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ABSTRACT

POLARIZATION DIVERSITY IN CHANNEL MODELING FOR MIMO SYSTEMS

Soker, Burak

M.S., Department of Electrical and Electronics Enginegrin

Supervisor : Prof. Dr. T. Engin Tuncer

June 2013747 pages

In a multiple-input multiple-output (MIMO) system, intantenna distances can be made large and
uncorrelated signals can be transmitted and received wiea ts sfficient space at the transmitter
(TX) and receiver (RX). When the antennas are closely spatieersity advantage is lost and com-
munication performance degrades. In this case, polavizdiiversity can be used in order to decrease
the correlation and improve communication performance etaited channel model, which includes
both cross polar discrimination (XPD) and correlationfo@nt, is used in this study. Transmitter is
assumed to have enough space and correlation is considetbe feceiver only. Received signal cor-
relation codficients are generated from a realistic random 3-D model dicpiantenna polarization
orientations, XPD, azimuth and elevation angles of dimebtf-arrival. In this study, channels with
and without correlation are considered. Polarizationmitgin a 2<2 MIMO communication system

is investigated for Alamouti (AL) and spatial multiplexif§M) transmission schemes considering
both BER performance and channel capacity. In additiffieces of the number of antennas on SM
BER and capacity are investigated for38and 4«4 MIMO systems. BER and capacity performance
of single polarization and polarization diversity are cargd for constant and distance dependent ran-
dom channel parameters. The relative performance of spagjkrization and polarization diversity
system depends significantly on the channel charactexidtics shown that polarization diversity re-
sults better BER and capacity compared to single poladmatspecially when there is not enough
space at the receiver. Therefore, polarization diversaty loe used in MIMO systems with limited
antenna space, in order to improve communication perfocaan

Keywords: Polarization diversity, MIMO, correlation déieient, Alamouti scheme, Spatial Multiplex-
ing, channel capacity
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CGCC SSTEMLERICIN KANAL MODELLEMEDE POLARIZASYON CESTLILIGI

Soker, Burak
Yiksek Lisans, Elektrik ve Elektronik Mihend&iliBolumi

Tez Yoneticisi  : Prof. Dr. T. Engin Tuncer

Haziran 2013[ 47 sayfa

Bir ¢ok-girdili cok-¢iktilh (CGCC) sistemde gondermecte &lmagta yeteri kadar alan varsa, anten
elemanlar arasi mesafe yiiksek yapilabilir ve ilintisizysiler gonderilip alinabilir. Oteyandan, alan
kisitindan dolayi antenler ayni alana yerlestirilirgsitilik avantaji kaybolur ve iletisim performansi
kotilesir. Bu durumda ilintiyi azaltmak icin polarizasygesitliligi kullanilabilir. Bu calismada cap-
raz polarizasyon ayrimi (CPA) ve ilinti katsayisi gibi pddasyon etkilerini ele alan detayli bir kanal
modeli kullaniimaktadir. Gondermecte yeteri kadar alatu@l varsayilir ve ilinti sadece almag icin
degerlendiriimektedir. Alinan sinyallerin ilinti katsawli, anten polarizasyon oryantasyonlari, CPA,
yanca ve yikselis varis acilarini iceren gercekgi rasgdboyutlu bir modelden tretilir. Polarizasyon
cesitliligi ilintili ve ilintisiz kanallar icin incelenmistir. Bu glismada hem ilintili hem de ilintisiz ka-
nallar ele alinmistir. 22 CGCC iletisim sisteminde polarizasyon cesifiiliAlamouti (AL) ve uzaysal
coklama (UC) gonderme senaryolarinin BER performanstakaenal kapasitesi icin derlendirilmis-

tir. Ayrica anten sayilarinin UC BER ve kapasite Uzerindgkileri 3x3 ve 4x4 CGCC sistemler icin
arastiriimistir. Tek polarizasyon ve polarizasyornit{iggjinin BER ve kapasite performanslari sabit ve
mesafeye bgli rasgele kanal parametreleri icin karsilastiriimigiek polarizasyon ve polarizasyon
cesitliliginin birbirlerine gére performanslari bilyiik élciide kadaglliklerine balidir. Ozellikle al-
magta yeteri kadar alan olmdapidurumda, polarizasyon cesitfjinin tek polarizasyona gére daha iyi
BER ve kapasite sonuclari vegiigdzlenmektedir. Sonug olarak anten alani kisith CGGanilerde,
iletisim performansini artirmak icin polarizasyon ¢éggi kullanilabilir.

Anahtar Kelimeler: Polarizasyon gesitijli CGCC, ilinti katsayisi, Alamouti senaryosu, Uzaysak€o

lama, kanal kapasitesi
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CHAPTER 1

INTRODUCTION

There is a variety of MIMO diversity techniques and polati@a diversity has received significant
attention recently. In this thesisffect of polarization diversity is investigated forfidirent MIMO
communication systems employinglgrent transmission schemes under fully characterizednethan
model.

1.1 Motivation of Thesis

MIMO communication systems may have diversity gain and iplaiting gain so that lower BER val-
ues and higher data rates can be achieved as compared to&ite®s. As technology improves, the
demand for both high speed and high performance increaassdally. Consequently the interest for
MIMO system rises. Nowadays, new communication systentigeithe benefits of MIMO communi-
cation systems. For instance, some very popular systenhsasucTE, WIMAX, Wi-Fi use a variety
of MIMO standards with dferent algorithms.

Moreover, as technology improves, more than one commuaicaystem is desired in a single com-
munication device. For example, FM receivers, GPS receigad 3G protocols are integrated into
almost every mobile phone, even into some radio transce@nsequently, more compact transmit-
ter and receiver pairs are highly desired. The smaller timenconication device, the more attractive
it becomes. Therefore, the volume for communication hardveaould become smaller. In short,
improvements in technology may cause space problems.

If the antenna elements in a MIMO system can be located fangimérom each other, uncorrelated
transmission and reception of the signals can be realizedh®other hand, if the antenna elements
can not be located far enough from each other due to lack afesgdghly correlated signals are
transmitted and received. Thus, the system performancaleagase.

The correlation between the transmitted or received sigdepend on not only the distance between
the antenna elements, but also the polarization oriemstd them. When there is not enough space
at the transmitter or receiver, polarization diversity g#&ld additional diversity and correlation can
be decreased as compared to spatial diversity only caseefdhe, when there exists correlation due
to insuficient inter-antenna distance and polarization diversigmployed, more uncorrelated signals
can be transmitted or received which may lead to MIMO commation with higher performance and
higher speed.

In this study, transmitter is assumed to be a base statiomeseil/er is a mobile equipment. In other
words, mobile equipment downlink is considered. Trangmit assumed to have enough space so as



to suficiently decorrelate the signals to be transmitted. Thesgetis no correlation at the transmitter.
Whereas, hand-held equipments are usually small afidrdtom space problem. Consequently, cor-
relation is investigated at the receiver. In this thesisradation is defined as the correlation between
the received signals fromfikerent RX antennas. When there is not enough space and aelenments
are placed close to each other, channefiatients of diferent antenna links are the same. That is the
reason why correlation exists at the receiver. Since catiosl is defined only for receiver, correlation
codficient refers to receiver correlation ¢beient at the rest of this thesis.

When the antenna elements havBatient polarization orientations, the onlffext is not the reduced
correlation. In addition to correlation subchannel povessslis anotherféect of the polarization di-
versity on the channel. These are explained in detail in telm&h Polarization diversity does not
always cause better performance. Due to power loss of calasized antennas, in some cases dual
polarization has worse performance than single poladmatin this study, under fierent channel
situations, MIMO systems with and without polarizationelisity are analyzed. Therefore, this study
gives significant information about both the advantagestisativantages of the polarization diversity
in a variety of cases. Thus, it can be of great importanceadttMO system designers.

In order to investigate the performance of the MIMO systeritk polarization diversity, 22 MIMO
communication system is implemented in MATLAB environmédmilly characterized channel taking
into account all the ffects due to polarizationfierences is modelled. Using this channel and MIMO
structure, Monte Carlo simulations are performed. BERgrerfince and average capacity results of
the systems with and without polarization diversity are paned for a variety of channel cases with
both constant and distance dependent parameters. BPSKatiodus employed and Alamouti (AL)
and Spatial Multiplexing (SM) transmission schemes arel ustaximum Likelihood (ML) algorithm

is used for decoding assuming channel state informationdsvk at the receiver. In addition to the
2x2, 3x3 and 4«4 MIMO systems are investigated for polarization diversitd correlation #ects.
SM BER and capacity performances of SISO and MIMO systems eifferent number of antennas
are compared in this study.

1.2 Literature Overview

Diversity in MIMO has been a very popular and important tdpicdecades. Time diversity, frequency
diversity, spatial diversity are the main diversity teafugs. In addition to them, polarization diversity
has attracted attentions of the researchers since 1970s firffhresearch on polarization diversity
is performed by Lee and Yeh. Iql[1], both statistical recdisignal levels and average received
signal levels are compared for vertical and horizontal TX4Robile radio antennas. The idea that
polarization diversity can be used instead of spatial diteetis put forward. After that, in 1984 [2]
employs two colocated and symmetrically polarized regeavennas with 2-D received signal model
including azimuth angle of arrival (AOA). Theoretical angerimental correlation, XPD and received
signal levels are presented.

[3] and [4] considers receiver diversity systems.[In [3]Jantand suburban channel measurements are
performed with colocated orthogonal RX antennas and diyegain is investigated for Maximum Ra-

tio Combining (MRC) algorithm. Rather than MRC algorithm[8], [4] investigates the system gain
for Selection Combining (SC) receiver diversity techniqiesides,[[4] extends the received signal
model in [2] from 2-D to 3-D including elevation AOA and cola&on cosficients for receiver are
analyzed considering polarization orientation, randoimath and elevation AOAs. In this model an-
tennas may not be necessarily symmetric. The receiverlabore model in[[4] represents correlation



between RX antennas in more details than the previous agipeednence is more suitable for wireless
channels. In this thesis study, 3-D received signal caicglanodel in [4] is used.

There are some studies on the colocated antennas for MIM@&rsgswith polarization diversity. In[5]
and [6], colocated electric and magnetic dipoles with ig@htadiation patterns but orthogonal polar-
izations are considered at 900MHz. Simulation results aegsurements are given for these antennas.
It is indicated that very low envelope correlation can bei@gtd with such antenna configuration.

Polarization diversity is investigated forftrent application fields in both outdoor and indoor envi-
ronments.[[7]{[9] present the MIMO channel models fdfetient polarization diversity systems based
on outdoor suburban real wireless channel measurements &t#, multichannel multipoint distri-
bution service (MMDS) frequency.|[7] and [8] include largmke fading parameters in addition to the
small scale according to the measurements performed witB°J polarized antennas. Distance de-
pendent K-factor and XPD parameters formulizedIn [7] ase atilized in this thesis study. Moreover,
capacity results are calculated with respect to the comeation distance based on the measurements
and channel modé€l[7]-[9]. Additionally, [10] gives the dobr channel measurements and throughput
simulation results based on measurements for adaptive k@t qpls. Whereas, [11] and [12] state
the received signal levels and quality of the received digbased on the measurements for receiver
polarization diversity at 1800 MHz GSM frequency.

In [13]-[15], capacity results are presented for polai@ativersity systems based on simulations,
rather than measurements. [[13] considers determiniséinradis for comparison of single and dual
polarized systems. [14] uses tridipole antenna electromiggysimulations for channel determination.
In [15], capacity and other performance parameters liketheaning algorithm and antenna selection
algorithm are evaluated for TD-HSRAsystems employing dual polarization.

As for BER performance of polarization diversity, in [1&€], BER performances of fierent MIMO
systems are investigated. [n[16] analytical BER expres&ioSM is derived and BER performance of
dual polarized systems is investigated for constant cHaxamameters. The researchlin[16] is extended
to AL in [17]. In [17], BER expression for AL is included as waels for SM, yet performance is still
compared for constant parameters. Analytical BER exprasdior AL and SM are compared with
simulation results for dual polarized systems.| [18] and [i&& power control mechanisms assuming
CSIT. BER performance and system gains for MRC are comparadthogonal polarization diversity
and spatial diversity systems with constant channel paiernas in[[16] and [17]. In_[19] Rayleigh
fading environment is considered for RX diversity systembereas in[[18] Nagakami-m fading is
considered and TX diversity is employed including AL BERfpemance.

[20] proposes a MIMO channel model for satellite commund@ratvith polarization diversity. This
channel model has three components such as a LOS signaleetedflsignal and a fiuse signal.
BER performances of fferent systems are compared for constant channel pararnetezsponding
to urban, suburban and open unobstructed satellite-eaatimels.

Polarization diversity can be employed in indoor applimasi in addition to the outdoor. There are
some valuable studies in the literature considering prdéion diversity in indoor environments. [21]-
[25] present the measurements of the channel parameteraéredt indoor environments. In terms
of capacity comparison, [21] state that if the space is nohadtion spatial diversity can be selected,
whereas|[22]t[24] indicate that polarization diversityaigood candidate for spatial diversity. [n[24],
it is also stated that diversity gain of polarization divgrss worse than single polarization under
indoor WLAN channels. Additionally, in [26] MIMO channel rdel capacity simulation results for
microcell based on this channel model are presented foripaten diversity systems. Single and
dual polarizations have comparable capacity performé2gie [



In [27]-[29] measurements are performed in reverberati@mtber in which large number of MIMO
antenna elements can easily be set-up. When there are naoréwtb antenna elements rather than
orthogonal polarization, ffierent angular separations can perform better_Ih [27] 3xBI®lIdiver-
sity gains of spatial and angular separations are comp&w®athe correlation measurements for large
number of antenna elements are presented in [28]land [2i8] sitown that angular separation of the
antennas can be used instead of spatial separation. Therptdarization diversity can yield more
compact antenna arrays considering both capacity andsitiverain. Moreover, orthogonal polariza-
tion may not be the optimum polarization orientation fogenumber of MIMO arrays.

1.3 Contributions in the Thesis

In this thesis, both BER and capacity performances of siagtedual polarized systems are compared
for AL and SM transmission schemes. There are some reasotieftact that AL and SM are chosen
for transmission scenario. The first one is that AL and SMaredistinct schemes. AL algorithm is
mainly based on combination of the received signals, whdésshased on multiplexing of the signals
to be transmitted. Therefore, thfexrt of polarization dference at the TX and RX can befdirent on
these two schemes. Another reason is that there exist sotiestnvestigating polarization diversity
for AL and SM in the literature. The previous studies are Ham®the constant channel parameters.
However, in this thesis both constant and distance depéwctannel parameters are used in order to
investigate the performance. Real wireless environmeamteasimulated using distance dependent
channel parameters. Another reason is AL and SM schemebearedin schemes which are the key
points of many other techniques. Thus, analyzing thesensebenay give opinion about some other
schemes. Final reason is that in new communication syst&m&TE, WIMAX or WLAN di fferent
types of AL and SM schemes are employed. Thus, this study msept idea on designing TX-RX
antenna polarizations of these systems.

Channel models for MIMO systems employing polarizatioredsity at the TX and RX are widely
known in the literature [7].[8].19],.126]. In this study, ambination of the channel models presentin
the literature is used. Channel is modeled for both singtedaral polarizations. In our study constant
and distance dependent random channel parameters areou$&id/fO channel modeling.

Furhtermore, transmitter is assumed to have no space aorisind receiver antenna configuration
is investigated for two cases. The first case is that theveckias no space constraint just like the
transmitter, which leads to uncorrelated received sigrite other case is that the receiver antennas
are colocated due to space problem at the receiver. Thisgundias been investigated for both outdoor
and indoor environments. Yet, the investigation of poltian diversity with and without received
signal correlation is of great importance. In this studyyrelated and uncorrelated receiver antenna
arrays can be compared for single and dual polarizationsth&umore, in the correlated case, the
receiver correlation model for the antenna elements witlarpration diversity is used [4] and the
3-D correlation model includes polarization orientatiogkes of the antennas and random azimuth
and elevation AOAs of the incoming multipath signals. Aztimand elevation angles are generated
from random distributions [30]. Therefore, receiver ctatien codficients are generated from random
parameters based on real wireless measurements.

BER performance is one of the most important feature of a comcation system. In this thesis,
BER performance of AL and SM are compared for single and dakrized systems which is very
crucial for system designs. Especially, thanks to the tesflthe simulations the performance of a
communication system can be predicted before implememntalihus, possible advantages or disad-



vantages of polarization diversity can be foreseen and muimgst and fficient system designs can be
implemented according to the results in this study.

Furthermore, average capacity results for single and dulafigations under dierent channel condi-
tions are investigated in this study. Capacity of a systemnseasure of data rate and speed of the
communication and just like BER performance it is also onéhefmost important parameters of a
communication system. Presenting the capacity resultdditian to the BER performance, commu-
nication systems with spatial and polarization diversép be investigated in terms of both speed and
error performance criteria. Although there are some studigich can be found in the literature and
includes BER performance or capacity results, this thdadyspresents valuable information about
comparison of single and dual polarized antenna configuratior diferent channel cases in a very
compact and useful manner.

In addition, the &ects of increasing number of antennas in a MIMO system canu&ifin this study.
3x3 and 4«4 MIMO systems with and without polarizationftirence are investigated for correlated
and uncorrelated channels. SMis employed in these MIM@gyst SM BER and capacity results can
be found in this thesis. BER together with capacity resukésvary significant in order to investigate
the communication performance of a system. These resuithelp a MIMO system designer in
selecting the number of antennas and polarization orientat

1.4 Applications of This Study

The results of this study give very important informatiortiie engineers designing a MIMO system.
By using polarization diversity, more uncorrelated signzdn be transmitted and received and a sig-
nificant performance increase can be provided. New comratiait system designs may utilize the
benefits of polarization diversity or existing MIMO systemay be optimized employing polarization
diversity. The results about the polarization analysifis study, can be a guide to most of the MIMO
communication systems and polarization diversity can h@iegh in all space-lacking MIMO com-
munication systems such as GSM, 3GPP, HSPA, WIMAX, LTE, \Wéven radio systems. Yet, this
study is mostly dedicated to small hand-held devices odogpyulti communication features in single
device since these devices should be compact and userl§rizndiell as having high performance.

In addition, diferent channel parameters corresponding to a variety ofareddl channels are con-
sidered in this study. For instance, higher K-factor repnés a channel with higher LOS signal
power. Moreover, urban communication areas have much léifactor and XPD due to depolar-
ization mechanisms. Therefore, the results in this studg gignificant information about the perfor-
mance of real world channels. Furthermore, performancestdice dependent channel parameters
used in this study informs the readers about the commuaoitatisuburban channels.

BER and capacity results which are the two key parametersofranunication system are presented
for different MIMO channels with single polarization and polaimatdiversity. BER performances
for two different and very important techniques, AL and SM, are invastid) in this study. AL al-
gorithm is based on power combination of all subchannelsSiidgcheme utilizes channel diversity.
Consequently BER performance of any transmission schesedban power combination algorithm
or channel diversity, for dierent MIMO polarization orientations andfidéirent number of antennas
can be predicted and the results in this study can be usegfdications of such coding schemes.
Furthermore, capacity results oftidirent MIMO channels with and without polarization diveysate
presented. Therefore, the results in this thesis can befasethny types of communication systems
and channels which have space or polarization diversity.



1.5 Outline of Thesis

In Chapter 1, past studies about polarization diversity IM& communications are given. Motivation
of this thesis and contributions to the literature by thiglgtare stated. Additionally, application fields
of this study are presented.

In Chapter 2, large and small scale fadirtigets of wireless communications are considered and from
deterministic multipath signals statistical Rayleigh d@idean fading channel models are derived.
Furthermore, SISO BER results are compared for no chaniéQ@® only) case, Rayleigh fading and
Ricean fading with dferent K-factor values.

In Chapter 3, a detailed MIMO channel model used in this thespresented. Variable and con-
stant channel components are explained. Antenna poliarizefects on the channel and correlation
phenomenon for polarization diversity employed systerastated.

Chapter 4 states the MIMO system model used in this study. il.%M transmission schemes and
ML receiver algorithms used in this thesis are defined in ¢hispter. Additionally, average capacity
formulations and information about simulation environireme given.

Chapter 5, 6 and 7 include the results obtained in this stadshapter 5, single and dual polarized2
MIMO systems’ BER performances for AL and SM schemes andagpeomparisons are performed
with constant K-factor and XPD. These systems are analyaetdth correlated and uncorrelated
channel cases.

In Chapter 6, rather than constant channel parameters ipt&i, distance dependent K-factor, XPD
and correlation caficient values are used in order to investigate tifieots of polarization on the BER
and capacity performance 0k2 MIMO.

In Chapter 7, the number of antennas in a MIMO system is ifyatstd with polarization diversity.

BER for SM and capacity results of SISO¢2, 3x3 and 4«4 MIMO configurations are presented con-
sidering single polarization and polarization diversigses. Distance dependent channel parameters
as well as constant ones are used for performance evaludtibase systems.

Chapter 8 is the conclusion part which is the brief summampefresults obtained in this thesis.



CHAPTER 2

WIRELESS COMMUNICATION

Rather than wired communication, wireless communicatias been very famous and demanding
recently. Mobility is the main reason for choosing wirelessnmunication. However, wireless com-
munication systems incur channdélexts and fading which may severelyext performance.

2.1 Large Scale Fading

Communication signals are transmitted via electromagmedives. Signals transmitted from the trans-
mitter, have a certain amount of power and this power is atitad by the #ect of the propagation
environment. Electromagnetic waves encounter some kinistdrtions caused by absorption, reflec-
tion, scattering and fraction during propagation. The signal power level may dgeawithin large
distances which is called as large scale fading. In genlargle distance refers to large with respect
to the wavelength of the electromagnetic waves. There avdawe scale fading types such as free
space path loss and shadowing.

Even if there is not any obstacle to create distortion, thaalipower is attenuated by thffext of the
propagation medium and this is called as free space pathRagh loss increases with the square of
the distance between the TX and RX antenna and decreaseswauwblength of the electromagnetic
wave increases. Under th&ect of path loss only, the transmitted and received powebearelated
by the well-known formula:

2

P = PGGr ———
r It r(4ﬂ'd)2,

(2.1)

where P, and P; are the received and transmitted power levels respectaredyG, andG; are the
RX and TX antenna gains. d corresponds to the distance betfé¢and RX antennas antlis the
wavelength.

The other large scale fading is shadowing. Shadowing is llagpschanges of the received power
caused by environmental conditions in a large area. Ussaliylowing is observed when some ob-
stacles suddenly block the signal with theets of absorption, reflection, scattering anfirdction.
Although some models for shadowing exist, the most popularis the log-normal distribution [31].

On the course of this study, large scale fading phenomenmaoeed. The received power can be
thought as normalized by path loss and shadowiteres. This study is specifically interested in the
small scale statistical fading properties of the commuiooachannel



2.2 Small Scale Fading

In a scattering environment, propagating electromagmedices also experience multipatfiexts of
the channel rather than large scale fading. Due to consteuahd destructivefBects of the dierent
multipath components, the received signal power changgsapidly in small distances on the order
of the wavelength. The received signal level changes withondty the distance but also the time.
The channel has a time varying characteristics since therrdter, the receiver and the scatterers may
move. This time and distance dependent, raffiglt of the communication is called small scale fading
of the propagating signal.

When there are many scatterers around the receiver, mhltimenponents of the transmitted signal
can not be modelled and evaluated individually. For thisoeastatistical channel models are used
[31]-[33].

When the wave reflects from a surface, the original signaéagpces amplitude and phase changes.
Additionally there exists a time delay between incoming aafcted signal. If there are many scatter-
ers, the propagating wave encounters many reflections atgsngs. Many multipath components
occur and reach to the receiver. To model the multipdiiaces, channel impulse response can be
written considering the sum of all multipath componentshefsignal.

N(t)
hiw. ] = > an®&*Os(r - 1) (2.2)
n=0

This equation represents the channel response at time titouse at time t. In this equation,

7, represents the time delay of th& multipath component. Time delays are caused by the fact that
different multipath components incoming to the receiver hatferéint reflection paths, andg, are

the amplitude and phase respectively.

This is the general channel impulse response equationvimgoinultipath components of the received
signal. The maximum delay filierence between the LOS signal component and the multipatb@o
nents with the largest delay is called delay spread. If thaydspread of the channel is smaller than the
inverse of the communication bandwidth, narrowband fadirrgsumed. In narrowband case response
delay is ignored and (2.2) reduces to:

N(Y)

h[t] = Z an(t)eion®) (2.3)
n=0

The phase term,(t) includes the phasdiects caused by due to not only the path delays but also the
Doppler frequency shifip,(t) can be expressed as:

$n(t) = 2rfen(t) — ¢on (2.4)

Since generally carrier frequencies are large, the delagelerm, 2f.r,(t), in the phase equation
can be assumed to be very large and Doppler phase term cargleeted. A small change in the
delay of a multipath component leads to a very rapid phasaggdsof the multipath component.
These rapid phase changes cause destructive and congtreatibinations of the received multipath



signals. Consequently, the combination of these signals aifferent phases results in the sudden
changes of the received signal power.

2.2.1 Rayleigh Fading

The in-phase and quadrature components of the channehsspan be written as:

N()

hilt] = > an(t)coden(®)) (2.5)
n=0
N(t)

holt] = > an(t)sin(gn(t)) (2.6)
n=0

Since a phase change corresponding to a small delay is vegid; iacan be assumed that the phase
of the channelgn(t), is uniform over all angles f =]. If Central Limit Theorem is recalled; sum
of a large number of iid random variables has Gaussian loigion. In our case, the number of
multipath components N(t) is large and the phase is unifpidtributed. In-phase and quadrature
components of channel response can be approximated asi@adisdributed with zero-mean. The
channel cofficient consists of in-phase and quadrature components arokoaritten as,

h=h + jho 2.7)

= Jh2+h3, (2.8)

Sinceh; andhg are Gaussian distributed random variables with zero medworanariance, the mag-
nitude of h is a Rayleigh distributed random variable withoz@ean and @ variance and it has the
pdf of:

px(X) = exf(—x?/202)x/o? (2.9)

The average received signal powrrefers to the power received after path loss and shadoviiagte
and can be defined by mean of the channel power whictrds &s stated in sectidn 2.1, in this study,
large scale fects are not included. For this purpose, the channel powethier words the channel
variance is taken as unity.

2.2.2 Ricean Fading

For Rayleigh fading case, the mean of the channel amplisiderb due to the uniform phase assump-
tion, as stated in 2.2.1. If there is a fixed component of theived signal, then the channel has a mean
rather than zero. In this case, the channel amplitude haRitean distribution with non-zero mean
and it has the pdf of:

px(X) = exg—(& + Pe/Py)]l0(22y/Pe/Py)2x/P, (2.10)



In this equationP; is the mean square of the channel amplitude, in other worpdiwver of the
received signal’s constant component &hds the variance of the channel amplitude, in other words
the power of the variable multipath signal, is introduced as LOS component of the received signal.

Channel cofficients are generated for each symbol period. In order torgemnéhe Ricean channel
codficients, Rayleigh channel cieients can be combined with constant channel power withie, rat

called Ricean K-factor.
/ K / 1
_ j¢

where K-factor is the ratio of the power of the constant congut of the received signal to the power
of the variable component of the received sigikak: Pc/Py. hay is the Rayleigh distributed random
variable with zero mean and unity variance.

Considering the channel fadinfect, baseband received signal can be written as,

y= VEhs+n, (2.12)

where n is the Gaussian distributed receiver noise with mexan and unity variance. Noise variance
represents the noise power and for power normalizationgserfi is taken as unity. In this study, the
performance is evaluated for SNR value of the system and SHEfined as the ratio of the transmitted
signal power to the receiver noise power. Taking the noisespas unity, SNR can be simply adjusted
by signal energy.

Figure[Z.1 illustrates the BER vs SNR performance of AWGN ramication link, Rayleigh and
Ricean channels for BPSK modulation type. Due to fading efdignal, Rayleigh channel, corre-
sponding to 0 K-factor, has about 17 dB performance loss epetpto no fading case (AWGN only
link) at BER value of 16°. Moreover, as the K-factor increases and the channdlicmat mean
increases, the channel recovers from deep fade and BERiparice increases. Note that, Rayleigh
channel corresponds to Ricean channel with 0 K-factor andsNNink corresponds to K-factor of
infinity.
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BER vs SNR for SISO Ricean Channel

| —8— Rayleigh Fading (K=0)
—©6— Ricean Fading, K=1
—<&— Ricean Fading, K=2
L Ricean Fading, K=5

| —&— Ricean Fading, K=10
—*— No Channel (AWGN only)| ]

Figure 2.1: BER for Rayleigh and Ricean fading channels
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CHAPTER 3

MIMO CHANNEL MODEL

MIMO communication system is based on the transmission andption from multiple antennas
rather than single antenna in SISO systems. The power atienifor a communication link due to

fading dfect is explained in chaptEl 2. To overcome fading some diyeeshniques, such as spatial
diversity, time diversity and frequency diversity are coonly used. In this study, one of the diversity
techniques for MIMO systems, polarization diversity isastigated.

3.1 Polarization diversity

Polarization of an electromagnetic wave defines the oriiemaf electric field vector. If an electro-
magnetic wave propagates towards a certain direction, ldutrie field may change sinusoidally in
both axis perpendicular to the propagation direction. €hae two main types of electromagnetic
polarization.

The first one is linear polarization. If the electric fieldnsa fixed direction, it is called linear polariza-
tion. More specifically, as shown in fig._3.1 assuming the pgation direction is z-axis, if the electric
field vector is in x-direction, the electromagnetic wavedgldo have horizontal polarization, whereas
if the electric field is in y-direction, the electromagnetvave is said to have vertical polarization.
Moreover, if there are both horizontal and vertical elecfield components with the same phase, it is
also defined as linear polarization.

If there is a 90 phase dierence between x and y components of the electric field witséme mag-
nitude, it is called circular polarization. Another typeaifcular polarization is elliptical polarization
which consists of the quadrature components of the eld@itat with the phase dierence of 90 but
not the same magnitude [34].

Polarization of the propagating wave is initially introgulcby the TX antenna structure. For instance,
considering a dipole antenna, the electric field vector ithandirection of the antenna orientation.
The RX antenna can receive electromagnetic waves whichthessame polarization as itself without
power loss. If there is a polarizationfiirence between TX and RX antennas, there exists a power
loss due to polarization fierence. Moreover, the communication system with TX and Riéramas
having horizontal and vertical polarizations respecyiv@lvice-versa sfiiers the most power loss due

to orthogonally polarized antennas. This phenomenon igackexrized by cross polar discrimination
(XPD). XPD is the ratio of the received power of the co-paad TX and RX antennas to the received
power of the cross-polarized antenn&$0O = Pco—pol/ Peross-pol)-

After the electromagnetic wave is transmitted from TX angemith a certain polarization orienta-
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Figure 3.1: Linear Polarization

tion, due to propagation mechanisms, such as reflectiffinaclion, scattering, refraction, the initial
polarization is changed, which is called depolarizatiorlettromagnetic waves. Therefore, the ini-
tial polarization &ect loses its significance and consequently the subchaon&rdoss due to XPD
decreases. As the distance between TX and RX antennas Sasrahe propagation mechanisms
becomes moreftective and the depolarization increases. XPD decreasbsiigitance and has log-
normal distribution in real wireless communication chdanas reported iri |7]

The idea of the polarization diversity is based on the ppédion diterence of the antennas. In order
for a MIMO system to utilize polarization diversity, therasto be a polarization fierence. There
are mainly two &ects of the polarization dierence in MIMO systems on the channel. The first one is
subchannel power loss, as defined by XPD. Tlfieat is explained in details in previous paragraphs.

The next éect of polarization dference is on correlation cfigient. If there is enough spatial sep-
aration of antenna elements in MIMO system, the transmétedireceived signals are uncorrelated.
However, if the inter-antenna spacing at the TX or RX is nogjéaenough due to space problem,
polarization diversity can be used in order to have loweradation codicient than the co-polarized
antenna configuration. To sum up, polarizatiofietence can decrease correlationfioent which
may cause performance improvement of MIMO systems.

Therefore, XPD and correlation ddieient should be considered in a MIMO system employing the
antennas with the polarizationftérence. In this study, a2 MIMO wireless system is considered
where the TX side is assumed to be the base station (BS) andiB¥ s mobile equipment. Théect

of TX and RX antenna polarizations is analyzed by compasv@different polarization orientation,
namely single and dual polarizations. In Ei@&single polarized antenna configuration is shown. The
TX and RX antennas have the same polarizations. On the o#met, las illustrated in fig.3(b), in
dual polarized case TX and RX antennas have ska#5) polarization orientations (with respectto y
axis).

For dual polarization instead of horizontally and vertiggblarized antennas, slant polarized antennas
are used. The reason underlying this selection is in a rigttexing environment like a city centre, ur-
ban or even suburban conditions there are lots of buildingss, etc. and the depolarization caused by

14



the diferent obstacles areftérent for vertical and horizontal polarizatioris,|[21]. ther words, hori-
zontally and vertically polarized electromagnetic wavesymepolarize dferently. On the other hand,
when slant polarization is used, the depolarization dueatiaring can be assumed to be symmetric
and polarization #ects can be taken as the same for both polarizations. Thdtyislant polarized
antennas are considered in this study.

y y
A A

+45°1 -45°

................ > X > X

(a) single polarization (b) dual polarization

Figure 3.2: Single and dual polarized antenna configuration

3.2 Channel Model

As stated in chaptéd 2, in this study the channel does notidieclarge scale fading. It has Ricean
distribution and is assumed to be narrowband flat fadingh&ahan a single channel déeient in
SISO case, the MIMO channel is a matrix with a constant (or L. @8nponent and a variable (or
NLOS) component. 22 MIMO model can be illustrated in fi§._3.3.

Y

TX1

Y RX1

RX2

TX2

Figure 3.3: MIMO system

The channel matrix can be written as [7],
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[ K [ 1
H = mHC-F mHV (31)

In this model,H is n.xn; channel matrix whose elements are channeffaments of corresponding
communication links between TX-RX antenna element pairss e Ricean K-factor as defined in
chaptef 2. K is highly dependent on the distance betweenXhantl RX antennas. As the distance
increases, received power of the variable signal incrediseso propagation mechanisms and conse-
guently K-factor decreases. K-factor can be calculateah freeasurements, by the ratio of the gain of
the constant channel component to the gain of the randormehaomponent[36].

Furthermore, K-factor is found to be log-normally distttied in real wireless channels and modeled
in [[7]. K-factor is modeled as; 7.85-4.51lg(d/do)+7.91X, dB ,where X is the Gaussian distributed
zero mean unity variance random variable agds the normalization distance which is taken to be
1km in the simulations. This model is valid for medium ranggyurban environment.

3.2.1 Constant Channel Component

Constant channel componeHht;, represents the channel component for the fixed (or LOSopéne
received signal. It includes thétect of phase dierences caused by the array orientatidfedénces
between TX and RX antennas. As stated_in [8],can be defined as,

Hc = D/H,Dy, (3.2)

whereH, is all one matrixD, andD; are diagonal matrices introducing the array orientation&RiX
and TX sides respectively. The array orientation is showfigiri3.4.

Figure 3.4: Array orientations of TX and RX antenna elements

Anti-diagonal elements dd, andD; are zero and diagonal elements can be expressed as,
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Dy, = gl-i2n(i-1)d sine,) (3.3)
Dy, = - i2n(i-1)d sine) (3.4)

6, andé; are the azimuthal array orientation angles and can be takanitormly distributed over the
range [£10°] and [=30°], [Q].

dr andd; are the wavelength normalized inter-antenna distanceXa il TX arrays respectively. In
addition to the phaseffect of the array orientations, these inter-antenna dis&epecify the spatial
correlation. d; can be large since TX side is assumed to haicient space. Besides, at RX side,
there is usually lack of space and the RX antennas are takendo-located due to space problem.

When the polarization diversity is employed, includes subchannel power loss in addition to the
phase fect. In dual polarized antenna configuration case, the sutei power of cross-polarized
TX and RX antennas are lower than the co-polarized antersudgthannel power. As previously
explained in sectiopn 3.1, this phenomenon is called XPDulal dolarized casé{. includes not only
phase ffect but also XPD fect due to polarization fierence:

_ VXPD,
_elber ej¢22
VXPD,

He = (3.5)

eltn ﬂ}

whereg;; represents the phasgect of constant channel component and XRihe XPD value of the
received signal’s constant componeXP D, decreases with distance and it has log-normal distribution
in real wireless communication channels as reported int [igl.modeled as 3.86-2.97legd/do)+
5.69X ,dB ,where X is the Gaussian distributed zero meaty waitiance random variable.

3.2.2 Variable Channel Component

In addition to the constant channel component, variablepmmant also exists in the channel. Variable
channel matrix represents the NLOS channel and is defindd,byhose elements are correlated
Rayleigh distributed random variables:

Hyv = YRrxHid VR, (3.6)

whereHjq is the matrix whose elements are iid Rayleigh random veaegblith zero mean and unity
variance. If there exists a signal correlation between R¥@nT X antenna elements, iid Rayleigh
channel matrix can be correlated by the RX and TX correlatiatrices Rrx andRtx respectively
[9], [35]. Diagonal elements dRrx andRrx are one. Anti-diagonal elemenjsgx;j, are correlation
codficient values for dferent RX antennas angtx;; are correlation ca@icient values for dierent
TX antennas. Correlation of the received signals are exgthin detail i 3.2.2]1.

The correlated Rayleigh fading dfieients for theéy RX and ji, TX antennas are representedXy.
For dual polarized antenna configuration, there exists efsarnel power loss due to cross polarization
just as in constant channel component.
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Ho=| o 5OY 3.7)
VXPD, 22

In the equatiof 3]7XPD, is the XPD of variable component of the received signal andnimgful for
the channel corresponding to only the dual polarized amteonfiguration not for the single one. Just
like XPD;, XPD, has a log-normal distribution, rationally 1.79-1.491g(d/dp)+ 2.71X ,dB ,where X

is the Gaussian distributed zero mean unity variance rangoiable. For single polarizatioX PD,

iS unity.

3.2.2.1 Correlation Codficient for Polarization Diversity

The inter-antenna distances specify the correlatiorficdents. If the inter-antenna spacing is large
uncorrelated signals can be transmitted and received. ©attter hand, if the antenna elements are
located close to each other, transmitted and received Isigp@g@ome correlated. In this study, TX
inter-antenna spacing is assumed to be very large, and ihamecorrelation between TX antennas.
Since the transmitted signals are assumed to be uncodglatais study correlation céigcient refers

to RX correlation cofficient solely.

RX correlation cofficient of a Rayleigh fading channel is ver§iective on the performance. In orderto
observe theféect of RX correlation coicient on BER performance, BER vs. correlation ffi@éent
plots are drawn in fig[—3]5. BER curves of 2x2 MIMO correlateglyRigh fading channel for AL
and SM schemes are indicated at constant 15dB SNR value. ddorAh. and SM schemes, up to
correlation co#ficient of 0.6, there is not a serious performance change. wewafter at correlation
codficients larger than 0.6, both AL and SM BER values get highdnelmen there is full correlation
BER values are the largest for both AL and SM. SM BER is 9%14 O correlation and 16at full
correlation. Considering 2x2 MIMO correlated Rayleigh iwhel for AL, BER curve increases from
10°° at 0 correlation to 2x1@ at full correlation. Therefore, it can be seen from fig.] 3.&t tsmall
correlation cofficient values do not significantly change the BER performanéd and SM schemes.
However, for correlation cd&cients larger than 0.6, performance worsens and afterlatioe of 0.8
BER sharply degrades both for AL and SM.

There are two RX correlation cases considered in this stilithg first one is that there is no space
limitation at the receiver just like transmitter and reeghsignals are uncorrelated. In this case there is
no correlation &ect for the receiver. In the second case, there is not enquagtesat the receiver. Itis
assumed that there is no spatial diversity at the receiviédan to close distance between RX antenna
elements received signals become correlated. Correlaidefined as the correlation between the
received signals from fferent RX antennas. When the antenna elements are placedtclesch
other, channel cdBcients of diferent TX-RX pairs are the same. That is the reason why cdioela
exists at the receiver.

When there is no spatial diversity, polarization diversityds to lower correlation céiecient than sin-
gle polarization. This is one of the main advantages of mdtion diversity. Orthogonally polarized
RX antennas receive highly uncorrelated signals as cordpgargingle polarization case. When there
is not enough space, polarizatiorffdrence causes diversity. Furthermore, in this study, R¥rant
elements are assumed to be colocated due to space probltnis. dase, single polarized antenna con-
figuration has full correlation. Whereas for dual polarizedfiguration, correlation cdiégcient models
are considered in [2],[4] and some correlation measuresraetreported in [3],[28].[29].[21].[23]. In
this study, RX correlation cdigcient modeling for polarization diversity describedlin [@used.
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BER vs correlation for SM and AL schemes, SNR=15dB

BER

0 0.2 0.4 0.6 0.8 1
RX correlation coefficient

Figure 3.5: AL and SM BER vs. RX correlation for Rayleigh faglichannel at 15dB SNR.

In this model received signals from two colocated RX anterara considered in 3-D. The RX antenna
polarization orientation angles and 3-D AOAs of the recetsignals are shown in figure B.6; andy,

are the polarization orientation angles of the 1st and 2neheras with respect to y-axis, respectively
as illustrated in fig[Z316 (a). Moreover, fig._B.6 (b) showsitieming signal’s azimuth anglg,and
fig. [3.8 (c) shows the incoming signal’s elevation angle,The azimuth angle3 can be assumed
as uniformly distributed over all angles due to uniform smd@tg environment, whereas, the elevation
angley has Gaussian distribution with mearf2hd variance 2Q in urban and suburban environments
[30].

The horizontal and vertical electric fields at the receigrandE, are defined by,

E)( = I'xe(]27rft_¢’<) (3.8)
E, = rye“z””“”v) (3.9

The horizontal and vertical electric fields are assumed torfeerrelated. Due to Rayleigh fading, the
magnitudes of electric fields andry are iid Rayleigh signals and the phaggsandg, are uniform.

If there is not any azimuth or elevation AOAs of incoming sifm the signals come from opposite of
the centres of the antennas. In this case, the receivedsigresjust the superposition of the received
signals’ horizontal and vertical components. Howeverhia presence of azimuth and elevation, the
signals received from the RX antenn®g,andV,, can be written as;
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Figure 3.6: Received signal 3-D model

Vy = Exsingyicop + Eycospicosy (3.10)
V, = Exsingco$p + Eycosprcosy (3.112)

The correlation coficientp;, between the received random signals is defined as;

_ E{V1V} - E{V1}E{V2}
p12= (3.12)
VE((V1 — E{V1))Z}E{(V2 — E{V2})?}

where B} is the expected value operator, in other words time-avegagperator. The time averaged
power ratio of the vertically polarized electric field to therizontally polarized electric field is called
cross polar ratio (XPR). XPR is defined aPR = E[r)%]/E[rﬁ]. Substituting the received signals
andV; and introducing the XPR, the equation 3.12 results in:
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o = tani) tang;) cos 8 + XPRcog y (3.13)

\/ (tarf(yi) cog B + XPRcog y)(tart(y) cog 8 + XPRcog y)

As it can be seen from fig._3.6 (a), the antennas are colocatibisimodel, which means that spatial
diversity is not employed. In this case, the only decori@fatnechanism for the received signals from
two different antennas is the polarizatioffdience. Equatidn 3.113 states that if there is no polarizatio
difference, i.e. the RX antennas are in the same polarizatientation, the received signals are fully
correlated. Thus, single polarized antenna configuratisfhll correlation. This situation is expected

by intuition that colocated antennas are fully correlated proven by the correlation analysis in 3-D
model.
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CHAPTER 4

MIMO SYSTEM MODEL

Multiple antennas can be used instead of SISO systems i twdecrease data rate and commu-
nication reliability. There are two main advantages of MIM@stems over SISO systems; namely,
diversity gain and multiplexing gain. In a wireless linkgsals sitfer from attenuation due to fading.
However, since there is more than one subchannel in a MIM@&sysvhen one communication link
encounters a deep fade the other may not be in as much fads isthe general situation for MIMO
systems. Increase in SNR results in better performanceiging communication reliability and this is
called diversity gain. Additionally since more than one counmication link can be established via TX
and RX antennas, data rate can be enhanced in MIMO systentd) isttalled multiplexing gain. In
this study, to analyze thefects of the polarization diversity on MIMO system perforro@Alamouti
and spatial multiplexing transmission schemes are used.

4.1 Transmission Techniques

4.1.1 Alamouti Scheme

As the MIMO communication system idea improved, a varietgrahsmission and reception algo-
rithms had risen. To obtain diversity gain, at first RX divgrschemes have been considered. Systems
with single TX and multi RX antennas, namely SIMO systemsiegate the opportunity for flerent
combining techniques, such as selection combining, ecaial@mbining, maximum ratio combin-
ing. The most ficient one among them is maximum ratio combining (MRC) whihased on the
idea of combining the received signals fronffeient antennas after factorizing by the conjugates of
channel cofficients corresponding to the related subchannel. MRC ndefmel state information

at the receiver (CSIR). Knowing the channel fiméents, the received signals from each antenna is
multiplied by the conjugate of the corresponding channeftfstent and the processed signals from
each antenna are summed up as in Egn. 4.2.

y = VEshs+n (4.1)
Yove = ¥y = 3 [VEINES) + (hn)] (4.2)
i=1

The received signal vector is processed and thanks to pompeiining of the received signals from
different RX antennas, received SNR increases with respecigte sieceiver branch as shown in egn.

44
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SN Ringlebranchz Eslh; |2/0'ﬁ (4-3)

Ny 2 Ny
Es (Z |hi|2) > Ihf?
= _ Eslzl .

! 2 o
]
=

SNR = (4.4)

Diversity gain is defined as the ratio of the averaged totiked SNR to the averaged single branch
SNR, without any combination. Remembeling 3.2, channadisalized by the received signal power
and hence channel cihieients have unity power. Therefore SNR is maximized and inersity gain

is n in MRC. It is said that MRC has full diversity order when theigh factor for each branch is
selected as the conjugate of the corresponding channglaiest.

Diversity gain= S EISNRJ (4.5)

— = = n
{S N I%inglebrancr} '

After SIMO ideas with RX diversity techniques, TX diversitys started to attract attention and in
1998 Alamouti presented a novel TX diversity technique vinavith his name, the Alamouti (AL)
TX diversity techniquel[[37]. AL scheme is one of the most Wydesed TX diversity schemes in
wireless MIMO systems when channel state information atrtwesmitter (CSIT) is not present. In
this study only CSIR is assumed.

AL is applicable to not only 1 MIMO systems but also to the MIMO systems with two TX and rult
RX antennas. Using Alamouti encoding, performance of a camoation system can be extended at
the expense of reduced data rate.

A,.~Sz|<* Skt
RX-1
TXA1
Alamouti
Alamouti | s,y 1* sy ML S382 81
...83s2s1 -
Enci)der 7 Decoder ———»
RX-2 *
MUX DEMUX
TX-2
Channel
Matrix

Figure 4.1: Alamouti System Block Diagram

AL system schematic can be seeninffig] 4.1. In AL, the ideatiattsmit somehow correlated signals
from each TX antennas without need to know the channel st&tennation at the TX. The sequence
to be transmitted from TX antennas in AL scheme is:

TXL = .|

TX2 = ..

-S; 1]
s

]
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In two symbol period, two dierent symbols can be sent through the wireless channel. &&us
scheme, channel cfiients should be constant over at least two symbol periochipdgating chan-
nel matrix properly and combining the received signal poatethe receiver leads to diversity gain
increasing performance.

In two symbol period, the second symbol transmitted fromfitts¢ TX antenna is negative complex
conjugate of the first symbol transmitted from the seconéram and the second symbol from the
second TX antenna is complex conjugate of the first symbat fitee first antenna.

AL is generally used with single RX antenna however, it caextended to multi RX antennas. Since
in this study 2x 2 system is considered 22 system is explained in details.

The channel matrix is constant over two symbol period andritloe written as:

hi1 hlZ]
H = , 4.6
{th oo (4.6)

wherehy; is the channel caicient of the subchannel betwegnRX and ji, TX antennas.

The received signals from the;RX antenna in two symbol period is:

y11 = VEs(h11S1 + hio$) + nig
y21 = VEs(hiaS; + hi1(=)*) + nag 4.7

The received signals from thg{ZRX antenna in two symbol period is:

y12 = VEs(h2181 + haoS) + nio
y22 = VEs(h2zS; + hoi(=$2)*) + Nz (4.8)

In these equationg; represents the received signal from theRX antenna at time t and; is the
noise at thég, receiver at time t. sand s are the symbols transmitted from TX antennas in this sample
two symbol period.

Taking the conjugate of the received signal at tira2 &nd then writing the signals from;RX antenna
in two symbol period is:

y11 = VEs(h11S1 + h12%) + nig
Y31 = VEs(h 81 + (—h11)*sp) + 0y (4.9)

Taking the conjugate of the received signal at tirs@ &ind then writing the signals from,@ RX
antenna in two symbol period is:

y12 = VEs(h21S1 + h2osp) + ngz
Yoo = VEs(hiost + (—ha1)*s2) + N, (4.10)

Modifying channel matrix to use for thegdand 24 RX antenna signals:
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Hall = {hll hlz] (4.11)

hi, —hi;
hoy  ho

HaL2 2{ N " ] (4.12)
5, —hy,

Multiplying the Hermitian of the AL channel matrices withetmeceived signals from theidand 24
RX antennas respectively and then combining the receigthts:

— RH [Y11} + HH [)ﬁz} 413

YaL AL1 Vi AL2 Vi ( )

YaL = {hil h12 ] [ VEshnis) + hips; + g } N {hél ha2 } [ VEsho1s) + hposp + g2 (4.14)
hi, —hu|| VEsh (=) + hi,se + 5| [0S, —hot| | VEhS (=) + hy,s + 15,

The result of the Alamouti encoding transmission and combiof the received signals fromftirent
antennas can be written as:
(Il + [haal® + [haal? + [hpa?) s + (g Mg + hyohty, + h5ngo + hZZnZQ)] (4.15)

yaL = [(|h11|2 + [haal? + [ha1l? + |ho2?) s + (N1 — haany, + hb,nie — hoang,)

As can be seen from ed._4]15, the signal power is increasedoddiamouti transmission scheme
and combination algorithm at the receiver. The diversity §ar Alamouti scheme is 2ras provenin

[4.18.

SN Ringlebranch: Es|hi|2/0'ﬁ (4-16)

SNR = —= 7 =B (4.17)
('Zl he i + hi*znz) "
i=

n 2 n,
Es (_Z lhia[? + |hi2|2) S (Ihial? + hg
E

: . . E[SNR]

Diversity gain= m =2n, (4.18)
2xn; MIMO system with Alamouti TX diversity scheme doubles theatsity gain of Xk n; SIMO
system with MRC RX diversity. Diversity gain of, Alamouti scheme is 2nthe same asx2n
MRC algorithm theoretically. Fig.4l.2 shows the BPSK motinlaBER comparison of SISO system,
1x2 MRC and k4 MRC RX diversity, %1 AL and 2<2 AL TX diversity schemes under pure Rayleigh
fading channel. AL systems have nearly 3dB worse perform#imen MRC counterparts at all SNR
values. The reason underlying this fact is that SNR is defawethe ratio of the total transmission
power to noise power. Since there are two TX antennas in Ategyssymbol power transmitted from
each antenna is 3 dB lower than MRC system with one TX anterepiig the total radiated TX
power the same. If performance is compared with respectarage SNR of TX antennax2 AL has

the same BER performance as2lMRC and %2 AL has the same BER ax4 MRC due to the same
diversity gain of both systems. When compared to SISO systhout any RX or TX diversity, 21

AL has about 12 dB better performance and2AL has about 20 dB better performance than SISO
system at BER value of 2x16)
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BER for AL and MRC under iid Rayleigh fading

—6— MRC with nr=2|]
— % — MRC with nr=4 | |
..... T~ | —E—2x1AL 5
................... : —Q—ZXZAL

10

BER

Figure 4.2: BER comparison for AL and MRC schemes under Rgtylfading

4.1.2 Spatial Multiplexing

T TP
RX-1
TX-1
38251 e Soke ML SA SA S,‘\1
...s3s2s ﬁ
0SS MUX DeCfder N
RX-2 | DEMUX
TX-2 T
Channel
Matrix

Figure 4.3: Spatial Multiplexing System Block Diagram

In spatial multiplexing, the idea is based on transmissibima@ependent symbols from fiiérent TX
antennas. By this way, the data rate is increased as compzamgdgle TX antenna. Independent
seqguences are sent simultaneously from each TX antennaws shfig.[4.3.

Spatial multiplexing (SM) system has worse BER performaimegeneral, than Alamouti scheme. AL
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BER for SM and AL under iid Rayleigh fading
........ SMQAM -
— % - SM, BPSK |]
—O— AL, QAM ||
1 — € - AL BPSK

BER

Figure 4.4: BER comparison for SM and AL schemes under Rglylfsiding

has both TX and RX diversity and the received signals froffietnt antennas are combindi@ently.

In SM there is no combining algorithm at the receiver. Howe8&1 has increased data rate in contrast
with Alamouti scheme for 22 MIMO system. This can be explained so that, in AL scheme up¢o
successful symbols can be sent whereas in SM up to four indepé symbols can be sent in two
symbol period.

In fig. [4.4 performance of:22 MIMO systems with AL and SM algorithms are illustrated fdP8K
and QAM modulation types under pure Rayleigh fading chanhieBER value of 104, AL has about
10dB better BER performance than SM for both BPSK and QAM nhaithn types. However, SM has
twice data rate of AL. To equalize the data rates and perfaintbmparison, AL scheme with QAM
and SM with BPSK modulations can be compared. For low SNReglaL with QAM and SM with
BPSK performs barely the same. Yet, after SNRO dB AL with QAM outperforms SM with BPSK
and the diference becomes nearly 6dB at BER value of*lifhder pure Rayleigh fading channel.

4.2 Receiver Decoding: Maximum Likelihood Algorithm

In the simulations and algorithms used in this study, maxmikelihood (ML) algorithm is used

at the receiver in order to successfully detect the symbGlsannel cofficients are assumed to be
perfectly known at the receiver. Since channel state inébion at the receiver (CSIR) is assumed,
ML algorithm utilizes the channel céiicients and tries to find the minimum distance between the
received signal and all possible modulation points.

For SISO case the baseband received signal is;
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y = y/Eshs+n (4.19)

The ML estimate of the transmitted symbol s can be written as;

ML estimate= argmins |y — +Eshs/? (4.20)
Ng

Knowing the channel cdicients, ML algorithm tries all the possible constellatiarinis and com-
pares the distance to the received signal. The symbol wahrtimnimum Euclidean distance to the
received signal is selected as the estimate of the trareghsytmbol.

In RX diversity only case, i.e. SIMO, single symbol is trarised yet more than one signal are received
from different antennas. In this case one symbol is being tried to teetdd by using a processed
channel cofficients. In MRC RX diversity technique, Hermitian of chanmeltrix is multiplied by
itself and this processed channel fient is used. This generates diversity gain and signifigant
increases SNR.

For SIMO case the baseband received signal is;

y = VEsHs+n (4.21)

The ML estimate of the transmitted symbol s for MRC can betenits;

ML estimatgrc = argming |y — vEsh"hs|?

N
= argmin Iy - VEs ) Ihi’sP? (4.22)
i=1

In MIMO case, since more than one symbol is transmittederatian a single symbol, multi symbols
in a symbol vector are tried to be detected. Thus a code veatimding all combinations of possible
symbols is used and estimate vector is determined by chptsisymbol vector satisfying minimum
distance for all symbols in the vector separately.

For MIMO case the baseband received signal is;

y = VEsHs+n (4.23)
As for AL scheme, just like MRC, SNR is increased by propedyndining the received signals from
different antennas in two symbol period. Frobenius rnoafthe channel matrix is used as the channel

in ML algorithm. Thus processed channel matrix becomes timensed magnitude squares of the
channel cofficients.

The ML estimate of the transmitted vecsiior 2xn, MIMO with AL scheme can be written as;

ML estimatg, = argmins ly — vEgH[?, 2

n
= argminy ly - Es )" (Ihal? + Ihio)s? (4.25)
i=1
1 Frobenius norm of an M N matrix:
N M
Xl = Tr(XXM) = 7 > Iy P (4.24)
i=1 j=1
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Finally for the SM scheme, no smart diversity algorithm ispdmged and the original channel matrix
is used in ML decoder.

The ML estimate of the transmitted vecwiior n; xn, MIMO with SM scheme can be written as;

ML estimate v = argmins |y — vEsHs|? (4.26)

4.3 Capacity

Capacity of a channel is defined as the maximum data rate whicte achieved with arbitrarily low
error probability. It is a measure of communication speethefchannel. Capacity for SISO system
can be written as;

Csiso= B|0g2(1+ hh'S NB (427)

The unit of the capacity is bits per second indicating theedpaf the communication over commu-
nication bandwidth B. In this study bandwidth is omitted aagacity is investigated in bfy$z unit.
Omitting bandwidth still defines the data rate of the syst@&w,just multiplying the bandwidth nor-
malized capacity with the desired communication bandwidiisigners or system planners can simply
calculate real capacity over a wireless channel.

Capacity is highly dependent on the channel gains and whtthase cofficients are known at TX or
not. Some smart power management algorithms such as witey-éan be used when channel state
information is known at TX. There are some studies invetitigathe performance of polarization
diversity assuming CSIT [18], [19]. Yet, in this study as\poeisly stated only CSIR is assumed and
total power to be radiated is uniformly distributed over Tikennas. Extending the SISO capacity
equation to MIMO capacity without CSIT;

Cwmimo = Blog, (det

|+ Sn':'mHHD (4.28)

Without CSIT and any power management algorithm, total pasvdivided by number of TX anten-
nas. Consequently, SNR is divided tyy

For an instant of the communication and single channel matre abovementioned equations repre-
sent the capacity. However, in order to obtain the accuestelts for probabilistic channels expected
value of the capacity should be considered. Therefore geetapacity of a MIMO channel can be
written as:

Cvimo = B E{'ng (det

SN
| + o |ﬁ-m”D} (4.29)

4.4 Simulation Setup

All the simulations are performed in MATLAB environment. thne simulations, AL and SM schemes
are used as transmission scheme and ML decoding algoritampsoyed as decision algorithm while
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comparing single and dual polarized antenna configurati®asket data transmission with packet size

of 107 symbols is used. Channel dieients are assumed to be constant over one packet length and
they change from packet to packet. Yet, noise signal at tteiver changes for each symbol reception.
BER plots are obtained via ¥™onte Carlo packet trials for each SNR value. SNR is definetthi@s
ratio of the total symbol energy transmitted from all TX amtas to the noise power at the receiver.
Taking the E as energy per symbol, total energy transmitted from TX ardsiis REs. Noise variance

is used as noise power. SNR can be writte &R= Esn;/o2. As modulation type, BPSK and QAM
modulations are used. Channel is assumed to be perfectiyrkabthe receiver (CSIR) and it is not
known at the transmitter (no CSIT).

In the channel model, it is indicated that, two of the mairapagters K-factor and XPD are distance
dependent and simulation of fully characterized wireleassmunication link can be performed. Yet,

in order to correctly analyze the results of the simulatiaiith distance dependent channel, the per-
formance with constant parameters should be known priédy.this purpose, the results are divided
into two chapters as constant and distance dependent diparameters. In the simulation plots, iid
Rayleigh fading and SISO curves are added as referencdiferatit channel cases and these reference
curves are used to evaluate the single and dual polarizagidarmance more clearly. Additionally, in
order to investigate thdfect of number of antennas in a MIMO system with and withouapaation
diversity, 3x3 and 44 MIMO systems performances are included in the simulatsults.
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CHAPTER 5

MIMO CHANNEL EVALUATION WITH CONSTANT
K-FACTOR AND XPD

In this chapter, simulation results for constant channehp&ters, namely K-factor and XPD are
presented using the MIMO channel and system models dedadnbzhaptef B. 22 MIMO wireless
system is simulated in order to investigate tffeet of polarization diversity. Single and dual polarized
antenna configurations are evaluated considering Alanaodtispatial multiplexing schemes.

In this chapter K-factor has two constant values as 0 and ¥3faetor corresponds to pure Rayleigh
fading and K-factor of 10 is highly Ricean fading channehni0 times larger constant channel power
than variable channel power. In addition, XPD value is gek@s either 6dB or 10dB in 10 base
logarithmic scale. Note that, XPD value is meaningful folyastual polarized configuration and it is
not used in single polarization channel.

As specified if:3.2.2]11, TX interantenna spacing is assuméd targe such that TX correlation coef-
ficient is not considered. Correlation ¢beient refers to only RX correlation cfiicient. Polarization
diversity is evaluated for two cases of RX interantennaisadf there is enough space at the receiver
such as in sectidn 8.1, spatial diversity is present, recesignals are uncorrelated and RX correlation
codficientis zero regardless of the polarization orientatidmug] the only polarization diversityfect

is XPD causing channel power loss. On the other hand, whea thaot enough space at the receiver
to uncorrelate the signals received fronffgient RX antennas, there exists correlation between the
received signals. In order to investigate tiBeet of correlation, the received antennas are assumed
to be colocated and only decorrelation mechanism is peaiawia diversity. Channels with correlation
effects are consideredin’b.2.

5.1 Uncorrelated channel with constant K-factor and XPD

In this section spatial diversity is assumed such that tiseme channel correlation. Both TX and RX
antenna elements arefBaiently separated from each other.

5.1.1 XPD comparison

In order to observe thefiect of XPD, XPD is changed from 6dB to 10dB, for two constarfiaktor
values, 0 and 10. XPDfkect of dual polarization is analyzed for BER and capacityqrerance.
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5.1.1.1 BER performance

AL scheme

BER vs SNR for AL, K=0, without correlation

g s iid Rayleigh fading
........ b —B— singlle pol. K=0

—©6— dual pol. XPD 6dB
oot sl — & = dual pol. XPD 10dB |3

BER

0 2 4 6 8 10 12 14 16 18 20
SNR

Figure 5.1: BER comparison for AL, uncorrelated channehwit0

Fig.[5.1 illustrates BER vs SNR graph for AL with uncorrethtdannel and zero K-factor. Firstly, sin-
gle polarized channel matrix is the same as pure Rayleighdahd they have the same performance.
Dual polarization has nearly 3dB worse BER performance Hiagle polarization at all SNR values.
This is caused by XPD and power loss of dual polarized cordigum. Since AL algorithm is based
on power combination of the signals fromfidgrent RX antennas by using the channelffioents,
power loss due to XPD worsens the BER performance of duatipateon. Moreover, when XPD is
increased from 6dB to 10dB dual polarized configuration is@bout 1dB performance loss and the
difference between single polarization increases to nearly ¥etBdual polarization with 10dB XPD
still has more than 10dB better performance than SISO Ratykaiding case at BER value of 70

When K-factor is increased to 10, this means that constam¢pof the channel is 10 times the variable
power which refers to a closer communication distance. Asvshin fig. [5.2, performance of both
single and dual polarized configurations increase aboutwiiBrespect to 0 K-factor case. Single
polarization has about 2.5 to 3dB better performance thah pliarization due to XPD just as in 0
K-factor case. As XPD increases from 6dB to 10dB, dual ppéaidon performance worsens about 0.5
dB when K-factor is 10.
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BER vs SNR for AL, K=10, without correlation
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Figure 5.2: BER comparison for AL, uncorrelated channehwit10
SM scheme

Fig. [5.3 shows the BER performance for the cases when SM @tossompare the single and dual
polarizations under uncorrelated channel with constantf@dtor and XPD of 6dB and 10dB. Single
polarization has about 2.5dB better performance than delatigation with 6dB XPD at BER value

of 104

Increase of XPD from 6dB to 10dB worsens the performance af palarization 2dB at BER value

of 104, when K=0. This is due to the fact that#0 means pure Rayleigh fading and XPD decreases
the power of the crosspolarized subchannels. This ressitridar to BER of AL algorithm at K0,
fig.[5.. In addition, SISO has worse performance than MIM&eys since 0 K-factor means strong
fading for SISO channel.

Yet, when K-factor is increased to 10, constant channel @omapt is dominant and channel matrix be-
comes rank deficient. At high K-factor XPD transforms thestant channel matrix to full-rank which
leads to performance gain for dual polarization, as alseedta [17], [16]. Dual polarization with
6dB XPD has lower BER than single polarization, especidilgigh SNR regime and the fiierence
becomes approximately 3.5dB at BER value of°18s indicated in figL5]4. Although XPD leads to
power loss, as XPD increases at high K-factor the performafdual polarization improves. This is
due to the fact that channel eliminates rank deficiency wi#bDXMoreover, as XPD increases, dual
polarization SM BER improves and dual polarized configaratvith XPD=10dB is 3dB better than
XPD=6dB case at BER value of 12

Furthermore, SISO case with=K.0 outperforms single and dual polarizations since SM entars
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BER vs SNR for SM, K=0, without correlation
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Figure 5.3: BER comparison for SM, uncorrelated channei Wit0
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Figure 5.4: BER comparison for SM, uncorrelated channed Wit 10
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performance degradation due to low rank MIMO channel at tidegflactor. Whereas, SISO perfor-
mance increases nearly 17 dB with the increase of K-factond to 10. X2 SM BER performance is
worse than SISO but the tradé-e data rate. MIMO systems can provide multi-user commuitioa

and increased data rate as compared to SISO.

5.1.1.2 Average Capacity

Fig[5.5 illustrates the capacity results for uncorrelateahnel with 0 K-factor. When K-factor is 0 and
channelis uncorrelated, single polarization channeEs#me as iid Rayleigh fading and they have the
same average capacity results just like BER performanaadition, dual polarized configuration has
nearly 1bpgHz lower capacity than single polarized one due to XPD andRB Kcreases from 6dB
to 10dB, capacity of dual polarization decreases in a velissoale. Additionally, single polarized
MIMO system has about 5 bfpéz and dual polarized MIMO system has about 4bjashigher capacity
than SISO.

Capacity vs SNR, K=0, without correlation
12 . . .
iid Rayleigh fading
—+&— single pol.
10 | —e— dual pol. XPD=6dB
— & —dual pol. XPD=10dB
—¥— SISO, K=0

Average Capacity, bps/Hz
(0]

0 5 10 15 20
SNR, dB

Figure 5.5: Average capacity, uncorrelated channel wid K

Fig. [5.8 shows the capacity results for uncorrelated cHanitle K-factor of 10. When K-factor is
10, single polarization capacity decreases since chasnehi rank and has high condition number.
Just as in BER comparison for SM, XPD eliminates tifee of rank deficiency of the channel and
dual polarization is not significanthffected from high K-factor. As XPD increases, capacity of dual
polarization increases. At low SNR, capacity of single paktion is a little bit higher than dual po-
larization; however, when SNRL.OdB dual polarization outperforms single polarizatioheTapacity
difference between single and dual polarization is 0.7Hzp#hen XPD is 6dB and 1.2bg$z when
XPD is 10dB, at SNR value of 20dB. Moreover, although SISCacé#p increases with the increase
of K-factor from 0 to 10, MIMO capacity is much higher than Sl8apacity.
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Capacity vs. SNR, K=10, without correlation
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Figure 5.6: Average capacity, uncorrelated channel witi &

5.1.2 K-factor comparison

In this section, ffect of K-factor on BER and capacity performance of single dual polarizations is
investigated for constant XPD. K-factor value of 0 and 10can@pared in the same plot for 6dB XPD
without correlation &ect.

5.1.2.1 BER performance

AL scheme

BER curves of single and dual polarizations for AL under unglated channels with ¥0 and k=10
are figured in fig.[5]7. Single polarization has about 3dBareBER than dual polarization for K-
factor of both 0 and 10. Since AL BER performance is based aniwél power combination and XPD
causes subchannel power loss for dual polarization, spajiization is better than dual polarization
regardless of K-factor. K-factor can be interpreted as asumeeof communication distance and single
polarization is better for AL at both small and large disesd-urthermore, when K-factor is increased
from O to 10, both single and dual polarizations has about HelBer performance at BER value of
10, As explained earlier for cross channel power handicap @@l golarization, since AL perfor-
mance is based on power combination, high K-factor refetegs fading of the signals and leads to
performance increase with respect to 0 K-factor.
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BER vs SNR for AL, XPD=6dB, without correlation
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Figure 5.7: BER comparison for AL, uncorrelated channehwPD=6dB
SM scheme

Fig.[5.8 illustrates the BER curves of single and dual pe&ions for SM. Received signals are uncor-
related. K-factor is compared for constant XPD of 6dB. Singplarization has similar performance
for both K-factor of 0 and 10. The reason underlying this fadhat although high K-factor refers
to less fading and it is expected to cause better BER. HowéweEM algorithm channel diversity
is important and high K-factor leads to low rank channel. Assult, K-factor of 10 results worse
performance than 0 K-factor for single polarization. Hoeewual polarization has about 4dB better
BER performance at K-factor of 10 than at 0 K-factor. Thisasiged by two reasons. The first one is
that the higher the K-factor is, the less fading level thencteh encounters. The other one is the XPD
of dual polarization, making the low-rank channel matrigthrank.

5.1.2.2 Average Capacity

Fig.[5.9 shows the average capacity results for K-factorgamison with 6dB XPD. With the increase
of K-factor from 0 to 10, single polarization encounters paxity decrease just like SM BER perfor-
mance. This is caused by low rank channel due to dominancersitant channel component. The
capacity decrease of single polarization is nearly 1.8#psit 20dB SNR. However, dual polariza-
tion capacity is nearly notfiected by the K-factor increase since XPD eliminates fifiece of rank
deficiency. Capacity and SM BER performance analysis aréagisince both of them are based on
channel rank.
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BER vs SNR for SM, XPD=6dB, without correlation
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Figure 5.8: BER comparison for SM, uncorrelated channdi XPD=6dB

5.2 Correlated channel with constant K-factor and XPD

When there is not enough space at the receiver to uncortbkatgnals received from flierent RX
antennas, there exists correlation between the receigedlsi In sectioi5l1, there is no correlation
effect. Yet, at this section of the study, RX antennas are as$tmiee co-located due to space problem
at the receiver. In this case, single polarized antennagunafiion has full correlation and the corre-
lation codficients for dual polarized antenna configuration are geeéradm equatioh 3.13. XPD is
taken to be constant as 6dB in correlated channels and Krfescgither O or 10.

5.2.1 BER performance
5.2.1.1 AL scheme

Fig. [5.10 illustrates the performance of AL scheme underetated channel with K0. When K-
factor is O, the variable channel component and correlafiact dominate. As previously specified,
for uncorrelated case single polarization has better BERpBance than dual polarization. However,
in correlated case, when one subchannel encounters degptadther subchannel alsafeus deep
fade and performance decreases significantly.

Without correlation, single polarization has 3dB betterfpenance than dual polarization. When
the channel is correlated, both single and dual polarizefigarations performance worsens. Due to
correlation, BER of single polarization deteriorates 6adBile dual polarization with lower correlation
has about 2.5dB performance loss at BER of*1(Bince dual polarization has less correlation than
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Capacity vs SNR, XPD=6dB, without correlation
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Figure 5.9: Average capacity, uncorrelated channel witbXedB

single polarization, the BER fierence in uncorrelated case diminishes and both systeneschase
performance. Even when SNR5dB dual polarization outperforms single polarizationorigbver,
although single polarization has disadvantage of highetation, it still has more than 10dB better AL
BER than SISO at BER value of 2x10

When K-factor is increased to 10, the correlated variabnakl component and correlation are not
very significant. As shown in fig. 5.11, dual polarization & affected by the correlation and single
polarization has about 1dB worse performance as compangititout correlation case. Performance
loss of single polarization due to high correlation doesawhpensate the performance loss of dual
polarization due to XPD. Single polarization has still B3uktter BER performance at BER value of
104, This result is caused by power loss of dual polarization twuw&PD as in uncorrelated chan-
nel case. However, theftierence in correlated channel case is not as high as in ufaiedease
due to lower correlation of dual polarization. Additionakince AL is based on power combination
algorithm, SISO BER for AL is higher than all MIMO cases catesied.

5.2.1.2 SM scheme

Fig. [5.12 shows BER of SM scheme for 0 correlated channeldtefa Dual polarization has perfor-
mance loss of nearly 2.5 dB at 4xFBER with respect to uncorrelated channel case wigdidue to
low correlation coéicient values. On the other hand, single polarizatidiess from high correlation
and performance degrades significantly nearly 14dB at ZxB&R. Thus, dual polarization outper-
forms single polarization approximately 6dB at 4x1®ER in correlated channel case with=B. In
addition, SISO has about 1dB better SM BER than dual poldid8MO channel with correlation
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BER vs SNR for AL, correlation comparison, K=0, XPD=6dB
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Figure 5.10: BER comparison for AL, correlated channel wits0
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Figure 5.11: BER comparison for AL, correlated channel Withl0

which means that rather than employing22MIMO with 2 colocated RX antennas simply using one
antenna may perform better in terms of SM BER. However, foueate communication performance
comparison capacity of the channels should also be takematount.
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BER vs SNR for SM, correlation comparison, K=0, XPD=6dB
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Figure 5.12: BER comparison for SM, correlated channel Wit

At high K-factor correlation ffect becomes less important and the performanferdnce between
correlated and uncorrelated channel cases decreaseds. EBillustrates BER performance for SM
under correlated channel with2.0. Dual polarization performs nearly the same under chanvith
and without correlationféect due to both high K-factor and low correlation ozent. Low correla-
tion at high K-factor is &ectless for dual polarization. Additionally, thanks to XEDal polarization
has already 5dB better performance than single polarizai®BER value of 1& even in no corre-
lation case. When correlation is included, single poldigraencounters performance degradation of
more than 10dB at BER of 16 with respect to uncorrelated channel. Dual polarizatiosn dlseady
better BER performance than single polarization in undatee case. Consequently, in correlated
channel case, dual polarized configuration outperforntesioolarized case about 13dB at1BER.

In addition at high K-factor SISO can be used for SM BER beeafghe fact that SISO has better
BER than MIMO systems with and without polarization diversivhen correlation is considered.

5.2.2 Capacity

Fig.[5.12 illustrates the average capacity curves for taticen comparison at 0 K-factor. When there
is no correlation ffect, single polarization has higher capacity than dualnmation due to subchan-
nel power loss of dual polarization. When the correlatioprissent, capacities of both polarizations
decrease. At 20dB SNR, single polarization capacity deereaabout 4bpklz whereas capacity de-
crease of dual polarization is about just 0.5bfzs Consequently, when the RX antennas are colocated
and correlation is present, dual polarization has more #ipgHz higher capacity than single po-
larization. Although the RX antennas are colocated, sipglarization has about 1.2hptz higher
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Figure 5.13: BER comparison for SM, correlated channel Wigi0

capacity than SISO system at 20dB SNR. Furtermore, duatipateon has about 3.5bfi$z higher
capacity than SISO despite correlation.

Fig. [5.I% shows the capacity results for correlated chawithl K-factor of 10. At K-factor of 10,
both for correlated and uncorrelated channels capacitytsasre very similar to the BER performance
analysis of SM. When there is no correlation, dual polam@atapacity is higher than single polar-
ization capacity at high SNR, since XPD increases the cHaan&. Capacity of dual polarization
does not change with correlation. On the other hand, singllerigation encounters a sharp capacity
decrease of 2bpidz at 20dB SNR. Therefore, in the presence of correlatioal polarization capacity
is nearly 3bpgiz higher than single polarization capacity. Additionadingle polarization capacity is
still about 1bpgHz higher than SISO. There is a tradgmetween SM BER and capacity for correlated
channel. For correlated channel with high K-factor SISOlfetter SM BER than even dual polarized
MIMO, whereas capacity of dual polarization is higher thd8@. Moreover, MIMO systems with
and without polarization diversity always have better BBRAL than single polarization. Therefore,
when there is correlation, dual polarization can be used\foBER and capacity.
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Figure 5.15: Average capacity, correlated channel witHi &
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CHAPTER 6

MIMO CHANNEL EVALUATION WITH DISTANCE
DEPENDENT K-FACTOR AND XPD

In this chapter, K-factor and XPD values are generated frizstaxce dependent random variable mod-
els as explained in chap{ér 3. These models are based onireldss channel measurements. Using
fully characterized distance dependent channel moddipeances of dferent communication sys-
tems can be compared according to the distance between ta@d@RX antennas. BER performance
and capacity results are presented using realistic chanodéls. Just as in chapfar 5¢2 MIMO
wireless system is simulated for polarization diversitalgis. Single and dual polarized antenna
configurations are evaluated considering Alamouti andapaultiplexing schemes. Average capac-
ity results for diferent channels employing single and dual polarizationalacegiven in this chapter.
Just as in chaptél 5, results are classified in two groupsdiocpto the RX inter-antenna spacing or
in other words correlation.

The distance between TX and RX antennas is taken as 1km anddikiime comparison of close
and far distances. K-factor and XPD values for each chamadization are generated from distance
dependent log-normal distributions. Moreover, in the pneg of correlation, random correlation co-
efficients are also obtained using polarization orientatiogles azimuth and elevation AOAs and
distance dependent XPD values.

6.1 Distance Comparison with Uncorrelated Channel

Single and dual polarization BER and capacity results ampawed for 1km and 6km distances. In
this section it is assumed that there is no space constraint@relation &ect.

6.1.1 BER performance
6.1.1.1 AL scheme

Fig.[6.1 illustrates BER vs SNR graph for AL scheme. Sincd gdakarization siffers from subchan-
nel power loss due to orthogonal polarizations of the ardenkPD leads to power loss of combined
received power for AL algorithm. Consequently, dual paation has worse BER than single polar-
ization both for 1km and 6km communication distances. Tlfedince is approximately 2dB for 1km
and 1.5dB for 6km.

Furthermore, the only channel parameter which is basededisftance change anffects the single
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polarization performance, is the K-factor. Yet, K-factdrange from 1km to 6km does noffect
performance significantly. BER of single polarization féniis about 0.5dB lower than BER for 6km.
For dual polarization in addition to the K-factor, XPD plags important role on the performance
of dual polarization. BER for AL is expected to worsen as tisaghce increases since the fading
becomes more dominant at larger distance. Whereas for dieiization as the distance increases,
XPD decreases as well and BER performance is positivégcted with XPD decrease. Combining
the K-factor and XPD fects on dual polarization, BER remains nearly unchangetikior and 6km.
Additionally, MIMO systems have much better BER than SIS&ems regardless of distance.

BER vs SNR for AL, distance comparison without correlation

.| —8— single pol, 1km |
— % — single pol, 6km |1
—©6— dual pol, 1km
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N S | .| =¥ —SISO, 6km

Figure 6.1: BER comparison for AL, distance comparison authcorrelation

6.1.1.2 SM scheme

Fig. [6.2 shows the SM BER performance for single and dualrjgaiions at 1km and 6km under
uncorrelated channel. The distance does fftece BER of both types of polarization considerably at
low SNR. After SNR-15dB the dfferences become clear.

At high SNR, for both distances dual polarization has bgienformance than single polarization.
This is caused by the XPDffect at high K-factor as explained in chafdtér 5. Even at 6krtadée,
K-factor and constant channel has stilleet on BER and XPD can increase the channel matrix rank
causing better performance of dual polarization. At 6kmaldcolarization has about 1.5dB better
performance than single polarization at BER value of*1@\t 1km distance since K-factor is higher
dual polarization has nearly 3dB better BER than singlenmation. Additionally, as SNR increases
the performance dierence gets larger. Dual polarization outperforms singlarzation for both
distances even without correlation.
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Additionally, as distance increases from 1km to 6km, K-dactecreases and variable channel com-
ponent becomes more dominant. This increases the rank chérenel matrix for MIMO. However
SISO channel diers from stronger fading. On the contrary to MIMO system§GBER for SM de-
creases with the increase of communication distance. &umtbre, for both distances MIMO systems
have better BER than SISO.

BER vs SNR for SM, distance comparison without correlation
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Figure 6.2: BER comparison for SM, distance comparisonauitttorrelation

6.1.2 Average Capacity

Single and dual polarization capacity curves for uncoteelhannel at 1km and 6km distances are
indicated in fig.[6.B. Dual polarization capacity is nearhcbhanged with respect to the communica-
tion difference. Capacity curves of dual polarization for 1km and @kenvery close to each other.
Similar to dual polarization, single polarization capastfor 1Lkm and 6km are very close at low SNR.
However, as SNR increases channel term in the capacityiequmcomes dominant and capacity for
6km becomes higher than capacity for 1km. As distance iseeand K-factor decreases, channel has
better eigenvalue distribution and lower condition numbHEhris is the reason for higher capacity at
6km than at 1km for single polarization. Whereas SISO cap&cslightly lower at 6km than at 1km
due to K-factor decrease.

At 1km distance and low SNR, single polarization has lititehigher capacity than dual polarization
and when SNR15dB dual polarization capacity becomes larger than sipgiiarization capacity. The
difference is about 0.4bfvéz at 20dB SNR. As for 6km, at low SNR just like at 1km distanicgke
polarization capacity is higher than dual polarization.SNR increases, theftitrence disappears and
single and dual polarization capacities are nearly the s#rd@dB SNR for 6km.
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In addition, MIMO systems have higher capacity than SISQesys for both distances. Single polar-
ized MIMO has about 3.4bfidz at 1km and 4bgklz at 6km higher capacity than SISO at 20dB SNR.
MIMO with polarization diversity has about 3.7hp&z at 1km and 4bgkiz at 6km higher capacity
than SISO at 20dB SNR.

Capacity vs SNR, distance comparison without correlation
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Figure 6.3: Average capacity, distance comparison witkotrelation

6.2 Correlated channel

In this section there is no spatial diversity for received #rere exists correlation between the received
signals. Correlation cdicients are randomly generated from €gn. B.13.

6.2.1 BER performance
6.2.1.1 AL scheme

Fig.[6.4 illustrates the single and dual polarization BERgenances for AL scheme with and without
correlation &ect at 1km. As previously explained, when there is no coticeiasingle polarization
has better BER performance than dual polarization due teeptyss of dual polarization. When the
correlation is present due to space limitation, single fimddion is exposed to severe performance
degradation. At BER value of 1B, single polarization with correlation has 6dB worse parfance
than single polarization without correlation. Howevergdo polarization diversity and low corre-
lation codficients, dual polarization BER performance is nearly theesantases with and without
correlation. Although in uncorrelated case single poiion has about 2dB better performance than
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dual polarization, for correlated channel case dual podéion outperforms single polarization nearly
4dB at BER value of 1. Moreover, single and dual polarized MIMO systems with aritheut
correlation has much better BER than SISO when AL schemeeid.us

BER vs SNR for AL, correlation comparison for 1km
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Figure 6.4: BER performance for AL, correlation comparismnlkm

Fig.[6.3 shows the correlation comparison of AL BER for 6kmhéN the communication distance is
increased to 6km, K-factor is still non-zero and single paktion has better performance than dual
polarization due to XPD in uncorrelated case. Just as in l&se,cdual polarization performance is
nearly un#fected by the correlation. On the other hand, single polaoizavith correlation has about
7dB worse performance than uncorrelated case. Conseguientorrelated case, dual polarization
performance is about 5dB better than single polarizatiofopmance at BER value of 0. Similar

to 1km, MIMO systems have much better BER for AL than SISO.

6.2.1.2 SM scheme

Fig. [6.8 indicates the BER curves of single and dual poléidna for SM at 1km. For uncorrelated
case, at low SNR single and dual polarizations perform antyilvhereas at high SNR dual polariza-
tion has better BER than single polarization due to XPD iasiteg the channel matrix rank at high
K-factor. When correlation is present, dual polarizatienfprmance decreases nearly 0.5dB at BER of
107° yet, single polarization performance degrades nearly 8dB 4 BER. Therefore, dual polariza-
tion performance is significantly better than single paation when the RX antennas are colocated.
Moreover, BER of SISO system is about 5dB better at 241BER than single polarized MIMO with
correlation which means that rather than using two colatattennas simply using one performs bet-
ter for SM BER. However, dual polarization with correlatioas about 5dB better SM BER than SISO
due to low correlation.
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BER vs SNR for AL, correlation comparison for 6km
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Figure 6.5: BER performance for AL, correlation comparigmmnékm

When the distance is 6km K-factor decreases but still itfisotive on the performance comparison.
The results for 6km are similar to the results for 1km as in[gl. At high SNR and under uncor-
related channels dual polarization BER performance ieb#tan single polarization. When there is
correlation, single polarization performance degradesertttan 10dB at 1¢ BER, while dual polar-
ization performs nearly the same as uncorrelated case., Tihaspolarization has much lower BER
than single polarization when there is no spatial diverdithe diference is greater than 10dB at BER
of 10™*. Additionally, SISO has 3dB better BER than single polaias whereas 7dB worse BER
than dual polarization at 2x1@ BER, when correlation is present at 6km.

6.2.2 Average Capacity

Average capacity results of single and dual polarizatioadlstrated in fid.6.8 in order to analyze the
correlation &ect at 1km distance. When the RX antennas afecsently separated and the received
signals are uncorrelated, single and dual polarizatioaciéips are very close to each other. At 0dB
SNR, single polarization is about 0.3Wdg higher than dual polarization capacity on the contrary at
20dB SNR, dual polarization is about 0.3z higher than single polarization capacity. When there is
correlation éect, single polarization capacity significantly decreagi@isrespect to uncorrelated case.
However, dual polarization has nearly the same capacitpdotrelated channel due to low correlation
codficient. Dual polarization capacity is 2.6lHg higher than single polarization capacity at 20dB
SNR. Despite the severe capacity degradation due to fuleladion, single polarization capacity is
still 1bpgHz larger than SISO capacity.

For 6km distance and when there is no correlation, at low 3iifg)e polarization has a little bit higher
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BER vs SNR for SM, correlation comparison for 1km
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Figure 6.6: BER performance for SM, correlation comparifwrikm

capacity than dual polarization and at high SNR, thifedénce disappears as shown in figJ] 6.9. Just
as in 1km case, dual polarization is nearly fieeted by the correlation, however single polarization
encounters very sharp capacity decrease. Therefore, dlaization capacity is 2.7bfsz higher
than single polarization capacity. Yet, single polariaativith correlation still has nearly 1.1hp&
higher capacity than SISO case.

Capacity comparison between single and dual polarizatowery similar to SM BER performance
comparison. This was also observed in chapter 5 while cerisiglconstant channel parameters. The
reason for this similarity is that channel rank, eigenvalistribution and condition number is crucial
for SM BER and capacity. Higher channel rank, closer eiglemvdistribution and lower condition
number results in lower BER and higher capacity. Howevehlirscheme this is not the case, because
AL algorithm is based on power combination of the receivgdais.
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BER vs SNR for SM, correlation comparison for 6km
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Figure 6.7: BER performance for SM, correlation comparigwrékm
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Figure 6.8: Average capacity, correlation comparison faon1
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CHAPTER 7

MIMO CHANNEL EVALUATION WITH MORE NUMBER OF
ANTENNAS

In chaptergb and 6, 2x2 MIMO system is employed and singledaatlpolarizations are compared in
2x2 wireless MIMO channels. In this chapter the number ofanas is increasedx3 and 4«4 MIMO
antenna configurations with and without polarization ditgrare considered for both constant and
distance dependent K-factor and XPD values. In additionxt®&nd 4«4 MIMO performance results,
SISO system for the corresponding K-factor and 2x2 singtedaral polarized MIMO configuration
results are presented in this chapter, in order to comparauimber of antennas of a MIMO system
with and without polarization diversity.

In 2x2 MIMO configuration, polarization orientation is chosenss#5° in dual polarization. When
the number of antennas is increased, polarization of aatel@ments are uniformly oriented in polar-
ization diversity employed case. F{g. 7.1 shows the RX andafi*¢énna polarization orientations for
3x3 and 4«4 MIMO systems when polarization diversity is employed. Aswn in fig.[7.1-a, 0and
+60° orientations are used fox3 MIMO configuration with polarization diversity. Similgtlantenna
elements of 44 MIMO system with polarization diversity have polarizatgof 0, +45° and 90 as in
fig. [Z1-b. Therefore, symmetric and uniform polarizatisieotations are used in bothx3 and 44
MIMO systems.

Eoo éoo
-45° +45°
90°
.................. > X
(a) 3x3 MIMO (b) 4x4 MIMO

Figure 7.1: Polarization orientations of 3x3 and 4x4 MIMOnhfigurations

When the RX and TX antennas have the same polarizations, i1eo power loss due to polarization
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difference. On the other hand if the RX and TX antennas haf¥ereint polarization orientations
there exists power loss due to polarizatioffetence. When an RX antenna element is orthogonally
polarized with respect to a TX antenna element, the power ilshe largest and characterized by
XPD. Transmitting the signal from a certain polarizatiolRIXis defined as the ratio of the received
signal power of the copolarized RX antenna to that of thespokarized RX antenna. In case of
polarization diference between TX and RX antennas rather than orthogoreization, the power
loss is defined based on XPD value. Power loss of any polanedifference is linearly generated
from XPD. Therefore, when there is non-orthogonal poldiaradifference between an RX and a
TX antenna such as i@ and 44 cases, power loss is calculated from XPD by normalization o
polarization dfference angle with respect to°90

MIMO channels with and without polarization diversity arakiated for BER performance using SM
scheme. The performances of MIMO systems with and witholdrimation diversity are analyzed
without coding. Additionally, thefects of polarization diversity on the communication spefegix3d
and 4x4 MIMO cases are investigated via capacity vs SNR curves.

Just as in chaptels 5 aht 6 TX interantenna distance is adsionbe stficiently large to ignore TX
correlation. RX correlation is considered in two cases.hinftrst case, all RX antenna elements are
separated and there is no RX correlatidieet. In the other case, due to space limitation RX antenna
elements are colocated leading to full correlation for lEmaplarization. The RX correlation cfie
cient values for the systems with polarization diversity generated from equatibén 3113 considering
elevation and azimuth AOAs of the incoming multipath sigreaid polarization orientations.

7.1 Uncorrelated Channel

In this section it is assumed that there is no space constmghthere is no correlation at the TX and
RX.

7.1.1 Constant K-factor and XPD

K-factor value of 0 and 10 are used for the comparison of nurobantennas. 0 K-factor refers to
pure Rayleigh fading case for single polarization withoalapization diversity and K-factor of 10
corresponds to a channel with strong LOS or constant commoR@rthermore, XPD is taken to be
6dB in this subsection. As explained in this chapter’s idtrction, XPD value is the power loss of
orthogonally polarized antenna configurations and wherptiarization angle dierence between a
TX and an RX antenna element igfdrent than 99 power loss is linearly obtained from XPD value.

7.1.1.1 SM scheme BER performance

Fig. [Z.2 illustrates SM BER vs SNR graph of SISO, 2x2, 3x3 ard MIMO systems with and
without polarization diversity. K-factor is 0 and XPD is 6dBince K-factor is 0, only variable channel
component is present. The channel has full rank since tisen® icorrelation #ect. In this case,
subchannel power loss due to polarizatioffieience leads to performance degradation for polarization
diversity and single polarization has better BER perforoearegardless of number of antennas. Due
to power loss, all 3 MIMO systems with polarization diveyditas about 3dB worse performance than
their single polarization counterparts, at BER value of*10
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As the number of antennas increases, the rank of the chamrebises and SM BER performance
of MIMO systems both with and without polarization diveysitnproves. The slopes of BER curves
sharpen. Single polarizedk4 MIMO system has about 2dB better BER thaxB33VIIMO and about
7dB better than 22 at BER value of 16*. The situation is similar for polarization diversity em-
ployed MIMO systems. When polarization diversity is praseéxd MIMO outperforms %3 MIMO

as 2dB and 22 as nearly 6dB at BER value of 70 Moreover, all MIMO systems have much greater
performance than SISO since there is no diversity for SISO.

BER vs SNR for SM, K=0, XPD=6dB, without correlation
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Figure 7.2: BER comparison for SM (0 K-factor, 6dB XPD, noretation)

When K-factor is increased to 10, constant channel compgdremomes fective. As shown in fig.
[7.3, SISO outperforms all MIMO configurations since highefator makes the SISO channel gain
closer to unity. SISO system gets rid of the fadifiget of the channel and approaches to AWGN case
which significantly increases BER performance.

As for MIMO systems and polarization comparison, systenth wolarization diversity is better than
single polarization in terms of BER performance since polss caused by polarizationftirence
improves the channel rank at high K-factor. Polarizatiae ity becomesfeective especially at high
SNR. For %2 MIMO after 10dB SNR, polarization diversity is better ahtias up to 4dB better BER
than single polarization. Similarly, for<® and 44 cases when SNRL5dB polarization diversity is
effective yet the performanceftiirence is smaller than 1dB at POBER. As the number of anten-
nas increases, polarization orientations get closer th etieer and power loss causing performance
improvement for polarization diversity at high K-factoradeases. That is the reason why polariza-
tion diversity has much greater BER performance than sipglarization for X2 system but does not
have such large performancéfdrence for larger number of antennas. In addition, BER«&RIIMO
with polarization diversity is better than other MIMO sysi® with polarization diversity. However,
the slope of 22 system is smaller than the slopes of others. As SNR incsgrséormance of MIMO
systems with polarization diversity get closer and#iaMIMO even outperforms:22 system at BER
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value of 10°.

BER vs SNR for SM, K=10, XPD=6dB, without correlation
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Figure 7.3: BER comparison for SM (K-factor of 10, 6dB XPD,gwrelation)

7.1.1.2 Average Capacity

Capacity comparison of single polarization and polaraatiiversity for 0 K-factor and 6dB XPD is
illustrated in fig[Z.4. SISO and MIMO systems withfdrent number of antennas are considered. At
high SNR capacity results are linearly dependent on therdlaank and since channel rank is mini-
mum of n or n; at 0 K-factor, capacity results are linearly dependent emthmber of antennas. As
the number of antennas increases, capacity results irclieaarly. For instance at 20dB SNR, SISO
capacity is 5.8bpklz, 2x2 MIMO capacity is 11.3bpslz, 3x3 MIMO capacity is 16.7bpslz and
4x4 MIMO capacity is 22.3bpsiz under uncorrelated channel with 0 K-factor without pialation
diversity.

MIMO systems with polarization diversity incur subchanpelver loss which results in capacity de-
crease with respect to single polarization when there igpages constraint and correlation. At 20dB
SNR, polarization diversity has about 32 lower capacity for 44 MIMO, 2bpgHz for 3x3 MIMO
and 1.1bp#&z for 2x2 MIMO configurations as compared to single polarizatioresas

Fig[Z.5 shows the capacity results offdrent polarizations and fiérent number of antennas for K-
factor of 10. When K-factor is increased from 0 to 10 SISO cépancreases from 9.1 to 9.8 hipiz

at 30dB SNR, since as K-factor increases SISO channel famingmes insignificant and channel co-
efficient approaches to unity. However, this is not the case idd®systems. As K-factor increases
single polarization encounters severe capacity deg@uaince channel rank decreases. High power
loss due to orthogonal polarization results in 1.Z2bjgshigher capacity for 22 MIMO with polar-
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Average Capacity vs SNR, K=0, XPD=6dB, without correlation
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Figure 7.4: Average capacity (0 K-factor, 6dB XPD, no catiein)

ization diversity at 30dB SNR. However, as the number of ramas increases angular separation of
antennas and subchannel power loss decreasesxBargl 44 MIMO, subchannel power loss due to
polarization diference is not as high as fox2 MIMO. Single polarized 83 MIMO has higher capac-
ity at low SNR. Polarization diversity has higher slope tisargle polarization and as SNR increases
polarization diversity outperforms single polarizatioAt 30dB SNR 33 MIMO with polarization
diversity has about 0.5bf$z higher capacity than single polarization. Furthermésedx4 MIMO
case, at low SNR single polarization has higher capacity pledarization diversity. At 30dB SNR, the
difference disappears and polarization diversity reachekegdotarization capacity.

7.1.2 Distance dependent K-factor and XPD

BER for SM scheme and average capacity results are investigar 3km communication distance.
K-factor and XPD values are generated from log-normalitistions explained in chaptet 3. Just to
remember that these models are based on the measuremeuntsidoes channel [7].

7.1.2.1 SM scheme BER performance

Fig. [Z.8 illustrates SM BER curves of SISO and MIMO systemsuiocorrelated channel at 3km
distance. Both single polarization and polarization dditgrcases are investigated in order to analyze
the dfects of polarization on ffierent MIMO scenarios. At 3km distance K-factor has a mean of
5.7dB. MIMO systems have better BER performance espeaahygh SNR than SISO since K-factor
is not very high.
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Average Capacity vs SNR, K=10, XPD=6dB, without correlation
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Figure 7.5: Average capacity (K-factor of 10, 6dB XPD, noretation)

Without polarization diversity, 22,3x3 and 4«4 MIMO have nearly the same BER. When the polar-
ization diversity is employed, MIMO systems with polaripatdiversity outperforms single polarized
MIMO systems with the same number of antennas. B& and %3 MIMO, polarization diversity
has about 2dB better performance than single polarizatidnndhen the number of antennas is 4, po-
larization diversity has nearly 6dB better BER performati@an single polarization at 16 BER. It
seems that there is not a strong relation between the nurhbatennas and BER performance of SM
scheme when distance dependent K-factor and XPD modeld baseal wireless channel measure-
ments are used. Itis clear that4 MIMO with polarization diversity has the best performaacel 4
antenna elements are the best among the others for poianizétersity at 3km distance. The reason
underlying this fact is the polarization orientation of#dsystem.

7.1.2.2 Average Capacity

Fig.[Z.1 shows the capacity curves of SISO and MIMO systertisavid without polarization diversity.
The channel is generated with the K-factor and XPD values3faon distance. It is assumed that
there is no space limitation and correlation. As the numleanbennas increases, capacity results
increase as expected since the diversity order of the chamoneases. As for polarization analysis, for
3km distance there is no very distinct capacitffetience between single polarization and polarization
diversity. Since K-factor and XPD are moderate MIMO systerits an without polarization diversity
have nearly the same capacity.
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BER vs SNR for SM, 3km, without correlation
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Figure 7.6: BER comparison for SM (3km distance, no coriatgt
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Figure 7.7: Average capacity (3km distance, no correlation

63



7.2 Correlated channel

In this section there is no spatial diversity for received dme antennas are assumed to be colocated
due to space limitation at the RX. There exists correlatietwieen the multipath received signals.
Correlation cofficients correlate variable channel component elementsheaydare randomly gener-
ated from egn[_3.13. Correlation between two antenna elenaea based on the angular separation
between those elements. Moreover, azimuth and elevatiohsAfd the incoming signals and cross
polar ratio of the orthogonally polarized antenna elemargsconsidered in correlation.

7.2.1 Constant K-factor and XPD

Just as in uncorrelated channel case, K-factor is selest®chad 10 and XPD is taken to be constant
as 6dB.

7.2.1.1 SM scheme BER performance

Fig.[Z.8 illustrates SM BER curves for SISO and MIMO case$®it3 and 4 antenna elements with 0
K-factor and 6dB XPD. Since 0 K-factor means only variablaraiel component exists, correlation is
very dfective on the channel and BER performance. When there isladgation diversity, very sharp
performance decrease is observed and SISO case is bettalithéiMO configurations. Therefore,
if SM is used without any coding and the RX antennas are ctddadue to space problem, rather than
using MIMO with more than 1 TX and RX antennas, simply usin§SIsystem results better BER.
Despite higher BER, capacity results of MIMO systems withamlarization diversity should be taken
into account for accurate system performance analysis.

SISO and MIMO systems with single polarization have the ssloyge and as the number of antennas
increases from 1 to 4, BER performance worsens graduallyeier, for polarization diversity case,
as the number of antennas increases lower BER values asyadtand 44 MIMO with polarization
diversity has the best performance.

When the polarization diversity is employed, angular safi@n of antenna elements leads to lower
correlation cofficients than single polarization case which causes muckrbBER performance.
For instance #4 MIMO with polarization diversity has about 13dB better foemance than single
polarization at 10° BER and %3 MIMO with polarization diversity has 10dB better performea
than 3<3 single polarized MIMO at 810~* BER.

When K-factor is increased to 10, SISO has the best perfazenan shown in fig[_7l9 since there
is no correlation ffect for SISO and high K-factor eliminates thext of fading. When there is no
polarization diversity, MIMO performances are very simita O K-factor case. As the number of
antennas increases from 2 to 4, there is performance losedu# correlation just as in correlated
channel with 0 K-factor.

If the antennas are angularly separated and there is patianzdiversity, %2 MIMO is the best and
3x3 and 4«4 MIMO configurations with polarization diversity have nigathe same performance.
2x2 MIMO has about 2dB better BER performance tha82ind 44 configurations at 1¢ BER.
However, %2 BER curve has lower slope than the other MIMO systems and=® Bf 10° they
perform nearly the same.
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BER vs SNR for SM, K=0, XPD=6dB, with correlation
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Figure 7.8: BER comparison for SM (0 K-factor, 6dB XPD, witbrielation)

BER vs SNR for SM, K=10, XPD=6dB, with correlation
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Figure 7.9: BER comparison for SM (K-factor of 10, 6dB XPD{twtorrelation)
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7.2.1.2 Average Capacity

Capacity results for correlated channel with 0 K-factor &d@ XPD are presented in fig._7]10. It
is clearly seen that capacity and SM BER results are veryeglaMIMO systems without polariza-
tion diversity have capacities much lower than polarizatitversity cases for all number of antennas
and the capacity flierence gets larger as the number of antennas increag@sMIMO has about
2.2bpgHz capacity diference whereasx®3 MIMO has about 4.7bplz and 4«4 MIMO has about
8bpgHz capacity diference between single polarization and polarization dityecases at 20dB SNR.
As expected, #4 MIMO has the highest capacity in polarization diversitgea

Average Capacity vs SNR, K=0, XPD=6dB, with correlation
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Figure 7.10: Average capacity (0 K-factor, 6dB XPD, withredation)

When K-factor is increased to 10, as shown in fig. V.11, céypaoimparison for polarization fier-
ence and number of antennas is very similar to 0 K-factor wétbecorrelation. Single polarizations
have much lower capacities than polarization diversityesys since at high K-factor constant channel
component with high condition number is dominant. Additity variable channel component is low
rank due to high correlation. On the other hand, when theaagsilar separation between the antenna
elements, unlike single polarization, constant channelpmment has higher rank due to power loss.
Besides, variable channel component for polarizationrditiedoes not sfiier from high correlation
codficients since polarization diversity causes lower cori@atThus, MIMO systems with polariza-
tion diversity have much higher capacity values than sipglarizations and the capacityfidirence
gets larger as the number of antennas increases. The gagificitence between the single polariza-
tion and polarization diversity is about 6lgpiz for 2x2, 10.3bpgHz for 3x3 and 14bp4iz for 4x4
MIMO configurations at 30dB SNR.
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Average Capacity vs SNR, K=10, XPD=6dB, with correlation
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Figure 7.11: Average capacity (K-factor of 10, 6dB XPD, wgtrrelation)

7.2.2 Distance dependent K-factor and XPD

BER for SM scheme and capacity results are obtained for kefaand XPD generated for 3km dis-
tance. Correlation is present and correlationficient values are obtained using distance dependent
XPD values.

7.2.2.1 SM scheme BER performance

Fig. [Z12 indicates the SM BER curves for SISO and MIMO systaewith and without polariza-
tion diversity under correlated channels for 3km distarfeer. single polarization, as the number of
antennas increases BER performance degrades due to higiation. SISO has about 5dB better
performance than>2, 8dB better performance tharx3 and about 11dB better performance than
4x4 MIMO systems without polarization diversity at F0BER when the RX antennas are colocated.
However, MIMO systems with polarization diversity has beBER than SISO and single polarized
MIMO systems.

At low SNR all 3 MIMO configurations have very close BER perfance and after SNRL5dB BER
curves difer from each other. There is not a pattern of the number ohaatand BER performance
when polarization diversity is presentx3 MIMO with polarization diversity has about 1.5dB worse
performance thanx2 system which has about 2dB worse BER thad MIMO. Therefore, 4 antenna
seems the best among the other number of MIMO antennas whrization diversity is employed.
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BER vs SNR for SM, 3km, with correlation
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Figure 7.12: BER comparison for SM (3km distance, with clatien)

7.2.2.2 Average Capacity

Fig. [Z.13 shows the capacity results of SISO and MIMO systiemsorrelated channel at 3km dis-
tance. Capacity results are very dependent on the comelatvhen the correlation is present, the
capacity comparison is very similar for K-factor of 0, 10 afistance dependent K-factor. SISO has
the lowest capacity and single polarized MIMO capacitieséase with the same slope as the number
of antennas increases. However, MIMO systems with poltwzaliversity has much higher capaci-
ties than MIMO systems without polarization diversity underrelated channels. As the number of
antennas increases correlation becomes miteet&ve and the dierence between single polarization
and polarization diversity increases. At 30dB SNR22MIMO with polarization diversity has about
5.5bpgHz higher capacity than single polarized2MIMO, whereas 3 MIMO with polarization
diversity has about 10bfidz higher capacity than single polarized 3MIMO and 4x4 MIMO with
polarization diversity has more than 16[gz higher capacity than single polarized4AMIMO.
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Average Capacity vs SNR, 3km, with correlation
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CHAPTER 8

CONCLUSION

Diversity is the main cause of MIMO systems’ advantage ou&C5 There is a variety of diversity

techniques such as time diversity, frequency diversitgtiapdiversity. Polarization diversity is one of
the MIMO diversity techniques however it is not as widely wmand popular as the others. In this
thesis, MIMO polarization diversity is investigated.

Statistical Ricean and Rayleigh fading models are obtafn@ah deterministic multipath signals.
MIMO channel model is presented using these fading modelsttam parameters based on the pre-
vious studies. Variable and constant channel componeatsauded in this channel model. XPD is
introduced into the MIMO channel model due to polarizatidffiedences between TX and RX anten-
nas. Moreover, polarizationfiiérences cause lower correlation fiments for MIMO systems with
polarization diversity. In other words, MIMO channel modskd in this study is a detailed combina-
tion of MIMO channel knowledge including polarization digéy effects.

Polarization diversity can be used in MIMO systems in oradeincrease the diversity order of the
system in case of spatial diversity is not present. If therenough space at TX or RX uncorrelated
signals can be transmitted and received. However, if dupdoesconstraint interantenna distances are
small, correlation problem arises which causes performaegradation. If polarization diversity is
employed lower correlation céiicients can be achieved. In this study, TX is assumed to haspae
limitation and only RX correlation cdicient is considered since TX is assumed to be base station and
RX is mobile equipment. There are two channel cases acaptdithe receiver correlation. In the
first case, receiver is assumed to havéfisiently large space so as to receive uncorrelated signals
from different antennas and therefore, there is no correlafiecte In the second case, due to space
problem at the receiver, antennas are colocated and dioreéffect exists at the channel. Correlation
codficients are generated from a 3-D model including polarizatigentations, XPD values, azimuth
and elevation AOAs.

Both constant and distance dependent K-factor, XPD anctledion values are used for correlated
and uncorrelated channel cases. Alamouti and spatial pladtng are used as transmission schemes
and ML detection is employed for receiver algorithm. Singdarized and dual polarizeck2 MIMO
systems’ BER performance for AL and SM are compared for wetated and correlated channel states
at different K-factor and XPD values. In addition, capacity resate presented for these channels.

The conclusions for the results of several simulations @summarized as follows:

e When there is not space limitation, uncorrelated signafstmareceived. AL BER of single
polarization is lower than AL BER of dual polarization fot abnstant and distance dependent
channel parameters since AL is based on power combinatiogcefved signals from all sub-
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channels and dual polarizationfBrs from cross polar channel power loss. As XPD increases,
AL BER for dual polarization degrades expectedly. For SMaldholarization has better BER
than single polarization for even uncorrelated channedsasless K-factor is low. The reason
underlying this fact is that at high K-factor constant ch@rmomponent, which has low rank, is
dominant and XPD increases rank of the channel by dividiogspolar subchannel elements.
As XPD increases, dual polarization SM BER decreases atHKifgttor. Whereas at low K-
factor, dual polarization SM BER worsens with the increab&XIBD since variable channel
component is dominant at low K-factor and variable chanslfall rank without correlation.
Just as BER for SM, capacity of dual polarization is loweraat K-factor and higher at high
K-factor than that of single polarization due to XPD. Theaeity comparison is very similar to
SM BER comparison since both performances are based oneldinersity.

When there is space constraint at the receiver and chansiebngelation, AL and SM BER and
channel capacity performances degrade. Signals can bigeéagith lower correlation when
RX antennas haveflerent polarization orientation as compared to single pddon. When the
correlation is present, dual polarization has better BERSfd scheme than single polarization,
regardless of K-factor. As for AL, BER worsens with the prese of correlation although
AL scheme is based on power combination from all subchanmils reason of this fact is that
when one subchannel is in deep fade, the other is also in ddegf high correlation. Therefore,
correlation eliminates the diversity advantage of MIMOteyss. When AL scheme is employed,
at low K-factor, dual polarization, which has worse BER peniance than single polarization in
uncorrelated channel case, has very close performancedte siolarization. At high K-factor
dual polarization performance is nearly tiegted by the correlation and single polarization
performance degrades due to high correlation. Dual p@toz has still worse performance
than single polarization just as in uncorrelated channsécaVioreover, when correlation is
present the dierence between AL BER performance of single and dual peltoizs decreases.
Additionally, capacity of single polarization decreaseamgharper than dual polarization and
dual polarization has much higher capacity than singlerfration regardless of K-factor.

In addition to the constant channel parameters, distangertent K-factor and XPD are used
to investigate the performance of polarization diversityeal wireless suburban channels. For
uncorrelated distance dependent channel, single pdiiarnzhas better BER for AL than dual
polarization regardless of distance. As for SM scheme, erctimtrary to AL, dual polarization
has better BER than single polarization for both close andifances. At far distance, single
and dual polarization SM BER performances improve slighthyce K-factor decreases and
channel elements have better distribution. Capacity aflsiand dual polarizations are very
similar in uncorrelated case.

When there is space limitation, for both small and largeadlisés single polarization incurs se-
vere performance degradation due to correlation. On ther dthnd dual polarization is nearly
undtected by correlation. Consequently, AL and SM BER and caépaesults of dual polariza-
tion are better for correlated channel with distance depetid-factor and XPD.

In this study, number of antennas in a MIMO system with pakgion diversity is investigated,
in addition to %2 MIMO channel evaluations. SM BER and channel capacity &C§12x2,
3x3 and 4«4 MIMO systems are compared for correlated and uncorrelett@tnels. When
there is no correlationfiect, at low K-factor as the number of antennas increases, &kR
capacity results improve. Moreover, systems with polaidrediversity performances are worse
than single polarizations due to subchannel power lossightIK-factor SISO has the best BER
performance since high K-factor eliminates the fadiffge of SISO channel. Rather than using
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MIMO systems SISO can be chosen for a channel with high Kefa&ut, the advantage of the
MIMO is high capacity. Capacity increases with the increafseumber of antennas.

e When there is correlation, MIMO systems with polarizatiovedsity has better BER and ca-
pacity performance than single polarization for constantd@istance dependent channels. SISO
has better BER than single polarized MIMO systems and sipgjirization BER degrades with
the increase of number of antennas. Capacity of polarizatizersity increases sharply as the
number of antennas increases. On the other hand, singlezatian capacity also increases
with the increase of number of antennas but this increaserislew as compared to increase of
polarization diversity capacity. Use of single polarizetM system may not be worth such
low capacity increase. Therefore, rather than using MIM&tesyis with colocated receiver an-
tennas, SISO system can be used for BER as well as capacigddition, SISO has better
BER than MIMO systems with polarization diversity for cdated channels with high K-factor.
Yet, capacity of polarization diversity is much higher tHI$0 and as the number of antennas
increases capacity increases sharply.

To sum up, when there is enough spacex2 MIMO, single polarization can be selected for AL and
dual polarization can be selected for SM and capacity udefsgtor is very low. When there is not
enough space at the receiver and antennas are colocatadzatbn diversity can be used instead
of single polarization for BER and capacity in all channetes Additionally, SISO can be used
instead of MIMO systems for better BER at high K-factor. Hoee capacity of MIMO systems with
polarization diversity are much higher than SISO. When lsgéed communication is desired, more
number of antennas can be used. Finally, if there is spadetion and correlation is present, MIMO
systems with polarization diversity should be used for BER eapacity.
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