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Abstract

Different issues related to modelling of multi-antennael@ss channels and relay based com-
munication systems have been investigated in this thebis effects of array geometry and orien-
tation of arrays in a MIMO system have been investigatederfridame work of geometrically based
one ring scattering model for a macrocellular scenario. chiégue based on scattering parame-
ters has been developed to find the channel matrix for a MIM&Desy, modelled geometrically
from a microwave perspective, employing suitably ternedaantennas acting as scatterers. The
performance of & x 2 MIMO system has also been evaluated taking mutual coupktgden the
antenna elements into consideration. Using geometric®daingle bounce modelling, charac-
teristics of mobile-to-mobile communication channel hasrbstudied and analytical expressions
has been derived for probability density function of andlamival and time of arrival of signals
in terms of model parameters. A virtual MIMO system in thenfoof two-hop relay channels
constituting two diversity paths has been investigatedbfoerror rate performance with selection
and maximal ratio combining techniques applied at the vecei

The works reported in this thesis are expected to contritmytards the better understanding
of certain issues related to modelling of multi-antennaless communication channels and relay

based systems.
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Chapter 1
Introduction

Wireless communication is one of the fastest growing se¢gsnaithe communication indus-
try. Since the mid 1990’s wireless communication technglimggeneral and cellular communi-
cation industry in particular has witnessed an explosigevgin. In a brief span of time, wireless
communication technology has already evolved throughetgemerations, each generation being
characterised by the access technology it used and thesgnvioffered. The third generation
technologies are currently in use and the fourth generatigo sometimes called as the next gen-
eration, are under development. Along with wireless catlebmmunication, wireless networks
are also currently supplementing or in many cases replabiagvired network. The growth of
wireless technology is not only in terms of the number of sifeit also in terms of technological
developments and breakthroughs that have taken place lowdagst couple of decades [Gol05].
Wireless systems are also witnessing major changes in tefrthe nature of traffic they require
to deal with. Modern wireless systems process significdattye amount of multimedia content
along with the usual voice traffic. Future wireless systereseavisaged to offer ubiquitous high
data rate coverage over large areas. Such requirementfupolsenental challenges for a wireless
system designer as well as for the wireless research contynurhie challenges mainly comes
from the fact that the wireless systems are required to stigpowing demand for high data rate
within the limited available spectrum and also require teroeme the effects of multipath fading
and interference which are inherent with the wireless ceknn

In recent times, multiple antenna systems has emerged asgésimg technique for solving the
capacity bottleneck in wireless systems. In literaturejreiess channel using multiple antennas

at both the transmitter and receiver ends is referred to asligié-input Multiple-output (MIMO)
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channel. For a given transmit power and channel bandwilit new technology uses sophisti-
cated techniques for boosting the channel capacity signifi higher than what is attainable by
any known methods based on a Single-input Single-outp@@$thannel [GSS03]. Such tech-
nigues are also called space-time techniques, where althdinve, which is a natural dimension
of any communication system, the spatial dimension of trenobkls are also exploited [GS05].
MIMO uses signal scattering in wireless channel to its athge Such scattering is otherwise
considered as a pitfall for wireless communication. Wherelgss communication environment is
endowed with rich scattering, MIMO channel capacity is shawincrease roughly proportional
to spatial dimension of the channel, which is given by theimim of the number of antennas
used in the transmitter and the receiver. MIMO technique® lieeen well studied in the litera-
ture and a number of promises in these schemes are documeraddrge number of research
publications which have appeared over the last few yea@8H£I99, GS$S03]. Use of multiple
antennas in wireless communication systems started wetnthoduction of diversity antenna and
beamforming systems. A diversity system uses an array wiinaa elements separated enough
to create multiple spatially uncorrelated signal pathshSsystems reduce signal outage and im-
proves reliability by suitably combining the signals reeel from different antenna elements. A
beamforming array, also called smart antennas, have glepated antenna elements and with the
help of sophisticated adaptive signal processing teclasigcan perform spatial filtering, extend
the range of a communication system and also track mobils uBepending on the location of the
antenna array, i.e., whether at the transmitter or at thewel; such multiple antenna systems are
categorised as multiple-input single-output (MISO) orgéainput multiple-output (MISO) sys-
tem [PNGO3]. As mentioned, a MIMO system uses multiple amisrat both the transmitter and
the receiver. MIMO channel modelling constitutes an imaotrcomponent in the design, analysis
and development of MIMO communication systems. A signappgating over a wireless channel
experiences fading due to its interaction with the propagahedia. The mechanism behind elec-
tromagnetic wave propagation are diverse but can gendralbttributed to reflection, diffraction
and scattering, which occur due to the presence of variosgoles present in the propagation
path. Wired channels are stationary and predictable whereigeless channels are random and
do not offer easy analysis. Modelling of such radio chanastsconsidered to be one of the most
difficult part of mobile radio system design [Rap01].

Signal fading in a wireless channel are usually classifiedaege scale fading and small
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scale fading. Large scale fading is also termed as path lndsdapend upon signal attenua-
tion in the propagation environment. Small scale fadingiompsy fading describes rapid fluc-
tuations of signal amplitude and phases over a short peridodme or small travel distances.
Such fading results due to interference of multipath coneptsrand based on the delay spread
of the resolvable multipath components. Fading can be durtlategorised as flat fading and
frequency selective fading. Fading is also classified aw slp fast fading depending on the
Doppler shift introduced in the signal due to mobility of amunicating nodes. Channel mod-
elling takes into account the effects of the propagationrenment so that the same can be given
due consideration during system design. A number of appexsbave been developed for mod-
elling of MIMO channels and analysing MIMO system perforro@atased on such channel con-
ditions [LR96, FMB98, SFGK00, KSF02, AK02, PRR02, Jan02, OEP03, DM05, WHOB06, JT07],
some of which are covered in greater detail in the later arapmf this thesis.

Along with the changing behaviour of communication traffiaiure of communication in wire-
less systems are also witnessing major changes. In a tygmeahkrio, mobile devices communi-
cate with each other via base stations which can handlerlaaeger as well as have very high
processing capabilities in comparison to the mobile devideecently, with the introduction of
mobile adhoc networks, wireless sensor networks, andigeel transport systems, direct com-
munication between mobile transmitter and receiver ovezless medium has become a necessity.
Such communication systems are commonly referred to asleatabimobile (M2M) communica-
tion systems. Design of M2M systems require understandnagnaodelling of the channels and
there has been a lot of research activities in recent timésisndirection [AH86, Akk94, VF97,
PHYKO5a, PHYKO5b, PSP05, ZS06]. An M2M system can have mlgléntennas on one or both
sides of the link.

Although from system design point of view MIMO has shown tezrdous prospect, there
are several implementation issues which are still consitléy be major hindrances in harnessing
the benefits of MIMO. Mobile devices have limited power andgassing capabilities and often
the physical size limitation does not permit placement oftiple antennas with proper placing
as demanded from a MIMO system design consideration. Thadbest nature of the wireless
channel makes it possible for the other nodes to overhearahemission from a node [LVO7].
Processing of these overheard information and relayingdah®e to the destination node can create

spatial diversity and help in obtaining higher reliabilagd throughput for a network containing
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1.1. OUTLINE OF THE THESIS AND CONTRIBUTIONS 4

single antenna nodes. Such communication in literaturefeyned to as cooperative relaying
[SEAO03a, SEA03b, HZF04, PSPO06], which essentially creatdstual MIMO system with single
antenna devices.

This thesis has addressed certain issues related to rmgpedlmultiple antenna wireless chan-
nels and relay based communication systems, which has testified after a thorough study of
the existing literatures. Next section gives an outlinehef thesis, the issues addressed and high-
lights some of the contributions that have been made towsatler understanding and modelling

of multi-antenna channels and relay based wireless systems

1.1 Outline of the Thesis and Contributions

As mentioned earlier, the thesis deals with channel madgtif multi-antenna wireless sys-
tems and also investigates relay based systems. This sgunteides an outline of the thesis
discussing the issues addressed in the different chapteisummarises the contributions.

Chapter 2 of the thesis starts with a brief review of some of the mosueapMIMO channel
modelling approaches. The effects of array geometry andgehen orientation of the transmitting
and the receiving arrays on MIMO system performance have beesidered next. Details of an
S-parameter based approach for determination of the charatex H, which has been developed
in this thesis for the purpose of modelling MIMO channelsnira microwave perspective has
been addressed next. This has been followed by investigatidhe effects of mutual coupling
between the antennas on the capacity of a MIMO system, usioggtry based channel modelling
approach. The contributions made from the investigatiepsnted in this chapter are summarised

as follows:

e Evaluation of channel capacity variation for certain conaltion of array geometries.

e Development of a scattering matri$-matrix) based approach for determining the channel

matrix H when the MIMO channel is modelled from a microwave perspecti

e Incorporation of the effect of mutual coupling in the geonuatly based MIMO channel

model for evaluation of the MIMO channel capacities.

Chapter 3 extends the geometrically based single bounce circuldiesitay model for macro-

cellular scenario to M2M communication scenario, wherdtibe transmitting and the receiving
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1.1. OUTLINE OF THE THESIS AND CONTRIBUTIONS 5

mobile stations are assumed to be surrounded by uniforrstyilolited local scatterers. As either
the transmitter or the receiver or both may have multiplemamas, analytical expression for the an-
gle of arrival statistics (AOA) are derived for such M2M clhah Knowledge of the AOA statistics
aids in beam forming and beam steering applications. Aitalyéxpressions for the time of ar-
rival (TOA) statistics for M2M channels, has also been dativihe TOA statistics help in mobile
device location applications and in determining the dat@srat which the channel will behave as
flat faded and hence the requirement of equalization at tteeuwer can be avoided. The analytical
expressions for the AOA and the TOA are appropriately vetifleough computer simulations.
Next, a dual annular strip model has been introduced andrthlgtacal expressions for the AOA
and the TOA has also been derived and verified through simonlatudies. This model can han-
dle uniform circular scattering and ring models as spe@aks. The model also can be easily
extended to handle scatterer distributions that are unifarthe angular direction but nonuniform
in the radial direction with reference to a polar coordirgtstem. The contributions made in this

chapter can be summarised as follows:

e Extension of the geometry based single bounce macrocetibknnel model to geometry
based single bounce M2M channel model consisting of a discatterers around the trans-
mitting and the receiving mobiles and subsequently to dualikar strip model. The models
have been used in obtaining the analytical expressionb&AOA and TOA in terms of the

model parameters.

Chapter 4 of the thesis deals with relay based cooperative commuaitathich has gained
considerable importance in the recent years. Expresswribé probability density functions of
the signal envelope at the output of a selection combineraanthximal ratio combiner at the
destination node have been derived for a cooperative schameg two diversity branches and
each branch having a relay in it. The analytical formulagibave been verified through computer
simulation. The derived probability density functions édeen used for evaluating the system

performance in terms of bit error rates. The contributioaslenin this chapter are as follows:

e Analytical expression for the joint probability densitynetion of two dual-hop amplify for-
ward relay paths where the individual hops experiences d&kamn fading has been de-

rived.
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e Probability density function of the equivalent channelresenting such system has been

derived considering selection and maximal ratio combining

¢ Bit error rate (BER) performances have been evaluated lootbelection and maximal ratio
combining. It has been found that maximal ratio combiningsiaot provide significant

improvement in the bit error rates over selection combinp@&SNR range of 0 to 30 dB.

Chapter 5 concludes the thesis mentioning the major contributioaslive been made. This

chapter also gives some future directions to the preseearels work.
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Chapter 2

Multi-antenna Channel Modelling

2.1 Introduction

Modern day wireless communication systems are requiredippa@t high data rates within
a limited available bandwidth and offer high reliability.uliple-Input Multiple-Output (MIMO)
technology which exploits the spatial dimension of the clegrhas shown potential in provid-
ing enormous capacity gains and improvements in the quafliservice (QoS) [Tel99, SFGKOO0,
Kuh06,0C07, Tso06]. In any communication system, the dapecdependent on the character-
istics of the propagation channel which in turn are depenaieithe environmental condition. In a
MIMO system consisting oiV; transmit andVy receive antennas, theoretical investigations have
shown that for rich scattering environment the ergodic capaf the system is the sum of the
capacities ofV [=min(Nr, Ngr), the spatial parameter defining the degrees of freedomyaiguit
single-input single-output (SISO) channels. It has furtbeen shown that foN; = Np = N
and N being very large, the ergodic capacity increases lineattly thie increasing signal to noise
ratio. Appropriate modelling of the MIMO channel behavidwlp in efficient and proper design-
ing of a MIMO system with reference to code design, powercallimn at the transmitter antennas,
modulation schemes etc. It also aids in evaluating the syprformance before actual deploy-
ment. Channel modelling is an area of active research aretalenodels have been developed to,
simulate and design a high performance communicationrsyste

Channel models can be classified into two broad categoml@sely site specific physical mod-

els and analytical models as shown in Fig. 2.1 [ARB].
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2.1. INTRODUCTION 8

Channel Models

Physically Based Analytical Models
(AOA, AOD, TOA) (Statistical Characteristics)
Deterministic iid. model

—ray tracing, measurements

Geometrically Based

Kronecker model

Non-Geometrical
eg. Saleh—Valenzuela type

Figure 2.1: Channel model classification.

Site specific physical models help in network deployment@adning, while site independent
models are mostly used for system design and testing. Th&gaiynodels may be further classi-
fied into deterministic and stochastic models. A determimisodel tries to reproduce the actual
physical radio propagation process for a given environrbgriaking into account the reflection,
diffraction, shadowing by discrete obstacles, and the waikng in street canyons. Recorded
impulse response and ray tracing techniques are some ok#mepées of deterministic channel
modelling techniques. The stochastic models are basededadththat although wireless propaga-
tion channels are unpredictable and time varying in nagome of its parameters, like the angle
of arrival (AOA), angle of departure (AOD), time delay pre8letc, can be modelled by statistical
means. The stochastic channel models are generally cotigmatidy efficient. Most stochastic
models have a geometrical basis, however a few non-geanwatnielation based or parametric
stochastic models can also be found in [ABE] and references therein. In the realm of geomet-
rically based stochastic modelling, several models haea Ipeoposed, but the basic philosophy
remains the same. Usually, the models are validated by congpthe values or distributions
of certain physical parameters like AOA, AOD, time of artig@OA), and power spectrum etc,
obtained through the model with those acquired through oreasents under specific conditions.

The rest of this chapter is organized as follows: Sectiop&2ents a brief review of the differ-

ent MIMO channel models. Section 2.3 deals with the effet&ri@ays on macrocellular MIMO
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2.2. REVIEW OF MIMO CHANNEL MODELS 9

system capacity estimated using geometry based modeltipgpach. Section 2.4 presents the
details of methodologies developed for analysing MIMO cteds from a microwave perspective.
Section 2.5 deals with the effects of mutual coupling on MIB3tem performance. Conclusions

are drawn in section 2.6.

2.2 Review of MIMO Channel Models

A MIMO system consisting ofV; transmit andVy receive antennas is shown in Fig. 2.2.

N Transmit Antennas Npr Receive Antennas

Figure 2.2: AnN; x Nr MIMO system.

The received signat (n), at a discrete time index, is related to the transmitted signa(n) by
y(n)=H(n)*x(n)+w(n) (2.2.1)

Here,y (n) = [y' v --- yNR}T is an Ny x 1 vector,x (n) = [z 2? --- xNT}T iaanNp x 1
vector. w (n) = [w' w? --- wNR}T is an Ny x 1 vector which represents additive white gaus-
sian noise (AWGN) and (n) is the channel matrix, giving the channel impulse respohsey
discrete timen. For aN; x Ny MIMO system,H (n) is a Ny x Nr dimensional matrix. For
a flat fading channel, the channel matrix may be considerée tonstant over the frequency of

operation for any particular time index Hence, equation 2.2.1 can be written as,
y=Hx+w (2.2.2)

where the time index has been suppressed to simplify the notation. The channeixntd is
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2.2. REVIEW OF MIMO CHANNEL MODELS 10

given by,
hl,l Tt hl,NT
H= : : (2.2.3)
hNR,l T hNR,NT
where, h;; represents the channel coefficient betweenitheeceiver antenna angl" transmit
antenna. For a frequency flat channel, the individual elésnehthe channel matrix are of the
form,

hmn = amnej¢mn (224)

where, h,,,,, refers to the channel between thé" transmit antenna and theé” receive antenna.
o, ando,,, are the corresponding channel gains and phase shiftsctesgbe The distribution
of a,,, depends on the environment. For a macrocellular envirofnmawing no line of sight
between the transmitter and the receiver, the transmittgthlsreaches the receiver after being
scattered by different scatterers (e.g. buildings, trée$ surrounding the receiver. Thus, multiple
copies of the transmitted signal are received from diffedgrections with different delays and
phase shifts. The resultant baseband signal at the re@@ndye modelled by a complex gaussian
random process. The amplitude distribution for such a ®cegiven by Rayleigh distribution.
Hence, for a macrocellular environment, with no line of sighth between the transmitter and the
receiver,a,,, is taken to be Rayleigh distributed. If a line of sight patisexbetween the trans-
mitter and the receiver then the amplitude distributiondmees Rician. For a more generalized
representation, channel gains can be assumed to be Nakagdmstributed as it can represent
both Rayleigh and Rician distributions depending on theealf them parameter. The phase is
generally assumed to be uniformly distributed between G2and

One of the objectives of any MIMO channel modelling techeisjis to model the channel
matrix H efficiently. The elements of the channel matrix are ofteruass] to be independent
and identically distributed, thus having very little or norelation between them and thereby
exhibiting maximum capacity gains. But in practice, thenedats of the channel matrix have
finite correlations due to the limited spacing between theramas. The correlation is inversely
proportional to the distance of separation between thenaatelements. The coherence distance
gives a measure of the separation between the antennas Wwhliotvthe correlation between the
channel elements is significant. The rule of thumb is to tdlkeedoherence distance to hél,

where) is the operating wavelength.
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2.2.1 Deterministic models

The deterministic channel modelling techniques try toiogé the physical scenario between
the transmit and receive arrays. Often the antenna paresiiigethe antenna patterns, array size
and geometry, the effects of mutual coupling between treyatements, polarisation are not ac-
counted for [ABB 07]. Ray tracing softwares, and techniques are popular femysodelling the
channel deterministically. In ray tracing softwares, tl®@metry and the electromagnetic char-
acteristics of any particular scenario are stored in filesese files are later used for simulating
the electromagnetic propagation process between thentittesand the receiver. These models
are fairly accurate and may be used as an alternative of mesaeut campaigns when time is at
premium. In ray tracing techniques, flat top polygons ofatdéht sizes and shapes are generally
used to represent buildings. The ray tracing softwares aseally based on the phenomenons of
geometrical optics, like reflection, refraction, diffrexct. For urban scenarios geometrical optics
can be aptly applied as the wavelength of operation is mudilenthan the dimension of the

obstacles.

2.2.2 Geometrically based channel models

Geometry based channel models may be thought of as a sirapbficof the deterministic
channel models (e.g. ray tracing). Deterministic chanreefs require to handle a huge data base
of the environment and its propagation conditions. In geoyrtiegased channel models the scatter
locations are considered to be random and governed by sothéafiaed probability distribution
functions depending on the scenario. The channel imputgmree in these models are obtained
based on phenomenons of geometrical optics, after posigaf the scatterers.

In Fig. 2.3 a typical geometrically based channel model forazrocellular scenario has been
shown. In a macrocellular scenario, the base stati®fi)(is generally placed on an elevated
platform or on top of a hill and hence is devoid of scatteresfsereas the mobile statiod4S) is
surrounded by scatterers from all sides. The scenario tesmedelled in Fig. 2.3 by placing a

ring of scatterers around the.S. The model parameters are

1. The distance of separation between theand theM S (D).

2. Radius of the scattering circle at thésS (R).
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Figure 2.3: Geometry based one ring model.

3. Distribution of the scatterers around th&S' (p(p,,.s))-
4. Inter-element separation of tii#&S and M S antenna arraysi(,,d,,)-
5. Orientation of the transmit and receive arrayg (v,.)-

6. Direction of movement of th@/.S w.r.t a reference plane (e.g. the line joining tA&¢ &
MS) (cw,).

In geometry based single bounce modelling it is assumedahaave from theBS(MS)
reaches the\/ S(BYS) after being scattered by a single scatterer. Multipletedag is gener-
ally neglected as the energy contributed by a multiple eoadit wave is marginal. Based on the
assumptionD > R > max {d,s, d,n.s }, €ach incoming wave may be considered as a plane wave.
With reference to Fig. 2.3 the TOA and AOA statistics depemdgly on the distance of separation
between the3.S and the)M S, the radius of the scattering circle at theS and the distribution of
the scatterers.

It has been shown that the diffused component off#ttg — M S link can be approximated

as [PHO4],
(27 fnt+6n)
hyy (t) = Nh_r)nOo —\/_ Z anbne’ (2.2.5)
where,
a,, = /™% [cos(@ns) + R sin(ans) sin(67.)] (2.2.6)
b, — eI cos(9l,—ams) (2.2.7)
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2.2. REVIEW OF MIMO CHANNEL MODELS 13

where, N denotes the total number of scatterers present around/the f,, denotes the doppler
shift of then!” plane wave reaching th&/ S after being scattered by the scattefgrand f,,,..
gives the maximum doppler shift. The phaggsare independent, identically distributed random
variables with uniform distribution over [0,73. The mean value and the power of the diffused
component:; (t) are equal ta{hy;(t)} = 0 andE{|hy1(¢)|*} = 1, with E{-} as the expectation
operator. The diffused componeits (t) (BSs — M .S; link) andhs (t) (BS; — M .S; link) can be
obtained by replacing, by its complex conjugate&; andb,, by b respectivelyhq,(t) (BSy—M Sy
link) is obtained by replacing botl, by «’, andb,, by b} . The diffused components thus obtained
are used to form the channel matkik

Geometrical based models depicting other scenarios, 2% dbmmunication, indoor chan-
nels, have been reported in literature. [PHYKO5a, PHYKGfdgIs with the reference and simula-
tion model for a M2M communication scenario. [LR96] dealshthe geometric model for indoor
channels. In this model, the transmitter and the receivepasitioned at the foci of an ellipse.
The scatterers are assumed to be distributed inside tpsezlli

A geometrical based approach where scatterers are refgddgnantenna elements with ap-
propriate load conditions was proposed in [BDBUO5]. Furihgestigation on such models have
been reported in [PBO7c]. Mutual coupling among the antat@ments affect the MIMO system
capacity. Incorporation of mutual coupling effects in MIMBannel models have been addressed
in [SRO1, PBO6b].

2.2.3 Non-geometrical physical models

In a non-geometrical physical model there is no referenddéayeometry of the scenario it
depicts. Saleh Valenzuela model and its extensions [WJ@kEma typical example for the non-
geometrical physical model. In this model, the multipatmponents are assumed to arrive in
clusters. The rate of decay of the multipath componentiinva cluster and among the clusters,
are governed by well defined statistical distributions.His model, the discrete channel impulse

representation is employed. The channel impulse resperggean as,
h(t) =Y Be™6(t—m) (2.2.8)
k

where,

k = number of multipath, ideally extends from 0 tec.
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B, = real positive gain of thé!” multipath.

7 = propagation delay of the’* multipath.

9, = phase shift associated with th& multipath, and is assumed to be uniformly distributed and
statistically independent over [O;2

d (-) = Dirac delta function.

2.2.4 Independent and identically distributed(iid) model

The independent and identically distributed channel m¢BelR9] is the simplest of all the

analytical channel models. The correlation matrix betwerchannel elements is defined as,
Ry = E [hh"] (2.2.9)

where,h = vec{H}. For aniid channel the correlation matrix is given Bg; = p*I, where
I is the unity matrix. Thus for and channel the correlation matrix is a diagonal matrix, with
each element equal t&. The non diagonal elements of the correlation matrix givesdross
correlation between the channel elements and are all equadrb. This represents a scenario
with rich scattering where all the channel matrix elemengésmautually independenp? gives the
variance of the MIMO channel elemertband also the channel power. Early works for capacity

evaluation for MIMO systems used channel models.

2.2.5 Kronecker model

The Kronecker model [SFGKOO] was developed on the basia@son that the transmitter
and the receiver correlations are separable. Thus the ehammelation matriXRyz may be written
as the Kronecker product of the transmitter correlationrm@R 1) and the receiver correlation

matrix (Rrx)-
Ry = Rrx ® Rrx (2.2.10)

where,® denotes the Kronecker product. The transmitter and thevexasorrelation matrices are
given as,
Rrx = E [H"H] and Rgx = E [HH"]
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where, E -] and (-)” denote expectation and conjugate transposition, respéctilt has been

shown that the channel matiX is given as,
H = R GR/2Z (2.2.11)

where,G = unvec(g) andg is anm x 1 vector (for an x m channel) withid gaussian elements
having zero mean and unity variance. The equation 2.2.11dslyvused for theoretical analysis

and MIMO channel simulation.

2.3 Array effects on macrocellular MIMO system capacity

This section investigates the effect of different arrayfigurations on the capacity of a MIMO
channel, in the framework of geometrically based singlenoel(GBSB) modelling [AKO2,HP04,
PHO4]. Most theoretical investigations in literature ddes 2 x 2 MIMO systems. A2 x 2
MIMO system is limited to linear arrays. To study the effeftdifferent array geometries, a
4 x 4 MIMO system has been considered. The variation of the ecgmapacity for different array
geometries at th& S and M S has been evaluated through computer simulation, as a eumoti
(&) SNR and (b) change in orientation &fS. The transmitting and the receiving array elements
have been assumed to be ideal point sources having an oeutidiral radiation pattern. The
array geometries considered for the study are, unifornul@rarray (UCA), uniform linear array
(ULA), Rhombic array and star array as shown in Fig. 2.4. Ameellular scenario as shown in
Fig. 2.3 has been considered with scatterers assumed tdfbemig distributed on a ring having
the M S at its center.

The capacity of arV x N matrix channel corrupted with AWGN and involving fixed reasd

power (or fixed signal-to-noise ratio), can be written asgépdix B),
C = log, det [I + SXEHH'] (2.3.1)

where,N is the number of transmit antennas, SNR is the average sgtsignal-to-noise ratio and

I is the identity matrix with dimensio x N. H is the channel matrix anH' is the Hermitian
transpose oH . The assumption of fixed SNR requires suitable normaligadifothe channel
matrix H to make comparisons with thi&f channel. The channel matrix is normalised such that its

Frobenius norm is equal to the product of the number of recand transmit antennas [BUBDOG6].
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Figure 2.4: Different array geometries.

If the elements of the channel matiik are known, the capacity is calculated from equation 2.3.1.
The elements of the channel matrix have been generated mgtigpds outlined in subsection
2.2.2. With four different array configurations, two arragken at a time, one foB.S and the
other for M S, sixteen different combinations are possible. Each ofalwesfigurations has been
investigated. In the simulation it has been assumed thatigh@nce between thBS and theM S
is much greater than the radius of the circle containing tlaéierers, which in turn is much greater
than the inter-element spacing of the antenna arrays.

For simulation, the distance between B8 and the) S has been taken to @80\. Twenty-
five scatterers have been considered which are uniformigitaised on a ring of radius3.5\. The
ring subtends an angle @6° at theBS as in [SFGKO00]. Thel/S has been placed at the center
of the scattering circle. Th8S has been assumed to be placed at the origin of the XY cooadinat
system and th@/.S on the X axis at a distance BH0\. The frequency of operation has been taken
to be 900 MHz. The SNR has been varied form 0 to 35 db and thati@riof the capacity, over
this SNR range, for different antenna configurations hawsnbdeund out and plotted in Fig. 2.5.
The minimum separation between any two adjacent antennasd. 2.4) in the array has been
kept at), the operating wavelength.

It has been observed that a fixed MIMO link with properly aégdriinear arrays at both the
transmitter and the receiver end, gives the best perforenantt regards to the maximum achiev-

able capacity. The AOA has been taken to be uniformly disteéd between 0 t860° at theM/S.
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Figure 2.6: Plot of the ergodic capacity at different angiésotation of the mobile station for
different array configuration combinations at the baseastatnd the mobile station.
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Table 2.1: Mean and standard deviation of the channel cydacidifferent antenna configurations
at the base station and the mobile station.

Antenna Configuration Mean capacity | Standard deviation of capacity
(Base station - Mobile station)

Linear - Star 19.329 0.5385
Linear - Rhombic 19.3252 1.8706
Linear - Circular 19.0339 2.3052
Linear - Linear 17.7068 2.1586
Rhombic - Linear 18.1234 2.1508
Rhombic - Rhombic 15.8692 2.0647
Rhombic - Circular 16.0031 1.8878
Rhombic - Star 16.8327 0.6509
Circular - Linear 13.7701 1.9131
Circular - Rhombic 14.4071 1.5555
Circular - Circular 14.7101 1.118
Circular - Star 15.9099 0.8794
Star - Linear 14.8893 1.8601
Star - Rhombic 15.7319 2.0896
Star - Circular 15.8679 1.8361
Star - Star 16.7008 0.5816

However, when there is a misalignment of orientation betvibe arrays due to mobility, combina-
tion of other array geometries have been found to perfortebttan combination of linear arrays
at theBS and theM S. The variation of the capacity have been simulated for allditkteen array
combinations, but only four of them have been plotted fotdvdegibility. The array at tha/.S
has been rotated in stepsiéf. It has been observed that the combination of linear andktgred
antenna arrays at thieS and theM S, respectively, performs better than other combinatiome T
mean capacity is maximum with minimum standard deviatiaritie said array combination. The
variation of the system capacity with the array rotation hasn shown in Fig. 2.6. Table 2.1
gives the mean and standard deviation of the capacity féerdiit antenna array configurations
at theBS and theM S. The simulation parameters have been kept same as the eadie and
the simulations have been carried out at an SNR of 15 dB. Fremabove investigations and
results, it can be concluded that for MIMO links where refatiotational displacement between

transmit and receive arrays are expected, choice of antmaaconfiguration has to be given due
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consideration [PB06a].

2.4 MIMO channel modelling from microwave perspective

In recent times, understanding of MIMO channel behaviout ié& modelling from electro-
magnetic perspective has found attention from severahrekers [Loy02, BDBUOS, WSWO04].
Such modelling can take into account the effect of coupliatydeen antenna elements. An an-
tenna, depending upon its termination, can produce diftedegrees of scattering. Replacing
physical scatterers by suitably terminated antennas ieldping MIMO channel model was pro-
posed in [BDBUO5] and a MIMO channel model purely from micew& perspective by using half
wave dipoles representing the transmitters, the recea®msell as the scatterers was presented.
The model provides an assessment of the channel capacitg istict mathematical sense and
allows investigation of issues such as antenna array spacid orientation in different wireless
scenarios. In this modelling approach, the impedance xi&tior the MIMO system (comprising
of transmitter and receiver antennas as well as scattereromputed. Oncé is computed the
channel matrix is determined by computing the voltage ragtween a pair of transmitter and
receiver antennas with proper load condition applied tautmexcited transmitter and receiver an-
tennas and the scatterers. When the dipoles represenéisgdtterers are short circuited, they act
as perfect reflectors. The unexcited transmitter and recaivtennas are kept matched terminated.
By changing the termination of the dipole antennas repteggacatterers different scattering co-
efficients can be generated to model appropriate scenarios.

While Z-matrix based approach works well, scattering parametpa(@meter) (Appendix A)
matrices is a more natural representation of the scattemvgonment for capacity formulation
as stated in [WSWO04, WJ04]. In the next subsection, metlogiles have been developed for
determining the channel matrix using S-parameter basewagip. The model has been extended
further to take into account dual polarised systems asigalawn diversity is also considered to be

a viable option for increasing system capacity [PNG03, G§PO
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2.4.1 Geometry based MIMO channel modelling from microwaveperspec-

tive using scattering matrix

As discussed, for the MIMO model under consideration, theesystem is modelled using
half-wave dipole antennas. Each dipole antenna corresptnd port of a microwave system.
If there areNy transmit, Ny receive andV scattering antennas, then the scattering magrig
a(Ny + Ngr + N)X(Nr + Nr + N) matrix and the same is first determinetNy + Ng +
N)X (N7 + Ng + N) scattering matrix thus obtained is then reducedNe + Nr) X (Nr + Ng)
matrix by applying appropriate loading condition at tNedipoles acting as scatterers. Method
of moment based approach can be used to generate-arix taking into account the mutual
coupling among the elements.

In this work, a software package, WIREMOM [Wir] has been usedompute thés-matrix.
The parameters like the distance betweenteand thed/ S, the radius of the ring, the inter-
element separation at tlieS and the)M S, number of scatterers, number®f and M S antennas,
frequency of operation, dipole length are first set. The ibrates of the tips (ends) of thes,

M S and the scattering antennas are found out. These coorsliasgesupplied to WIREMOM

package to generate the wire structure of the model an8-thatrix is then computed. Once the
S-matrix is so obtained, the terminating condition for thatserer dipoles are applied to reduce
the scattering matrix to &Vy + Ng) X (Ny + Ng) matrix. For scenarios reported in this thesis,
the scatterers are considered to be perfect reflector,ftnerthe dipoles are terminated to short

circuits. The reduced scattering matrix obtained can btewmpf the form

[ brg ] 9 [ Stx  STxRX ] [ arx ] (2.4.1)

brx SRX,TX Srx ARX

where, the vectorarx andbrx respectively represent the incoming and outgoing wavelseat t
transmitting antennas. Similarly, the vectaisx andbgrx represent the incoming and outgoing
waves at the receiver antennas, respectively. Assumingepmmatching of the transmitter and
the receiver antennas, th&z x Nr) channel matrix can be computed from equation 2.4.1, in
particular, from the sub-matri8gx vx. The channel matrix thus obtained can be used to find the

system capacity using equation 2.3.1 and the same has ljssated here for ready reference,

C =log, det [T+ SNLTRHHT bits/sec /Hz (2.4.2)
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Table 2.2: Model parameters for Case |I.

Model parameters Parameter values
Frequency of operation 1 GHz

MIMO configuration 2x2
Interelement separation at Txi,() A (=0.3m)
Inter-element separation at Rx.,{;) A (=0.3m)
Distance between Tx. and RxD} 50\ (=15m)

Radius of the scattering circle around TR} | 16 (= 4.8m)
Radius of the scattering circle around RR,] | 16\ (= 4.8m)
No. of scatterers around the T>XS,(,) 20
No. of scatterers around the R, 20

Two different cases have been considered to validaté&'tharameter based microwave mod-
elling approach. First, a two ring model has been consid@lemved by a macrocellular scenario

having dual polarised antennas at the transmitter and tegves.

2.4.2 Case I: Two-ring model of MIMO system

A 2 x 2 MIMO system modelled using two-ring model with half wavadémdipole antennas
representing scatterers around the transmitting andviageantenna pairs has been shown in Fig.
2.7. The transmitting and receiving antennas themsehesalf wave dipoles. The two ring
model under consideration is used to represent varioumaied outdoor scenarios depending
on the proper choice of the model parameters. The same madetensidered in [BDBUO5].
For validating the proposed S-parameter based approadvatuation of channel matrikd and
system capacity, the same set of model parameters as in [BBBt&ve been used. The various
model parameters used are shown in Table 2.2. Figure 2.8 thletergodic capacity for the two
ring model for different values of the SNR. It can be seen thatresults are in agreement with
those reported in [BDBUO5]. Small differences in capacgyaserved in Fig. 2.8 (particularly at
higher SNR) may be due to the approaches involved in evalyiétie impedance matriZ andS
parameters. As mentionef parameters have been calculated using a method-of-moiMeM)
based package WireMoM, whereas in [BDBUOZ],parameters have been computed using an

induced field approach.

TH-802_03610204



2.4. MIMO CHANNEL MODELLING FROM MICROWAVE PERSPECTIVE 22

Figure 2.7: Two ring model with half wave length dipole antaras scatterers.

—6— S—matrix approach
- % -M. E. Bialkowski's approach
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w
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Figure 2.8: Plot of the capacity at different SNR using Syiratpproach and M. E. Bialkowski's
[BDBUO5] approach.

2.4.3 Case ll: Macrocellular scenario with dual polarised tansmitting and

receiving antennas

A macrocellular scenario modelled by the the one ring seaggenodel has been shown in
Fig. 2.9. For such scenario, tleS being elevated can be considered to be devoid of scatterers,
whereas the// S is surrounded by scatterers. In order to study the perfocmahndual polarised

antenna system, theS and the)M S have been assumed to include two collocated half wavelength
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dipole antennas perpendicular to each other. The antéhfiaandM S, lie in the same plane and

perpendicular to the plane containing the antemf@sandM S,. The simulation parameters have
been shown in Table 2.3. Fig. 2.10 plots the ergodic capacithe dual polarised system and
compares the same with the capacity achieved by two pa&iBD channels. It can be observed

that the capacity achieved for such dual polarised systeheisame as that of two parallel SISO

channels.
Table 2.3: Model parameters for Case Il.
Model Parameters Values
Frequency of operation 1 GHz
MIMO configuration 2 x 2 collocated dual polarised
Inter-element separation at Tx. collocated
Inter-element separation at RX. collocated
Distance between Tx. and Rx. (D) 1000 (= 300m)
Radius of the scattering circle around Rx. (R) 35X (= 10.5m)
No. of scatterers around the Rx. 25
z
BS; M3
BSZ Y < /IVISZ/ \
\ T
B K A
X
- D >

Figure 2.9: Dual polarised dipole antennas at the tranematd the receiver with the receiver
surrounded by scatterers.
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Figure 2.10: Plot of channel capacity variation with SNR wheth the transmitter and the receiver
have dual polarised dipole antennas.

2.5 Mutual coupling and its effect on MIMO system capacity

The capacity of MIMO system depend on the SNR and correlgtioperties among the chan-
nel transfer functions of different pairs of transmit andaige antennas. The correlations between
the channel elements depend not only on the channel conslitiat also on the proximity between
the antennas which results into mutual coupling between tfi® find the channel matrild (with-
out the mutual coupling effect) and its spatial fading clatren, many models have been reported
in literature [SV87, SFGKO00, EC®1, PH04]. One ring channel model [SFGKO00, PH04,HP04] is
a widely used model for studying outdoor MIMO communicatibnpractical MIMO system, the
antennas in thé/.S cannot be placed far apart because of the space constraerefére, mutual
coupling effects also need to be considered while usingithelation model for evaluating system

performance.
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2.5.1 Coupling matrix for two dipole antennas

In order to account for mutual coupling effectsVa x Nz MIMO system as described in sec-
tion 2.2 has been considered. The channel coefficigntsf the channel matri¥I are determined
employing the geometrically based single bounce one-rindehas described earlier. When mu-
tual coupling at both transmit and receive antennas ar@e take consideration, the channel matrix
can be modified as [SR01]

H = CpsHCus (2.5.1)

where Cgg and Cys respectively represent the coupling matrices for #he and M S arrays.
Cpgs andCyg are related to the impedance matrices of the correspondiagsausing the relation
[GK83]

C = (Za+ Zr)(Z+ ZrI)™! (2.5.2)

where, Z, is the self impedance of the antennas. A half wave dipolenaateinder resonant
condition has self impedance of 73.18 Z; is the terminating impedance of the measuring
equipment, and for maximum power transfer it is consideoeloet the conjugate of 4. Z is the
mutual impedance matrix. For an array havisigelements dimension & is K x K. The mutual

impedance matrix for an array &f elements can be written as,

le ZlZ T ZlK
ze Z_” Zfz Z?K (2.5.3)
i ZKI ZK2 e ZKK 1

where,Z;; represents the mutual impedance atithantenna element due to current flowing in the
4" antenna element of the array afigd represent the self impedance of tHeantenna element.

In general, evaluation of self impedance and mutual impeesare quite involved for many
practical antennas. However, in the case of linear dipolerara arrays which are widely used,
self and mutual impedances can be computed easily. Comgidire transmitter and receiver
array elements as dipole antennas, f@r-a2 MIMO system, the matrix elements can be written
as follows [SRO1]:

Z11 = Zo = input impedance of the antenna elements which also repette self impedance
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of the elementsZ;, andZ,; give the mutual impedances and by reciprodfty = 75, where,

e—JkoR1 e—JkoRz2 e—JkoRo
Zlg = C() / ( + — 2cos k’oll ) sin k’o(lg - |22|) dZQ (254)

Rl RQ RO
_l2
where,
J%0

_ 255
0 47 sin k’oll sin kolz ( )

2 R

2 2|12
Ry = |(l+ %) + & (2:57)

2 21

RO _ Lz2 +d J (258)

d = perpendicular distance between the two antenna elements.
ko =free space wave number.

Zo =37712.

21; =length of thei'" antenna element.

Z;; =input impedance of thé" antenna element.

2.5.2 Performance of macrocellular MIMO system with the indusion of mu-

tual coupling

A 2 x 2 MIMO system consisting of dipole antennas have been irnyat&d in this section.
The scattering environment has been represented by theegecaily based one ring model, de-
scribed earlier. The dipole antennas have an omnidiregitradiation pattern in the azimuth plane
and such antennas are used in many practical communicatstens. Therefore, evaluation of
mutual impedance effect for a MIMO system consisting of thpntennas would provide some
insight about the performance of actual systems. The vamiaf the correlation, with and without
coupling, between different channel paths has been studieel variation of the ergodic capacity
with M S element separation taking mutual coupling into accoumt beastudied at any particular
SNR. Here the system SNR has been considered to be 20 dB and&pi8senting the high and

low SNR regions. The ergodic capacity is computed accorttirige equation 2.3.1.
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1 o T T
' —&— without coupling
- # -with coupling 7

0 0.5 1 15 2 25 3
Inter-element separation at MS (in terms of ~ A)

Figure 2.11: Correlation betweén, andh,», for different inter-element separations at the mobile
station, both with and without taking mutual coupling taketo consideration.

0.35 ‘ ‘
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Inter—element separation at MS (in terms of  A)

Figure 2.12: Correlation betweén, andh.., for different inter-element separations at the mobile
station, both with and without mutual coupling taken intosideration.
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Figure 2.13: Plots of channel capacity, with and withoutualitoupling taken into consideration,
for different inter-element separations at the mobile@tedt 20 dB SNR.
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Figure 2.14: Plot of the difference between channel capaeith and without mutual coupling
taken into consideration, for different inter-elementa@gions at the mobile station at 20 dB SNR.
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Figure 2.15: Plots of channel capacity, with and withoutualitoupling taken into consideration,
for different inter-element separations at the mobile@tedt 5 dB SNR.
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Figure 2.16: Plot of the difference between channel capaeith and without mutual coupling
taken into consideration, for different inter-elementa@tions at the mobile station at 5 dB SNR.

Simulation studies have been performed to evaluate thet@fenutual coupling. The individ-

ual elements of the channel matrix without taking mutualpdimg into consideration have been
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evaluated using equation 2.2.5 or modifying it as detaifesiiction 2.2.2. The channel elements
for the case when mutual coupling is taken into considemat@ve been obtained from equation
2.5.1. The space-time cross correlation function betwhemtajor diagonal elements,( and

hao) Of the channel matrix is defined as

P11,22 (dbsu dms7 7—) = <h11 (t) ) h;2 (t + T)) (259)

The space cross correlation function may be written as

P11,22 (db57 dms) = <h11, h§2> (2-5-10)

Combining equations 2.2.5 and 2.5.10, the space crosdatwrefunction can be given as

1

£11,22 (db87 ms — ai dbs ) (2511)

Mz

n:l

N . d . .
21 ( Zbs ) [cos(aps ) +PES, sin(ay,) sin(@r,
—%Z_ o924 [eos(ans) (ps) sin(@7.)] 25.12)

jsz drms ) cos(@ipa—aims)
The space correlation between any other element pairs afttaenel matrix can be obtained in
the same manner.

Fig. 2.11 and Fig. 2.12 gives the plot of the correlation ket different paths. It may be
observed from Fig. 2.11, that the mutual coupling decretisesorrelation between the channel
paths. The knowledge of the correlation between the difteceannel paths for different inter-
element separation help in designing MIMO systems withiapatultiplexing or beamforming
capabilities. Fig. 2.13 and Fig. 2.15 plot the capacity vaittd without coupling for 20 dB and
5 dB SNR, respectively, using equation 2.3.1. Fig. 2.14 aigd R.16 respectively plots the
absolute value of the difference in capacity, with and withooupling, as a function of th&/ .S
inter-element separation for 20 dB and 5 dB SNR. In simutiih@ inter-element separation at the
BS has been taken &s\ so that coupling in thé3S' is practically negligible and the frequency of
operation was has been set at 1 GHz. The inter-element gpaicthe)M S has been varied up to
2\ . The angular spread subtended at B¢ has been taken to [39°. It has been observed that
for small antenna separations at thes, inclusion of mutual impedance produces considerable

difference in the estimated capacity as compared to thectgmstimated by the one ring model
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without considering mutual coupling. Due to space constyantenna separation at thés is
expected to be small. Mutual coupling should be considereitevwnodelling MIMO channels.
However, if the antenna spacings at th5' is reasonably large, mutual coupling effect becomes
negligible. From the simulation results it has been obskthat for element separation greater

than1.5)\ at theM S the effect of mutual coupling can be neglected while conmuutine capacity.

2.6 Conclusion

In this chapter, first an overview of the different multi-anha channel modelling techniques
has been presented, which has been followed by the detaileahvestigations carried out on
certain aspects of MIMO channel modelling. The effect ohgrgeometry on the capacity of a
MIMO system has been investigated in the framework of gepniretsed single bounce modelling
technique. Four different arrays namely, ULA, UCA, rhomhbrcay and star array each having
four elements have been considered for this purpose. AntenditferentBS — M S array combi-
nations, the combination of linear arrays has been foundaage best performances with regards
to maximum achievable capacity. Moreover, it has been fdbatthe combination of linear array
at the BS and star shaped array at théS performs best among all the combinations studied,
if the rotational effects resulting due to movementléfS' are taken into account. For the array
combinations under consideration, the mean capacity isrmar and its standard deviation is
minimum for the said array combination. MIMO channel moiglifrom microwave perspective
has been considered next and a scattering matrix basedeapgras been developed for obtaining
channel matrixH for such modelling approach. The chapter concludes by ptiegsethe studies
performed on the effect of mutual coupling on MIMO channelishas been observed that for
small inter-element separations (typically less thadn\), mutual coupling effects the capacity of

a MIMO system to a considerable extent.
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Chapter 3

Modelling of Channel Characteristics for
Mobile-to-Mobile Communication

3.1 Introduction

Recently, with the advent and popularity of wireless adheworks, advanced cellular net-
works and wireless sensor networks, studies on mobiledgbie(M2M) communication and relay
based communication has attracted significant attentiadheo&cientific community [PHYKO05a,
PHYKO5b,PSPO05,ZS06]. In an M2M channel, both the trangmathd the receiver are surrounded
by local scatterers thus making the channel different fromerazentional macrocellular channel.
The presence of scatterers around the transmitter modiigestatistics of the physical channel
parameters. As stated earlier, in a wireless channel, paditirestricts the performance by intro-
ducing fading in narrow band channels and inter symbol fetence (I1SI) in wideband systems.
The use of antenna arrays and/or directional antennas imefpgigating multipath interference.
Spatial channel models that describe the angle of arrivditiame of arrival of the multipath com-
ponents are useful in evaluating the performance of wisedesnmunication system using antenna
arrays [Jan01]. The process of beam steering and beam ghapisntenna arrays require prior
knowledge of the angle of arrival (AOA) of the desired sigsalthat the main lobe of the beam
can be steered to the direction of the desired signal and bedscan be formed in the direction
of the interfering signals. The AOA, also known as directadrarrival (DOA), statistics can be
obtained from the measured data or from site specific chanodkls. In multi-element antenna

systems, spatial correlation is a measure of relationsétiyden two antennas’ signals. The ideal
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huge capacity anticipated by a MIMO system is realizablesutice assumption of no spatial cor-
relation [OAHO4]. The Kronecker model discussed in chagterf the thesis was developed to
account for spatial correlation between antenna elemardgealistic way under the assumption
that the spatial correlation at the transmitter and receswels are independent [AESVHO06]. It
is worth mentioning here that correlation and AOA statsace strongly coupled [OHAO4]. The
nonuniform distribution of the AOA can significantly affette performance of array based tech-
niques, as the AOA statistics determine the cross coroglamong the array elements [AKO2].
Knowledge of AOA statistics is therefore very important amel AOA distribution reflects the scat-
tering environment characteristics. The information e time of arrival (TOA) statistics helps
in determining the data rates and symbol periods so as td #3bi Hence, there is a need to de-
velop a statistical model which can characterize the thstion of the TOA and AOA of an M2M
channel.

For macrocellular scenario it is generally assumed thafaA at the M S is uniformly dis-
tributed in [0, 2r] as the scatterers are likely to surround the mobile frordiedictions. Moreover,
in a macrocellular scenariBSs are generally positioned on an elevated plane, e.g.pp#l, troof
tops etc., which are devoid of scatterers. In the next sectiee geometry based single bounce
one ring channel model representing the macrocellularsst®has been extended so as to model
the M2M channels. The proposed model also takes into acabaergcatterers surrounding the
transmitter. Analytical expression for TOA and AOA proldapidensity functions for the single

bounce geometrical model have been derived and the samefisd/éhrough simulation studies.

3.2 Model Description

The M2M channel model under consideration may be consideselgeometry based single
bounce model as shown in Fig. 3.1/; and M, denotes the transmitting and receiving mobile
communicating devices respectively, separated by a daistAn In this model, scatterers are as-
sumed to be distributed in two circular regions arodridand M. In general, the distribution of
scatterers may be arbitrary, and it will affect the TOA andAailfs evaluated using the model.
The analysis presented here have been carried out assunifogwdistribution of scatterersz;
and R, respectively denotes the radii of the scattering regioograd M/; andM,. N; & N, rep-

resents the number of scatterers at the transmitting amdvineg ends. It has been assumed that
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a ray emanating from the transmitter reaches the receivgradter being scattered by a single
scatterer either at the transmitter or at the receiver drfthd also been assumed that all scattered
rays that reach the receiver have the same power. The ragisimgahe receiver after multiple
scattering have been assumed to have very little power cadpa the rays reaching the receiver
after single scattering. Hence multiple scattering hadeen taken into account. The separation
between the transmitter and the receiver has been assurbedige in comparison with the radii
of the scattering regions. This assumption permits theiegtpdn of geometrical optics and the

waves can be represented as rays.

Figure 3.1: Uniformly distributed circular scattering i@gs surrounding the mobile nodes mod-
elling M2M propagation environment.

3.3 Derivation of Time of Arrival Probability Density Funct ion

In this section expression for the TOA pdf for the geometncadel described in section 3.2
has been derived. For the model under consideration, antitied signal after being scattered
by the scatterers, reaches the receiver through multimatiponents having different time delays,
depending on the path lengths. The difference in the timaydedf the different multipath com-
ponents introduces delay spread in the channel, which mrhay introduce ISI, depending on
the data rates of the system. The maximum data rate that canpperted by a channel without
introducing ISI and the requirement for equalization isedetined by the time dispersive nature
of the channel. It also helps in determining the navigati@eavices like locating of a device.
Moreover, as there is a strong relation between the sigmalveigith and the delay spread (which
are inversely related), thus making characterization ®tBA statistics essential.

In deriving TOA pdf expression analytically for the modelsdebed in section 3.2, joint
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TOA/AOA pdf can be derived from which marginal TOA pdf can loeifid. In [PRR96, ER99], it
has been observed that the particular approach becomastatile even for uniformly distributed
scatterers. An alternative approach for obtaining anadygxpression for the TOA pdf for macro-
cellular scenario through computation of cumulative dstiion function (CDF) of the TOA using
a geometrical basis was presented in [ER99]. In deriving TdAfor M2M channel model the
same methodology have been adopted.

In order to obtain the TOA CDF for a M2M communication chanmepresented through ge-
ometrical model, containing finite number of scatterers,fitst step is to determine the scatterers
responsible for contributing towards a certain TOA, sayf the scatterers are assumed to reside
on an ellipse having/; and M, at its foci, the rays from\/; to M, (or from M, to M;) involv-
ing such scatterers will have equal path delays. An elligseesponding to a given path delay
intersecting with the circular scattering regions is showirig. 3.2. The scatterers with in the
ellipse produces delay less thanThe scatterers present in the shaded regions shown in Rg. 3
contribute towards determining the CDF, (7). Hence the CDF for the TOA for any particular

may be written as,
F, (1) = Pr{troa < 7}

_ Nhféo % (3.3.1)
where,

F. (1) is the CDF of the TOA.

Pr represents the probability.

n(7) gives the total number of scatterers present inside thesellhaving constant delayand
hence contributing towards the CDF.

N gives the total number of scatterers present in the systashudrassumed to be very large.

If ni(7) andny(7) represent the total number of scatterers arolifidand M, respectively,
and contributing to the CDF andl; and /V, are the total number of scatterers arourdand M,

respectively, then equation 3.3.1 can be written as,

F.(r)= lim m (1) + a2 (7)

3.3.2
Ni,N2—o00 Nl + N2 ( )
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The TOA pdf is obtained from the TOA CDF,.(7), on differentiating it with respect to time
delayr. Hence the TOA pdff. (1), can be written as,

() = 1 d

- Nl,IJ{fIQILOO Nl + N2 % (nl(T) +n2(T)) (333)

Let, p; andp, be the scatterer densities arould and )/, respectively, and assuming uniform

distribution of the scatterers, the number of scatteng(s), n»(7), N; and N, can be written as

follows,
ni(t) = p1AA(7) (3.3.4)
na(7) = peAAy(T) (3.3.5)
N1 = plﬂ'R% (336)
N2 = pQWRS (337)

The areag\A; andA A, are as shown in Fig. 3.2.

'
R ' R
1 ‘ ‘ 2
& -
My (08 Do |
—
~ 7 /]
v Y
AAq AA 5
Figure 3.2: Shaded regions of scatterers for evaluating TOA.
Combining equation 3.3.3 to 3.3.7, the pdf of the TOA may biten as,
p1 dAA(T)
i = 3.3.8
f+(7) T R? + poR2 dr ( )
02 dAAy(T)

pR2 + pom R2 dr

TH-802_03610204



3.3. DERIVATION OF TIME OF ARRIVAL PROBABILITY DENSITY FUNCTION 37

A

Y

Figure 3.3: Area contributing to the TOA pdf, witl1; as the transmitter antl/; as the receiver.

Equation 3.3.8 can be written as,

Pl 2 1 dAAl (T) p2 ) 1 dAAQ (7')
(1) = R : TR L
f- (7) o1 R2 + pym R3 by (WR% dr +p17TR% + pomR3 "8 wR2 dr

(3.3.9)
With reference to Fig. 3.3 and 3.4, it may be observed thatetims inside the parentheses of

equation 3.3.9 corresponds to the TOA pdf for a macrocelkdanario. The term inside the first
parenthesis of equation 3.3.9 gives the TOA pdf for a maditdae scenario depicted in Fig. 3.4,
whereas the term within the second parenthesis gives thegdDfor the scenario shown in Fig.
3.3. Thus, it may be observed that the TOA pdf for a M2M chacaelbe written in terms of the
TOA pdf of two macrocellular channels combined with suigalveighting factors. For the sake of

brevity and better readability, the terms within the pahnests of equation 3.3.9 are denoted as,

. 1 dAAl (T)
fir (1) = (mg T ) (3.3.10)
. 1 dAAQ (T)
for (T) = (ng - ) (3.3.11)
Hence equation 3.3.9 can be written as,
R? R2
frir)=—2L f () — 22 (r) (3.3.12)

~ piRE+ poR3 m R} + p2R3
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Y

Figure 3.4: Area contributing to the TOA pdf, witll, as the transmitter antl/; as the receiver.

or else, ) ,
fr(7) = 5 filjgji%g e )4 ]% g () (3.3.13)
Fr(0) = T2 i (1) + 1y (1) (3.3.14)
_ Zﬁg (3.3.15)

where,p gives the relative scatterer density\d{ with reference to scatterer densityMt. f;,(7),

for i = 1 and 2 respectively represent the TOA pdf’s for a macrat@licommunication system,
where the scatterers are present only aroundflsg( M, for Fig. 3.3 and\V/; for Fig. 3.4), whereas
the BS (M, for Fig. 3.3 and)M, for Fig. 3.4) is devoid of scatterers. Expressions for TOA pd
for a circular scattering model having uniform distributiof scatterers representing macrocellular

environment can be found in [ER99], which has been repradiucequation 3.3.16 for the sake
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of completeness,

1 dAA(T)
0 = e
-
- TR?
" w72 ky — TCk3 + Thok? + Tk — 2RE?
4k ko
2P koky + Tckok? T2 + K}
2k2 + 2k2k2 2k,
(k’ok’l) R—r7c
Xarctan | — | — T
4 (4R2D? — k2) ”

g <2R2 | etk (14 K) )]
(2k2 + 2K2k2)

(3.3.16)
where,
ko = tan <1 arccos <_7—262 ke 2RTC)>
2 2RD
ky = V22— D?
ks = VD?—4R? —72¢® + 4R7c
ks = —7°¢+D?+2R7c
ki = D—rc
¢ = welocity of light.
R = radiusof the circle containing scatterers around the mobile station.

= distance between the base station and the mobile station.

Equation 3.3.16 is valid only fofD/c) < 7 < (D + 2R/c). Whent = (D/c), the values of
ko, k1, andk, becomes equal to zero and a few of the terms result in an ilrndieIMeg condition.
Although it may be possible to apply L' Hospital’s rule anddfithe limit asr — (D/c), the value

of 7 has been restricted to be strictly greater tiigfa to avoid any singularity.

The above formulation of the TOA pdf for a M2M channel, depitby two discs of scatterers
around the transmitting and the receiving mobile statidtnas been verified through computer

simulations. Uniform distribution of scatterer positidre/e been obtained by generating ordered
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Figure 3.5: Theoretical and simulated density function©AFor D = 2000m, Ry = 100m, Ry =

100m, §t =

pairs of random variables giving the angular positions dredradial distances from the mobile
devices. The angular positions have been chosen to be emyfdistributed in [0,2). The radial
distances have been obtained from the product of the sqo@irefruniformly distributed numbers
between 0 and 1, multiplied with the radius of the scatteaimgles (i, for scatterers around
mobile station)/; and R, for scatterers around mobile statidf). The simulations have been
run for ten iterations each having different number of srats distributed uniformly with all the
other model parameters remaining the same. The distribbatidhe scatterers remain the same
but the actual scatterer position changes in different.rdfffee final results have been obtained
by averaging the results of different iterations. Some esgntative results for different model
parameters, as given in the legends and captions of thectaspfgures, have been shown in Fig.
3.5to Fig. 3.7. For the results shown in these figufesthe separation between the two mobile
stations)M; and M, has been taken as 2000 m. Hey/ R, = 1, the radiiR; and R, have been
taken as 100 m each. For different simulation trials, charigere been made in the valuesiof
and N,. Theoretical and simulated results for various valueg ahd R,/ R, have been plotted.

From the plots, it can be seen that theoretical and simula@sults are in close agreement. The
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Figure 3.6: Theoretical and simulated density function©RFor D = 2000m, Ry = 100m, Ry =

200m, {t =

validity of equation 3.3.14 is thus verified.

3.4 Derivation of AOA Probability Density Function for M2M

channel

Multiple antenna elements are often used either at thertrétes and/or at the receiving end
of a communication system. The multiple antennas may befasagatial multiplexing or beam-
forming purposes. In beamforming applications, the kndg&eof the AOA helps in steering the
main lobe to the desired direction. Beam steering reduaesftact of interference and maximises
the desired signal by forming beam nulls at the directiorhefihterfering signals and directing
the main lobe to the direction of the desired signal.

For a M2M channel, since the scatterers are present botle dtahsmitter and the receiver
ends, as discussed earlier, the AOA statistics will diffenf those for macrocellular scenario.

The AOA statistics for macrocellular scenario represebiedircular scattering model have been
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Figure 3.7: Theoretical and simulated density function©AFor D = 2000m, Ry = 100m, Ry =
200m, { = 10.

dealt with and reported in detail in the literature [ER99QH. In an M2M channel, the scatterers
around both the mobile unit&; and M, and their distributions along with the model parameters
viz. the distance between the mobile terminals, radii ofdineular scattering region, relative
scatterer density, determines the AOA statistics at theivery mobile station. As in the previous
section, the pdf of the AOA at the mobile station can be oletdioy differentiating the CDF of the
AOA at the receiving mobile station with respect to the argglarrival 6.

The pdf of the AOA,fy(6), at the maobile station}/;, spans the range-fr, 7]. The probability
of a scatterer being placed inside the shaded regions pomdsg to an AOA less than or equal to
6, as shown in Fig. 3.8 and Fig. 3.9, gives the AOA CDF for thatipalar angled. As symmetry
exists in the system model around the x-axis, the AOA pdfimsragtrical aboué = 0.

The AOA CDF is given by the ratio of the number of scatterensgynside the shaded regions
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A

Y

Figure 3.8: Shaded regions for evaluating AOA CDF, ot o, where,a = sin™*(Ry/D).

to the total number of scatterers in the system. The AOA CDHoeawritten as,

Fyp(0) = Pr{daoa <0}
_ . ng(0)
Ty
Al ) n1(0) 4+ na(0)
B N1,l]%/7131*>oo Nl + N2

(3.4.1)

whereny(0) gives the number of scatterers contributing towards the @Db&n AOA, 4. Similarly,
n1(0) andny (@) respectively, corresponds to the number of scatterersdrdfy and A/, which
contributes towards the CDF for an AOA, N denotes the total number of scatterers in the
system, whileV; and N, gives the total number of scatterers arouvdand M/, respectively and

N = Ny + Ns.

The AOA pdf is obtained upon differentiating equation 3. with respect t@. Hence,

£ = lim —L @

N, + Na O 4.2
N1,Na—00 Nl + ]\/‘2 de (nl(e) + n2(9)) (3 )

With reference to Fig. 3.8 and Fig. 3.9, as the scattererarafermly distributed, the number

of scatterers occupying different regions may be writteterms of the scatterer densities and the
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A

Figure 3.9: Shaded regions for evaluating AOA CDF,for «, where,a = sin™*(Ry/D).

areas covered. Hence,

ni(0) = p1AA(6) (3.4.3)
ny(0) = paAAy(6) (3.4.4)
N, = prR2 (3.4.5)
Ny = porR3 (3.4.6)

where,p; andp, are the scatterer densities around the mobile statiénand M, respectively.
The areas\ A, (f) andA A,(#) are as shown in Fig. 3.8 and Fig. 3.9.
The sectorial area A, (0) is given by,

is

AA,(0) = (3.4.7)
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Combining equation 3.4.2 to equation 3.4.7 gives,

BO) = s T (MAA(D) + A4 (0)
p1 dAA;(0)
pmR? 4+ por RS df
N P2 dA Ay ()
pmR? 4+ por RS df
P1 d(@)
p1mR 4+ por RS df
s 02 dAA5(0)
TR + poR3  db
mR2 1
P13 + paR3 2
po RZ 1 dAA(0)
pimRY + por RS wR3  df
piRt/pe RS 1
1+ le%/pgR% 2
1 1 dAA(6)
+ 2 3 2
1+ pRi/p2R; 7R3 df
P11 1 dAA8)

_ il 3.4.8
1+p27r+1+,07TR§ db ( )

where,
p1 R}
= 3.4.9
The term%dif9 (AA,(0)) denoted agy(0) gives the pdf of the AOA for a macrocellular scenario,

which has been derived in [ER99]. The pdf of the AOA for a maetlular scenario, havin® as
the separation between the transmitter and the receiveRand the radius of the scattering circle,

IS given as,

2D cos(0)/ D2 cos?(0)—D2+R3

fa9 (0) = G

0 elsewhere

for, —sin™! (%) <0 <sin! (%) (3.4.10)

Combining equation 3.4.8 and equation 3.4.10, the pdf oAthA at the mobile statiord/,, for a

M2M channel can be written as,

1 2D cos(@)\/D2 cos2(0)—D2+R2

p .1 . 1 (R . _1(R
hO) =1 T w T = for, —sin™! () <0 <sin”" ()
Fpp% elsewhere

(3.4.11)
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The above formulation for the pdf of the AOA has been verifl@dtigh computer simulation.
Uniformly distributed scatterers have been generateddydthod described in section 3.3. Some
of the representative results have been plotted in Fig. 8. Fy. 3.13. Theoretical and simulated
results for various values gfand R, / R, have been plotted fab = 500m. The agreement of the

theoretical and the simulation results verifies the validitequation 3.4.11.

18 T T T T T T T
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1.6} wil - - —Theoretical
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Figure 3.10: Theoretical and simulated density functionA@A for D = 500m,R; =
100m, Ry = 100m, §* =
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Figure 3.11: Theoretical and simulated density functionA®A for D = 500m, R, =
100m, Ry = 200m, % =
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Figure 3.12: Theoretical and simulated density functionA@A for D = 500m, R, =
100m, Ry = 100m, §+ = 10.
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Figure 3.13: Theoretical and simulated density functionA®A for D = 500m, R, =
100m, Ry = 200m, §+ = 10..

3.5 Dual Annular Strip Model (DASM) for M2M communica-
tion

In this section M2M geometry based channel model consid@rsdction 3.2 has been gen-
eralised further. Here, the M2M channel model has been dpedl by considering annular ring
of scatterers surrounding the transmitting and the recgimobile stations. Such modelling ap-
proach provides the flexibility to study models represeigdircular rings of scatterers, annular
rings of scatterers and discs of scatterers by simply vgrthe radial dimensions. Further, this
model can be useful in the study of different channel staisthen the scatterers are uniformly
distributed along the angular dimension but not so in thataimension with reference to a polar
coordinate system. The TOA analysis has been done in lireseittion 3.3. As shown in Fig.
3.14, any scatterer lying inside or on the constant deldysellresults in TOA less than or equal to

some time delay, say. With reference to Fig. 3.14, the hashed ardas andA A, contributes to
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Figure 3.14: Shaded regions of scatterers for evaluate@ @A CDF for dual annular strip model.

the TOA CDF. The TOA CDF may be written as

F.(7) Number of scatterers contributing to the time delay less than or equal to'r’
T\l —

Total number of scatterersinthe system
(3.5.1)

As the scatterers are assumed to be uniformly distributedhtimber of scatterers is propor-

tional to the area in which they are present. Hence equatmf 8an be written as

_ Area contributing tothe time delay less than or equal to'r’

T = 3.5.2
(7) Total area over which the scatterers are present ( )
With reference to Fig. 3.14, equation 3.5.2 can be written as
A A
F.(7) (r) + A7) (3.5.3)

~ (B3 - R?) + (R - R})
The TOA pdf can be obtained on differentiating the TOA CDFu@tipn 3.5.3) with respect to

1 d
" n(R2—R?) + n(R2— R2)dr

f= (1) (A1 (1) + A2 (7)) (3.5.4)

1
m(R; — RY) + 7(Rj — R3)

d
X [Area enclosedin (ACIA — ABJA + DFHD — EFGE)] (3.5.5)
T

fr (T) =
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1
FO S rmem-r-m

d
. 2 . —_— . — 1
[WR4 (WRZ o (Area in AC’]A))
1

d :
7 (Areain ABJA))

—nR2 .

d
+7R; - (W—R% i (Areain DFHD))

1
—mR?. (— : dﬂ (Areain EFGE))} (3.5.6)
T

1
Uy e e )

[MRE - far (1) = TRS - for (T)+7RS - for (1) — 7RY - fir (1)]
(3.5.7)

where, f;, (1) represents the pdf of the TOA for the macrocellular scerfamiong R; as the radius

of the scattering circle andcan take any of integer values from 1 tof4.(7) is given by equation

3.3.16, hence equation 3.5.7 can be written as,

C

O rmrr-m-®

" [ZasinZ: — T — 48 (3.5.8)

where,: = 1,2,3,4 andz; is given as,

Vi 7T7'262k'2i — TCkgl- = Wkgikii- aF TCk%l- —3 ZRZk%Z
o7 4klik2i
7'262]{301‘]{342‘ —+ TCkOik%i T202 + k%z
Xa tan <k0ik1¢> _ RZ —_alld (359)
kai 2 12 2\
(4Rz ¢ = k3@)

’ (QRZ : Tck? ky (1 + k:gz))}
TR
and
ko; = tan <%a coS (W»
b = VPE—D?
koi = \/D? — 4R? — 722 + 4R;7c (3.5.10)
ks = —72c* + D? + 2R;7c
ky =D —T1cC
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Figure 3.15: Plots of the theoretical and simulated prditgldensity function of TOA having
annular ring of scatterers around the transmitter and tesver.
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Figure 3.16: Plots of the theoretical and simulated prdhgloiensity function of TOA having an
annular ring of scatterers around the receiver.
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Simulations have been performed for different value®of R,, R3 and R,. D, the distance
between the transmitting and the receiving mobile statiane been kept fixed at 2000 m. Fig.
3.15 and 3.16 shows the plot of the simulated results ancttbbtined from equation 3.5.8. It
can be seen that the results are in close agreement, thisngthe validity of equation 3.5.8.

The analysis of the AOA for the dual annular ring model for M2Wannel has been done in
line with section 3.4. The hashed region in Fig. 3.17 givesattea responsible for contributing to
the AOA pdfin the rangé andfd + df. The AOA ranges betweenr|r, 7] and is symmetrical about
0 = 0. For the ease in analysis the angular range is divided iffitereint sections. The ranges are
a <O0<mo<li0<ay,—-a <0<a,—a <0< —qand—7 <0 < —qy.

The elementary are@A contributing to the elementary AO40 havinga,; < 0 < w is given
in equation 3.5.11. The contribution to the AOA is due to tbatterers around the mobile station
M;.

dA = % (R — R3) db (3.5.11)

Similarly for the rangesy; < 0 < ag, —a3 <0 < a1, —a3 < 0 < —ag and—7 < 0 < —ap,

the incremental aredA contributing to the AOA in the rangéandd + df can be written as,

1
dA = 2D cos(9) \/RE — D?sin? (6)d0 + > (B3 — R3) do a1 < 0 < a,(3.5.12)

dBe = [QD cos () \/R% — D2sin* (A) — 2D cos (0) \/R% — D2?5sin? (9)] db

1
2 (R: — R3)do —a; <0< 0(3.5.13)

1
dA = 2Dcos(6)\/ RE — D?sin? (6)d0 + (B —R)ds —0y <0< -(35.19)

dA = = (R:-R3)df —7 <6< —a, (35.15)

1
2
where, the first term in equation 3.5.12 to equation 3.5.1duisto contributions from scatterers

surrounding the mobile statiall,. The term in equation 3.5.15 and the second term of 3.5.12 to

equation 3.5.14 is contributed by scatterers surrounging
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Ay(6)

B
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Figure 3.17: Dual annular strip model for determining theAAQlf for a mobile-to-mobile chan-

nel.

The AOA pdf can be written as,

£ (0) = % . % (Ar (6) + A (0)) (3.5.16)

Substituting the values c%‘g in equation 3.5.16 from equation 3.5.11 to 3.5.15 for défgranges
of #, the pdf of AOA can be obtained and is given in equation 3.5l 2quation 3.5.164 is the
total area over which the scatterers are uniformly disteBuThusA = 7(R? + R% — R2 — R?).

( 0.5(R3—R3)

ar <0<
n(R3+R3—R3—R2) =" =

2D cos(6)/ R3—D? sin?(0)+0.5( R3— R3)

o <0< a
=(R3+R3—R3-R2) =" ="52

2D cos(0)4/ R3—D2 sin?(0)—2D cos(0)4/ R?—D? sin?(0)+0.5( RZ—R32
fe(e): : 2, p2_p2 12 (4 3) -y <0< o
=(R3+R3—R3—R?)

2D cos(0)/R3— D2 sin?(0)+0.5( R3—R3) <g<
—0y = S —0q

m(R3+R3—R3-R?)

0.5(R3—R3)

-7 <0< —«
n(R3+R}—R3—RY) =7 =2

(3.5.17)

For simulation purposes uniformly distributed scatteherge been generated using the method
described in section 3.3. Plot of the results obtained #texally from equation 3.5.17 and those

obtained through simulation have been shown in Fig. 3.18ido B.21 for different values of
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model parameters given in the legends of the respectiveegufour different cases have been
considered. In the first case, both the transmitter and tteever are assumed to be surrounded by
scatterers distributed uniformly in annular rings of equalth. In the second case, the scatterers
have been assumed to be uniformly distributed over anninigs of unequal width. Thirdly, scat-
terers have been considered to be uniformly distributediscsf unequal radii with transmitter
and receiver at the centres of the discs. Uniformly distaun discs (of unequal dimension)
around the transmitter and the receiver were considerewll¥;ithe AOA for a model having an
annular ring of uniformly distributed scatterers only ardiuthe receiver has been studied. The
shape of the AOA pdf is similar for all the four cases. It catsiof two parts, one dome-shaped
part and a flat portion. Moreover, in all the cases the pdfssgnemetric around = 0. The
width of the dome-shaped portion is determined by the oaidius of the annular ring around the
receiver and the distance between the transmitter and teévez. The flat portion of the AOA
pdf is contributed due to the scatterers around the tratemtitose which do not contribute to the
dome-shaped portion. The agreement of the theoreticah&glmnulated results verify the validity

of equation 3.5.17.

09 T T T T T T T
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0.81 IR = = =Analytical 7
0.71 Rl =100 m i
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Figure 3.18: Plots of the theoretical and simulated prdigldensity function of AOA having
annular ring of scatterers of equal width around the tratismand the receiver.
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Figure 3.19: Plots of the theoretical and simulated prdghdensity function of AOA having
annular ring of scatterers of different width around thasraitter and the receiver.
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Figure 3.20: Plots of the theoretical and simulated prdhgloensity function of AOA having a
disc of scatterers around the transmitter and the receiver.
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Figure 3.21: Plots of the theoretical and simulated prditgliensity function of AOA having an

annular ring of scatterers around the receiver.

3.6 Conclusion

In this chapter, geometrically based single bounce chamoelels for a M2M channel have
been discussed. The scatterers have been assumed to benbnddstributed in circular discs
having the transmitter and the receiver located at theitreen The probability density functions
for the TOA and the AOA for such M2M channel model have beelvddr The derived density
functions have been verified through computer simulatioffge analytical expressions are use-
ful for the design of M2M communication systems. The analyss been further extended to a
more generalized dual annular strip model (DASM). The unifgircular scattering model can be
considered to be a special case of DASM . DASM can also be wsezir€ular scattering model
with non uniform distribution of scatterers, for scenafggere scatterers are uniformly distributed
along the angular dimension but have non uniform distrdyutn the radial dimension, with ref-
erence to a polar coordinate system. For this case, thdaneattering region can be segmented
into smaller annular strips and a circle of small radius avieich the scatterer distribution can be

assumed to be uniform.
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Chapter 4

Relay Based Virtual MIMO System

4.1 Introduction

In the previous chapters, discussions have been keptotestto geometrical based modelling
and their analysis. In this chapter a virtual MIMO systemialihs realized using user cooperation
and relaying has been considered. In the subsequent andhgsfading statistics of the individual
links has been modelled using well defined statistical ithstions.

Communication through cooperative relaying is emergingragnportant technique in mod-
ern wireless systems. Wireless relaying allows mobile ireais to participate in the transmission
of information, themselves not being the initial sourcel@ tinal destination [SEA03a, SEA03D,
HZF04, PSP06]. Diversity is used to mitigate the effectsanlirig and it increases the reliability
of radio links in wireless networks. The main idea of coopieeadiversity schemes is to use relay
nodes as virtual antennas to facilitate the communicati@nsource-destination pair by introduc-
ing diversity in the system [LTWO04]. Potential applicatiareas of cooperation diversity include
advanced cellular architectures, mobile wireless ad-tetwarks, and other hybrid networks in
order to increase coverage, throughput, and capacity nsriré to the actual destination or next
relay [PWS 04].

The relays in a cooperative diversity system can broadlyl&gsiied into two different cat-
egories depending on their functionalities. The relaysctassified as either non-regenerative or
regenerative type. The non-regenerative relays simplyligngnd forward (A& F) the received
signal to the next participating relay and/or to the desitimenode. The complexity and latency of

these type of relays are less as compared to the regenesgieeA regenerative relay decodes,
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encodes and then forwards the received signal to the nettipating relay and/or the destination
node. As the received signal requires to be decoded and eti@bthe relay, such relaying process
proves to be computationally complex and time intensivee ibn-regenerative relays are gener-
ally preferred when complexity and/or latency issues argoirtant, as these relays are usually
battery powered and have limited processing capabilif&06]. Non-regenerative type relays
have been considered in this thesis. However, in a non-eegtve relaying system, because of the
presence of intermediate relay nodes, the statistics digimal received at the destination depends
on the channel conditions of all the individual links. Fooperly utilizing the characteristics of
relay links in the system design, it is required to undeidtie statistical behaviour of such chan-
nels. Analysis of statistical behaviour of relay channed haen a research area of considerable
interest and recently some papers dealing with the methiodistermining the fading statistics of
such relay channels have appeared in the literature [KSPBB06]. Mostly, the individual relay
links are assumed to be independent Rayleigh faded channelsis thesis two-hop relay links
have been considered where individual links are assumeéd tndependent but not necessarily
identical Nakagamin distributed. The Nakagami fading model has been considaezeduse of
the flexibility it offers in changing the fading statistic$ the individual links by changing the
parametern, which is known as the Nakagami parameter [Nak60].

The rest of the chapter is organized as follows: Section &@udses the two hop relay sys-
tem. Section 4.3 deals with the diversity combining of suglhy paths employing selection and

maximal ratio combining in a relay based system. Finallpatesions are drawn in section 4.4.

4.2 Two hop relay based system

The simplest form of relay based communication is a two-rmpraunication link as shown
in Fig. 4.1. The first hop is from the source node denoted bytdShe relay node denoted by
‘R’ and the second hop is from the relay node to the destinatame denoted by ‘D’. The source
node may be a base station in case of an advanced cellulansgsta mobile station in an adhoc
network.

In the rest of the thesis, relay is assumed to be an ideal fresseepeater of non-regenerative
type [HAO4a]. Relays of non-regenerative types may be &irthassified into two different groups

based on the type of amplification. A relay with constant aficpkion factor is said to be a fixed
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Figure 4.1: A typical two hop relay based system.

R R

v \

T1=T/2 T2 ="T/2

Figure 4.2: The transmission schedule for a typical two fedgyrbased system shown in Fig. 4.1.

D

gain relay. For a variable gain relay, the amplificationdastaries with time [KTMO03]. For most
cases, the gain variation depends on the variation of thenghaThe relays under consideration
are assumed to be of fixed gain type. The gain has been assorbedunity without any loss
of generality [HAO4b] and the assumption of noise free régresimplifies analytical modelling.
However, from practical consideration it is important téetenine the degradation produced in the
BER performance due to finite SNR at the relay node. The effetite presence of noise at the
relay on the BER performance of a two hop relay has been detedithrough simulation studies
over practical ranges of SNR at the relay and the destination

In Fig. 4.1, the signal reaches the destination (D) from th&ce (S) via a relay node (R).
h1(t) andh,(t) represent the channel between the S-R and R-D link, ctispy. As mentioned,
h1(t) and hy(t) are modelled as Nakagami-distributed so that various fading scenarios can be

generated as particular cases of the generalized modelprbbability density function (pdf) of
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f (h)

Figure 4.3: The plot of Nakagam distribution for different values af.

the amplitudes of, (t) andh,(t) can be written as [Nak60],

m; i h?mi_l m; . o
fu, (h;) =2 (61) T o) exp (—Ehz) (4.2.1)

where, h;>1 andi=1,2. I'(.)represents the Gamma functiom:; denotes then parameter of

Nakagamim distribution for thei** hop. m=1, corresponds to the conventional Rayleigh fading
model while form>1, the channel behaves more like a Rician channel. The plblakBgami
distribution for different values aof: is shown in Fig. 4.3.

Let, H, and H, be the random variables (RVS’) representing the amplituddbe S-R and
R-D links respectivelym, andm, are the corresponding Nakagamiparameters. In a typical
two-hop cooperative relaying environment, the sourcestrats the information in a time Sl(%i
and the relay amplifies and retransmits the same informé&titime destination node in the ne%"(t

time slot as shown in Fig. 4.2. For the flat fading case theivedesignal at the destination node
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can be written as,

y () = A(t) by (t) ho (1) x (1)

for,

N
IN
IN
~

where,
x(t) is the transmitted signal.
A(t) is the gain of the relay.

nq(t) andny(t) are the additive noise at the relay and the destination c&sphy.

As mentioned, for the sake of simplicity but without any loggenerality the relay has been
assumed to be a constant gain relay having an unity gainAiie.=1. Moreover, the relay has
also been assumed to behave like a noise free repeater, tftjsO. So equation 4.2.2 may be
rewritten as,

y(t) = hy (t) he (t) x (t) + n2 (1) (4.2.3)

With the above assumptions, the effective channel betwseisdurce and the destination is ba-
sically the product of two Nakagami- distributed RVs’ and can be written a&s= H;H,. The
density function of the R\ gives the channel statistics between the source and thieakes
via a relay. The density function of any RV obtained from thedquct of two independent RVsS’ is
given in [RS00, Pap91].

Hence,
fz (z):/le (h1)fm, (hil) ﬁdhl (4.2.4)

where, fi, and f, are the probability density functions of the independendoem variabledd,
and H, respectively. Asfy, and fy, are zero forh; < 0 andhy< O, the lower limit of equation

4.2.4 may be set to zero. Using equation 4.2.1 to 4.2.4, thiegimility density functiory;(z) can
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be written as,

mi + Mo
4 z2m1m2) 2
Z g
f2(2) 2" (my) I (mo) < M€y (4.2.5)
2°myms
K, _ 2
) 20,

where,m; andm, are the respective Nakagami parameters of the S-R and R¢[PHjj{.) denotes

the modified Bessel Function of second kind with ord¢GR94].

PN —— Simulated (mlzl,mzzz,le 2,Q,= 4)
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Figure 4.4: The S-D channel statistics of a two hop relayesyst

A comparison between the density functions obtained aicalist from equation 4.2.5 with the
density function obtained through simulations has beewsho Fig. 4.4. For the purpose of sim-
ulating the S-D channel statistics, the Nakagamthannels of the individual links were generated
by employing techniques reported in literature [BCO5]. histtechnique, samples of Nakagami
distributed numbers with parameterand(? are generated frommi2 number of independent and
identically distributedi{d) Gaussian random variable§ for the Nakagami distributed random

numbers thus generated is 2fnwheres? gives the variance of the Gaussian distributed RVs.
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4.3 Diversity combining of relay paths

With the probability density function of fading derived f@lay paths, the diversity combining
has been considered next. Diversity combining is a veryiefficeceiver end technique for perfor-
mance improvement of a wireless communication link. Theeedd#ferent methods of combining
the received signals obtained by different diversity breasc These methods have a trade-off be-
tween complexity and performance. The most commonly usetbgung schemes are a) selection
combining (SC), b) maximal ratio combining (MRC), and c) aljgain combining (EGC). In this
work the first two combining techniques have been considé&t&{L can be considered as a special
case of MRC.

In SC, signal from one of the L-diversity branches is sel@dtg further processing. The
diversity branch having the highest SNR or in an interfeeelimnited system, having the highest
signal to co-channel interference ratio (SIR) is genereitlgsen. Measurement of SNR or SIR at
the receiver end is difficult, so the path having the higheatst power is chosen assuming that all
the diversity branches are affected by the same noise p&e@O[1].

In MRC, the signals obtained at the receiver from differemesity branches are co-phased
and the gain on each branch is set equal to the signal amplituthe mean noise power ratio

[Jak74]. Thus the branch weights are given by,

w; = ae’% i=1,2,.L (4.3.1)

Y )

where,

N; is the mean noise power at tfé branch.
r; is the received signal at thi& branch.

In Fig. 4.5, a scenario has been considered where it is asstimedirect communication
between the source and the destination is blocked. Thisafpeenario can generally be observed
in urban locations where the link between the source anddkgrdtion is blocked by high rise
buildings and constructions. In such a scenario, commtinithetween the source and the desti-
nation can be established through relay nodes. Diversitlyarform of cooperative diversity can
be achieved by properly scheduling the transmission betwlee nodes. For the system model

under consideration, the transmission is scheduled ie thmfogonal time slots. As shown in Fig.
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Figure 4.5: Two branch dual hop relay diversity links.

/ R1 Rl\
Nro > | e

R2
T1=T/3 T2=T/3 T3=T/3

Figure 4.6: The transmission schedule for a two branch do@akélay system shown in Fig. 4.5.

4.6, the source node S transmits the message to both thened@g R1 and R2 in the first time
slot T1. In the second time slot T2, the relay node R1 forw#ndsmessage (received in the first
time slot T1) to destination node D, where it is buffered ftel processing. In the third time slot
T3, the relay node R2 transmits the message (received inrffeifine slot T1) to the destination
node D, and is combined with the buffered copy of the messae felay node R1. This pro-
cedure increases the reliability of the transmission atcthst of reduced data rates and spectral
efficiency. The S-D link via relay R1 and that via relay R2 asswaned to be independerf;, (z;)
andfz,(z) representing the pdf of the S-D channel via relay R1 and R#wely, are therefore
independent.

The joint probability density functionfy, z,(z122), of the two independent relay channels,

enclosed by the dashed box in Fig. 4.7 may be written as,

f212, (2122) = [z, (21) f2, (22) (4.3.3)
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1
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Figure 4.7: The channel between the source and the destinati

Combining equation 4.2.5 and equation 4.3.3,

Frnza (2172) = ——2
2129 H T (m;)
= my + me ms + My
9 <Z%m1m2 2 (z%m3m4) 2
0, XN (4.3.4)

where,mq, £2; andmsy, €, represents the Nakagami distribution parameters of thelegs links
S-R1 and R1-D respectively. Similarby;s, (23 andmy, 24 represents the same for the S-R2 and
R2-D links respectively.

4.3.1 Selection combining

A two branch selection diversity system has been shown in &8 The instantaneous SNR

in terms of voltage, denoted &sV Ry, may be written as,

1
SN Ry —— max

= N (21, 22) (4.3.5)
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Figure 4.8: The block diagram of a selection combiner.

where,z; andz, represents the instantaneous signal voltages at the eed¢ewm two independent
diversity branches. For the sake of simplicity and in ordereduce the number of variables the

noise powerV is assumed to be unity. Therefore equation 4.3.5 may beanrés,
SNRy,,|y- = max (21, 22) (4.3.6)

The pdf of voltage signal to noise ratio or power signal toseoiatio at the output of the
selection combiner are required to evaluate the systeronpeaihces. In this regard the pdf of the
voltage signal to noise ratio is first evaluated by settirggrthise power to unity. The other pdf’s
can be eventually obtained from the said pdf by simple t@nsdtion of variables.

The voltage signal to noise ratio at the output of the selactiombiner is same as that of
the voltage signal to noise ratio of the strongest diversignch at its input. For a two branch
relay diversity system the output voltage signal to noise ia equal to that of branch 1 when the
voltage signal to noise ratio of branch 2 is less than or emgutilat of branch 1 and vice versa. So
if the voltage signal to noise ratio at the output of the s@@ccombiner is denoted by; it may
be concluded that at least one of the diversity branchesthaveoltage signal to noise ratio equal
to s while the others are less than or equasio

For the two branch diversity system under consideration; i s thenz, < s. The line
labeled; in Fig. 4.9 corresponds to this event. The lihecorresponds to the situation when
z1 < sandz; = s. The event that the envelope at the output of the selectiotbower iss, is the

sum of all the events ovdi andI, that produce as its output. This can be obtained by integrating
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Figure 4.9: Combination of values af and z, that forms an envelope at the output of the

selection combiner.

fz.2, (z122) along the lines described in Fig. 4.9. So, the envelope abtityeut of the selection

combiner may be written as,

fs (5):/f2122 (z122)],, 5022 (4.3.7)
0

+ / fz.2, (122)| ,—,d=1
0

fs(s) =L +1 (4.3.8)
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From equation 4.3.4,

mi+mg

4 s2myms 2
I = 4.3.9
! s (ml) T (mg) ( QlQQ ) ( )

$2mymes

mg+my

><r(mg>4r (ma) (”éi?if ) |

23mamy

X metma—lpr |2 d
/ i s 0.0
0

Similarly,

ma+m,
[ 4 s2msmy TN
2 Q5

$2msmy
XK (g —ma) (2 Q38 )
mq+mo

Xr<m1>4r (m2) (gi?{j) |

22mymy

x [ gmitme—lpe 12 dz
O/ 1 ( 1 2) Q1Q2 1

(4.3.10)

In a more compact form, the density function at the outputefelection combiner may be written

as [PBO7b],
2
=C{smrmeig | gy /2L
fS (8) {S (m1 2) ( Qle
1 m3+ma qg
X (a) f Zm3+m4_1K(m3_m4) (Z) dz
0
4.3.11
+ ma+m 71K 2 82m3m4 ( )
S 4 ms3—may
(m3 ) \/ Q30
1 m1+me Bs
: (E) [ K g ()
where,
mi+mo m3+maq
C— 16 (mlmg 2 msimy 2
08y Q38
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Figure 4.10: pdf of the envelope at the output of a selectonluner.

The density function at the output of the selection combgmezn by equation 4.3.11 has been
plotted in Fig. 4.10 and compared with those obtained thnasigwulation of the system. The
m-parameters of all the four links, of the two branches, wetdsunity.(2;, 5, Q3 and{2, were
taken to be 2. The simulations were done using MATLAB. The a&¢mmism distributed random
variables were generated following the procedure giveB®@J5] and described in section 4.2.
fs(s) gives the voltage signal to noise ratio at the output of thectien combiner assuming the
noise power to be unity, the power signal to noise ratio is oferrelevance and can be obtained
from fs(s) by substitution of variables.

The power signal to noise ratiaf and the voltage signal to noise rati) ére related as,

SNRp|y_, = (SNRy|y_,) (4.3.12)
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w = s° (4.3.13)
The probability density function ab can be obtained from that 6ffRS00]

1
2w

Since the pdf ok exists only for the positive values, hence the second teragoétion 4.3.14 is

fur () = 5= s (Vi) + = fs (V) (4:3.14)

Zero.

1
= 57215 (Vw) (4.3.15)

All the above pdfs have been derived for unity noise powert tBe pdf of the power signal

fw (w)

to noise ratio for any arbitrary noise power is of theordtiogportance and can be derived from

equation 4.3.15. lfuy represents the signal to noise ratio for any arbitrary power

wy = % (4.3.16)
The pdf ofw,y is related to that of w by [RS00]
Substituting 4.3.15in 4.3.17
vN
fwy (wn) = szs <\/NwN> (4.3.18)
on further simplification,
N
fwy (wn) = mfs (\/E) (4.3.19)
Combining 4.3.19 and 4.3.11,
C\/N mi+mo—1
fo (wn) =3 { (VA

Nwymime
Koo (275 5)

1 m3—+may a\/m
X <_> f tm3+m4_lK(m3—m4) (t) dt (4320)

Q 0

mg+ma—1 | Nwymsm
—l—{( /—NIUN) 3+ma K(ms_m4) (2 - (JZVQS 4)
382y

1\ ™m2 By Ny
X( ) [ A K gy (1) dit

8

where, the constants, «, andj are same as given in equation 4.3.11.

0
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For mi=my=m3=m,=1 and;=,=3=0,=2, the power signal to noise ratio at the output of

the selection combiner can be written as,

fWN (wN) = 2\/@
< i ) dt}
‘I‘{( NU}N) KQ (\/NUJN)

VNwy
| [ Ky (t) dt}]

(4.3.21)

=

4.3.2 Maximal ratio combining

In this subsection, the probability density function of 8M&R at the output of a maximal ratio
combiner at the destination node of Fig. 4.5 has been ewludthe individual links have been
assumed to be Nakagamifaded as stated earlier. The density functions for bothagealtsignal
to noise and power signal to noise ratio have been derived.vbhage signal to nose ratio and
power signal to noise ratio are denotedsa8Ry,, .. andSNRp,, ... respectively. The two signal

to noise ratios are related to each other and to the inpualsigri the two diversity branches as,

1
SNRVMRC = ‘/SNRPMRC = \/—N Z% = Z% (4322)
SNR,, =.|SNR, =i§7 _ .
1 1 \m erI_ +2,
SN, =.fSNR == _=e
E RVM o ﬁ
¥ z
O T % ) = '@
SRy, =/ SNRy _ij Y ‘Gm E& E Demodulator——
) |0 é
N

Figure 4.11: Block diagram of a two-branch maximal ratio bamer having equal noise power in

both the branches.

The joint probability density function of two independeelay channels is as given in equation

4.3.4. It needs to be integrated to find the probability dgrianction at the output of the maximal
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ratio combiner. But in Cartesian coordinates the evaluaatidhe integral becomes very involved.

Changing into polar coordinates makes the analytical féatran easily tractable. The variables

are transformed as,

21 = M CoS ¢ (4.3.23)
Zo = msin ¢ (4.3.24)
&
2,

A m.sing [~ |

[11] |

|

$ |

; >

Figure 4.12: Combination of values ef and z; that forms an envelope: at the output of the
maximal ratio combiner.

As, >0 andz, >0, so 0< ¢ < 7 as shown in Fig. 4.12. The new probability density function
can be deduced from equation 4.3.4, by change of variabtesmanduction of the Jacobian of the

transformation. The new density function is defined as,

frue (m, @) = ‘J) “fz.2, (21, 22) (4.3.25)
where,.J represents the Jacobian.
921 dz1
J=|om 09 i (4.3.26)
9z2 Oz
om ¢
Therefore, equation 4.3.25 gets modified to,
fyua (m, @) =m- fz,7, (21, 22)| (4.3.27)

Z1 = Mmcos ¢

Z9 = msin ¢
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Figure 4.13: pdf of the envelope at the output of the maxim@abrcombiner.

In equation 4.3.2'% varies from 0 tof. So, fi,(m) may be written as,

R
s () = / O (4.3.28)
0

Substituting equation 4.3.27 into equation 4.3.28,
fM (m> = Omm™ +ma+mg+mg—1
71'/2 1
X / —————— cos™ T2 (¢) sin™3 ™ ()

sin ¢ cos ¢

2 cog2
<K s 2\/m cos? () mymy

2,09

m?2 sin? (¢) mgm
X K (s ) 2\/ 929)4 ) do (4.3.29)

where,

mi+me m3+maq
16 <m1m2 2 ms3mny 2

2,09 Q38

4

[1T (mi)

i=1
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The density function at the output of the MRC given by equadi3.29 requires to be evaluated
numerically for specific values of; and(?; , wherei=1,2,..,4 .

For a specific case when;=1 and(2;, = 2 fori = 1,...4. equation 4.3.29 reduces to [PB073a]

TR
Jor () = € i [ "cos(6) s (6) - K (m cos ()
X Ko (msin (¢)) do

(4.3.30)

The above integral has been computed numerically to obitaifiimal density function at the

output of maximal ratio combiner and shown in Fig. 4.13.

4.3.3 Bit error rate performances

10 E T T T T T
. - © -Analytical | ]
—— Simulation| |

Bit error rate

_5 )
0 5 10 15 20 25 30
SNR (dB)

Figure 4.14: Comparison of bit error rate obtained anadtfand through simulation at the output

of the selection combiner.

The bit error rate for the system described in Fig. 4.5 andngeselection combining at the
output has been plotted in Fig. 4.14. The Nakagami parasjeteand(? for all the individual
links were assumed to be 1 and 2 respectively. The BER olotéamehe channel having pdf given

by equation 4.3.11 is same as the BER obtained through siiolaf the individual channels,
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Figure 4.15: Comparison of bit error rate for selection arakimal ratio combinig.

generated according to the methods described in [BCO5]panfdrming selection combining at
the output. The validity of equation 4.3.11 is thus verified.

In Fig. 4.15 the bit error rate performances for selectiod araximal ratio combining in
the cooperative diversity scheme under consideration haga compared. The simulations have
been carried out by generating random variables having eéhsity functions given by equation
4.3.11 and equation 4.3.29. The random variables have lm@raed by the method of rejection
[TSRKO4]. It may be observed that the improvement in BER grenfince is not significant on
application of maximal ratio combining with comparison e tBER performance for a selection
combiner at the destination node for the system depictedinds.

While evaluating the analytical expressions for the pdheftivo hop relay link, the relay node
has been assumed to be noise free. Such an assumption obhreldg has been made to reduce
the mathematical complexity in derivation of the pdf exgres. In practice the SNR at the relay,
what so ever large, is a finite quantity. It is therefore neagsto estimate the error introduced in
computation of BER using the pdf in equation 4.2.5 and findestwer limit on the relay SNR
above which the error in BER will be reasonably small. To gtilné behaviour of error in link BER

as a function of SNR at the relay, the BER Vs SNR performancigealestination node with SNR
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Figure 4.16: Root mean square error Vs SNR.

at the relay as a parameter have been computed . The rang&iobtien SNR has been taken as 0
- 30 dB and the same range has been used for the relay SNR a&wetl the knowledge of BER
values at different destination SNRs, for a given SNR at éi@yrand comparing the same with
the BER values for those destination SNRs for an ideal ref@/root mean square (rms) error in
BER at the given relay SNR have been computed. Figure 4.1@sstin@ variation of the rms error
as a function of the SNR at the relay. From Fig. 4.16 it can seahfor the values of relay SNR

> 20 dB, the equation 4.2.5 can be used for computation of BERowt making significant error.

4.4 Conclusion

In this chapter the expressions for the probability derfsittion of the signal envelope at the
output of a selection combiner and maximal ratio combinavjrig signals from two independent
relay channels as inputs has been presented. The chartisticsaf the individual hops of a relay
diversity branch have been assumed to be Nakagaifaided. The end-to-end density function of
a two hop relay branch, with each hop being Nakaganaiistributed has also been evaluated. The

analytical results have been verified through simulatigrpgrticular values of the Nakagami pa-
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rameteryn. The bit error rates for the two combining schemes (selea@mnbining and maximal

ratio combining) have also been evaluated for the systeranowhsideration.
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Chapter 5
Conclusions

This thesis has addressed certain issues related to chrandelling for multi-antenna systems
and also investigated the performance of relay based comsation scenarios. MIMO system de-
sign for realistic environment needs to take into accouatetifiect of array geometry and mutual
coupling between the antenna elements as these factoc$ tiféecapacity of MIMO channels.
Such issues have been addressed in this thesis using a geattyebased single bounce scatter-
ing model representing the propagation environment. A n&thod based o§—parameter has
also been developed for evaluation of the channel mtdfixvhen the channel is modelled from
a microwave perspective. Direct communication betweemtbbile nodes known as mobile-to-
mobile communication is prevalent in many recent wirelessvorks. By extending geometrically
based channel models, analytical expressions for the ahgteival and time of arrival probability
density functions have been derived for M2M channels. Irt@rdorm of communication, virtual
MIMO systems are formed using node cooperation and relayegormance of a relay based di-
versity system has also been analysed here in detail. The e¢oatributions are summarized in

the Section 5.1 and a few tracks for extending the preserksaare outlined in Section 5.2.

5.1 Summary of Contributions

In Chapter 2 of the thesis, the following three problemsteglao MIMO systems have been

addressed:

e The effects of array geometry on the capacity of a MIMO system
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e Determination of channel matrid for a MIMO channel modelling from microwave per-

spective and

e The effect of mutual coupling on MIMO channels.

The effect of array geometry on the capacity of a MIMO systeas heen investigated in the
framework of geometry based single bounce modelling tegheni Four different arrays namely,
uniform linear array, uniform circular array, rhrombic grend star array each having four elements
have been considered for this purpose. For the differeay@ombinations considered, it has been
observed that for a properly aligned fixed MIMO link, use ofdar arrays at both the transmitter
and the receiver end gives the best performance in termeohdximum achievable capacity. If
the rotational motion of the mobile station array is taketo iconsideration which results due to
mobility of the mobile stations, the combination of lineadsstar shaped antenna array has been
found to give better performance. The mean capacity for & array combination has been
found to be maximum with minimum standard deviation.

MIMO channel modelling from microwave perspective has beamsidered and a scattering
matrix based approach has been developed for obtaininghehamatrix H for such modelling
approach.

Studies have been performed on the effect of mutual coupingliIMO system performance.

It has been observed that for small inter-element sepaaftgpically less that.5)), mutual cou-
pling has an effect on the estimated capacity of a MIMO sysiathhence such effects need to be

included in MIMO channel models.

Chapter 3 of the thesis has dealt with geometrical modetiing2M communication and us-
ing such models, analytical expressions for the TOA and AGQAhave been derived. Uniformly
distributed circular discs around the mobile station acted for the scattering environment. The
analysis has been extended to a more generalized dual asimpanodel (DASM). The uniform
circular scattering model can be considered to be a spexsal of DASM . DASM can also be
used for circular scattering model with non uniform digtitibn of scatterers, for scenarios where
scatterers are uniformly distributed along the angulagaion and may have other distribution in
the radial direction, with reference to a polar coordingtem. In doing so, the circular scatter-

ing region can be segmented into smaller annular strips airdla of small radius over which the
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scatterer distribution can be assumed to be uniform.

In Chapter 4 of the thesis, relay based communication systenieen investigated and statis-

tical models of the channels have been used to carry outsiaddy:

e Selection diversity combining for a scheme having two diitgrpaths and each path having

a non-regenerative relay
¢ Maximal ratio combining for the same scheme
e Bit-error-rate performances of both the schemes.

Expressions for the probability density function of thensibenvelope at the output of a selec-
tion combiner and maximal ratio combiner, having signalsftwo independent relay channels as
inputs have been derived. The channel statistics of theiohahal hops of a relay diversity branch
has been assumed to be Nakagamiaded. The end-to-end density function of a two hop relay
branch, with each hop being Nakagamifaded has also been evaluated. The bit error rates for
the two combining schemes (selection combining and maxiated combining) have also been

evaluated for the system under consideration.

5.2 Tracks for Future Work

Several issues related to MIMO, mobile-to-mobile and rddaged communication systems
still remain open. A few tracks for future research out of phesent work are outlined below.

In this thesis the coupling matrix has been evaluated usipglelantennas. But in practical
handheld devices planar or patch antennas are mostly usatliaon of coupling matrix for such
planar antennas would help in more accurate geometricaghmoglof MIMO channels.

While analysing M2M channels, the effect of far scattereas hot been taken into account.
Far scatterers and presence of scatterer clusters moéifghidinnel characteristics, the effect of
such scattering may be studied in detail in the context of M2ilgnnels.

This thesis has considered a single user multi-antennaray$lulti-user MIMO systems may

be studied where interference from other users are alsa tak&consideration.
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For the relay based system, the analysis has been keptditoitdual-hop two diversity path
systems. Scopes exists in extending such analysis for paliwhaving more than two hops as well

as systems having more than two diversity branches.
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Appendix A

A.1 S-Parameter

Representation of microwave networks in terms of impedaneemittance matrix is not con-
venient. There is difficulty in defining voltages and cureefdr non-TEM (transverse electro-
magnetic) lines. Similarly, practical problem exists whling to measure voltages and currents.
Then equivalent voltages and currents and correspondipgdance and admittance matrices be-
comes somewhat abstraction in the microwave frequencyerahige quantities that may be mea-
sured more easily and directly are reflection and transomssoefficient. This forms the basis
of scattering matrix.§-matrix) formulation and such representation are more goatance with
direct measurement. Scattering parametérpgdrameters) are used to analyse N-port microwave
networks in terms of the incident and reflected waves atreiffeports. Figure A.1 shows a N-port
microwave network, where; andb; respectively represent the incoming and outgoing tragelin

waves at the' port of the network and,’s are the terminal planes. The andb,; are defined

as [Gup80]
Jr
a; = Normalised incident wave at the i port = —'— (A.1.2)
V' Zoi
-
b; = Normalised reflected wave at the i port = —* (A.1.2)
v 2o

where,Z, gives the characteristic impedance of tffeport andV;" & V.~ represents incident and
outgoing waves at the terminal plane of tHeport.

The S-parameter between any two ports, say'thand thej*" port is written as,

b,
Siyj = — where k = 1,2,3..., Nandk # j (A.1.3)

a'_] ak:O
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2
tn
by _ | N-Port T =—— as
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an ! Network Port 3
Port N \

ty \{\
by a4

Figure A.1: A N-port microwave network.

Substituting equation A.1.1 and A.1.2 into equation A.1.3,

o = ViV
ARV

If the characteristic impedances of tieandj*" port of the microwave network are assumed

where k = 1,2,3..., Nandk # j (A.1.49)

+_
V=0

to be equal, then equation A.1.4 can be written as,

where k = 1,2,3...,Nandk # j (A.1.5)

J

V=0
In matrix notation the relationship among the scatterintapeeters, the incoming and the

outgoing traveling waves faW port microwave network can be written as,

b=Sa (A.1.6)
[ b | [ S11 S12 *c+ SIN 11 ax |
o _ i (A.1.7)
_bN ] | SN2 Sn2 - SNN | | AN

where,b anda represents th&/ x 1 vector constituting of the outgoing and the incoming trangg!

waves at theV-ports.S denotes theéV x N scattering matrix. The outgoing traveling wave at the
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i'" port can be written as,
N

bi = Z Sk, (A.1.8)

k=1
For a two port microwave network the relation between themmiag and outgoing waves at

each ports can be written as,

b1 = s11a1 + S1202 (A.1.9)
b = $2101 + S2202 (A.1.10)

When all the ports have the same characteristic impedance,

_

o (A.1.11)
1

V;h=0

represents the reflection coefficient at port 1. If the pos ®iminated to a load such that =

0, which implies that there is no reflected signal i.g; gives the reflection coefficient at port
1 when port 2 is matched. In a similar manner other coeffisiendly be defined.s,, is the
reflection coefficient at port 2s,; is the transmission coefficient from portl to port & is the
transmission coefficient from port 2 to 1.

Using the definitions of; andb;:

Vi=Vit + Vo = Vzei(a; + b;) (A.1.12)
1

L=— (Vt-V7) (A.1.13)
Zoi
1

= (a; — b;) (A.1.14)

Power flow at the!” port may be written as

1

P, = SRe(Vil}) (A.1.15)
1
1

= 5 (ol = b)) (A.1.17)

Now la;a; is the power incident té" port andib,b; is the power reflected. Therefor? is the
power carried into the port.

Some properties ofS— matrix :

Unitary Property : For any lossless network, the product of any column of théestag matrix

with the conjugate of this column equals unity. This propéstreferred as unitary property.
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Zero Property : The product of any column of the scattering matrix with thenptex conjugate
of any other column is zero. This property is referred as peoperty.
Change of reference plane :If 6; = g;l; is the electrical length of the outward shift of the

reference port of thé” port the resultant scattering matrix may be written as:

e 0 0. 0 e 0 0. 0
s'] = 0 e % .. 0 (5] 0 e 9% .. 0 (A.1.18)
0 0....0 eI0N 0 0........ e IoN

The effect of short circuiting a port is considered next. &@n A.1.10 can be written as,

ay = by — arsm (A.1.19)

5929

If port 2 is terminated with a short circuit then + b, = 0, i.e.a; = —by. Equation A.1.19 can be

modified to,
T (A.1.20)
522
521
= —ay - A.1.21
a2 a1 o ( )
From equation A.1.9 and A.1.21 it can be written,
521512
by = —ay - A.1.22
1= Q1811 — I 1+ 599 ( )

sh, is the reflection coefficient of the equivelent single portwuek obtained by short circuiting

the second port.

b
s = = = Sl 2112 (A.1.23)
ay port 2 short circuited 1 + 5922
Similar analysis can be extendedAb-port network for whichA/ —ports are short circuited

andM < N.
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Appendix B

B.1 Channel Capacity

A probabilistic experiment involving the observation a¢ thutput of a discreet source during
every unit of time has been considered. The source outpubeanodelled as a discrete random

variableS which takes symbols from a fixed finite alphabet given as,
S: {80,81,82.‘.,81(_1} (Bll)

with probabilities

The information gained after observing the event s;, which occurs with a probability; is
defined as [Hay01],

I (s) = log, (pik) (B.1.3)

The mean of (s;) over the source alphabet is given as

= 2 pul (s) (B.1.4)

H (S) is called the entropy of a discrete memoryless channel vaitice alphabe$. Entropy
gives the measure of the average information content pebslym
A discrete memoryless channel can be modelled statistiealla system with inpuk” and

outputY which is a noisy version ok . For measuring the uncertainty i after observing” the
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conditional entropy ofX selected from the set of alphal®tgiven thaty” = y, is defined as,

J-1
H(X|Y =yx) = > p(x;|u) log, {m] (B.1.5)
=0 j

The mean of the entropi/ (X|Y = y,) over the output alphabéf is given by,

K—1J-1 ]
H(X|Y) = % jzop(xjayk:) log, lm} (B.1.6)

H (X|Y) is called the conditional entropy. It gives the uncertairmaining about the channel
input after the channel output has been observed. HéN¢X) — H (X|Y) gives the uncertainty
about the channel input that has been resolved by obsetvnghiannel output. This is known as

the mutual information of the channel and is denoted ;Y
I(X;Y)=H(X)-H(X|Y) (B.1.7)

For the discrete memory less channel under consideratemtiiual information of the channel

can be written as,

K-1J-1
1OGY) = Y Yy, w) log {%} (B.1.8)

The input probability distributiorip(z;)) is independent of the channel. Hence the mutual infor-
mation can be maximised with respecii@;).

The channel capacity of a discrete memoryless channel isetkfis the maximum mutual
information/ (X;Y) in any signalling interval where the maximisation is overpalssible input
probability distributiong(z;) onX. Hence,

C = {2212;;:} I(X;Y) (B.1.9)

For formulating the information capacity for a band limit@dwer limited Gaussian channel,
a zero mean stationary processt) has been considered band limitedBoHertz. LetX, k =
1,2, ...K be the samples of the signal obtained on uniformly samphiig) at the Nyquist rate
of 2B samples per second. If the samples are transmitted in T deaorer a noisy channel

bandlimited toB Hertz, then the number of sampl&sis given by,

K = 2BT (B.1.10)
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For any particular sample it can be written,
Vi=Xp+w, fork =12 ..K (B.1.11)
wy, IS the zero mean Gaussian noise sample with variance given by
o2 = NoB (B.1.12)
As the channel is power limited the information capacitytef thannel can be defined as

C = max {I (Xi;Ys) : E [X7] = P} (B.1.13)
ka(:I:)
The maximization is attained by choosing the samples ofréresimitted signal from a noise like

process of average power P. Correspondingly, it may beemiritt
C =1 (Xg;Yy) : Xp Gaussian, E[X]=P (B.1.14)

The variance of samplg, of the received signal equals+ 2. The differential entropy of}, can
be written as
1
h(Yy) = 5 108 [27e (P + 03] (B.1.15)

The differential entropy ofv, can be written as
1 2
h(wy) = 5 108 [2meay] (B.1.16)
Hence, the information capacity in terms of bits per trassion can be written as,

1 &
C=-log, |1+ — (B.1.17)
2 o2

Alternatively, information capacity of a real additive wdiGaussian noise (AWGN) subject to the
constraint of fixed transmit power P in terms of bits/sec camhtten as,

P
C' = Blog, <1 + —2> bits/ sec (B.1.18)
o

w

where, B is the channel bandwidth amgl gives the noise variance. For a wireless communica-
tion experiencing flat fading and the receiver having pert@owledge of the channel state, the
capacity is given by,

C=F

w

h|* P _
log, (1 + | (|72 )] bits/sec /Hz (B.1.19)
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where,h(n) gives the complex gain of the channel and is assumed to berstat and ergodic.

For a MIMO flat faded channel the ergodic capacity is giventyp5],

C=F

det (Ry)

det (R, + HR H'
log, < ¢ ( )>] bits/sec /Hz (B.1.20)
subject tcn}l%ax tr (Rs) < P where,T represents Hermitian transpose, & R, are the correlation
matrices of the transmitted signal vectaaind the channel noise vector

When the signals are drawn from a white gaussian code book,

Sl (B.1.21)

)
- UsINz

N, elements of the channel noise vecioare iid complex gaussian random variable,

Ry = E [ww*
fwer] (B.1.22)
= Uz)IN’I‘
0.2
C=E [1og2 (INT + —SHHT)} (B.1.23)
Uw
P No?
p=— =1 (B.1.24)
aw Uw
C—E {logQ (det <1N,, L %HHT>> (B.1.25)
t

which gives the ergodic capacity for a MIMO flat faded chanassumingV, > N,. For N; =

N, = N the capcity can be written as,

C =B [10g2 (det (IN s %HHT))} (B.1.26)
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