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ABSTRACT

A new promising technique adopted by 4G commungy uitra-wideband
technology, which offers a solution for high bandthi high data rate, low cost, low
power consumption, position location capability.efc conventional type of UWB
communication is impulse radio, where very shahsient pulses are transmitted rather
than a modulated carrier. Consequently, the spectisl spread over several GHz,
complying with the definition of UWB. Currently, ¢hRake receiver used for spread
spectrum is considered a very promising candidate UWB reception, due to its
capability of collecting multipath components. SindWB signals occupy such a large
bandwidth, they operate as an overlay system witarceexisting narrowband (NB) radio
systems overlapping with their bands. In ordemsuee a robust communication link, the
issue of coexistence and interference of UWB systevith current indoor wireless
systems must be considered. Ultra Wideband techgaldth its application, advantages
and disadvantages are discussed in detail. De$ighW\iB short pulse and a detail study
IEEE 802.15.3a UWB channel models statistical attarsstics have been analyzed
through simulation. Simulation studies are perfatmend improved techniques are
suggested for interference reduction in both ImpiRadio based UWB and Transmitted
Reference type of UWB system. Modified TR-UWB reegiwith UWB pulse design at
transmitter end and notch filtering at receiverent end proved to be more efficient in
single NBI, multiple NBI and WBI suppression. Extere simulation studies to support
the efficacy of the proposed schemes are carriedmthe MATLAB. Bit error rate
(BER) performance study for different data ratesralifferent UWB channel models are
also analyzed using proposed receiver models. Peafoce improvement of TR-UWB

system is noticed using the proposed techniques.
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Chapterl

Introduction



INTRODUCTION

1.1 Introduction

In the recent years, short-range wireless apptinatand ad-hoc networking have
become increasingly important in line with the woisi to achieve ubiquitous
communications. Due to the convergence of wiretesmectivity, the next generation of
the wireless world will most likely be an integatiof heterogeneous networks including
wireless regional area networks (WRAN), wirelesdaviarea networks (WWAN),
wireless metropolitan area networks (WMAN), wirsldecal area networks (WLAN),
and wireless personal area networks (WPAN). Ultidelvand (UWB) radio is an
emerging technology in WPAN wireless systems tlaat diitracted a great deal of interest
from academia, industries, and global standardiratiodies. The IEEE 802.15.3a
(TG3a) and IEEE 802.15.4a (TG4a) are two task ggdijiss) within 802.15 working
group (WG) that develop their standards based orBU&¢hnology. UWB technology
has been around since 1960, when it was mainly isseddar and military applications.
Recent advances in silicon process and switchingedp are moving it into the
commercial domain. One of the most promising coneméapplication areas for UWB
technology is the very high data rate wireless eactinity of different home electronic
devices at low cost and low power consumption. dirdeband technology offers a
solution for sharing the bandwidth resource andspay size requirements of next-
generation consumer electronic devices. In additibBVB promises low susceptibility to

multipath fading, high transmission security and@e design.

There are two main differences between UWB andratagowband or wideband
systems. First, the bandwidth of UWB systems, adinel@ by the Federal
Communications Commission (FCC) is more than 25% aknter frequency or more
than 1.5GHz. Clearly, this bandwidth is much gre#tan the bandwidth used by any
current technology for communication. Second, UVEBnnplemented in a carrier less

fashion. UWB transmissions can transmit informatlmn generating radio energy at



specific time instants and occupying large bandwitiius enabling a pulse position or
time modulation. Information can also be modulabedUWB pulses by encoding the
polarity of the pulse, and/or also by using orthwaggoulses. Conventional narrowband
and wideband systems use Radio Frequency (RF)ersmr® move the signal in the
frequency domain from baseband to the actual cafreguency where the system is
allowed to operate. Conversely, UWB implementaticas directly modulate an impulse
that has a very sharp rise and fall time. The exttg short duration of UWB pulses
spreads their energy across a wide range of freipen.e. several GHz. Due to the
extremely low emission levels currently allowed fegulatory agencies, UWB systems
tend to be short-range and indoors applicationsvé¥er, due to the short duration of the
UWB pulses, it is easier to engineer extremely hiighia rates, and data rate can be
readily traded for range by simply aggregating putmergy per data bit using either
simple integration or by coding techniques. Ondhaf important advantages of UWB
systems is their inherent robustness to multi-gatting. Multipath fading results from
the destructive interference caused by the sunewdral received paths that may be out
of phase with each other. The very narrow pulse®JWB waveforms result in the
multiple reflections caused by the channel beingplkeed independently rather than
combining destructively at the receiver. As a reghke time-varying fading that affects

narrowband systems is significantly reduced byréeire of the UWB waveform.

One of the important considerations for the suca#s&)WB systems is the
compatibility and coexistence of such systems wvather WLANs or WPANSs. The
ultrawide bandwidth cannot be assigned exclusivelyJJWB signals and overlapping
with the bands of many other narrowband systenmseain order to ensure a robust
communication link, the issue of coexistence artdrfarence of UWB systems with
current indoor wireless systems must be consid®ad.to the wideband nature of UWB
emissions, it could potentially interfere with aothkcensed bands in the frequency
domain if left unregulated. Industry’s first commoat UWB standard employs
unlicensed 3.1 — 10.6 GHz authorized by US’s Fddémmmunications Commission
(FCC). The assessment of mutual interference betwé¥/B devices and existing
narrowband systems during overlay is importantuargntee no conflicting coexistence

and to gain worldwide acceptance of UWB technoloblence, various technical
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challenges remain as open issues, which need totfeonted to ensure the successful
deployment of this upcoming technology.

This chapter begins with an exposition of the ppat motivation behind the
work undertaken in the thesis, followed by literatusurvey in section 1.3. The

contributions and layout of the thesis are disadisseection 1.4.

1.2  Motivation for Work

Short-range communication is likely to be maingtrefeld of research for the next
decade. As a license exempt technology, UWB candeel for numerous commercial
and military applications, including ranging, sewsi low range networking and
multimedia consumer products. UWB communicatiorferah promising solution to an
increasingly overcrowded frequency spectrum astiength lies in the use of extremely
large transmission bandwidths. Since UWB signatsipg such a large bandwidth, they
operate as an overlay system with other existimgomdoand (NB) radio systems. For an
example, if UWB is to be used in Personal Areandek (PAN) in close proximity to an
802.11a Local Area Network (LAN), then it must besdjned in a manner to peacefully
coexist with the LAN. Hence, UWB systems will mdigely suffer from interference
concerns from other narrowband and wideband consamgystems in such type of
overlay environment. For a flexible solution, th@sterferers should be suppressed only
on an as-needed basis. A proper interference ridigaechnique is essential to a
successful UWB receiver design and is a subjepbténtial research.

Hence, of UWB systems, it is important to assesspbtential coexistence of
impulse radio (IR) UWB systems with existing andingeneration wireless systems.
Coexistence requires that both NB and UWB systemes diot interfere with one another.
UWB devices must be designed to account for twaldnmental aspects: these must not
cause harmful interference to licensed next geloeratireless services and existing NB
systems (e.g., GPS, GSM/GPRS, UMTS, Bluetooth, IBBE11 WLAN, etc.) UWB
devices must be robust and must able to operdtesipresence of interference caused by
both NB systems and other UWB-based nodes. Althdbghindividual UWB device
must satisfy emission limits imposed by regulataggncies, the cumulative interference

from multiple UWB emitters is not regulated. Thepaat of such aggregate interference



on victim NB systems, as well as on other UWB systecan be significant. Moreover,
the transmitted-reference UWB receivers have becosng popular for their simplicity

and robust performance in multipath channels. Haneheir performance is limited by
various types of channel noise such as additivaem@aussian noise or narrowband
interference and wideband interferences on thestnétted signal. Thus, the study of the
impact of these interferers on UWB WPAN systems d@adsing techniques which can
mitigate such interferers efficiently by maximizitige extraction of information from

reference pulses for TR-UWB type receivers arergggdo enhance the performance of

the system.

1.3 Literature Survey

UWB communications was first employed by G Marcamnil901 to transmit
Morse code sequences across the Atlantic Oceamy wgark gap radio transmitters.
However, the benefit of a large bandwidth and tygability of implementing multi-user
systems provided by electromagnetic pulses wereernegnsidered at that time [1].
Approximately 50 years after G. Marconi, modernspubased transmission gained
momentum in military applications in the form ofpoise radars. The first wave of UWB
was studied when James Clark Maxwell had propdsecelectromagnetic theory at the
end of 19th century. During the period 1960’s t®@98, UWB research from many
researchers and laboratories, focused on radahighty secure communications [1]. A
significant difference between traditional radioansmissions and UWB radio
transmissions is that traditional systems transdaita by varying the power level,
frequency, and/or phase whereas UWB system trardatat by generating radio energy
which occupies large bandwidth at a specific timgtdant using pulse-position or time-
modulation. UWB has focused on radar, sensing aitithry communications [2] and
[3]. In 1993, H.F.Engler wrote prolifically on tleectromagnetic of UWB about the area
of high-power baseband pulse radiation, the newhaust for generation and radiation of
Ultrawideband signals [4]. M. Ressler, L.Happ, guyen, Ton Tuan and M.Bennett
discussed the basic phenomenology of impulse ragacifically the propagation effects

of targets [5]. Ultra-wide bandwidth signal propaga experiment in a rural terrain to



characterize the outdoor UWB signal propagatiomnobkéis indicated in [6], [7], [8] and
[9]. In [10] and [11], the UWB research focused enon communication methodology
and commercial short-range wireless applicationshsas wireless LAN and home
entertainment. Some general properties of ultreetéshd (UWB) communications
systems such as the importance of fractional badtthwn ultra-wideband pulse design
and identifying the characteristics of UWB techmgylan order to make it an attractive
solution for indoor wireless networks is discussed12], [13] and [14]. D. Cassioli,
M.Z. Win and A.F. Molisch first applied a statigtianodel for the UWB indoor channel.
The main goal of this work was to develop an undeding of the indoor UWB
propagation channel, including the time-of-arrivaigle-of-arrival and level distributions
of a collection of received signals [15]. They cloied that the power delay profile can
be well modeled by a single exponential decay waistatistically distributed decay-time
constant.

Federal Communications Commission (FCC) declared uhlicensed use of
UWB within the frequency range of 3.1-10.6 GHz &rdd the emission power level as
-41.3 dBm/MHz in 14 February 2002 Report and Ofdéjf. This is intended to provide
an efficient use of scarce radio bandwidth whilakdimg both high data rate personal
area network (PAN) wireless connectivity and lorgarge, low data rate applications as
well as radar and imaging systems. For UWB systémestransmitted power is much less
and is of the order 0.5 mW. The FCC defined UWgnal as those which have a
fractional bandwidth greater than 0.20 or a bantwigteater than 500 MHz measured at
-10 dB points [17] and [18]. A sub-committee wasnied to establish the path loss
model and multipath characteristics of typical emwments where IEEE 802.15.3a
devices operate [19]. The main purpose of this [z model is to compare the different
physical layer proposals at the target operatistpdces [20] and [21].

J.F.M. Gerrits and JR.Farserotu [22] presentedaultvideband (UWB)
transceivers based on impulse-radio (IR) technolbgiR-UWB system, low complexity
Rake reception technique is generally used as smhapeceivers due to their fine delay
resolution [23] and [24]. RAKE-MMSE combining issigned to counter the effects of
multipath fading by using the advantages of fingdrRake receiver and taps of MMSE

equalizer. Each finger and tap independently dexadgingle multipath component; at a



later stage the contribution are combined in otdemake the most use of the different
transmission characteristics of each transmissath [25], [26], [27], [28], [29] and [30].
Transmitted-reference (TR) ultra-wideband (UWB) el@iss communication systems
relax the complicated UWB timing synchronizatiomqugements and can provide a
simple receiver that gathers the energy from thaeynmasolvable multipath components
[31], [32], [33], [34] and [35].

UWB technology focuses many challenges and difiiesil despite of its
advantages and widespread acceptance. Due to ye#ddWB and narrowband signals
in frequency spectrum, the presence of narrowbatadference in UWB communication
system is an unavoidable problem. Interferencenis of the major challenges in the
design of UWB communication systems since it ocesi@ large frequency spectrum.
Coexisting users of UWB wireless personal area odtsv(WPAN) include Bluetooth,
IEEE 802.11a WLAN devices (5.150-5.825 GHz) andustdal (2.4 GHz), scientific,
and medical (ISM) band devices [36], [37], [38] 4B88]. UWB signals suffer from inter
symbol interference (I1SI) for high data rate WPAMtem [40]. Developing modification
techniques to provide immunity to NBI, WBI etc. ane of the key issues of UWB
research. Pulse shaping and different receivernigoks are used for suppressing
interference. The Transmitted-Reference (TR) siggatcheme in conjunction with the
auto-correlation receiver (AcR) is low-complexityseem architecture for Ultra Wide
Band (UWB) communications [41] and [42]. Using aamofilter at UWB receiver NBI
can be suppressed [43], [44], [45], [46], [47] 4A8]. Suppression of interference few
techniques like pulse design method using wavaetnalyzed by Lloyd Emmanuel,
Xavier N.Fernando [49].

More recently, UWB systems have been targeted ay Vvegh data rate
applications over short distances, such as USEceptent, as well as very low data rate

applications over longer distances, such as seasorfRF tags [49].

1.4 Objective and Outline of Thesis

UWB signal spreads over a large bandwidth of sévegigahertz and hence
coexists with other narrowband systems. Thus it noape with the narrowband

interference (NBI) using their high processing gatowever, due to low transmission

6



power, it is anticipated that even this large pssagg gain is not sufficient to suppress
high levels of NBI. In many cases, the power of NBh few tens of dBs higher than
both the signal and noise power. Hence, if sucérfietence is not suppressed properly,
the UWB receiver may be jammed and the system padioce degrades. Investigation
of UWB system using realistic channel models isbto carried out of performance
improvement through interference suppression. NBlpsession techniques using Rake
receiver based on the minimum mean square error YE)\Veriterion for UWB system
needs to be analysed. Transmitted-Reference (TdRlalsng, in conjunction with an
autocorrelation receiver (AcR) offers a low comjigxalternative to Rake reception.
This research work has demonstrated and analyzefdatiormance of TR systems with
modified AcR in cancelling single NBI, multiple NBInd wideband interference (WBI)
altogether. Extensive simulation studies are cdroet and performance are analyzed to
prove the potentials of the proposed techniquesnitigating interference at high data

rates. The thesis is organized as follows:

Chapter 2: A brief description of impulse radio UWB based coumication
system is discussed. UWB communication system desigluding its transmission,
reception, advantages, disadvantages and appihisatice presented. Comparison with
other existing wireless standards and regulatioesbaiefly described in this chapter.
Pulse generation and shaping are the fundamentald=srations in UWB system design.
Three types of UWB pulses employed in the recentBJ\dsearch are Gaussian pulse,
monocycle pulse, and doublet pulse. These pulsesisrally referred to conduct basic
theoretical analysis and simulation study. FurtbévB channel models for WPAN

indoor channel environments are analyzed in datalltheir parameters are discussed.

Chapter 3: The Impulse Radio based Ultra Wideband (IR-UWB)teys
transmits data by sending pulses, each with vemllgime duration followed by pauses
that are approximately two hundred times that lengake receiver improves system
performance by equalizing signals from differenthga This enables the use of Rake
receiver techniques in UWB systems. For high data uvltra wideband communication

system, performance comparison of ARake, PRakeSkake receivers are attempted.



The narrow band systems may cause interferencelWWB devices as it is having very
low transmission power and the large bandwidth.itSmay jam the UWB receiver
completely degrading their performance. Rake rexsealone fails to perform in such
condition. A hybrid SRAKE-MMSE time domain equalize proposed to overcome this
by taking the advantages of both the effect ofrthmber of rake fingers and equalizer
taps. This scheme selects the first strongest patkticomponents and combines them
using a SRake receiver based on the minimum meaarecerror (MMSE) criterion. It
also combats inter-symbol interference by considethe same advantages. Study on
non-line of sight indoor channel models illustrateat bit error rate performance of
UWB SRAKE-MMSE (both LE and DFE types) improves foM3 model with smaller

spread compared to CM4 channel model.

Chapter 4. TR-UWB system is a simple receiver structure Whiaptures all of
the energy available in a UWB multipath channeldemodulation at the receiver. TR is
a correlation receiver system which does not reqairannel estimation and has weak
dependence on distortion. The core part of TR-U\Wileme is known as auto correlation
receiver (AcR) receiver. TR-UWB systems are susiblepto other interference because
the interference will be multiplied at the receivend. In this chapter, studies are
performed and techniques are proposed for interéereeduction in TR-UWB system.
Two different strategies are suggested to imprbeeperformance of the system-

» UWB Pulse Design using Eigen value decompositichrigue

» Modified TR-UWB Receiver: Suppression of interfecerto the UWB system by
incorporating a notch filter at the front end of BWAautocorrelation (AcR)

receiver.

Suppression of interference from single NBI, muéipliBl and wideband interference to
UWB system for different receivers are further pded using different channel models
such as AWGN channel model and UWB channel mod#is.proposed technique does
not reduce the capacity of the UWB system everd#ia rate changes from low to high
data rate. Therefore it can be used for the bettmxistence of other spectrally
overlapping wireless systems with UWB system in phresence of ISI. MATLAB



simulations are carried out for different channehditions and BER performances are
observed with and without ISI.

Chapter 5: This summarizes and concludes the research worlorief.
Narrowband interference and Inter symbol Interfeeesare major limitations of UWB
system, which degrades the performance. ModifiedUVMRB is found to be more
efficient than other conventional like Rake receisad Rake-MMSE, TR-UWB using
AcR receiver in case of single NBI cancellationtdfsive simulation study show that
proposed modified AcR receiver technique providetep performances in CM1, CM2
and CM3 channel model by suppressing single NBIljtipte NBI and WBI. The
proposed eigen value decomposition method alsoigeevsome additional advantages
such as the pulses meets FCC spectral mask, oscapghort duration and easy to
implement to suppress the interference with ease modified TR-UWB receiver’s
efficacy is observed through BER performance impmgnt by mitigating interferers
like NBI, multiple NBI and WBI and in high data eatases.



Chapter 2

Overview of UWB Communication Systems



OVERVIEW OF UWB COMMUNICATION SYSTEMS

2.1 Introduction

Ultra Wideband wireless communication is emergigchhology for transmitting
large amounts of digital data over a wide frequespgctrum using short pulse, low
powered radio signals [1], [4] and [58]. Impulséicg a form of UWB spread spectrum
signaling is used for short-range applications émse multipath environments [2], [3].
An impulse radio concept is based upon transmiting receiving very short pulses,
which is carrier-less [8] and [9]. This chapter qmets an overview of UWB
communication system [14] and [72]. Pulse genemadind pulse shaping are among the
most fundamental problems in UWB systems [6], [&nld [18]. Accurate realistic
wireless channel models are extremely important fomalysis and efficient
communication system design also [10], and [15]e Bhatistical characterization and
modeling of the IEEE 802.15.3a wireless indoor clghrmodels in details are analysed
[19], simulated and discussed in this chapter.

Section 2.2 introduces the UWB technology defingdRACC. In section 2.3,
UWB communication system is presented. Simulatesults for UWB pulse design are
presented in section 2.4. Section 2.5 explains IBEE15.3a UWB channel model and
section 2.6 investigates the simulation resultgso$tatistical properties. The conclusion

is presented in section 2.7.

2.2 UWB TECHNOLOGY

2.2.1 Definition

FCC has proposed a definition of UWB radio sigresilar to that of Defense
Advanced Research Projects Agency (DARPA) UWB rgukamel [16] based on the

fractional bandwidth B, of the signal.

The fractional bandwidth can be determined usimmida
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(2.1)

The fractional bandwidth (the ratio between sighandwidth and centre
frequency) is to be greater than 0.25 (25%) orsigeal occupy at least 0.5 GHz of the
spectrum [17]. The bandwidth is measured at theeuppd lower cut off points (-10dB),

f, and f_ respectively [7]. The centre frequenkyis defined as the average of these cut

off points. This provided an efficient use of radesource while enabling high data rate

PAN wireless connectivity [18]. Fig. 2.1 providdsetfractional bandwidth of UWB
system.

Power Spectral Density

-10dB

Fig. 2.1 Magnitude spectrum of narrowband and UWB gstem

2.2.2 UWB Regulation
In 1998, FCC recognized the importance of UWB tedhgy and began the

process of regulatory review. In February 2002, RG&le the formal rule that permits
Ultra Wideband to operate under certain indoor entioor power spectral masks [16].
FCC has authorized unlicensed use in 3.1 - 10.6 l&tid for UWB signal and its power

spectral density (PSD) to be less than -41.3 dBnZMkhich is less than other wireless
communication device.
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FCC UWB indoor/outdoor emission mask
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Fig. 2.2 FCC Emission mask for indoor and outdoor WB systems

As shown in Fig. 2.2, for indoor applications, tBeission power of UWB
devices should be below -41.3 dBm/MHz from 0 H91@6 GHz, below -75.1 dBm/MHz
from 0.96 GHz to 1.61 GHz, below -53 dBm/MHz froné1 GHz to 1.99 GHz, below
-51.3 dBm/MHz from 1.99 GHz to 3.1 GHz, below -44Bm/MHz from 3.1 GHz to
10.6 GHz, below -51.3 dBm/MHz from 10.6 GHz aboVhe emission power of UWB
devices should be below -41.3 dBm/MHz from 0 HD1@6 GHz, below -75.1 dBm/MHz
from 0.96 GHz to 1.61 GHz, below -63.3 dBm/MHz frdn61 GHz to 1.99 GHz, below
-61.3 dBm/MHz from 1.99 GHz to 3.1 GHz, below -44Bm/MHz from 3.1 GHz to
10.6 GHz, below -61.3 dBm/MHz from 10.6 GHz abowe dutdoor applications as
shown in the same Fig. 2.1. The emission limits dgBned as the effective isotropic
radiated power (EIRP) in terms of milli-watt perMHz bandwidth. For instance, the
power spectral density of -41.3dBm/MHz is equivalem the electric strength of 500
uVIm measured at a distance of 3 meters away frardtiator in a 1 MHz resolution
bandwidth [16], [27] and [28].
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2.2.3 ADVANTAGES & DISADVANTAGES OF UWB SYSTEM
UWB system has the following main advantages [28], [32], [33], [58] and [72]

» According to Shannon’s communication theory, UWgnsils have the capability
to convey high-speed data and the information dapatcreases linearly with
frequency bandwidth, and decreases logarithmiedlly the signal to noise ratio.

* In the wall penetrating radar, UWB signal can pelyi track the moving objects
behind the wall [5].

» UWB communication system is inherently secure.

* Impulse radio is carrier-less, so it only has Hamed processing and no
intermediate frequency (IF) processing is needdds Tnakes impulse radio
devices much cheaper than other wireless commumicdévices [8].

» Battery life of UWB device will also be more becawd the very low transmitted
power as well as very low power consumption duthéomore simple transceiver
architecture of UWB devices.

Every technology has many challenges and diffiealtSome of the disadvantages of this
promising technology includes: [27], [28], [32] 313 [58] and [72]

* Interference with existing narrow band turns oubéoa critical problem as UWB
signal uses a wide RF bandwidth. This interferecamald be in two directions,
first one is the narrow band signals can interigita UWB receivers, such as
IEEE 802.11a that shares 5 GHz frequency band UMiB signals; the other one
is that UWB signals may interfere into narrow baeceivers [11], [13].

* Since UWB pulses are very short in time domaigh¥speed Analog to Digital
Converter and high-speed DSP are essential taaigihd process UWB signals.
Sophisticated signal processing techniques are teelied upon such carrier-less
system [18].

« UWB systems require wide-band antennas. Howewigle-band antennas are
bigger and more expensive than narrow-band antemtessgning a small and

inexpensive antenna is crucial for UWB technolagpé¢ widely deployed [14].
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« UWB communication systems are limited in range.ohder to make UWB
interference to other radio systems insignificame, transmission power of UWB
signals has to be bounded under the emission neagly she FCC [16].

* Since pulses with picoseconds precision are uset/WB, the time for a
transmitter and receiver to achieve bit synchrdiopacan be as high as a few
milliseconds. So channel acquisition time is veighhwhich significantly affect

the performance [15].

2.2.4 UWB APPLICATIONS

The various applications of UWB technology hasudel both commercial and military
side on the basis of high data rate communicasbost range applications, remotely
sensing radar, vehicular radar and multimedia é=svj27], [28], [32], [58] and [72].

« UWB communication systems are often advantageoushaort-range WPANS
using IEEE 802.15.3a standards [19] and [21]. UWBhhologies are used in
indoor applications of data rates in megabits geosd, such as wireless USB,
home entertainment, and high speed wireless LANneomications for voice,
data and video application.

« UWB technique may be used to determine the rangeelea two objects due to
its precise time resolution using IEEE 802.15.4k tgroup [6] and [19]. UWB
radar on the ship may sense the rail height reabvthe water line, in the crude
oil tank, UWB radar can measure the levels of @ihulsion, and water layers at
the same time.

« UWB radars may be used to detect and image thetshjeside enclosed spaces
or behind walls. UWB radar may determine or imalge positions of people
inside the rooms from outside. Through wall imagsgised for rescue, security
and medical applications [2], [3] and [5].

* Vehicular radars use the frequency band surroun@lithdsHz to measure the
location and movement of objects around a vehiglérdnsmitting UWB pulses
and detecting the reflected signals [17] and [IBjese devices enable the
features such as auto navigation, collision avaidaimproved airbag activation,

intelligent suspension systems, etc.
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» Military applications use UWB system for sensingm@y locations and tracking
loops detection of land mines [5].

» Attaching UWB RFID task to each item inside a baxscan to identify the item
inside the box without opening it [72].

2.3 Ultra Wideband (UWB) Communication Systems

The UWB communication system is either pulse orticadrier based communication
[33] and [58]. In multicarrier based UWB system haigonal frequency division
multiplexing (OFDM) technique is employed to trarismformation using orthogonal
carriers [27], [28] and [32]. This requires sopitated signal processing techniques and
transceiver architecture [72]. In this research kwsingle band or carrier less UWB
system is focused [8]. A single link UWB communioatsystem consists of three major
blocks of communication, i.e. a source (transnjitténe channel, and destination (a
receiver). The main function of the transmittertéssend the input data through the
channel, to the destination with the help of anéerfig. 2.3 illustrates a generalized
UWB transmitter model, which consists of UWB putgnerator, data modulation, filter
and antenna [72].

UWB communication technique is fundamentally diéier from traditional radio
transmission as it is carrier less, meaning th&h d&a not modulated on a continuous
waveform with a specific carrier frequency [10] gdd]. It employs extremely narrow
radio frequency pulses generated from UWB pulsesiggar to communicate between
transmitter and receiver. From Fourier analysis, itnderstood a very short that signal in
time domain produces a very wide spectrum signafrequency domain and hence
utilizing short duration pulses generates a vergenbandwidth [32] and [33]. Hence
UWB transmission can transmit information by getiegaradio energy at specific time
instants and occupying large bandwidth thus engbkn pulse position or time
modulation.
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DATA MODULATION

!

UWB PULSE GENERATOR

FILTER

ANTENNA

Fig. 2.3 General Model of UWB transmitter

:

TRANSMITTED DATA

Information can be modulated on UWB pulses by emgpthe polarity of the pulse, the

amplitude of the pulse and/or by using orthogonalsgs. The transmission of low-

powered pulses eliminates the need for a powerifenph UWB transmitter. Also there

is no need for mixers and local oscillators to state carrier frequency and also carrier

recovery at receiver's frequency band. So pulseedddWB system is significantly

simpler to design and cheaper to build. The UWEReinear model to extract the desired

information from the received signal is shown ig.R2.4. The frontend filter filters out

the noisy components of the received signal. Lowgeamplifier amplifies the signal it

continuous on into the receiver end [72].

RECEIVED DATA

v

ANTENNA —P>

FILTER

-

LOW NOISE
AMPLIFIER

— RECEIVER

Fig. 2.4 General Model of UWB receiver
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2.4 UWB PULSE DESIGN

UWB is known to be the transmission of ultra shdartation pulses, with bandwidths in
the gigahertz range according to FCC ruling [18]clS pulses provide spreading of
energy over a large bandwidth because of the sis@nd fall of the pulse. In addition,
the power spectral density is so low for any gieequency that it provides the
possibility of low probability of detection or imt@ept communications. The short pulses
also offer immunity to multipath fading and a muolwer fading margin, which gives
multipath resolution. There are three types of UpiBses usually referred as Gaussian
pulse, Gaussian monocycle (Gaussian pulse of desivative), and Gaussian doublet

(Gaussian pulse of second derivative) [17] and.[18]

2.4.1 Gaussian pulse:
The Gaussian pulse for UWB communication systedefsed as

(t-t)’
p(t)= Aexp[—z—rg (2.2)
O-4 T T
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Fig. 2.5 Gaussian Pulse in time, frequency domaimd Magnitude Spectrum

18



where A and t, provides the amplitude and time offset respectivaiy 7is the time
constant gives the width of the pulse in seconds. ES illustrates a Gaussian pulse
having unity magnitude and pulse width of 1 nstgm0. The -10 dB bandwidth of this
signal is approximately 2 GHz.

2.4.2 Gaussian monocycle:
The Gaussian monocycle is the first derivative atiSsian pulse [18], which is defined
as

d A Y 2
ap(t)—A?exp( 2((t t)7)7) (2.3)

Fig. 2.6 shows a Gaussian monocycle pulse haviity magnitude and pulse width of 1
ns and, =0. The -10 dB bandwidth of this signal is approxieipa2.5 GHz.
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Fig. 2.6 Gaussian monocycle in time, frequency donmaand Magnitude Spectrum

19



2.4.3 Gaussian doublet

Gaussian doublet is the second derivative of Gangsillse and is mathematically given
as

d? _ 1 1o 2 _ﬁ 1 . 2
Wp(t)—A?exp( 2((t t)7)") 7 expt 2(¢ t, )7) )} (2.4)

Fig. 2.7 gives a Gaussian doublet pulse havingyundgnitude and pulse width
of 1ns and, =0. The -10dB bandwidth of this signal is approxinat@.7 GHz.
Comparing the power density spectrum for the gipeise shapes it is observed that

centers of monocycle and doublet are skewed toehiffequency and further doublet is

more skewed compared to a monocycle.
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2.5 UWB CHANNEL MODEL

The accurate design of channel model is a sigmificssue for ultra wideband WPAN
communication system. Such a model creates thétyafor calculation of large and
small-scale statistics [7] and [15]. Specificallgrde-scale models are necessary for
network planning and link budget design and snwdles models are necessary for
efficient receiver design. The most famous mulhpaWWB indoor channel models are
tap-delay line Rayleigh fading model, Saleh andevalela (S—V) model and -K
model. The S-V channel measurement shows that titgpath components are arriving
in a cluster form [52]. The different paths of suglile band signal can rise to several
multipath components, all of which will be part afe cluster. The arrival of multipath
components is modeled by using Poisson distribuéiod thus the inter arrival time
between multipath components is based on expohéigtabution. The multipath arrival
of UWB signals are grouped into two categoriesstduarrival and ray arrival within a
cluster. This model requires several parametedestribe indoor channel environments
[53]. Ray arrival rate is the arrival rate of patithin each cluster. The cluster arrival rate
is always smaller than the ray arrival rate. Theplgode statistics in S—V model are
based on lognormal distribution, the power of whigltontrolled by the cluster and ray
decay factor [20] and [21]. Indoor channel enviremts are classified as CM1, CM2,
CM3, and CM4 following IEEE 802.15.3a standard ldase propagation conditions as
follows [19].

CM1 describes a line-of sight (LOS) scenario witmaximum distance between
transmitter and receiver of less than 4m.

 CM2 describes the same range as of CM1, but fooraline-of sight (NLOS)
situation.

* CM3 describes a NLOS medium for separation betvwesrsmitter and receiver
of range 4-10m.

» CM4 describes an environment of more than 10m witbng delay dispersion,
resulting in a delay spread of 25ns with NLOS maediu
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Table 2.1 UWB channel characteristics

Channel Characteristics CM 1 CM 2 CM 3 CM 4
LOS(0-4m) | NLOS(0-4m)| LOS(4-10m)| LOS(>10m)

Cluster arrival rate 4} 0.0233 0.4 0.0667 0.0667
(1/nsec)

Ray arrival rate §} 2.5 0.5 2.1 2.1
(1/nsec)

Cluster decay factorl{} 7.1 5.5 14.00 24.00
(1/nsec)

Ray decay factory} 4.3 6.7 7.9 12
(1/nsec)

Standard deviation of
cluster lognormal fading 3.3941 3.3941 3.3941 3.3941

term o, (dB)

Standard deviation of
ray lognormal fading 3.3941 3.3941 3.3941 3.3941

term o, (dB)

standard deviation of
lognormal shadowing 3 3 3 3

term o, (dB)

Table 2.1 describes the UWB channel characteiiistietail in case of multipath
environment. We have employed the model proposetheylEEE 802.15.3a channel
modeling group [19] based on modification of théeSaand Valenzuela [52]. This model
takes into account the clustering phenomenon obdeim several UWB channel
measurements [54] and [62].

According to [19] and [70], the channel impulsep@sse is

L-1K-1
h(t) = Xzzak,|5(t‘1f _Tk,l) (2.5)
1=0 k=0
where{ak,l} are the multipath gain coefficient K ray related ta" cluster,{'r| } is the

delay or arrival time of first path of tH& cluster,{rk,l} is the delay of th&" multipath

component within thé™ cluster relative to arrival timé'rI }{X} represents the log-
normal shadowing term.
Equation 2.6 provides the cluster arrival time #relray arrival distribution time
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p(T|Ta) =Aexe[-A(T-T4)], 1> 0
p(Tk,| ‘T(k—l),l) :/]eXp[_/](Tk,l _T(k—l)l)] , k>0

We haver,, =0. If the channel coefficients are considered as, rib@in p,  takes real
random value +1 or -1.

(2.6)

The channel coefficients are defined as:
@y =PSB (2.7)

If complex base band channel is considered, thargiaco-efficient phase is uniformly
distributed over the interval [0gR B, is the amplitude of the UWB signal. It is based

on lognormal distribution and is given as
20log10€ A, )O Normal (4, o7 +073) (2.8)

or ‘gt“@l‘ = 1 QfHr ) /20 2.9)

where g, is the standard deviation of cluster lognormal rigdierm. o, is the standard
deviation of ray lognormal fading term andn O Normal(Q,07) and

n, 0 Normal(0,07 )are independent and correspond to the fading oh elaster and
ray, respectively,

The behavior of the averaged power delay profile is
2 _ _
E[‘glﬂk,l‘ }oneﬂ/rerk'I/y (2.10)

where Q, is the mean energy of the first path of the fitaster.
The 4, is given by

L= 10In(Q,)- 10N M - 1G,, i (02 +0?)In(10)
ol In(10) 20

(2.11)

Where, ¢ reflects the fading associated with the Ith clusted 5, corresponds to the

Ith

fading associated with tHd" ray of thel™ cluster. This reflects the exponential decay of

each ray as well as decay of the total cluster pomith respect to delayX is the

shadowing term and it is characterized by following
20log10(X )OO Normal (0g” (2.12)

O is the standard deviation of lognormal shadowergit
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2.6 SIMULATION RESULTS OF UWB CHANNEL STATISTICAL
PROPERTIES

The main characteristics of the channel that ared u® derive the above model
parameters are as follows: Mean excess delay, RS/ dpread, number of multipath
arrivals that are within 10 dB of the peak multipatrival, average power delay profile
[70]. Extensive simulation results under variouaraiel conditions are presented in this
section.

Table 2.2 Statistics of UWB channel realization

Target Statistical properties CM1 CM 2 CM 3 CM
Mean excess delay (nsed) () | 2-05 10.38 14.18 -
RMS delay (nsec)x,,.) 5.28 8.03 14.28 25
NP10dB - - 35 -
NP (85%) 24 36.1 61.54 -
Model Statistical properties

Mean excess delay (nsed),() | -0 9.9 15.9 30.1
RMS delay (nsec)x,,.) 5 8 15 25
NP10dB 12.5 15.3 24.9 41.2
NP (85%) 20.8 33.9 64.7 123.1
Channel energy mean (dB) -0.4 -0.5 0.0 0.3
Channel energy std (dB) 2.9 3.1 3.1 2.7

Table 2.2 provides both target and model statistfddWB channel model [19].
The simulated channel impulse responses, the avgrager delay profiles and other
statistical characteristics for CM1, CM2, CM3 anlli€are shown in Fig. 2.8, Fig. 2.10,
Fig. 2.12 and Fig. 2.14. The channel energy for C&M2, CM3 and CM4 are plotted in
Fig. 2.9, Fig. 2.11, Fig. 2.13 and Fig. 2.15 retipety.
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2.7 Conclusion

In this chapter, the basic concepts ofBJi&chnique are discussed. It is concluded
that UWB technique has the potential of enhanchg data rate in WPANs. A brief
description of the UWB communication system is giva this chapter. Advantages,
disadvantages and prominent applications of UWBbaiefed. Various Gaussian UWB
pulse shapes referred in theoretical and simulattady are implemented. Four types of
wireless indoor UWB channel models for WPAN indebannel environments based on
IEEE 802.15.3a standard are analyzed in detail thed parameters are discussed.
Channel Impulse response, Power Delay Profile, Meaess delay, RMS delay spread,

Channel energy mean, standard deviation etc. aestigated through simulation.
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NARROWBAND INTERFERENCE REDUCTION IN IMPULSE
RADIO (IR) UWB COMMUNICATION SYSTEMS

3.1 Introduction

A traditional UWB technology is based on single dhagstems employing carrier
free or impulse radio communications. Impulse radi®) refers to the generation of a
series of impulse like waveforms, each of duratiothe hundreds of picoseconds [8], [9]
and [22]. This type of transmission does not rexjuine use of additional carrier
modulation and is a baseband signal approach. Ud@Bnblogy provides high data rate
with low power spectral density due to modulatibmextremely short pulses within 3.1 to
10.6 GHz [16]. The very low transmission power dhd large bandwidth enable an
UWB system to co-exist with narrowband communigafibl] systems illustrated in Fig.
3.1. Although UWB communication offers a promisisglution in an increasingly
overcrowded frequency spectrum, mutual interferedae to coexistence with other
spectrally overlapping wireless system degradespdr@rmance of both systems [13].
The interference caused may jam the UWB receivempbetely. According to
Electromagnetic Compatibility (EMC) reports subeuttto FCC [72], the narrowband
interferences (NBI) expected by the UWB receivers aomputer motherboard of
emission level 42.7dBm at 1.9 GHz, IEEE 802.11beattre frequency 2.4 GHz, network
interface card (NIC) of emission level 49.8dBm at53GHz, LAN switch of 44.3dBm at
3.75 GHz, peripheral component interconnect (P@tddor a personal computer 3.75
GHz and IEEE 802.11a (WLAN system) at centre freqyes.25 GHz etc. [11]. Study of
impact of NBI and suppression of NBI is one of thgortant issues associated with
UWB applications [36], [37] and [38] and [57]. Pamhance enhancement by employing
effective NBI mitigation techniques are discussethis chapter.

Section 3.2 introduces the principle of UWB Rakeereer considering its
importance in UWB system. In section 3.3, UWB Radeeiver structure is analyzed in
the presence of NBI. Simulation results for perfante analysis of UWB Rake receiver

and performance degradation of UWB SRake receiv@resence of NBI are presented
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in section 3.4 and 3.5 respectively. Section 3.flars the performance of UWB
SRAKE-MMSE receiver and section 3.7 investigates shppression of interference by
using those receivers. Simulation results are ptedein section 3.8. The conclusion is

presented in section 3.9.
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Fig. 3.1 Spectrum of UWB and existing narrowband sstems

3.2 UWB RAKE RECEIVER STRUCTURE

The robustness of UWB signals to multipath fadibg] [is due to their fine delay
resolution, which leads to a high diversity ordec® combined with a Rake receiver.
Rake receivers are used in time-hopping impuls@éoragistems and direct sequence
spread spectrum systems for matched filtering efréteived signal [9], [55] and [56].
The receiver structure consists of a matched filbat is matched to the transmitted
waveform that represents one symbol and a tappkey tiee that matches the channel
impulse response [24] and [26]. It is also possiblenplement this structure as a number
of correlators that are sampled at the delaysaeléad specific number of multipath
components; each of those correlators is knownaks finger. Based upon the Rake
receivers are three types. The All-Rake (ARakegikexr captures all most all the energy
carried by a very large number of different multipaignals [23] and [25]. To reduce the

rake complexity, a partial combining (called PRaiselised as partial combining of the
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energy, which combines the first arriving paths ofithe available resolved multipath
components. Selective combining (called SRake)sslmptimum Rake receiver, which
combines the energy selectively carried out bysdtiengest multipath components. A
UWB Rake receiver structure is shown in Fig. 3.2.

n()
h(t)

{d(K) %
CHANNEL
(IEEE 802.15.3a)

B

Fig. 3.2 UWB Rake receiver structure

For a single user system, the continuous transinitita stream is represented as
[25]

+00

s(h=Y d(K p(t- kT) (3.1)

K=—c

whered(k) are stationary uncorrelated BPSK data dpds the symbol duration. The
UWB pulsep(t) has duratioMywp (Tuwn < Ts).

The channel impulse response is given by [70]
M
h(t) =>_ha(t-1) (3.2)
i=0

M is the total number of paths in the channel.

The received signal first passes through the vecdilter matched to the transmitted

pulse and is given by
r@) =s*ho* g-y3+h4 )y p-it

= i d (k)Z h.m(t- kKT-7, )+ Ar(t) (33)

where p(-t) represents the receiver matched filter and) is the Additive White

Gaussian Noise (AWGN) with zero mean and variddg@. Also, m(t) = p(t)* p- 9

andﬁ(t) = nt)* p(-9 .
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Combining the channel response with the transnpiiése shape and the matched filter,
~ M
h(t)= p()* H)* B-X =D hrot1) (3.4)
i=0

The received signal sampled at therake finger in thel" data symbol interval is given
by

v(n1’5+r;+g):zi’((n—k).l’+r]+g).c( K (3.5)
k=-0c0
where T,' is the delay time corresponding to tferake finger and is an integer
multiple ofl_. Parametett, corresponds to a time offset and is used to oltanbest

sampling time. For the following analysigwill be set to zero.

The Rake combiner output at time n.Ts is

yirl =iﬁ.V(nI+r.')+iﬁ W nT+7) (3.6)

3.3 UWB SRAKE RECEIVER IN PRESENCE OF NBI

The working of UWB system in co-existence with atharrowband systems over
their large bandwidth is challenging [57]. Thus, BVgystems must cope with these
narrow band interference (NBI) using their highqassing gain. However, due to very
low transmission power, it is not sufficient to pugss high levels of NBI, which are
typically from nearby narrowband radio systems hgw bandwidth up to a few MHz.
In many cases, the power of NBI is a few tens o$ ¢igyher than both the signal and
noise power. The narrowband interference (NBI) aiige modeled as a traditional single

carrier BPSK modulated waveform, given by [26] &B¥@]

i(t)=/2P, cog(wyt +6) i 0.2z (t- KT-17,) (3.7)

where, P is average transmit power of the narrowband wavefar) = 277, is

carrier frequency of the narrowband waveforéh.is the random phase of the carrier.
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{g,} are the randomly modulated BPSK symbols whggel{+1}, T, is the symbol

period, 7, is a random delay uniformly distributed [@, T,] andz(t) is the baseband

wave form shape. UWB Rake receiver model considddBl is shown in Fig. 3.3.

n(t)

h(t)
{d(k)

—> pY)

CHANNEL 0
(IEEE 802.15.3a) p

>

it)
INTERFERENCE

Fig. 3.3 UWB Rake receiver model in presence of NBI
The received signal passes through the receiver flatched is given by [26]

r) =AM*h()* g-) +y* p-x+@x ot (3.8)

Interference coexisting with the same system geéeeraxtra signal which can’t
be easily detected at the output. Rather by caegistith original pulse, it will decrease
the performance of receiver. If such an interfeeeiscnot properly suppressed, then this

will jam the receiver and the system performanagaldes [57].

3.4 PERFORMANCE ANALYSIS OF RAKE RECEIVERS IN IR-
UWB SYSTEM

BER performance of Rake receiver in IR-UWB systesnobserved through
MATLAB simulation. Performance comparison among ARaSRake, and PRake
receiver is carried out using different IEEE UWBanhel models as shown in Fig. 3.4.
ARake receiver provides better result than other types of Rake. Since a UWB signal
has a very wide bandwidth, ARake receiver combiratigthe paths of the incoming
signal is practically unfeasible. Therefore, SR&éleeomes the practical choice. It is
observed form Fig. 3.4 (a) that using the perféeinmel impulse response and estimating
8 number of rake fingers; ARake provides best perémce of gaining more than 4dB
SNR over the PRake receiver at BER210 is also found that SRake and PRake have
almost the same diversity order, and differs by lmn 2dB due to line of sight (LOS)

channel medium.
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Fig. 3.4 BER performance of Rake receivers for IEEBJWB channel models
In the analysis CM2 channel model, SRake performapproaches almost the
same performance level as ARake. SRake receiveida® 3dB SNR improvement at
102 BER floor over the PRake as shown in Fig. 3.4 {fp)Fig. 3.4 (c) showing SRake
receiver performance, gain of more than 4dB SNRr die PRake at BER=TOfor
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NLOS CM3 channel environment. Using CM4 channel ehotbr the same simulation
parameter SRake performs better as shown in Fgd3. A SNR gain of more than 5dB
is observed on IOBER floor for SRake. At low SNR'’s the system noisenore and

hence the system degradation is noticed. More kignargy capture is required to
overcome it. This can be achieved by increasingnilmabers of rake fingers in Rake

receiver structure.

3.5 STUDY OF PERFORMANCE DEGRADATION OF UWB
SYSTEM IN PRESENCE OF NBI

SRake receiver in UWB system performance in absandepresence of NBI is
studied and found that NBI deteriorates the sygierformance. In this study SRake with

both 3 and 5 rake fingers is considered. An NBhwgignal to interference ratio (SIR) of
-20dB is added to the channel model.

10

1
|
|
|
|
|
|
|
|
|
|

-+ 1
|
|
|
|
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
L
I
I
I
I
I
I
I
I
I
1

ey Ittt W tetutad Bttt rake fingers=3, SRake+NBI |

************************** —O— rake fingers=3,SRake il
NS _____l____ rake fingers=5, SRake+NBI ||

N et ~e__.____| —©—rake fingers=5,SRake

10'1 ,,,,,,,,,,,,,,,,,,,, N - e |

a6

J

BER

R I

SNR(dB)
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However, as discussed before with increase in fadgers the performance of
SRake receiver increases. When the number of rakers is increased to 5, similar
degradation in performance is noticed in both CM2SLchannel medium and in CM2
NLOS channel medium as shown in Fig. 3.6. As shawkig. 3.7 for CM3 channel
model, at SNR=20dB, UWB SRake receiver bit errte (BER) passes from 1:21.07 to
0.95x10% for 3 number of rake fingers and from &.20° to 0.44x10™ for 5 number of
rake fingers under the effect of NBIl. The perforcewf SRake receiver in presence of
NBI is almost over the IODBER floor. The receiver structure cannot mitigate! Mnd
hence the performance deteriorates. So it is cdedlas the multipath is reasonably high
for CM3 and CM4 channel models, Rake receiver strec performance fails to

eliminate NBI alone.
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3.6. UWB SRAKE-MMSE RECEIVER STRUCTURE

A hybrid SRAKE-MMSE receiver structure for high datate UWB system is
studied by the advantages of both rake fingerseapdlizer taps. A major advantage of
MMSE scheme relative to other interference suppasscheme is that explicit
knowledge of interference parameter is not reqUi2&jl and [36]. The receiver structure
is illustrated in Fig. 3.9 and consists in a SRedeeiver followed by a linear MMSE
equalizer. The received signal first passes throtighreceiver filter matched to the

transmitted pulse. The output of the receiverrfillesampled at each rake finger [26].

The minimum rake finger separation &, = T, / N,, where N, is chosen as the

largest integer value that would resultlinspaced uncorrelated noise samples at the rake

fingers. For general selection combining, the riakgers (3's) are selected as the largest

L (L < Ny) sampled signal at the matched filter output withine symbol time period at

time instantsz,, 1 =1, 2, ..., L.

n()
h(t

{d(ny} . CHANNEL
p@) (IEEE 802.15.3a)

MMSE { a ( n)}
EQUALIZER

Fig. 3.9 UWB SRAKE-MMSE receiver structure

For a minimum mean square error (MMSE) SRake receithe conventional finger
selection algorithm is to choose the paths witthég signal-to-interference-plus-noise
ratios (SINRs) [66]. The noiseless received signaliven by equation (3.5). As derived

in section 3.2, Rake combiner output at tiren.Ts is
L ) L A )
M= A (nT+7)+X A4 f nT+7) (3.9)
1=1 =1

Assuming that the™ data bit is being detected, the MMSE criterion sists in

minimizing

E{d(n)—/a(r) } (3.10
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where cAj(n) is the equalizer output. From the Rake output $jgha desired signal, the

undesired ISI and the noise are distinguished as

y(n):[iﬁ. h(r{)} dN+Y YA H(m B T+) ¢
=1 k#n 1=1 (31)1

+ZL:,6;/r\1(n'I;.+T|')

where the first term represents thardéutput. The noise samples at different

A
fingers, n(n.Ts +7,), / = 1...L, are uncorrelated and therefore independent, gimee

samples are taken at approximately the multipleshefinverse of the matched filter
bandwidth. It is assumed that the channel hasgtHesf (1, + n, + 1) T, That is, there is
pre-cursor ISI from the subsequemtsymbols and post-cursor ISI from the previogs
symbols, andy; andn, are chosen large enough to include the majoritsheflSI effect

[40] and [48]. Using (3.11), the Rake output carekpressed now in a simple form as
y(n=ag.d(n+ > a.dn R+ g d=¢ [ i+ O) (3.12)
k=—
k#0

where

p=la,..a,.a,]land d[n=[d( n+ g)...d n....d n n)]" .Coefficient

of a,'s are obtained by matching (3.11) and (3.12). Thisenat Rake output is
- L A
n(n) = Zﬂl n(nTs +7, ). The output of the linear equalizer (LE) is ob&airas

1=1

K

a(n)zz ¢.y(n-n=Ccy(n+<cn(n (3.13

r=-k;

wherec =[C k1 ...& ...G2] contains the equalizer taps. Also
y[n]:[dd[m K].@'d .0 d n @]]T (3.14)
n[n]:[ﬁ(n+ Kl)ﬁ(n)~n( n= KZ)} (3.15)

The mean square error (MSE) of the equalizer,
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E[|d(n)— c'y[n]- cT/7[n]|2} (3.16)

Equation (3.16) is a quadratic function of the vect has a unique minimum solution.

Defining matrices R, p and N as

R=E|y[n].y"[n]] (3.17)
p=E[d(n)s[A] (3.18)
N=E[n[n]7"[r] (3.19)

The equalizer taps are given by

C:(R'I' I\D_l. F (320
and the MMSE is

Jon =02 - p (R+ N) ™% p (3.21)
ol = E[|d(n)|]

This Rake equalizer receiver will eliminate E3l far as the number of equalizer’s taps

gives the degree of freedom required.

The equalizer output can be expressed as

él(n)zoo.d(r)+z g.d )+ vn (3)22
with g, =a,c,

The variance ofv( n)is

Tu) :L i Qz](gﬂfj-%-l\l% (3)23

i=—K,
where E, is the pulse energy. In the case of decision fegdbequalizer (DFE),

assuming error free feedback, the input data veetorbe written in the form of

Vorel N =[@d N+ K]..®"d b B L. [ (3.24)
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Using the same approach as for the linear equattze MMSE feed forward taps for the

DFE equalizer are obtained.

3.7. UWB SRAKE-MMSE RECEIVER IN PRESENCE OF NBI
A narrow band interference model, that is generdllyAN, which coexists with
UWB signal at the frequency 5.25 GHz as, provided(3.7). The received signal
sampled at the" rake finger in th@™ data symbol interval given by equation (3.7).
The Rake combiner output [26] at tihe n.Ts is
L L A

y[n] :iﬁ,.v(n'l;+r|')+z,8,.i(n'|;+r|')+zlgl_ r( nT+ rl') (3.25)

i(t) NBI

UWB CHANNEL SRAKE-MMSE
(IEEE 802.15.3a) P » "EQUALIZER |

pt) P

n(t)
AWGN

Fig. 3.10 UWB RAKE-MMSE receiver structure with NBI

The received signal is sampled at pulse repetiiequency after passing through the

correlation receiver. The samples are linearly doetb using the MMSE criterion, so
that weights are effective to suppress the NBI.[36 MMSE weight vectoC is given
by

¢ =(R+R+R)™ | (3.26
whereR;,R ,R, are the autocorrelation of the signal, the NBI athe noise

respectively. So The MMSE can be mathematicallyesged as

Jnin =04 = P (Rs+ R+ R)™. p (3.27)

min

og = E[[d(m[] (3.28)
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Thus, it is concluded that in the NBI suppressinalysis using SRAKE-MMSE receiver,
the correlation between the samples of the recesigrthl plays the main role. Assuming
n(t) is not correlated ta(t) and has an impulsive auto-correlation, Hence tiB4 iN

modeled as single tone.

3.8 SIMULATION STUDY AND RESULTS

3.8.1 Performance analysis of SRAKE-MMSE receivem UWB system
Performance of hybrid SRAKE-MMSE equalizer receifeerhigh data rate UWB

system is investigated through MATLAB simulatiom the evaluation of receiver
performance, high multipath UWB propagation chametels, i.e. CM3 and CM4 are
considered. In UWB SRAKE-MMSE receiver design, stte of the number of rake
fingers and the length of equalizer taps play anmale. The rake fingers are regularly

positioned according to time channel spread anatineber of fingers [66].

The pulse shape adopted in the simulation stutlkisn as the second derivative
of the Gaussian pulse with pulse width 0.35 nsém® Moot raised cosine (RRC) pulse
with roll off factor @ =0.5 is used in the pulse-shaping filter. An overgling factor of
eight is used for the root raised cosine (RRC)@#scording to this sampling rate, time
channel spread is chosen equal to 100 for CM4 #&nébi7 CM3, this corresponds to
respectively 12 =100/ 8 and 9 = 70 / 8 transmistgabols. This choice enables to gather
99% of the channel energy. The coherence bandwadti¥vi3 and CM4 simulation are
10.6 MHz and 5.9 MHz respectively. The data ratehissen to be 200 Mbps resulting in
symbol duration of 5 nsec. The simulation is perfed at 100.8 GHz sampling rate. The
rake finger minimum time spacing is chosen as GI&c, folN, = 28. Each channel is
normalized prior to multiplying it by the shadowifeactor. The transmitter pulse shape
has unit energy. The size of the transmitted packetequal to 2560 BPSK symbols
including a training sequence of length 500. CIRams constant over the time duration
of packet. Table 3.1 provides all the simulatiomapzeter used for SRAKE-MMSE
receiver. Performance of UWB SRAKE-MMSE receiveryag length of equalizer taps
and rake fingers for CM3 and CM4 as shown in Fijl3and 3.12.
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Table 3.1 Simulation Parameter for SRAKE-MMSE recever

Parameter Values
Data rate 200 Mbps
Pulse width 0.35ns
Symbol duration 5ns
Pulse energy 1

Tm 0.1786 ns

Nu 28
Channel spread CM3=70, CM4=100
Pilot carrier 500

BER

sredene K=3,1=10,LE CM3
sofeess K=3,1=20,LE CM3
10° --E}-+ K=10,L=10,LE CM3
=-{ —B— K=3,L=10,DFE CM3
- -| —w— K=3,1.=20,DFE CM3
—sk— K=10,L=10,DFE CM3

|

L
0 5 10 15
SNR(dB)

10

Fig. 3.11 Performance of UWB SRAKE-MMSE-receiver fo different length of
equalizer taps and rake fingers for CM3 channel moell
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Fig. 3.12 Performance of UWB SRAKE-MMSE-receiver fo different length of
equalizer taps and rake fingers for CM4 channel moell

Fig. 3.11 shows that keeping the number of rakgefis constant (K=3), almost
1dB SNR gain at a BER level of 1@ observed with increase in length of equaliapst
from L=10 to 20. Whereas keeping the number of krprataps same (L=10), around
4dB SNR improvement is obtained increasing the faigers from K=3 to 10. Further
decision feedback equalizer (DFE) provides mora @B SNR improvement than that
of linear equalizer (LE) for K = 10, L = 10 in casgé CM3 channel model. The
performance improvement is noticeable when the mundf rake fingers and the
equalizer taps are simultaneously increased to20 and L = 10 as shown in Fig. 3.12.
Comparing the BER performances, it is observed dhatlifferent UWB NLOS channel
models (CM3 and CM4) LE fails to perform satisfadyoat high SNR’s due to presence
of zeros outside the unit circle. These difficudtisre overcome by using DFE of same
filter length. A DFE outperforms a linear equaliz#r the same filter length, and the
performance further improves with more equalizerlength. At high SNR’s, ISI affects
the system performance, where at low SNR'’s the=gystoise degrades the performance.
So receiver with more number of rake fingers odtpers the one that has more
equalizer taps at high SNR condition.
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3.8.2 Performance analysis of SRAKE-MMSE receiverfor NBI mitigation in UWB
system

It is already studied in section 3.5 that UWB sgstgerformance degrades due to
interferers from narrowband system. If NBI is nafpgressed, the receiver may be
jammed also. For suppression of NBI, the SRAKE-MM$®Eeiver structure is studied
using the same UWB cannel models. The simulatioanalyzed using SRake with 5
fingers and number of equalizer taps are 20 andNBh with an SIR=-20dB. The

parameters are set as discussed in section 3.8.1.
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Fig. 3.13 Performance of SRAKE-MMSE receiver with NBI for CM1 channel model
Fig. 3.13 shows the UWB SRAKE-MMSE receiver bit oerrrate (BER)
performance improves even in presence of NBI, gginalmost 8dB SNR at
BER = 10% Fig. 3.12 provides the BER vs. SNR performanaeCiv2 channel model.
From low to medium SNR, it is observed that UWB SEAMMSE performs almost the
same as UWB SRake receiver to alleviate the effeNBI. But at high SNR, almost 9dB
SNR improvement is observed in UWB SRAKE-MMSE rgeeidue to the MMSE

equalizer which compensates the effect of ISI.
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Fig. 3.14 Performance of SRAKE-MMSE receiver with NBl for CM2 channel model
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Fig. 3.15 Performance of SRAKE-MMSE receiver with NBl for CM3 channel model
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Similar effects in performance are observed for CM®I CM4 models also.
Table 3.2 describes the improvement in BER levENIR =20dB.

ffffffffff - rake fingers=5, SRake+NBlI
********** -| —@— rake fingers=5,SRake ]
—6— (K=5,L=20, DFE)SRAKE-MMSE ||

BER

SNR(dB)

Fig. 3.16 Performance of SRAKE-MMSE receiver with NBl for CM4 channel model
Table 3.2 Improvement in BER level at SNR=20dB

Receiver structure UWB SRAKE{ UWB SRake
MMSE Receiver| receive in
in presence of | presence of
NBI NBI
(SIR=-20dB) | (SIR=-20dB)
UWB Channel models BER BER
CM1 << 0.1x10° 0.11x10™
CM2 0.4x10° 0.36x10™
CM3 0.5%10° 0.88<10"
CM4 0.12x10" 0.155¢10°
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From this study, it can be concluded that UWB SRAMBEISE receiver is
effectively robust against the NBI by taking thenbgt of rake finger and equalizer taps.

3.9 CONCLUSION

IR-UWB is an emerging as a solution for the IEER2.88a (TG3a) standard, which

provides low complexity, low cost, low power conqution and high data-rate in

Wireless Personal Area Network (WPAN) system. Kgh lilata rate and short range, the
receiver combats NBI interference by taking advgataf the Rake receiver and MMSE
equalizer structure. MMSE equalizer operating at to medium SNR’s, the number of

rake fingers is the dominant factor to improve sysperformance, while at high SNR'’s
the number of equalizer taps plays a significalg. lerom implementation point of view,

the proposed narrowband interference suppressobmigue based upon SRake followed

by MMSE equalizer is costly and more complex.
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Chapter4

Proposed Interference mitigation
techniques in TR-UWB WPAN systems



PROPOSED INTERFERENCE MITIGATION TECHNIQUES IN
TR-UWB WPAN SYSTEMS

4.1 Introduction

The Impulse Radio (IR) UWB concept relies on tlamsmission of a train of data
pulses, each with very small duration in order af@seconds occupying a bandwidth of
few gigahertz [8] and [22]. In this system Rake ABE-MMSE receivers are the sub
optimal demodulation schemes as the multipath dittes are automatically achieved
[66]. However, from implementation point of view thout information of number of
rake fingers and MMSE equalizer taps accurate aitogpn and channel estimation seems
to be complex and difficult [41], [42], [44] and9} Further, for high data rate UWB
system, orthogonality between each of the signmalgarious rake fingers is an invalid
assumption, which leads to inter symbol interfeee(iSI) [45] and [48]. To overcome
these aforementioned problems associated with IRBU%Ystem, a suboptimal low
complexity transmitted reference (TR) autocorrelatieceiver (AcR) [63] is proposed by
Hoctor and Talminson [50] and [51]. TR-UWB recew/are popular for their simplicity,
capability to reduce the strongest UWB timing reguoients and robust performance in
multipath channels [34], [35] and [44]. The tranded reference refers to the
transmission of both data modulated pulse and amodaolated pulse which is used as
‘reference’ for signal demodulation simultaneously. a TR modulation format, a
reference pulse is transmitted before each dataulaiedl pulse. At AcR front end, the
reference pulse is time aligned through a delag \iith the data pulse [47]. Required
level of energy for transmitted data detectionbtamed through correlation of those two
pulses over a certain integration time. Since Wbt pulse undergo the same channel
distortion and reference signal is used as estiofatee multipath channel response [71].
Thus channel estimation constraint is greatly retaas the noisy estimate of channel can
be directly obtained from received signal. The adage of using TR-UWB over IR-

UWB are to use all the energy of the data signalhaut requiring additional channel
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estimation and synchronization procedure is comaldg simplified without using Rake
reception [46].

Performance of TR receiver is considerably limibgdseverity of channel noise
such as additive white Gaussian noise and strong) fikBn coexisting narrowband
wireless systems on the transmitted signal whitdcathe data pulse and reference pulse
equally [42]. Narrowband interferers may have kssrgy is concentrated over a narrow
bandwidth, they can mask low power UWB signals paedormance suffer considerably
in the presence of strong NBI. Researchers hawgoped several techniques to mitigate
these interferences. If the statistics regardingriarence are known then the system can
avoid interference by adjusting both transmitted aeceiver parameters. Here two
techniques are devised improving the performance\WB system by suppressing the
interference from and to the UWB signals. Firstusyng appropriate pulse shaping at the
UWB transmitter side such that there is no emissiaoverlapping band and second one
by modifying the TR-UWB receiver side [49].

Section 4.2 introduces the TR-UWB communicatiortesys In section 4.3, effect
of interferences in TR-UWB system is analyzed arattin 4.4 explains the two
mitigation techniques. The pulse shaping analystssamulation results are presented in
section 4.4.1 Modified TR-UWB receiver cancellatischeme is investigated in section
4.4.2 Simulation results are analyzed in sectidh Zhe conclusion is presented in

section 4.6.

4.2 TRANSMITTED REFERENCE UWB COMMUNICATION
SYSTEM

For UWB communication channels are highly dispersiv nature and so the
channel estimation is a very challenging task. @r@eg a receiver that generates
reference locally at the receiver, estimates theniohl, and captures enough energy for
data detection is a difficult task. Instead of lbcgenerating it, the reference signal can
be transmitted along with the information data. fSacsystem is known as transmitted
reference (TR) system. TR signaling was used follitary spread spectrum
communication initially. TR has regained populanty UWB communication systems
TR-UWB system is a simple receiver structure, whiaptures all of the energy available
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in a UWB multipath channel for demodulation at teeeiver [34] and [35]. Further TR is
a correlation receiver system, thus it does notireqchannel estimation and has weak
dependence on distortion [45], [63], [69] and [7The major drawback of this system is
the use of noisy template for demodulation, whiah be overcome by an autocorrelation
receiver that averages previously received referepalses to suppress noise. TR
signaling for an UWB system with ACR can exploit Itipath diversity inherent in the
environment [71]. By using the AcR, synchronizatiprocedure is also considerably
simplified. Due to suboptimal signal template takerm received signal, increased noise
and interference power become a major drawback. [#8¢ system model for the

transmitted reference system [63] is presentedgn4-1.

A mathematical representation of UWB transmittephal s, (t) is [68]

S()=VE Y ft-nD)+ aft nT- B ) (4.1)

n=-o0

Where p(t) is denoted as pulse having a duration Tpf of few hundred
picoseconds. The transmitted pulse shape has enésgy and is given bj? p?(tdt=1

The symbol energy is divided inthl; doublets, each one consists of two pulses delayed

in time D; nanosecond.D; is referred to as delay hopping cdde>T, +T,,

j=0....Ny—=1.T is known as the duration of UWB multipath chanhgl, (t).

s(t) r(t
TR-UWB UWB CHANNEL WIDE BAND ;
TRANSMITTER MODEL BPF

5 (9 e (1)

RECEIVER
>

OUTPUT

DELAY
n(t) TR-UWB AcR RECEIVER

Fig. 4.1 TR-UWB communication system model

Each doublet pulse is repeated evépy nsec, withT, >(TW+Th+max Dj)to

avoid interference between adjacent doublet. Tis¢ fiulse of each doublet is used as

signal template for demodulation of the data coeddyy second pulse. The amplitude of
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modulated pulse is expressed @s=d B, o, - Where,d, | ={1,-1 represents

binary data set.

The UWB channel is modeled &g, (t)

L-1
howe (1) = 2_ho(t-1) (4.2)
1=0
where the total number of multipathLis i represents the amplitude ﬂﬁﬂpath

andt, is denoted as arrival time fof path.

At the channel output, the UWB signal is represgiaie

S(t) =% ( t)* rL]WB( t) (4.3)
The received signal is represented as
r(t) =s(t)+n(t) (4.4)

where, n(t) is additive white Gaussian noise with power spédeasityN,/2.

Received UWB signal equation (4.3) can be rewrigen

Ng-1
s()=JE > o(t- iT)+ad + jT-0)  (0st<N,T,) (4.5)
j=0
g(t) = p(t)* hUWB(t) (4.6)
The receiver consists of Ny branches, each one provided with a delay-line

matched to one of the elements of the delay hoppiag D, and with an integrator.

The output of the receiver branghis described by
Tq+T,
Z,= [ r(t)r(t+D;)dt (4.7)
iy
The data modulated pulse is then correlated with damodulated pulse, which

provides a noisy estimation of UWB channel response

All the outputsZ; are then coherently combined to form the decisammable.

Ng-1
Z=)DbZ=dp+tn (4.8)
j=0
where, the useful energy for data detection ismiby
T
@=N, ENI g’ ()dt (4.9)
0
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Signal g(t) is a stochastic process, Noise tenmnan be modeled as a Gaussian

random variable with zero mean term and variance.
07 =Ny (p+ TW( N,/ 2)) (4.10)
where T =T N, is the overall integration time for symbol detentio

The bit error probability is given by
P(elp)= Q(pla,) (4.11)

4.3 EFFECT OF INTERFERENCES IN TR-UWB SYSTEM

The UWB signal must be kept under the spectral npasgkided by regulations so
that it will not damage the coexisting wirelesstegss and vice versa. However, the
Gaussian monocycle pulses need to be filtered &t the FCC spectral mask. Although
the pulses designed in the aforementioned methas FCC spectral mask properly,
and well suppress the single narrowband interferéhBI), but are unable to suppress
the multiple narrowband interference (m-NBI) anddeband interference (WBI)
situation[42], [43], [44], [46] and [47], .

In this section the interference effects are thiswaky investigated in a TR-UWB
system using auto correlation receiver [46], [4@d §68]. It is convenient to model the

interference at the UWB receiver front-end as glsitone sinusoidal signal [68].

INTERFERENCE

TR-UWB WIDE BAND J' | ‘F REC]iVER
TRANSMITTER BPF
S OUTPUT

AWGN 9  DELAY

TR-UWB AcR RECEIVER

Fig. 4.2 TR-UWB Transceiver Model in presence of irerference
The narrowband interference (NBI) signal is modesed a traditional single

carrier BPSK modulated waveform, as discussedatise3.3 and given by [68]

i(t) = 2P cos(wt+8) > 6,Z t-KT-1,) 4.12)
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The decision variable equation in (4.8) explainedection 4.2 is modified considering

the narrowband interfering sign(t)
Ng-1  iTa*Ti

Z:ij [ [r@+i()][r(t+D;)+i(t+D;)]at (4.13)

i iTg

Z=@p+n+y (4.14)
Where, x is extra nuisance term due to narrowband inter@esignal. Decomposing
into three parts.
X=X+ +X (4.15)
Ng-1 T T

Xgﬁ#g; b | o Di(t+ iT, + q)dwﬁgqe}j d) (# iT) d (4.16)

Ng-1  ITatTy

X, :;q [ i(t)ift+D; ot (4.17)
X :ZlquTl[n(t) i(t+ DJ.)+i(t) n(t+ DJ)] dt (4.18)

Narrowband interference gives rise to extra interfee terms, namely, and X; .

The termX,; represents an extra noise term due to noisy stgngllate.

Finally the performance of TR-UWB receiver are givsgy

P(e/@.B) =% Q{%}—; %J (4.19)
where

o2 =R(E|G( 1)+ NT) (4.20)

G(t)=|G(f)e* (4.21)

(4.21) is the Fourier transform af (t) computed at frequendy= f;. E,is the

transmitted energy per symbol. Thus it is concludeugh analysis, presence of
narrowband interference or wideband interferenceeses both noise power and also

adds a extra interference terms which can sevdetbriorate the performance.

44 PROPOSED TECHNIQUE FOR INTERFERENCE
SUPPRESSION IN TR-UWB SYSTEM

Improving the transceiver by suppression of interiee when the systems

coexist with other spectrally overlapping narrowdanireless system. TR-UWB are
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susceptible to NBI because the interference wilhhdtiplied at the AcR’s end. Hence
the system needs improvement to counteract thefenees. Further Interference
reduction from UWB systems to other narrowbandglsirand multiple) and wideband
systems and vice versa are to be considered [49].

Narrow band interference (NBI) signal interfereat®.25 GHz is the slaughterer
to UWB system whereas wideband interference (WBas coexist with UWB system
at 7.5GHz. Suppression of interference level usimdifferent strategies is attempted in
this research work such as:

« UWB Pulse Design: Interference is avoided withosing the frequency
band where the interferer operates. Multi-resofuticigenvalue
decomposition technique is used for performing reéespulse shaping to
the UWB signal. The transmitted waveform shapedsighed properly,
such that the transmission at some specific frecjgens omitted such that
interference from UWB to other NB, multiple NB amileband system is
reduced [49] and [65].

* Modified TR-UWB Receiver: Suppression of interferento the UWB
system is done by introducing a notch filter at UM/B autocorrelation
(AcR) receiver. So that interference from othereldss systems to UWB

system is mitigated [43] and [68].

The proposed technique does not reduce the camddie UWB system even the
data rate changes from low to high data rate antténdSI can be overcome [48].

Performance of these proposed techniques are igatst using MATLAB simulation.

4.4.1 UWB Pulse Design using Eigenvalue decomposititechnique
Interference reduction from UWB systems to otherowband and wideband
systems can be done using pulse shaping technitneelUWB signal is divided into a
number of pulses to increase the flexibility andeduce the sensitivity to interference by
splitting the frequency spectrum into sub-bandg.[bfe total UWB signal is the sum of
all pulses as each pulse has a different centquémcy having the same pulse width.

Data can be transmitted through all the sub-bamd$irough only selected number of
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them. In the case of coexistence with other interfee system such as narrowband
interference (NBI), multiple narrowband interferer{en-NBI) and wideband interference
(WBI), a number of UWB sub-bands centered on tkeriarer can be removed [65]. This
was achieved using Eigenvalue decomposition mamteUWB pulse design. The same
UWB pulse can be used to perform a multi-resolutimalysis of a transmitted UWB
waveform into multiple sub-bands pulses centeredatrof different subcarriers.

UWB pulse design method was first presented in.[B4jsign of UWB pulse uses
the Eigenvalue decomposition model.

The FCC desired spectral mask is given by

H(h)= {(1) (IEI:eva:lefe (4.22)
wheref, = 3.1GHz f,=10.6GHz.
The corresponding inverse Fourier transform isesg@nted as

h(t) =21, sinc(2f,t)- 2f sirc (A t (4.23)

The frequency response of a filter is decided basedCC indoor mask [60].

Hence UWB pulses(t) can be generated by filtering.
As()= [ o) t-1) o (4.24)

where A is an attenuation factor.

A time-limited pulsep(t) is to be designed
s(t) =0 14>T, /- (4.25)
whereTyis the time duration of UWB pulse.

Sampling is done at a rate Nfsamples per pulse peridd, equation (4.23) is
expressed as follows:

N/2

adi= Y ¢mbm ;n, A- K. N (4.26)

m=—N/2
wheren andm are integer values. Equation (4.26) is expresseédtor form

As=Hs 4.27)
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where vectors represents the discretized UWB pulsé,is a real Hermitian
Toeplitz matrix or known as constant diagonal magiven by (4.28)sis an eigenvector

of H and 4 is the eigenvalue.

N0l H[=1] overeeens hEN]
R G L hi N+ 1] (4.28)
AN] N1 .o i0]

The frequency spectrum and power spectral denBBP] of the UWB pulse can
be calculated by

S(f) = TNm Nzlzs(n)e’”’”HTNm (4.29)
PSO( f)=| 9§’ (4.30)

We require to form a zero point of the PSD of UWiBse at the centre frequency
fo as the major power of the interferer is concentraie fo. Accordingly, the desired
pulse and the power spectral density (PSD) of theepare shown in Fig. 4.3.

UWB Pulse PSD of generated UWB pulse
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Fig. 4.3 UWB pulse and PSD generated from Eigenvatudecomposition model
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4.4.1.1 Single NBI Interference Avoidance

7

¢ Following steps are involved in this method. The B'\Wand is divided into two
bands: 1., fw) and {n, fu) maintainingfy > fu [65].

+ The Eigenvalue decomposition generates two suleps|ft) and s,(t) used in
each sub-bands,(t) ands,(t) meet the FCC spectral mask by adjusfingiy and
Si(fo) = —Su(fo) is the pulse amplitudeS(fo) and S(fo) are the frequency
spectrums o$;(t) ands,(t) respectively.

+ The desired UWB pulse is generated by superimpasiagwo sub-pulses. The
PSD of UWB pulse has a zero pointfatFig. 4.4 shows the PSD of the UWB
pulse suppressing single narrow-band interfere®4g [

Spectral density is reduced by about 50 dB arobedrterfering band using the
above technique. Hence potential interference fthB system to single NBI system is

successfully mitigated.
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70—

5

Power Spectral Density(dBm/MHz)

-

Fig. 4.4 PSD of the UWB pulse suppressing single NB

Frequency(GHz)

4.4.1.2 Multiple NBI interference Avoidance

Multiple NBI narrow-band interferers are superimpbver three places in the
UWB band in the simulation analysis. The lobe o hulse becomes larger with the
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increment of the sub-band number from the simubapioint of view. The technique is
described below
« UWB band is partitioned into two bandsf,,(fy) and ¢u, fy). Using the
Eigenvalue decomposition method two pulsét), $(t) are generated. The
narrowband interferences is assumed to be locatdeeilower bandfy(, fv). So at
the receiver,si(t) should be further processed to mitigate the natvand
interferences.
¢+ The desired pulse is obtained fralh) = s(t) +s,(t). Fig. 4.5 shows the waveform
and depicts the PSD of the generated pulse.
+«» At the receiver, we have used a doublet pulse stingiof two received pulses
si(t) with opposite amplitudes and separated from edeérdiy Ty time [36]. Tg
represents the delay time. The processed pylean be expressed as:

1
s, () =—F7= -s(t 4.31
4 (D) ﬁ(q(t) (1) (4.31)
The spectral amplitude of such a poebe computed as:
2 2 .
S,(H" =2/ S( 0 sir? g7 f T) (4.32)
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Fig. 4.5 Combination of two sub-band pulses and PSBf combination of two sub-
band pulses
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Spectrum of the designed pulse has nulls at freesmtf = kTy for any integer
k. Ty can be adjusted for removing the interferencelenidwer band. Spectral density is
reduced by more than 30 dB and hence the potenteference from UWB system to

multiple NBI system can be successfully reduced.

4.4.1.3Wideband interference Avoidance

UWB systems can coexist with several narrow-bandicds and wide-band
devices simultaneously. In such circumstancesUW& band is divided into three sub-
bands, having the interference bandwidth fifgnto 5, which is located in the middle of
UWB band. The wide-band systems employ the multipkgriers and the main
transmitted power is concentrated on the carrlgosour main aim is to generate nulls at
each frequency of the carrier. The difference betwiis mode and two sub-bands mode
is the delay timeTy that could be longer according to the frequendgrirals of the
carriers. Therefore the wide-band interference ban mitigated successfully. This
technique is discussed below

% The UWB band is partitioned into three sub-bairfisfy ), (fi., fin), and(fin, ).

Then using the Eigenvalue decomposition methocethub-pulses, (t), $(t), and

s3(t) are generated in each sub-band respectivelys,@®sis in the interference

bandwidth so at the receiver end, it can’t be usdre further processing.

< A new pulses(t) with si(t), (t), ss(t) is generated as

s =s(@+ g0+ s (4.33)
Its spectrum is given by
S(f)=8(H+ 3(h+ X (4.34)

« The received pulse in middle basgt) is processed in the same way based on
the method proposed in the previous section. Tlegssed pulsey(t) can be

expressed as:

s() = (1/2) 6 -s(t - Ty) (4.35)
The spectral amplitude of this pudaa be written as
IS, (F=2|S (N} sif & fTg) (4.36)
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The PSD of the processed pulse in the middle bandhawn in Fig. 4.6, the
spectrum has nulls at frequencied at k Ty for any integeik. Suppose the wide-band
system utilizesN carriers, and the frequency interval between tvaoriers is F.

Therefore, we can remove all the interference arevarrier by settingg = 1.

¥
b=
£
: g
; 3
?
;
time(s) x 10° Frequency(GHz)

Fig. 4.6 Combination of three sub-pulses and PSD tfie combination of three sub-
pulses

Thus the potential interference from UWB systemwineband interference
system can be successfully mitigated. Spectraligeisseduced by about 30 dB at lower
band and nearly 25 dB at higher band around tleefertng band.

4.4.2 MODIFIED TR-UWB RECEIVER

Modified TR-UWB receiver is suggested for interfeze reduction from other
narrowband and wideband systems to UWB systemser8duterference saturates an
unprotected UWB receiver front-end [43, 59, and. €Yerlaying of UWB system in
existing WPAN environment causes interference. Timterference degrades the
performance of the TR-UWB system [31]. Interferesappression in the TR receiver is
proposed by eliminating the interfering band byadch filter. Notch filter effectively
cancels out the interfering band. Notch filter agn implemented with filter order of
400 and operates around 5.25 GHz [49].
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From previous sectiorx; in equation (4.17) can be effectively suppressedtmi

performance degradation occurs due to the remateimgx; + X, . The exact knowledge

of the interferer frequenclcould provide minimization of equation (4.16). Bt X
can be minimized implementing accurate delay Isgsh as delay must be smaller than
1/1; for minimization of x;.The extra termx; could be suppressed by positioning a

notch filter around the carrier frequency of theeiferer signal which provides a loss of

significant portion of the desired signal alonghwiniterference [66, 67]. The best way to

suppress the extra term by cancelling tl(@ before operating the correlation between
received and delay signal. To minimize the suppoassf useful signal considering the

bandwidth of the notch filte¥V, and thus the remaining bandwidth of the UWB sigsal

W-W,.

RECEIVED UWB SIGNAL

WIDE BAND NOTCH RECEIVER
e ™ FILTER — >
OUTPUT

DELAY

MODIFIED TR-UWB AcR RECEIVER

Fig. 4.7 Modified TR-UWB AcR Receiver Model
Considering the channéi,, (t) the probability of error of the TR-UWB with a

notch filter of Wy, replaced byW —-W, and ¢ byan\;VW“ , Which provides a uniform

distribution of the signal energy over the entieadwidth. So,

P(e) = W\;V_WVﬁz =Q/SNIA°>-\M (4.37)
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Where,W\;VW“ represents scaling term. Comparing the equad@vy with

the argument of) function in equation (4.38) wit =0. We obtain a bandwidth of TR-

UWB system with notch filter

o’

2
; 0,

This provides a better performance than correspgndeceiver without notch

W, <W.

(4.38)

filter. ConsideringJ'g2 (t) dt=1 true for both single path channel and multipatarctel,
the useful signal energy becomgs E_/2
2 >—N°W—W' (4.39)
2 W-W,
The right side of the equation (4.39) provides lthel of interference for which

the received signal is filtered effectively.

45 PERFORMANCE STUDY OF PROPOSED INTERFERENCE
REDUCTION TECHNIQUES FOR TR-UWB COMMUNICATION

SYSTEM
The modified TR-UWB receiver model is studied usMTLAB. The block

diagram of simulation model is presented in Fi@. Zransmitted pulse is generated by
pulse shaping the Gaussian doublet pulse. In thBrpgance analysis, first AWGN
channel model is used and then UWB channel modehvsstigated. The central
frequency and the bandwidth for both single NBI andltiple NBI are set to be 5.25
GHz and 200 MHz respectively. Whereas for WBI, t¢katral frequency is 7.5 GHz and
the bandwidth is 400 MHz. UWB operates at FCC partimit of -41.3dBm/MHz and
interference transmitted power is 100mW. When twangmitters experience same
attenuation, the signal to interference ratio (S8RP0dB.
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INTERFERENCE

TRANSMITTED PULSE

INPUT | UWBPULSE | [PULSE SHAPING THROUGH RECEIVER
~— 9 GENERATION |9 EIGENVALUE MODIEED TR UWBAR 7
(doublet pulse) DECOMPOSITION OUTPUT

AWGN
Fig. 4.8 Block diagram for simulation model

TR-UWB receiver module retrieves the transmittethdeom the received signal.
Wide band pass Filter (wide-BPF) at receiver fradteemoves noise, which is out of
band and effectively turns off the interfering baftie output from the auto-correlation
is fed into a threshold device. This UWB systenopgrating at data rate of 12.5 Mbps.
From Fig. 4.9, it is observed that the simulatedvemtional AcR receiver model's
performance is closer to the theoretical optimum ANGN channel model, its
performance degrades. 6dB SNR degradation #t BBR floor is observed due to

interference effect. Therefore, the conventionalOWB receiver fails to mitigate NBI.
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Fig. 4.9 BER performance of conventional TR-UWB AcRreceiver in presence of
single NBI
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Fig. 4.10 illustrates that the modified TR-UWB AcBceiver can mitigate NBI
and its performance is closer to the theoreticalUWB. Further, the effect of strong
interferers like multiple NBI and wideband is intigated and found that modified

outperforms the conventional one and can mitigadsé interference successfully.
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Fig. 4.10 BER performance for different interferen@ signal along with modified
TR-UWB receiver

Simulations study is done for evaluating the comemal TR-UWB system’s
performance in UWB channel (IEEE 802.15.3a). Figl4llustrates BER performance
comparison theoretical and simulated convention&®-UWB with AcR receiver
considering UWB channel models CM1, CM2, CM3 and Lased on different
propagation environment. The performance of sinedlatonventional receiver is closer
to the theoretical one. Effect of interference oWR system using the AcR receiver
model is investigated. Fig. 4.12 shows that théoperance degrades due to the addition
of single NBI. Thus new techniques are suggestenpove its performance. So the
modified AcR receiver is proposed to mitigate iféegnce and improve the BER

performance of TR system.

67



SNR (dB)

Fig. 4.11 BER performance of conventional TR-UWB AR receiver

SNR (dB)

Fig. 4.12 BER performance conventional TR-UWB systa in presence of single NBI
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The proposed technique of pulse shape design rénigter to cancel out the
interference band and further notch filtering ateieer's end provides a suitable solution
to this problem in both LOS and NLOS channel moé&either, the robustness of the
modified AcR receiver is tested by incorporatingosy interference like multiple
narrowband and wideband. Fig. 4.13, Fig. 4.14 aigd 415 illustrates the simulated
results in presence of single NBI, multiple NBI anB| respectively. BER performance
in case single NBI is closer to the theoreticalraptm. But with increase in intensity of
interferers, performance level deteriorates andimecworst in presence of wideband
interferers. Table 4.1 indicates BER performancengarisons for SNR value 14dB.
Further, the modified TR-UWB AcR receiver outperfi@ the conventional one in

improving BER by mitigating interference for UWBarimel models CM1 to CM4.

BER

SNR (dB)

Fig. 4.13 BER performance of modified TR-UWB systenm presence of single NBI
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Table 4.1 Comparison of performance at SNR=14dB

UWB Channel models CM1 CM2 CM3 CM4
BER BER BER BER
Receiver Model Type
Theoretical 0.7x10* | 0.8x10° | 0.5x10° | 0.12x10™
Conventional TR-UWB receiver 0.6x10° | 0.5x10° | 0.24x10" | 0.53x10"
Modified TR-UWB and single NBI 0.5x10% | 0.12x10" | 0.46x10" | 0.78x10*
Modified TR-UWB and multiple NBI | 0.12<10" | 0.28x10" | 0.72x10" | 0.16x10°
Modified TR-UWB and WBI 0.23x10" | 0.5x10" | 0.1x10° | 0.22x10°

Higher data rate for wireless is mainly restrictgdISI caused by the multipath
effect of the channel. The main drawback of a TRy is the noisy template used for
detection. In the presence of ISI, the templatéessiffrom the overlapping of the earlier
transmitted pulses via multipath, thereby limitthg performance of the system.

The data rateR for TR-UWB system is defined by

1

R= 4.40
NT, (4.40)

where T=2(Tq+Tp). T; is the frame time, andy is the delay between two pulses in a
frame which for a non ISI case is greater thanntidtipath delay spread tinig,qs and

T, and Ty are known as pulse duration and frame time res@dygt Therefore, ISI
increases as the data rate increaSesulations study is carried out to evaluate thie 1S
effect is the modified TR-UWB AcR receiver. Perf@amee curves are obtained by
varying the data rate from 10Mbps to 125Mbids.is the number of times the pulse is
transmitted to capture adequate energy for deteddy takingNs = 1, T, = 1 ns andy =

39 ns, data rate is calculatedRs 12.5 Mbps. Similarly, data rates 10 Mbps and 125

Mbps can be maintained.
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Fig. 4.16 and Fig. 4.17, describes the performariamodified AcR receiver in
presence of single NBI, multiple NBI and WBI incsegag the data rate from 10Mbps to
125 Mbps in CM1 and CM3 channel models. The modifl&R-UWB AcR receiver is
able to mitigate single NBI and multiple NBI interénce efficiently for data rates 10
Mbps, 12.5 Mbps and at a high data rate of 125MHpsvever, suppression of wideband
interference becomes difficult as indicated by atnftat BER floor, which is more

prominent in NLOS CM3 channel model case wheradrevalent.

4.6 CONCLUSION

Interference mitigation from UWB to other system Ikging Eigenvalue
decomposition pulse design technique has some thasisuch as the pulses meets FCC
spectral mask, occupies a short duration and easynplement. TR-UWB system
performance is studied extensively in the presefie@estrong NBI and WBI interference.
Interference from TR-UWB is reduced by the enengyoverlapping bands by using
multicarrier based transmission pulses. Spectrasitie of the transmitted UWB signal
around the interfering band is reduced than the&k.pEBeom the study of interference
effects in TR-UWB system using AWGN channel modelis concluded that
conventional AcR receiver cannot suppress NBI wiar¢he modified AcR receiver is
able to mitigate by notch filtering the signal dtetfront-end of TR-UWB. BER
performance level is closer to the theoretical TRA) system. Robustness of modified
one is further verified by introducing multiple NBihd wideband interferences to the
UWB channel. At low data rate of 10 Mbps systenfqremance is better as the effect of
ISI is negligible. At high data rate of 125 Mbpd Efects the system and degrades the
performance. Hence we can conclude that the maddiéeeiver suppress the interference
up to 125 Mbps data rate. As NBI suppression casope at so high data rate, thus it can
be concluded that this robust TR-UWB system pravidery good technical solution to
be used as UWB PHY layer for short-range high date-wireless applications as it can
sufficiently coexist with other narrowband and wdad wireless systems. Further, the

techniques adopted are very simple from designcaspe
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CONCLUSION

5.1 Introduction

A new promising technique is adopted by 4G comnyurst ultra-wideband
technology which offers a solution for high bandthidhigh data rate, low cost, low
power consumption, position location capabilitysiience to multipath fading etc. But
due to regulation by FCC emission mask, UWB coerist in WPAN environment
become a sensitive issue and interference to etaegpwband systems is of primary
concern. Although, the pulse design methods meét §igectral mask properly and well
suppress the single narrowband interference, baiblarto suppress strong interferences
like the multiple narrowband interference and walath interference. A conventional
type of UWB communication is impulse radio, whermry short transient pulses are
transmitted rather than a modulated carrier. Cansetty, the spectrum is spread over
several GHz, complying with the definition of UWBurrently, the Rake receiver used
for spread spectrum is considered to be a very iginghcandidate for UWB reception,
due to its capability of -collecting multipath conmemts. However, perfect
synchronization can never be accomplished. Anotksue is the matching of the
template with the received pulse. Moreover, oftember of rake fingers required to
accommodate the wireless channel is more, rendeiingunfavorable from
implementation point of view. However, the Trandedt Reference (TR) signaling
scheme does not suffer from the aforementioned lgmub and requires fewer RF
building blocks compared to the multiple finger Raleceiver. The core part of the
transmitted reference scheme is known as autoetioelreceiver.

The thesis begins with an introduction to Ultra Ahdnd technology with its
application, advantages and disadvantages. Desigh® short pulse and a detail study
IEEE 802.15.3a UWB channel models statistical attarsstics have been analyzed

through simulation. In this research work, simaatstudies are performed and improved

75



technigues are suggested for interference reduatidoth Impulse Radio based UWB
and Transmitted Reference UWB system. Modified TWBJreceiver with UWB pulse
design at transmitter end and notch filtering aereer’s front end proved to be more
efficient than other conventional IR-UWB RAKE-MMS3#r single NBI, multiple NBI
and WBI suppression. Extensive simulation studiessuipport the efficacy of the
proposed schemes are carried out in the MATLAB remvnent. Bit error rate (BER)
performance study for different data rates ovefedtint UWB channel models are also
analyzed using proposed receiver models. Perforenamgrovement of TR-UWB system
is noticed using the proposed techniques.

Following this introduction, section 5.2 summarizles main contribution of this

thesis. Section 5.3 provides the scope of furtbeearch work in this field.

5.2 Contributions of Thesis

* Chapter-1 provides the overview of the developmanis technological aspects
of UWB communication system. It also presents tlodivation for this research
and outline of the thesis.

* In Chapter 2, the definition and the basic concegtdJWB communication
technique are discussed. Advantages and majorationis like interference with
other wireless systems are explained. The UWB pdkEsign using Gaussian
pulse in both time and frequency domain is presentelajor statistical
characteristics are investigated considering waeiadoor UWB channel models
based on IEEE 802.15.3a standard.

» Chapter-3 investigates the Impulse Radio UWB teldgyand its interference
effects due to coexistence with narrowband wirelstems like blue tooth and
WLAN etc. Previously reported schemes Rake recenidr different multipath
diversity technique is applied and through simolatstudy it is found that UWB
SRake outperforms the other types. NeverthelessBBRake receiver fails to
perform satisfactorily in presence of narrowbanderierence. So MMSE
combining is used at receiver’'s end of SRake rexatvs a simple technique, as
it does not require any explicit knowledge of iféeence. UWB SRAKE-MMSE

receiver in IR-UWB system also reduces IS| and oups BER performance. By
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optimally combining the number of equalizer tapsl amumber of rake fingers
performance of UWB SRAKE-MMSE can be further enlezhdt is also notified
that a decision feedback type structure perfornttebthan linear equalizer. NBI
cancellation by SRAKE-MMSE receiver using CM1 (LOSM2 (NLOS), CM3
(NLOS) and CM4 (NLOS) wireless indoor channel morehnalysed through
simulation study. SRAKE-MMSE can easily suppress ititerference by taking
the benefits of rake fingers and equalizer tapg. tBe major drawbacks of this
method are channel estimation for IEEE UWB chamnetlels is complicated as
large number of rake finger and equalizer taps raquired for improving
performance level. Also in high data rate UWB syst@rthogonality between
each of signals in various rake fingers is an ilmvassumption, which leads to
inter symbol interference.

In Chapter-4, Transmitted reference signaling s@&erintroduced to overcome
the limitations of previously mentioned IR based BWn this research, an
efficient interference mitigation technique usingige design and modified TR-
UWB approach are proposed. TR-UWB receivers arellpofor their simplicity,
capability to reduce the strongest UWB timing regoients and robust
performance in multipath channels. TR-UWB system smsceptible to other
interference because the interference will be pligtl at the AcR receiver’s end.
Therefore, this system needs improvement to coewigh narrowband
interference. Designed UWB pulses using Eigenvaleeomposition method
meets FCC spectral mask, occupies a short duratidreasy to implement. Then
a modified TR-UWB receiver model is introduced withe transmission of
designed UWB pulses and eliminating the interfediagnd by a notch filter at
receiver's front end. Robustness of modified onduither verified by adding
multiple NBI and wideband interferences to indooretess channel model from
BER performance through extensive simulation ssudfd low data rate of 10
Mbps system performance is better as the effet$lofs negligible. At high data
rate of 125 Mbps, ISI affect the system and perforce degrades. NBI
suppression is possible at high data rate by tbpgsed technique. The suggested

technique is simple to design and easy to implentéemce coexistence of UWB
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devices with other NB systems will not pose anyioser problem during
implementation in WPAN environment.

5.3 Scope of Further Research

By concluding this thesis, the following are som@inpers for scope of further
research.

» The proposed interference suppression techniguebecaxtended for multiband-
OFDM (MB-OFDM) UWB system, which will be of primeniportance for 4G
applications.

» Wauvelet based pulse shape design method may bepddic.
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