 mclhode: Power
(iain (dB), Radizied Power and Radiation Efficiency, show a
similar trend a= distance increases. Radistion efficency
increases from a mimimuem value of 0,583 at d = 3mm o 0.6
d = 2imm. Likewise the wvalues of the other two pammeters
also merease when distance mcreases,

Tahble 3
SN vabes Tor 0 = (5% g #0605l
] AR S8R Halzgan Powa (R

ren 1 F eficeney I

| i o | e
Wilx Vil

i 441 343 [ [ ] i 1]
[} 1.E1 Ted (L] 237 Yu)
15 1.1 T4 [TCE] IE hETT]
TR TiA [ A4 i 1]

In the Table 3, the Power Gain (dB) mcreases from the
lowest positive value of 1.79 to the highest value of 324
Radiation Efficiency alsp moreases bul one noticesble fact =
that, mdition efficiency will always. be less than 1. Maximum
radiated power achieved is 2 T0mW at d = Jmm.

Tahls 4
S4H vales for 9" = 15 = 1380 ML
d SAR SAR Rasdistion Ploar Faschesird
mEn n'rrlrd eifickncy nan peewe
ks Wiy

§ 1] LM 1AM 401 17
T [ET b [ [L] T
15 [EE] [EEH [Kak] R i)
1] p L] 162 0780 534 312

In Tahle 4 abowe an imegubr patiern can be seen m
Radiaped Power as distance incresses from d = 10mm o d =
15mm. The radizted power a1 d = l{mm is greater than that =
d = I3mm. This difference can occur due o any physical
facior. The power gain values are quite high m this table than
the values in the previous tables.

"ﬂltuhhr"i" L“-ﬂ'!h'lll.t

d EET SAR Haibtion Pawa Hadbeaied
mm averagal averaged cliicency g pew
wer Lgm over llgm di m'i

T

L ] 0547 NTETE] [1E]
1 Bl £54 AN sl [E3]
] [ %] T (R 5% I
T p T3] (R pEL s

As in Table | the three parsmeters in this tshle ako
increase with mcreasing disiance. Power Gain (dB) inoreases
from the bowest negative value of 40,493 io the highest value of
2.35. Radiateon efficiency increases foom 0342 to 0,583, There
is & rapid mcresse in radiaied power when distance increases d
= |{hmum i d = |3mme

Tahls 5
SR vales for *6° = L35 o (580 Ml
[] SR SaR Ralmian Powa | =]
L] averaged averaged cifickncy Bain peawe
ez | over |l dB =i
'U.'k!-!:‘ “'kl:;-
L &1 LR [T 15E =]

10 X 119 J71 4% %7
15 A Ll AT 438 %5
. (K] S 495 o

In Table 3 ashove the SAR values averaged over lg
decresce sharply from &.11%W/Kg 1o 3.51'%W/Kg when distance
increases from d = Smm fo = ldmm. We gain notice an
irregulanty m Radiated Power 2 d = 10mm and d = 15mm.
Radiation Efficiency are alsy quite high in the above table than
in the previoas tahles.

Tahls &
SAR vales for W5 m L0 ot LRI AdEL

d Sak SAR Ralzstam Pows Fabesicad
mm averaged averaged cfficency gain Pt

e | gm over ligm di m

Wy | s

§ 135 424 42 4407 265
1 &b A& 158 4.2% 271
15 T 13 AlR S0l
1] LT 167 A3 52
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The results i the Table & indicate a similar trend as shown
in the previous tshles. The three pammeters ie. madiation
efficiency, power gam and mdisied power, increase with
increasing disiance. It can be ohserved that mdiation efficiency
values are higher in case of 180Hz than those ar S00MHz
irrespective of the angle theta.

The averaging volume wed 1o calculate the maximum SAR
values i shivwn im Frgure 5.

Figure %2 Averaging valume used for man 34K calcubilien
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Figurs T: SAR Values af 1808 MHx
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The average valees of SAR over Ig at @& = 50 and 169 and
d = 3mm equal 9.8W/Kg and 4. 5W/Kg respectively. A general
decreaing wrend in the values of SAR an be seen ax the
distance of handset ftom the head increases ai the
angles mentsonad above. There i huge decrease in the values
of SAR over 1g at theta =90 and 133 as the disiance incresses
from 5mm i 20mm. The raie of change in the values of SAR
with respert i distance decreases. for € = 90 and 115 = the
distance hetween the handset and head incresses. However, a
smalll change occurs inthe value of SAR over lg for & =140,
The rate of dhange of SAR with regperct 1o distance for 8 =160
stays fairly comsiant as the distance between the handset and
the head increases. The final values of SAR over lgand d =
20mm ai theia = 9, 135 and 169 are 38W/Ke, 4WiKg and
2.0WKe. Now comsider the aversge value of SAR over 10z
The average values of SAR over 10g are less than their 1g
counienpans. Again, the max vale of SAR over 10g occurs s
thein = 135 and d=3mm and roughly egumls 6.6%W/Kg. The
avermge values of SAR over |0g ai theia = 90 and 16% and
d=5mm equal 5. 8WiKg and 3. 1W/Kg respectively. A general
decreasing trend can be seen in the avemge values of SAR over
l0g z= the distance between the handset and head incresses.
The decrease in the SAR values for theta = %0 and 135 &
greater compared in that of theia = 1 &%, The rate of decrease of
SAR with respert to distance for theta = 90 and 135 decreases
s the disiance mcreases. However, the mie of decrease of SAR
over L0g for theta = 169 stays fairly constant. The final values
of SAR over 10g and d = 20mm at theta = 240, 135 and 165 ae
AWK e, Z6WIK g and 2. IWK g respectively.

V. CrsCLLISI

It is concluded that =t 900 MHz, 135 degree angle has the
highesi values of SAR when averaged over lg or lig, %0
degree takes the second brgest valwes follooed by the 169
degrees and for the 1300 MHz as the properties of the issues,
wavelength of the signal, pemmittivity and conductivity of the
hrain matier changes the resuhs quite dramatically change and
has very low avemged SAR values over | g and 10g.
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