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ABSTRACT ix

ABSTRACT

The pervasive challenge of increasingly higher spectral efficiencies in wireless
communications has fomented the onset of various exceptional technologies.
One of the most notorious is the concept of multiple-input multiple-output
(MIMO) systems, a remarkable invention that brought the promise of extraordi-
nary data rates of transmission. As it is gradually understood and shaped by the
research community, that promise is progressively becoming reality.

The thesis herein investigates some open issues in present-day MIMO de-
siderata, and has the aim of filling important gaps. After a preliminary under-
standing of the mobile channel characteristics and the implications of wireless
diversity, its primary focus is on an information-theoretic perspective of MIMO
communications. Even though the capacity of ideal MIMO channels has been
known for some time, that is not the case for more trealistic scenarios such as the
presence of cross-correlation between the antennas of MIMO systems. An in-
depth study of the impact of receiver-sided correlated fading on the channel ca-
pacity is conducted, and novel, exact analytic (closed-form) formulas for the er-
godic capacity are found in a unified derivation. The derivation involves the study
of non-trivial multivariate statistical distributions, matrix integrals and the theo-
ries of groups and group representations. In the process, some results of the
realm of mathematical statistics are derived, such as expressions for several com-
plex Jacobians and the universal Wishart density function.

The thesis then departs from Information Theory and focuses on more
practical aspects of MIMO transmission. No longer assuming that the channel is
flat-fading, the goal is to study transmission overspreading in a unified frame-
work, such that a more robust MIMO receiver can be implemented. A baseband
description of the linear time-varying MIMO channel sets the ground to orthog-
onalization and full discretization, where a novel approach using continuous, dis-
crete, and hybrid operators becomes indispensable foundation. A novel, optimal
matched filter, the ORTHO-TS-MMFE, is derived. To round out the study, a full
frequency description using spectral operators is also obtained, and novel formu-
las for the spectral factorization of time-varying MIMO filters are recovered. Fi-
nally, after deriving three instances of MMSE based linear detectors, the optimal
one is used to test the error performance of the devised discrete model using

Monte Carlo simulation. The thesis finalizes with the numerical results.
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RESUMO

O desafio permanente do aumento da eficiéncia espectral das comunicag¢oes sem
fios tem fomentado o aparecimento de varias tecnologias excepcionais. Uma das
mais notorias ¢ o conceito de sistemas de multipla-entrada multipla-saida (co-
nhecidos na literatura inglesa pela sigla MIMO), uma invenc¢dao notavel que
trouxe consigo a promessa de taxas de transmissio extraordinarias. A medida
que o conceito ¢ gradualmente compreendido e moldado pela comunidade de in-
vestigadores, a promessa tem-se tornado efectivamente realidade.

A presente tese investiga algumas questoes em aberto no ambito do desi-
derato MIMO actual, e almeja preencher lacunas importantes. Depois de uma
compreensao preliminar das caracteristicas do canal de comunicagdes moveis e
as implicagoes da diversidade sem fios, o seu foco primeiro é numa perspectiva
tedrica da informagao em comunica¢oes MIMO. Apesar da capacidade de canais
MIMO ideais ser conhecida ja ha algum tempo, o mesmo nao se pode dizer da
que concerne a cenarios mais realistas tal como a presenca de correlagio cruzada
entre as antenas dos sistemas MIMO. E realizado um estudo aprofundado do im-
pacto de desvanecimentos correlacionados do lado do receptor, sendo obtidas
novas féormulas analiticas e exactas para a capacidade ergddica do canal, deduzi-
das numa derivacao unificada. A derivagiao envolve o estudo de distribui¢coes es-
tat{sticas multivariadas nao triviais, integrais de matrizes e teorias de grupos e de
representacées de grupos. No processo, sao derivados alguns resultados do
dominio da estatistica matematica tal como expressOes para varios Jacobianos
complexos e a funcao densidade de Wishart universal.

A tese afasta-se entao da Teoria da Informagao e centra-se em aspectos
mais praticos da transmissao MIMO. Abandonando a condi¢ao de um canal nao
selectivo em frequéncia, o objecto passa a ser o estudo da sobre-dispersao da
transmissao numa conjuntura unificada, viabilizando deste modo a implemen-
tacdo de receptores MIMO mais robustos. Uma descricio em banda base do ca-
nal MIMO linear e variavel no tempo alicerga os processos de ortogonalizagao e
discretizagdo completa, onde uma nova abordagem baseada em operadores
continuos, discretos e hibridos, se traduz num fundamento indispensavel. Adi-
cionalmente, ¢ derivado um novo filtro adaptado Optimo, designado por
ORTHO-TS-MME. Para alargar a abrangéncia do estudo, sio ainda definidos

operadores espectrais que conduzem a uma descri¢ao completa no dominio das
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frequéncias, em sequéncia recuperando novas féormulas para a factorizagao es-
pectral de filtros MIMO variaveis no tempo. Finalmente, depois de derivar trés
instancias de detectores lineares baseados em estimacao MMSE, o detector linear
6ptimo ¢é usado para testar o desempenho do modelo discreto projectado, sendo,
para tal, implementadas eficientes simulagoes Monte Carlo. A tese termina com

os resultados numéricos.
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RESUME

Le défi permanent de 1'augmentation de l'efficacité spectrale des communica-
tions sans fils (wireless) a fomenté 1"apparition de plusieurs technologies excep-
tionnelles. L'une des plus notoires c’est le concept de multiple-entrée et
multiple-sortie (connu dans la littérature anglaise par la sigle MIMO), une inven-
tion notable qui a porté sur soi une promesse de taux de transmission extraordi-
naires. A mesure que le concept est graduellement compris et modelé par la
communauté de chercheurs, la promesse devient effectivement une réalité.

Cette these recherche quelques questions en ouvert, dans ce qui concerne
"actuel désidératum MIMO, et prétend remplir d importantes lacunes. Aussitot
apres la compréhension préliminaire des caractéristiques du canal des communi-
cations mobiles et ses implications dans la diversité sans fils, son premier cible
c’est une perspective théorique de I'information dans les communications MI-
MO. Bien que la connaissance de la capacité des canaux MIMO idéaux soit
connue il y a longtemps, on ne peut pas affirmer le méme concernant des scenes
plus réalistes tel que la présence de la corrélation croisée entre les antennes des
systemes MIMO. Un étude approfondi sur 1'impact d"évanouissements corréla-
tionnés du coté du récepteur a été réalisé, et on a obtenu de nouvelles formules
analytiques e exactes pour la capacité ergodique du canal, déduites dans une for-
mule unifiée. La dérivation comprend I'étude des distributions statistiques multi-
variées non triviaux, intégraux des matrices et des théories des groupes et des re-
présentations de groupes. Dans ce processus, sont dérivés quelques résultats du
domaine de la statistique mathématique tel que des expressions pour divers Ja-
cobiens complexes et pour la fonction densité d'Wishart universelle.

Alors, cette these s'éloigne de la Théorie de 1 Information et se centre dans
des aspects plus pratiques de la transmission MIMO. Renoncant la condition
d’un canal non sélectif en fréquence, I"objet c’est 1"étude de la sur-dispersion de
la transmission dans une conjunture unifiée, viabilisant ainsi 1'implémentation de
récepteurs MIMO plus robustes. Une description en bande-base du canal MIMO
linéaire et variable dans le temps consolide les processus d orthogonalisation et
de discrétisation complete, ou un nouvel abordage fondé dans des opérateurs
continus, discrétes et hybrides, constitue un fondement indispensable. Addition-
nellement, un nouveau filtre adapté optime, désigné par ORTHO-TS-MME; est

dérivé. Pour élargir cet étude, sont encore définis des opérateurs spectraux qui
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conduisent a une description compléte dans le domaine des fréquences, en sé-
quence récupérant de nouvelles formules pour la factorisation spectralle des fil-
tres MIMO wvariables dans le temps. Finalement, apres dériver trois instances de
détecteurs linéaires fondés en estimation MMSE, le détecteur linéaire optime est
utilisé pour tester 1'accomplissement du modele discret projeté, c’est pourquoi
d’efficaces simulations Monte Carlo ont été réalisées. Cette thése termine avec

des résultats numériques.
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CHAPTER 1

INTRODUCTION

Wireless mobile communications at the physical level is an exceedingly challenging topic
in both theoretical and practical terms. The mobile propagation channel inherently suffers
from severe impairments such as random small-scale fading and frequency selectivity that,
without powerful mitigation techniques, deem reliable communication virtually impossi-
ble. Besides these impairments, the wireless medium is effectively shared by a lot of serv-
ices to different users that are increasingly eager of high data rates, which means that either
high spectral efficiencies are attained by proficient technologies or it will not be possible
to accommodate all of them. Relevant sources of information regarding the modelling and
characterization of the mobile channel are [1], [2], [3] and [4], and an extensive review is
provided in [5].

One ineluctable tool to combat the wireless impairments is to take advantage of the
random nature of the channel fading to explore spatial diversity. Spatial diversity is consid-
ered one of the most important instruments for wireless communications’ reliability, as it
introduces impressive channel amelioration by the employment of diversity combining
techniques. Spatial diversity also allows for spatial multiplexing which, in essence, permits
substantial data rate improvements and user separation in multiuser systems. A broad re-
view of these facts is given in [6], [7], [8] and [9].

Multiple-input multiple-output (MIMO) systems have originated a full discipline of
study which sole purpose is to formulate methods to fully exploit the enhancements of
spatial diversity that are steering wireless mobile communications. Ranging from transmit
beamforming to space-time processing and space-time coding, the goal is to obtain either
diversity gain, spatial multiplexing gain, or interference reduction. In what concerns spatial
multiplexing, Information Theory has provided results that foresee an almost linear scal-
ing of the information-theoretic capacity with MIMO array sizes, confirming that the si-

multaneous use of transmit and receive diversity offers spectral efficiency improvements
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» INTRODUCTION

[10], [11] and [12]. MIMO literature is vast, but for an introductory study see [13], [14],
[15], [16] and [17], and for a comprehensive instalment [18], [19].

1.1 Motivation

The fundamental motivation for this thesis is the global urge for data rates in the order of
hundreds or even thousands of megabits per second in a 4th generation (4G) mobile wire-
less communications setting. Inherent complexity makes the subject difficult, yet challeng-
ing, and the ability to grasp the mathematics that tackles the problem and moulds a
solution to one’s advantage is no less than stimulating. MIMO systems are an enthusiastic
new technology that is becoming a landmark in our time, and will definitely drive the fu-
ture of wireless communications.

All the beauty of MIMO systems can be directly drawn from theoretical principles of
a multidimensional extension of classical Information Theory, and this is where the first
far-reaching incursion is made. The goal is to deprive the formulas for attainable informa-
tion rates in frequency non-selective MIMO systems from an open-form, computationally
demanding situation, within a propagation context as general as possible. Due to the ma-
tricial nature of the MIMO model, this task is anything but easy when the degrees of free-
dom that MIMO is supposed to introduce are not so free after all. These are the correlated
fading scenarios that the thesis investigates in pursuit of a possible solution.

Having concluded the information-theoretic study, the motivation becomes more
practical. Now, in a frequency-selective and/or Doppler-spread set-up, the aim is to un-
derstand how to optimally design the MIMO input/output model when no space-time
channel coding is used. MIMO channels also suffer from overspreading in multipath delay
and in Doppler shift, so a basic challenge is to devise a receiver that copes with the prob-
lem in a time-variability aware manner. Instead of designing a receiver and then adapting
it to the time-varying nature of the wireless MIMO channel, the approach is to assume
time-variability from the beginning so as to explore Doppler diversity.

In the process of solving these questions, the thesis finds additional motivation in ex-

citing new mathematical tools that it builds to reach its conclusions.

1.2 Thesis Contributions

So that the reader gets acquainted with the innovative scope of this thesis, the purpose of
this section is to provide a brief summary of its most relevant contributions to the current

research work. They are:

1. Derivation of the probability density function of the Nakagami-m distribution of enve-
lope fading, by resorting to hyperspherical coordinates;

2. Derivation of the probability density function of the output signal-to-noise ratio of the

maximal-ratio combiner under Nakagami-m distributed correlated envelope fading;

3. Derivation of closed-form formulas for the error probability and information-theoret-
ic capacity of the maximal-ratio combiner under Nakagami-m distributed correlated en-

velope fading;
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4. Derivation of the complex Jacobians of four matrix decompositions, namely: 1) the
Cholesky factorization; 2) the QR factorization; 3) the congruence transformation; and 4)
the eigenvalue decomposition; the Jacobians were derived for both nonsingular and sin-

gular complex matrices, making them universal;

5. Derivation of the density function of both nonsingular and singular, complex Wishart

matrices, based on the transformations associated with the given Jacobians;

6. Derivation of the unordered eigenvalue distributions of both nonsingular and singular,

complex Wishart matrices;

7. Extension of the Itzykson-Zuber integral to integration over a quotient space, using

the theory of group representations;

8. Derivation of exact, closed-form formulas, for the information-theoretic capacity of
wireless MIMO channels under receiver-sided correlated fading, in the configurations: 1)
no more receiver antennas than transmitter antennas; and 2) more receiver antennas than

transmitter antennas;

9. Full description of the input/output model of the linear time-varying MIMO channel

using continuous, discrete and hybrid operators;

10. Orthogonalization of the MIMO channel response and determination of a fully dis-
crete input/output model of confirmed optimality in the maximum likelihood sense; the
latter model is obtained from the first by filtering with a new matrix matched filter, the
ORTHO-TS-MMF; it is understood that the matched filter is always the hermitian adjoint

operatot;

11. Derivation of the time-varying noise whitening filter that applied at the output of the
TS-MMTF produces the same output as the ORTHO-TS-MMF;

12. Full discretization of the matched filter operators, which allows for a fully discrete re-

ceiver after sampling;

13. Derivation of constrained, unconstrained and zero-forcing linear detectors operators

by the MMSE method of error energy minimization;

14. Implementation of a novel method of MIMO channel operator orthogonalization,
based on backward block-wise Householder reflections; the method is numerically stable
and extremely time-efficient (in certain cases, dozens or even hundreds of times faster
than the conventional, unstable, backward block-wise Gram-Schmidt procedure); the

speed-up made the ensuing Monte Carlo simulations possible to complete in due time.

1.3 Thesis Outline

The thesis is organized in logical progression. Chapter 2 is devoted to a preliminary study
of the wireless mobile channel. It begins with the fundamentals of electromagnetic prop-
agation and retrieves a model for the received signal of dynamic channels. After presenting
some notions from large-scale path loss, it concentrates on the small-scale fading phe-
nomenon. The channel is statistically characterized in terms of time and frequency auto-
correlation functions and models are provided for the power delay profile and angular

distribution of wave arrival. The spaced-time spaced-frequency autocorrelation function
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of the wide-sense stationary uncorrelated (isotropic) scattering (WSSUS) channel model
is derived, which leads to formulas for the coberence time and coberence bandwidth of the wire-
less channel. Simulations of the behaviour of time-selective and frequency-selective chan-
nels are performed. Also, the fading is statistically characterized in terms of the Rayleigh,
Rice, and Nakagami-m distributions.

Chapter 3 evolves into the study of spatial diversity at the receiver end. A brief incur-
sion into autocorrelation of the fading envelope sets the ground to the study of the max-
imal-ratio combiner as a predetection combining technique. Information-theoretic and
error performance results expose first evidence of the benefit of spatial diversity even un-
der correlation scenarios.

In Chapter 4 the information-theoretic scaffolding pertaining to MIMO systems is
presented. Beginning with the model for a frequency non-selective, slowly fading channel,
and the principle of maximum entropy, an all-round derivation of the information-theo-
retic capacity of MIMO channels is performed until exact, analytic formulas, are obtained.
The complexity of the study lies in the presence of fading correlation at the receiver end
of the MIMO system, which is a realistic situation in space-constrained (reduced antenna
separations) mobile transceivers. The initial study is for the case of no more receiver an-
tennas than transmitter antennas, and the more complex case of more receiver antennas
is treated thereafter. Abundant plots are presented to demonstrate and validate the results.

Chapter 5 departs from the simple flat-fading assumption and aims to study over-
spreading in MIMO transmission. A baseband input/output model is conceived and, ori-
ented by a maximum likelihood estimation approach, an optimal input/output discrete
model is obtained. Arising from a general theory of matrix operators, time-variability
aware matched filters are proposed. Then, a frequency domain description of the input/
output model is made, trying to purvey new insight into the model construction and op-
eration. To complete, a set of linear detectors for the mentioned model is obtained, and
Monte Catlo simulations are used for testing the error performance of the global system.

Finally, Chapter 6 concludes the thesis and anticipates new vectors of research.



CHAPTER 2

MOBILE CHANNEL CHARACTERIZATION

2.1 Introduction

Due to its distinctive features, the mobile radio propagation channel places fundamental
limits in the performance of wireless communication systems. Various types of phenom-
ena affect the transmission of radio signals, the most severe of which are responsible for
multipath propagation between the transmitter and the receiver. These are:
* Reflection - resulting from specular reflections at objects with dimensions larger than
the wavelength of the propagating waves (e.g. ground, buildings, and walls).
*  Diffraction - resulting from surface irregularities (edges) between the transmitter and
receiver, which “bend” the propagating waves.
e Scattering - resulting from heaped up objects with dimensions shorter than the wave-
length (e.g. rough surfaces, trees, and lamp posts).

Furthermore, due to the mobility of the transceivers (i.e. the mobile units), all these
phenomena are time-variant, meaning that they become unpredictable and need to be
treated stochastically. The first issue that arises when designing a communication system
is what model to choose for the mobile radio environment, so that the performance can
be maximized for a particular application. A thorough knowledge of the channel behav-
iour is needed to pursuit this goal, beginning with the study of fundamental aspects of
electromagnetic theory, and the stochastic estimation of the channel output for a given
transmitted signal. With this information at hand, signal processing can be employed to
maximize the performance of the whole communication system. Also, the transmitted sig-
nal can be “intelligently formatted” to even improve the results. Some fundamental ques-
tions stand up: How can one exploit the knowledge of the channel characteristics to obtain
an optimum design solution? And, may it be possible to put the channel impairments to
one’s favour?

In general, the mobile radio propagation environment is characterized by two partially
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separable effects: /arge-scale path loss, which is a function of the distance between transmitter
and receiver, and the presence of large obstructions along the path; and swall-scale fading,
which results from constructive and destructive interference of multipath propagation,

and varies over distances proportional to the signal wavelength.

2.2 Fundamental Propagation Aspects

This discussion firstly introduces some basic antenna theory, and then proceeds to esti-
mate the channel dependent, received signal characteristics. A good direction to take with-
in the analysis is to begin with ideal conditions of propagation (i.e. no multipath
propagation phenomena and a free-space medium) and after that, generalize the results to
non-ideal conditions.

Using spherical coordinates, the far zome - 8d > 1 (8 is the phase constant and d is
the distance from the radiating element) - electric and magnetic fields produced by a radi-
ating element (antenna) operating in free-space can be written generically in phasor (base-

band) notation as:

ej(%*ﬁd)
E~E, i S(0,¢)a, (2.1)
E J(po—pd)
H~r-nf S(6,4)a, 2.2)
n
where
E,, = amplitude function proportional to excitation current

S(0,¢0) = E-plane radiation pattern or space factor

n = characteristic impedance of the medium

0/¢
¢y = fixed phase offset

elevation/azimuth angle

Also, for d > 2D* / X\, where D is the antenna dimension and A is the wavelength, the
electromagnetic field is within the Fraunhofer region, which means that S(6,¢) may be con-
sidered independent of d [20]. The average power density in a given direction may then be

expressed as

1 *
S(w = §R€{E x H }

_|EP

T (2.3)
_ B 8%(0,0)

= R

The directivity of an antenna is a power measure of its directional pattern, and is de-
fined as the ratio of the radiated power density to the power density averaged over all di-

rections (equivalent isotropic radiation), that is

Sa’u
D(0,¢) = m (2.4)
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where P,,, is the total radiated power. To expand the conduction, dielectric, and mismatch

losses in the antenna, (2.4) can be reformulated to

S(M}

D,¢) = er Py [ dnd?

(2.5)
where P; is the total input power at the transmitter side and ey is the total radiation effi-
ciency of the antenna. Neglecting polarization losses, the effective directional power gain

to be used in link calculations may be obtained from (2.5) as

Sll’U

GT(07¢) = 5TD(0v¢) = m

(2.6)

2.2.1 FREE-SPACE POWER TRANSMISSION

Looking at (2.6), it becomes apparent that the power delivered to a matched load connect-
ed to a receiver antenna (with effective area Ap) in line-of-sight with the transmitter is

Ap

Py, = PprGp (0, ¢)W

(2.7)

A general expression for the effective area of a receiving antenna can be derived by ex-
changing the transmission/reception roles of two communicating antennas. For a linear,
passive, and isotropic medium, and when both antennas are matched to the connected
loads, the following relation must be true

Ar

Py = PrGr(0,9) )

Ar_ pGy(0,0) (2.8)

4rd

Equation (2.8) interprets the fact that a change in the input-output direction of a two-an-
tenna system does not affect the system response and, in this particular case, the power
response. It is a direct consequence of the reciprocity and reaction theorems of electromag-

netic theory. Thus, simplifying (2.8), the relation

A
Ap = GT(;@ Gr(0,9) (2.9)

states that the effective area of a receiving antenna is related to its directional power gain
by the constant Ay / Gr. More specifically, since the effective area of reception should be
independent of the transmitter antenna, it asserts that the quotient Ay /Gy may be a con-
stant independent of the type of antenna. It can be proved generically that it is so. In par-

ticular, the well known effective area and power gain of an infinitesimal dipole are given

by [21]
r = ﬁsiHQ 0
5” 2 (2.10)
Gy = Ssin’
and their ratio is
Ap A2

(2.11)
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Substituting (2.11) into (2.9), the desired expression for the effective area of an antenna is

obtained as
/\2
Ax = 2= Gp(0,0) (212)
4

which, after direct substitution into (2.7), relates the power P, (delivered to the receiver

load) to the input power of the transmitting antenna Py - the Friis Transmission Formula:

A )2 (2.13)

Py = PrGr(0,6)Gr (0, ¢>(m

The term (A /4wd ) is called the free-space loss factor, and it takes into consideration the losses

due to the spherical spreading of the energy by the antenna.

2.2.2 RECEIVED SIGNAL FOR STATIC CHANNELS

Although (2.13) assumes line-of-sight and free-space conditions, it may be used as a basis
to find a general expression for the voltage V; induced at the receiver load Z, = R, + jX,.
For a matched load, and neglecting the antenna input reactance X,, the delivered power

is also given by

P, :%Re{VLIZ}

- %Re{vgg } (2.14)
_ P
2,
which equated to (2.13) gives
Vil =~2R.P,
~ VIR B G001 0.0) | 1 | e

Moreover, the voltage phase should be equal to the phase of the impinging wave plus a

phase shift § due to the receiver circuits. The complete voltage expression is

Vi = BB PG 0. 0)G 00 | o | e (2.16)

To inspect how the load voltage relates to the impinging wave, (2.6) can be substituted

into (2.16), giving

Vi = 2R (rdS,, )G (0.0) g |

= \/ZR,. (471'd2 @)GR(Q’ ) (l) d(po—Bd—8)

2 dmd (2.17)

R.GR(0,9) NIt | | edln—5)
4

= Emd L(ea ¢)
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where L(0,¢) = JR,G(0,¢)/4mn Ae ™ and E,,y = |E|e/ =70, Apart from a phase shift,
(2.17) shows a direct proportion relationship between incident field and load voltage. It
can be used to induct the general load voltage when the propagation conditions of the mo-
bile radio channel are not the ideal ones.

In a realistic situation, there may exist “objects” nearby the transmitting and receiving
antennas. These “objects” include natural and man-made structures, such as the ground,
trees, hills, buildings, walls, and towers. For frequencies above 100 MHz, these structures
reflect/scatter much of the incoming waves, possibly leading to several replicas of the
same signal arriving at the receiving antenna. Using the superposition principle, the total

impinging field may be written as
Fra = ) B, (2.18)

where I'; = p;e/® is the equivalent reflection coefficient associated with the i-th path,
which includes all the reflections undergone by the path. It is assumed that the polariza-
tion mismatches between the incident waves and the receiving antenna are negligible,
which is a good approximation for vertical and horizontal reflectors. Also, for high fre-
quencies (>100 MHz) and grazing reflection angles, I'; ~ —1 irrespective of the polariza-

tion. The total voltage delivered to the load will be given by

Vp = ZEiFiL(eia¢i)

= Z 2R, PrGr(0;,¢:)GR(0;,0;) [L] pieltantoi=fh=?) (2.19)

47Tdi
i
— E v; el¥i
i

Each signal component experiences a different multipath environment which determines
the amplitude v; = 2R, PrGr(0;,¢;)Gr(0;,0;)\p; / (47d; ), and the associated phase shift

©; = ¢y + o; — Bd; — §. Furthermore, the transmitter may linearly modulate the propagat-

ing wave with a baseband signal, say
()= Y Lglt—nT) (2.20)

where the transmission rate is1/T, {1, } represents the sequence of complex symbols
mapped from k-bit blocks, and ¢(t) is a pulse shaping function. If this is the case, the load

voltage must be rewritten as

Vi(t) = ZUi sy (t — 1) (2.21)

i

where 7, is the time delay of the i-th propagation path.

2.2.3 RECEIVED SIGNAL FOR DYNAMIC CHANNELS

Equation (2.21) is only valid for static radio channel conditions, that is, when neither the
environment “objects” nor the transceivers are in relative motion. When the multipath en-

vironment is “dynamic”, there is a continuous change in the length of each propagation
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path, the reflection coefficients, and angles of wave departure and incidence. Thus, the re-
ceived voltage amplitudes and phase shifts are a function of the transceivers’ spatial loca-
tion and, therefore, a function of time.

The received signal variations can be related to the motion of the propagation envi-
ronment using the Doppler shift effect. When a receiver moves with a velocity v relative to
the transmitter, and with an angle ¢ towards the incoming wave, the apparent change in

angular frequency is
174
w; = 2w 5, cos o (2.22)

Hence, to take channel related time variations (i.e. spatial motion) into account, (2.21)
should be modified to

Vi) = Y ui)e’ Vst — (1))

i

— Zvi(t)ejm*w)sb [t -7 + ﬁt]
. w
1

C

(2.23)

where w; is the Doppler shift and w. is the carrier frequency.

2.3 Large-Scale Path Loss

The Frizs Transmission Formula - (2.13), states that the path loss of radio waves propagating
through free-space is proportional to the inverse of d*, whete d is the distance between the
transmitter and receiver. However, propagation in a mobile radio channel is neither free-
space nor line-of-sight. Determining the received signal power in a multipath environment
is a difficult problem, nevertheless a basic understanding may be achieved by separating

the essential effects of reflections.

2.3.1 PATH LOSS POWER LAW

Reflections can be roughly divided into two types: horizontal reflections and vertical re-
flections. Horizontal reflections occur from vertical objects, such as building walls, and are
charactetized by an approximate power decay as d 2 (i.e. the free-space decay). Vertical re-
flections occur from horizontal objects, such as the ground, and combine at the receiver
with the line-of-sight paths. To study the vertical reflection of waves, (2.19) can be simpli-
fied by assuming constant gain patterns for the direct and reflected rays, which is a good
assumption for grazing reflection angles. Moreover, for large distances between transmit-

ter and receiver (as compared to their heights), the load voltage can be modified to
A 2
= ./ (_) g ; 3o+ —Bd; —6) .
VL 2RTPTGTGR drd - p;€ (2 24)

where a simplified two-ray model is assumed, with single direct (i = 1) and reflected

(i = 2) rays. Also, T’y = 1and T’y = —1. We shall consider that the transmit antenna is lo-
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cated at height &, above a flat ground, and the receive antenna is located at height .. The
total power delivered to the load can now be expressed as

PL = PTGTGR

A ) |1 B —dy) [

(2.25)

whete d; = \Jd*> + (b, — h,)* and &, = \Jd* + (b, + h.)* . For large d, (2.25) can be simpli-
fied to (see e.g. [3])

2
PL ~ PTGTGR(4)\ ) |]_ —e —j2Bhsh,. /d|
(2.26)

~ PTGTGR (th )

d
Equation (2.26) shows that, in the limiting case of very large distances, for a two-ray
ground reflection model the received power falls off as d~*, which is much more severe

compared to that of free-space.

Figure 2.1 shows a plot of (2.25) as a function of the distance between transmitter and

50 —_———y — —_———y —
—— Received Power Level

d* Decay Assymptote

-50 + ' -

Received Power (dBm)

-100 b

150 . N | . N | . N | L
10 10° 10° 10" 10°
T-R distance (m)

FIGURE 2.1 Received power as a function of transmitter-receiver (T-R) separation for the ground reflection

model, and asymptotic behaviour for large d.

receiver for a typical WCDMA reverse link. The plot parameters are: Pr = 24 dBm;
Gr =18 dBi; h =50m; G =2dBi; h. =2m; f=2GHz. Up to a critical dis-
tance d. ~ 5 km , the wave experiences constructive and destructive interference of the
two rays, and the average power fall off with distance corresponds to free space.
For d > d, the average power fall off with distance is approximated by the fourth power
law in (2.26).

Empirical results have shown that this is the worst case propagation path loss decay,

and fundament the decay law as being inversely proportional to d”,2 < p < 4. However,
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neither (2.13) nor (2.26) hold for d = 0. For this reason, large-scale propagation models
use a reference distance dy, known as the close-zn distance. For instance, the free-space trans-

mission equation is changed as follows

P, = pTGTw,@GR(e,w[LT )

o 4drd, d (2.27)
=P (do)(jo)
In general, the received power will be written as
P, = PL(do)(%O)p (2.28)

where the value P, (d;) may be predicted from (2.13), or may be measured by averaging the
received power at many points near dy. When multipath fading is present, the measure-
ments should span distances between 40X and 200, so that the short-term fading compo-
nents are removed and the details of the local means are maintained [22]. From (2.28), the

average power path loss in dB is given by
o d
Lqg = Lgp(dy) + 10plogy [%] (2.29)

which represents a straight line with a slope equal to 10p dB per decade.
In practice, actual propagation paths will be more complicated than the idealized cas-
es, due to the possibility of multiple reflections, diffraction, wave scattering, and shadow-

ing. The following sections will study the last two.

2.3.2 WAVE SCATTERING

When the propagating waves are incident on smooth surfaces, specular reflections occur
and Snell’s law applies. However, if the surfaces contain protuberances with dimensions
similar to the wavelength of the incident waves, a diffuse reflection occurs which may not
be characterized by a simple reflection coefficient. A fraction of the incident energy may
be scattered in the direction of the receiving antenna, making the received signal often
stronger than what is predicted by reflection models.

The model shown in Figure 2.2 may be used to characterize surface roughness by an-

alysing what happens to a wavefront when it impinges on a protuberance with height .

ray B

FIGURE 2.2 Surface roughness model for Rayleigh criterion.
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If one ray of the wave front hits the protuberance (ray B) and other ray misses it (ray A),

the difference in path length of the two rays when they meet again is

5:51752 :61761(30529

Ui Ui Ui
-1 _ 190 = — cos 2.30
sinf  sing > 20 sin 0 (1= cos26) (2.30)
= 2nsinf
and the phase difference is
2
Ap = 7(51 — &)
_ 4mnsind (2.31)
a A

When the protuberances are very small compared to the wavelength, then A¢ ~ 0, and the
two reflected rays will add almost in phase. When A¢ ~ =, the reflected rays will be out
of phase and cancel each other. A valid boundary for roughness is then A¢ = « /2, which
after direct substitution into (2.31) yields

A
~ 8sinf

e (2.32)

where 7, is the critical protuberance height. The Rayleigh criterion for roughness states that
a surface is considered rough if n > 7, (see e.g. [23]).

In practice, the value used as a measure of surface undulation height is o, , the stand-
ard deviation of the surface irregularities relative to the mean height. Additionally, for typ-
ical mobile radio scenarios, the incidence angles are grazing, and justify the
approximation sinf ~ 6. Replacing n by o, in (2.31), we obtain the following roughness
measure

_ 4mo,0

A
A

(2.33)

The usual criterion for roughness is A > 10, whereas the criterion for smoothness
is A < 0.1. For example, at 2 GHz and for 6 = 1°, the value of ¢, necessary to make a sur-
face rough is 7 m. This means that typical objects such as vehicles, trees, and houses will
cause wave scattering,

Wave scattering may be accounted for in the propagation models by adjusting the re-

flection coefficient of surfaces
qugh = pl’ (2.34)

where p, is the scattering loss factor, and can be modelled as [26]

8[71'0,7—sin(9]2‘ (2.35)

n

8 7o, sin 6 )2
A

Ps = €Xp 0 Iy

where Ij() is the zeroth order modified Bessel function of the first kind.

2.3.3 LOG-NORMAL SHADOWING

When large obstructions are present between the transmitter and receiver, the path loss as

given by (2.29) may be very different at two different locations with the same T-R separa-
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tion. Different levels of clutter on the propagation path lead to random shadowing etfects
at the receiver, and are usually modelled by a log-normally distributed, slowly varying ran-
dom process [24], [25]. The random process is usually considered to be a multiplicative

process
r(t) = a(t)s(t) (2.36)

where s(t) is the expected signal level obtained from (2.28). As the T-R separation changes,
the presence or not of an obstruction on the path will cause a change in the expected sig-

nal level given by
a(t) = e*® (2.37)

where a(t) is the attenuation/gain in nepers. Moreover, in a multiple obstructions scenatio

the change in signal level will be
oty = = (2.38)

where the {«;(t)} are assumed to be zero-mean, independent random variables. Thus, the

power loss variation may be expressed stochastically as
X, = 20logy, a(t)
= Z 200{7 (t) logm e (239)

For a large number of obstructions, the central limit theorem suggests that X, will be ap-
proximately a zero-mean, Gaussian distributed random variable with standard devia-
tion ¢ (dB). In addition, a(t) may be regarded as a sample function of a log-normally
distributed random process. X, represents the path loss in dB and can be included in
(2.29) to give

— — d
Tus = Lus(dy) + 10p logyg [%] L X, (2.40)

In practice, o is computed from measured data. The probability distribution of X, may
then be used to determine the probability that the received signal level will exceed or fall

below a particular level.

2.4 Small-Scale Fading

The small-scale fading of the signal in a mobile radio environment is a phenomenon that
occurs when either the transmitter or the receiver are surrounded by nearby scatterers,
such as houses, buildings, walls, and trees. These scatterers will create multiple propagation
paths between the transmitter and the receiver, each arriving with a particular phase delay.

Furthermore, (2.32) reveals that as the operating frequency rises the more intense the
wave scattering becomes, because more and more objects of smaller dimensions are then
prone to scatter the incoming waves. For instance, the light frequencies are so high (in the
order of 10" Hz), that even the irregularities of a small sheet of paper produce wave scat-
tering, and that is why the paper does not perform as a specular reflective surface, appear-

ing white.
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Therefore, and because there is an increasing tendency for wideband wireless com-
munications and higher operating frequencies, the scattering effects become of more sig-
nificance and must be considered.

The equivalent baseband received signal for a multipath environment is given by
(2.23) and reproduced here for convenience

N-1

n(t) = Zvi(t)ejm+”1t)sb [t -7 + ﬁt] (2.41)

W
i=0 ¢

where
s(t) = baseband digital transmitted signal

v;(t) = amplitude of the i'® propagation path
N = number of multipath replicas
¢; = phase shift of the i propagation path
w; = Doppler shift of the i'® propagation path
7; = time delay of the i'" propagation path
w, = carrier frequency

Some considerations may be used to simplify (2.41) while keeping the small-scale fad-
ing information. First, since the Doppler shiftis very small compared to the carrier frequen-
cy, the delay variation given by (w; / w, )t is negligible during a symbol period. For example,
at 2 GHz and for a mobile unit velocity of 200 km/h, the maximum Dappler shift is about
400 Hz, while the data/chip rates are around 5 Mbps (e.g. WCDMA), which means that
approximately 50000 symbols are transmitted before a delay variation of 1% the symbol
period is reached. These 50000 symbols correspond approximately to a 4\ displacement
of the mobile unit, which is enough to preserve the fading behaviour of the signal. Second,
since 4\ is small compared to the multipath distances d; between transmitter and receiver,
the voltage amplitude v;(t) of each propagation path may be considered time-invariant
during the transmission. Assuming large distances between transmitter and receiver, and

near-horizontal wave propagation, v;(t) may be reformulated as

v;(t) = 2R, PrGr (6;, ;)G (6;,¢;) [ﬁ]ﬂf

— ERFGGr | o | o 242)

47Td0 d_L !

= vod—%

where d; is still the close-in distance, the received power reference point. Introducing
these simplifications, (2.41) reduces to

N-1

Bt) = vy el — 1) (2.43)
=0
where ¢; = p;(dy / d;).
Apart from the deterministic digital baseband signal s, (t), (2.43) clearly shows that the
received signal is the sum of complex valued stochastic time-variant phasors, which, de-

pending on the relative phases, will add in or cancel out, causing the multipath fading ef-
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fect. It should be noticed that relatively slow motions of the medium can cause significant
phase changes. For instance, a A /4 displacement of the mobile unit causes a phase change
of 7 /2 and —r /2 radians in the multipath components arriving at 0° and 180° relative to
the velocity vector, respectively. If the components were initially in-phase, after the move-
ment they will be out-of-phase and will cancel each other. This example agrees with ex-
perimental data, which shows that the deep fades of the signal occur in intervals of A /2

displacements of the mobile unit.

2.4.1 STATISTICAL CHANNEL CHARACTERIZATION

The equivalent baseband time-variant response of the mobile radio channel to an input

equivalent baseband signal, may be written as the convolution

B(t) = f " hy(r syt — T (2.49)

—0o0

where hy (7,t) represents the channel response at time ¢t due to an impulse applied at
time ¢t — 7. Comparing (2.44) with (2.43), the equivalent baseband channel impulse re-
sponse is obtained as a sequence of delayed impulses, each scaled by a multipath propaga-
tion stochastic phasor, that is

N-1
by (1, t)= U()Zciej(%+wlt)5(7 —7i) (2.45)

i=0

As can be seen, the phase is the only time-variant parameter, meaning that the amplitude
(and power) associated with each propagation path remains constant.
To analyse how the power distributes among the multiple propagation paths, the au-

tocorrelation function of the channel impulse response may be computed as
1 *
Ry (11,7950, 1) = §E[hb (71,11 )by (T2, ) | (2.46)

Assuming that the propagation paths are uncorrelated with one another (independent

scatterers), the autocorrelation function is only non-zero for 7, = 7, that is
1 *
Ry (1,103t 1) = §E[hb (T1>t1)hb(7'17t2)]5(71 —T3) (2.47)

Also, if the channel is wide-sense stationary, the autocorrelation function only depends on

the difference At = t; — t, of observation times

1 *
Ry (1,703t 1) = §E[hb (T, 0y (71,8 + At)]‘S(ﬁ )
= Ry (11,A)6(11 — 79)

(2.48)

and Ry, (7,At) is called the delay cross-power density. This type of channel is called a wide-sense
stationary - uncorrelated scattering (WSSUS) channel, and it has shown to be a good model for
the mobile radio channel over small-scale distance or time intervals [27]. The WSSUS
channel impulse response is approximated by (2.45), where the stochastic parame-
ters ¢;, ;, w;, and 7; are considered statistically independent and identically distributed

(ii.d.) from path to path (uncorrelated scattering) and time-invariant for small-scale dis-
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tances (wide-sense stationarity).

2.4.2 DELAY PROFILE MEASUREMENTS

Setting At = 0 in the impulse response autocorrelation function, Ry, () results. It is
called the delay power density or power delay profile of the channel, and is measurable by
transmitting very narrow probe pulses and squaring the received signal amplitude. If the
probe pulse is defined as

27T, 0<t<T,

pt) =1, T, <1 (2.49)

where T, is the pulse width, the received signal will be

N-1

By(t) = vo Y el elp(t — ) (2.50)

i=0

Since any practical measuring system is bandwidth-limited, it is often difficult to resolve
all multipath components arriving at the receiver. Some multipath components will then
vectorially combine to yield a multipath amplitude fading process, which means that the
measured Ry, (7) will be time-variant over small-scale distances. If the bandwidth of the
measuring system is high enough to resolve every multipath component, avoiding the fad-

ing process, an approximate replica of Ry, (7) may be obtained as

Ri(r) = S h(0)h ()
N—-1 N-1
%UZ cce”“"gﬁ”f‘”) p(t —1)p(t — ;)
i=0 j=0
v (2.51)
= 2 d> @)

where the bandwidth of the measuring system is 1/7,, and should be sufficient to resolve
all multipaths. If the bandwidth is not high enough, then a small-scale distance aver-
age Ry, (7) must be obtained to conceal the fading processes. A novel approach based on
pseudo-random sequences for high resolution delay profile measurements was presented
in [28]. A typical measure of the delay power density (relative to the time and power of the
first arriving multipath component) is shown in Figure 2.3.

The delay dispersion parameters that characterize the delay power density are the first
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FIGURE 2.3 Typical measured excess delay power density for an urban environment.

moment or mean excess delay

T = j;xTth(T)dT/Lmth(T)dT (2.52)

and the square root of the second central moment or RMS' delay spread
o, = \/ f TQR]L]L(T)CZT/I th(T)dT] — 7 (2.53)
0 0

2.4.3 DELAY PROFILE MODELLING

The exponentially decaying attribute of the delay power density is easily understood. In an
urban propagation environment, the receiver is far from the transmitter and cluttered with
nearby reflectors and scatterers, so that the distance spread (Ad = maxd; — mind;) of the
arising multipath components is much less than the propagation distance d and, therefore,
that the difference in attenuation between the multipath components will be mainly due
to the effective reflection coefficient p; of each component. If the i-th component expe-
riences n; reflections, each of which with reflection coefficient p, the power it carries can
be expressed as

P, = Pyp} = Pp™ (2.54)

where F is a multiplicative constant and p; =p™. Moreover, the number of reflections can
be estimated to be proportional to the propagation delay of the multipath compo-
nent, n; = k7;, and (2.54) may be rewritten as
B, = Ryp™

_ PO kaITI
2.55
_ PO 6—2197', In(1/p) ( )

= P/
where o, = [2kIn(1/p)] " is the channel dependent RMS delay spread. If the multipath

spreading is assumed a continuous process, the power delay profile is approximated by

Ryp(7) = Roe ™/ (2.56)
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Equation (2.50) justifies the exponential decay shown in Figure 2.3, but naturally does not
take into account the dominant reflections of the waves, which may appear at the receiver
as strong signals with large excess delays. Furthermore, the delay probability distribution

can be expressed as

p(T) _ OC‘th (T)
j; th (T)dT

BRye 7/ 1
:06—:—6

o0
f Pe /o dr T
0

In fact, if the propagation delay is partitioned into small delay bins, and since many of the

(2.57)

—-7/0,

multipath components arrive closely in time and few arrive spaced far apart, the power
received within each delay bin should be approximately proportional to the number of
multipath components within the bin. Therefore, from (2.57), the multipath arrival de-
lay 7 may be treated as an exponentially distributed random variable [24], [25].

The RMS delay spread o, is used as a measure of the range of values of 7 over
which Ry, (1) is essentially nonzero or, in other words, as a measure of the delay dispersion
of the different multipath components relative to the mean delay. The typical mean RMS
delay spreads in suburban and urban areas are 0.5 pis and 1.3 ps, respectively, and the max-
imum RMS delay spread generally used as a rule of thumb for calculations is 3 ps. This
means that it is highly probable that any signalling rate in the order of megabits per second

will cause intersymbol interference.

2.4.4 TIME AND FREQUENCY AUTOCORRELATION

The delay spread has a close relationship with the frequency response of the mobile radio
channel, which will now be statistically characterized. Given that the mobile radio channel
impulse response A, (7,t) must be modelled as a time-variant stochastic process, the same

applies to the Fourier transform H,(f,t). Its autocorrelation function is
1 *
Riyy (R fis A1) = S B[ Hy (i) Hy (it + At)]
= f Ry (11 A)8(ry — 73) "N =) dr (2.58)

= f Ry (115 A8) e ™8T dr) = Ry (Af; At)

showing a Fourier transform relationship with the delay cross-power density Ry, (,At),
and implying a frequency difference dependence only, which is the result of the uncorre-
lated scattering assumption. The spaced-time, spaced-frequency correlation func-
tion Ryy (Af; At) outlines two important channel measures: coherence time (At), and
coherence bandwidth (Af).. These characterize the time and frequency distortion (selec-
tivity) of the channel, respectively.

For the channel model in (2.45), Ryy (Af; At) can be derived as follows. The Fourier



16

CHAPTER 2 > MOBILE CHANNEL CHARACTERIZATION

transform of the channel impulse response is

w0 = [ e
Vo1 | (2.59)
=y e IR < H(£i0) + 5Q(f)
i=0
where fp = v/Xis the maximum Dgppler shift. Then, the time-frequency correlation
of Hy(f,t)is given by

Ryy (. £;t) = < E[Hy (f;0)Hy (f;t + At)]

DO | —
[}

(2.60)
or—pi)+27fp (cos gy (t+At)—cos ¢ t) =2 fyy + 27 f7; )

N-1
U *
= %ZOE[CY o |E e](w

The random variable ¢; — ¢; is uniformly distributed in the interval (0,27), except

when i = j, where it equals 0 with probability 1. Considering the statistical independence
of all the random variables{c; }, {¢: }, {¢: }, and {, }, this means that taking the expecta-
tion in (2.60) over ¢; — ¢; gives a non-zero value only for i = j. This greatly simplifies the
result in (2.60) to

271' At cos ¢y +2m i
Ry (fo, i At) = ZE [ fpAtcosd+2m(f,~f)7i )

_ N2UU B {C? ]E {6](27TfUAtcns¢+27r(ﬁl7ﬁ,)7)

(2.61)

j QWfDAtCOS®+2WAfT>

= E[e ( = Ryy (Af;At)

where, with no loss of generality, it is assumed that £ [c? } = 2/ Nu}. Furthermore, it is eas-
ily checked that

Ry (fo, s At) = E[I(f;t)I(fi;t + At)] + JE[I(f,;0)Q(f;t + At)]

2.62
= RH(f;nﬁnAt)+]RIQ(.ﬁ17.ﬁ)aAt) ( )

and that the following relations are valid (they are the consequence of time and frequency

wide-sense stationarity)

E[I(f;;DI(fit + At)] = E[QUist)Qfst + Ab)]

(2.63)
E[QUf; ) (fist + At)] = —E[1(f,;0)Q(h:t + At)]

As expected from the WSSUS channel assumptions, the channel autocorrelation
function Ry (f,, fy;t,t + At) only depends on time and frequency separations. To com-
plete the expectation process, the probability density function of ¢ and 7 must be speci-
fied. The delay was already inferred in (2.57) to be exponentially distributed. Also, if the
multipath scatterers are numerous and distributed 360° around the receiver, the waves will

arrive from all angles in the azimuth plane with equal probability [29], i.e.

p@)=5- 0<¢<2r (2.64)
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Thus, the in-phase correlation function becomes

Ry (Af;At) = Efcos(2nfpAtcosd + 2nAfT)]
(2.65)

2 00
_ f if cos (27 Atcosd + 2rAfT ) e/ drde
o 2mJg Or

Performing a double integration by parts in the inner integral, (2.65) may be simplified to

1 1 2T
R]](Af,At) = W ﬁj; COS(27TfDAtCOS¢)d¢
JoerfpAn .

Tt (2nAfo,)?

where J,(-) is the zeroth order Bessel function of the first kind. In much the same way, it

can be shown that

1 2nAfo,
1+ @2rAfo,)?| 2m
Jo2mfpAt)
1+ (2nAfo,)?

Rio(Af;At) = j;%cos(waDAtcosqb)dqb

(2.67)
= 2nAfo,

Hence, the spaced-time, spaced-frequency autocorrelation function may be written as

Ry (Af;At) = Ry (Af;At) + jRio(Af; At)
14+ 2nAfo,
1+ (2rAfo,)? (2.68)

_ JU (QﬂfDAt) ejtan’l 2nAfo,)

= Jo(2mfpAt)

B J1+ @2nAfo, )
One should notice from (2.68) that for At = Af = 0, Ry (Af;At) = 1, and also that the
channel will present a phase deviation for Af > 0, as expected. Plots of (2.68) for the two
cases Af = 0 and At = 0 are shown in Figures 2.4(a) and 2.4(b), respectively. These clear-
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FIGURE 2.4 Spaced-Time (a) and Spaced-Frequency (b) correlation functions.

ly illustrate that, the higher are the Doppler shift and the RMS delay spread, the more se-
lective is the channel in the time and frequency domains, respectively.
To find the coberence bandwidth of the channel, one may put At = 0 in (2.68), and use
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the -3 dB cutoff criterion

1 1

which gives the coherence bandwidth as

(Af)e = — (2.70)

270,

The inverse proportionality between the coherence bandwidth (Af), and the RMS delay
spread o, was already expected because of the Fourier transform relationship between the
delay power density and the spaced-frequency autocorrelation function, as given by (2.58)

and rewritten here with At = 0:

Run(Sf) = [ Ru(r) e s (2.71)
For the rule of thumb RMS delay spread o, = 3 ps, the coherence bandwidth is approxi-
mately (Af). = 50 kHz, which means that, besides intersymbol interference, wideband
mobile communications will experience frequency distortion of the modulated signal.

Similarly to the coherence bandwidth, the coberence time can be found by putting
Af = 0 in (2.68) and writing

| Ry (Af = 0;(At),)| = Jo@2mfp(At),) = (2.72)

-

which numerically gives

(A, & 126 9 1

T onfy T 16nfy  2nfp 2.73)

2.4.5 FREQUENCY SELECTIVITY SIMULATION

To confirm the frequency selectivity of the multipath propagation channel, a frequency
response numerical simulation based on (2.59) is plotted in Figure 2.5. The simulation pa-
rameters are: number of propagation paths N = 10, RMS delay spread o, = 3 ps, maxi-
mum Doppler shift f, = 200 Hz, LOS distance d =1 km, frequency band B = 5 MHz,
and angle of arrival ¢; = (2w /N )i, i = 0,..,N — 1. For simplicity, the multipath compo-
nents were assumed equally spaced in their delay and, in addition, their amplitudes were
assumed exponentially decaying. One observes that the response is periodic and also that
the rate of frequency response variation is necessarily proportional to the Doppler shift of
the channel. The time step in the simulation was At = 0.167 ms, which means that for sig-
nalling rates of 5 MHz the channel frequency response remains virtually unchanged for a
symbol/chip petiod (T, = 0.2 ps). We also gather that the spacing of two consecutive dips
in the frequency response is approximately 0.5 MHz, which is almost equal to the recip-
rocal of the RMS delay spread.
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FIGURE 2.5 Simulated frequency response of multipath propagation channel for consecutive time instants,
within a 5 MHz bandwidth.

2.4.6 FREQUENCY SELECTIVITY MODELLING

The noiseless received signal from a time-variant mobile propagation channel can be ex-
pressed as

n(t) = foo By (5t)s,(t — T)dT
. (2.74)
= Ji H, (f;1)S,(f)e?? 1 df

where S,(f) is the baseband Fourier transform of the input signal. If the channel is fre-
quency-selective, i.e. its coherence bandwidth is less than the bandwidth of the baseband
input signal, H,(f;t) cannot be considered constant within the input signal bandwidth, and
so it cannot be removed from the integral expression. However, due to the limited band-
width condition of S, (f), the output signal 7, () should also be bandwidth-limited, meaning
that both the input and output channel signals can be represented by their respective sam-
ples at the Nyquist rate.

s() = 5,(t) Y 8t~ nTy)

n=—00

o0 (2.75)

na(®) = () > 8t - nTy)
If the symbol rate is R, for less than 100% excess bandwidth pulses (e.g. raised cosine puls-
es with less than unity roll-off factors), the maximum bandwidth of the input and output
signals is W = R and the minimum sample period is T, = 1/ f, = 1/2R. The frequency
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spectrum of s,(t) is given by

S1a(f) = S(f) * %{ > s - nm}

n=-—00
00

= £Si(f)x D> 8(F = nf) (2.76)

and the frequency spectrum of 7, (¢) is

Bulf) = £ Y Bi(f = nf) (2.77)

Moreovert, the samples of the channel response 4, (7;t) obtained at the same sampling

rate are needed to perform the convolution with the input signal, giving the frequency do-
main response as

Ri(f) = flﬂbxf; 55, (f) (2.78)

Now, noticing (2.76) and (2.77), it is clear that the channel output can be related to the

frequency response of the discrete impulse response fy,(7;t) as

NN LI ES Ve
(=1, 171> £ /2
1

(2.79)
= bes(fét)Sb(f)

The discrete channel impulse response h,(7;t) is derived from k(7;t) by partitioning the
delay axis 7into equal time delay segments called exvess delay binsT; = iAT, where
AT =1/2R = T /2 is the partition width or time resolution of the multipath delay profile.
In effect, the finite bandwidth W of the input signal and the receiver leads to an upper
bound for the resolution of structures in the impulse response due to the smearing of the
pulses over a width A7 = (2W)~!. Thus, all the multipath components received within the
ith partition are assumed to have the same time delay 7;, and are considered unresolvable,
which means that they approximately combine to produce a complex stochastic process.
Ultimately, the discrete impulse response is obtained by separating resolvable paths from

unresolvable paths, yielding

N-1[  L-1
hys (7,)= UOZ%EJWMWU 6(r — 7o —iTy)
i=0 k=0
- (2.80)

where v;(t) is a complex-valued wide-sense stationary random process. The Fourier trans-
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form of (2.80) is

N-1

Hyy (1) = D vy (p)e 20T (2.81)

i=0

which, after direct substitution into (2.79), and taking the inverse Fourier transform, yields

the baseband response

mwszmme#

- flf Hyo(f;1)8, (f)e?> df
> (2.82)

Z w(t)jim S, (f)e2 =T =iT) g

i—

Il
| —

—

s

fe=}

=

hi(8)s,(t — 7o —iT;)

where

-1

h(t)= l}_OZCik eI (P +wirt) (2.83)

k=0

From (2.82) it is clear that the baseband output signal of the frequency selective mobile
propagation channel is a finite convolution sum of the input signal with the discrete chan-
nel impulse response. A tapped delay line model of (2.83) is shown in Figure 2.6, which is
particularly useful for channel numerical simulations, provided that the stochastic tap

weights h;(t) are correctly modelled.

I t
Py > Delay y| Delay Delay _ > Delay
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Y

Frequency-selective
output

£,(6)

O ,

Y
(™
Y

FIGURE 2.6 Tapped delay line model for a noiseless frequency-selective multipath channel.

Short-term channel variations may differ for each delay bin 7;, and may be ideally charac-
terized by the WSSUS model

Ry (75,753 AL) = %E[h,;*(t)hj(t + A)]8(r; = 7;) (2.84)

which is a modified version of (2.48) to include the tap fading processes. Also, the time
autocorrelation function of each tap fading process is the same of (2.68) with Af = 0 for
uniformly distributed angles-of-arrival (AOA).

2.4.7 STATISTICAL FADING CHARACTERIZATION

The statistical characterization of the h;(t)’s can be done by assuming L; is very large, and
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using the central limit theorem to estimate the probability distribution. Equation (2.83)
can be rewritten as

-1 -1

hi(t)= Zam cos (i, + wit) + jz aisin (@i, + wipt)
k=0 k=0
= X(t) + jY ()

— /X2 (t) + y?2 (t)ejarctan(Y(t)/X(t))

(2.85)

Now, since a;, ¢ and wy are considered statistically independent random variables and
the phases ¢;; are uniformly distributed in the interval (0,27), E[X(¢)] = E[Y(¢)] = 0, and
by the central limit theorem both X(¢) and Y () are zero mean Gaussian random variables,
then

fy(z) = 1 e

v () = m%e (2.86)

L )20
KO = e (2.87)
Y

Moreover, since E[X*(t)] = E[Y?(t)], they have equal variance o = o7 = o7, and be-
cause E[X(t)Y(t)] = 0, they are also uncorrelated. The Gaussian assumption and the un-
correlatedness are sufficient conditions for the statistical independence of X(t) and Y(t),

and thus their joint density is

fxy (@) = fx(@)fy (y)

_ 1 @ (288)
270”
If the amplitude and phase are
R(t) = yX2(t) + Y2(t)  6(t) = arctan(Y(t) / X(2)) (2.89)
then a solution pair is
z(t) = r(t)cosO(t) y(t) = r(t)sinO(t) (2.90)
and the joint distribution of R(t) and 0(t) is
fro(r,0) = fxy (2,9)|J(r,0)]
dz Oz
a— oo
ar 00
_ # o /20"
The envelope distribution is obtained by integrating with respect to 6, giving
falr) = e /% 2.92)

g

In conclusion, the envelope of the stochastic tap values &, (t) is Rayleigh distributed for any
fixed value of ¢ and the phase is uniformly distributed in the interval (0,27). The envelope

statistic characterizes the small-scale fading behaviour of the mobile channel signal when
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a receiver moves over small distances as compared to the wavelength.

The Rayleigh distribution obtained is valid only when the multipath phenomenon oc-
curs mainly because of local scatterers around the receiver (e.g. urban areas), meaning that
the zero mean Gaussian distribution of X(¢) and Y(t) is an acceptable assumption, as

shown in Figure 2.7 a).Whenever there is a LOS multipath component reaching the re-

In-phase

Quadrature Quadrature

a) Diffusive multipath components b) Specular + Diffusive multipath components

FIGURE 2.7 Paossible probability density functions for local area signal fading characterization.

ceiver, or some dominant specular reflections of the signal are present, the zero mean as-
sumption of X(¢) and Y(t) is no longer valid because the signal strength of the scattered
multipath components will be much lower than the former’s. In this case, the complex
multipath process can be assumed a nonzero mean Gaussian process, as depicted in
Figure 2.7 b), and with joint pdf given by

(z=m, * +(y—m,

fry (zy) = L 20° (2.93)

2o’

where m, and m, are the in-phase and quadrature specular component amplitudes. Fol-
lowing the same procedure from (2.88) to (2.91), it follows that

(rcosf—m,)* +(rsinf0—m,)?

r

Jro(r,0) = 2¢ "
2no (2.94)
1) 2 a0
2o

where 4 = \/m} + m; and 6, = arctan(m, /m,). Thus

2m . . . .
fa(r) = f 2 ()20 racos(0-60) [ o* g
0 o

) ) . 2
%67(7.2+A_)/202 if erAc0s9/02 d@‘ (2.95)
0

o 27
Lef(r2+A2)/2021 [ﬁ}

0
('J'2 0'2

where /(") is the zeroth order modified Bessel function of the first kind. The pdf of the
envelope given by (2.95) is called the Rice distribution [30]. When plotted, the Rician pdf
confirms a less severe fading effect than the Rayleigh pdf, making it suitable for the char-
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acterization of rural or sub-urban areas.

While the Rayleigh and Rice distributions can indeed be used to model the envelope
of fading channels in many cases of interest, it has been found experimentally that the Na-
kagami-m distribution offers a better fit for a wider range of fading conditions (see [25],
[31], [32], [33], and [34]. The Rice distribution can only describe better-than-Rayleigh fad-
ing conditions, whereas the Nakagami-m distribution can describe Rayleigh, Rice and
worst-than-Rayleigh fading conditions.

A roughly generic form for the expression of the fading tap weights h;(¢) is obtained
when the scattering process at time delay 7; is assumed to be the sum of the contributions
of several clusters of scatterers, each cluster approximately producing an independent
complex zero-mean Gaussian process. If this is the case, X and Y in (2.85) can be written

as

(2.96)

where for simplicity of presentation the time dependency of the random variables has

been omitted. The joint probability density function of the X;’s and the Y,’s is given by

m—1
1 T 41 /2{7
Cl: Jk
f~Xk--Yk~(~-amka-~ayka HQ?TO’
- - (2.97)
B 1 7go(x£+yg)/202
- (27r)m O_?m
The squared envelope of the random fading process can be written as
R2 _ XZ 4 Y2
m—1 2 m—1 2
AR
= = (2.98)

m—1 m—1 m—1

= § (X7 +Y,3)+§ § (X, X, +Y.Y))
k=0 k=0 [=0
1=k

Due to the independence of the scatterers and, as a result, the uncorrelatedness of the X;’s
and the Y}’s, the second term in (2.98) is negligible as compared with the first term, and

so a reasonable approximation is to equate it to zero, and thus

R = Z X2 +V2) Zak (2.99)

Furthermore, expressing the joint probability density function in 2m-dimensional hyper-
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spherical coordinates R, 6..6,,,_», Where

2%k—1
X, :Rcosﬂ%nsinﬂl k=0,.m-—1
1=0

2%
Y, = Rcosﬂ%ﬂnsinﬂ, k=0,.,m—2 (2.100)
- 1=0
Y, 1 = RH sin 6,
for 0 < 6, <, yields
Troy-0,,, 5 (1,005,600 2) = me_TZ/Q“Z [J(r, 60,002 (2.101)

Now, since the vector differential length in 2m-dimensional hyperspherical coordinates is
given by

2m—3
dl = dra, + rdfyag + rsinfydbhay +...+r sin 0,
k=0

dboy, 22y, (2.102)

the Jacobian in (2.101) may be written as the product of all differential lengths

2m—3

00,00 2) = 2" T | (singp 2> (2.103)
k=0

which gives the envelope probability density function as

2m—3
r2m 1

Fulr) = sz /20? L 9 H (sin 6, 2" "2* d6,..d6y,, (2.104)
0--2m-2 [=()

The integral in (2.104) is over all solid angles subtended by an hypersphere of unit radius

in 2m-dimensional space, giving its total hyper-surface area. To evaluate it, write

o0 oo 2m—1 5 5
f fr(r)dr =Sy, f =1 (2.105)
0 0 (27T>77L0. m
and make the change of variables ¢ = r* /207, yielding
0 tmfl ;
—e 'dt =1 .
Som j; g € (2.106)
Defining the gamma function as
I'(m) = f tm et dt (2.107)
0

the area of the hypersphere in 2m-dimensional space 1s

Sy = 2 (2.108)
I'(m)
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Substitution into (2.104) gives

fa(r) = ﬂ —r? /20 2.109
"= o I (2109
and defining Q = E[R?| = 2mo?, (2.109) may be expressed as
2) 2m—1 m )
falr) = ;(m) (%) e/ (2.110)

The envelope probability density function in (2.110) is called the Nakagami-m distribution,
and can be used to statistically characterize the fading processes that appear in the fre-
quency-flat or frequency-selective mobile radio propagation channel. An alternative ap-
proach to the derivation of the above expression based on the physical properties of the
radio channel and on the Hankel transformation of radially symmetric pdfs appears in

[35]. Figure 2.8 illustrates the Nakagami-m pdf for different values of m. Varying the fading
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FIGURE 2.8 Nakagami-m pdf for several m parameters, shown with 2 = 1.

figure m, various channel fading conditions can be statistically emulated. For instance, when
m =1 (a single scattering cluster) the Nakagami-m distribution is identical to the Rayleigh
distribution, and when m > 1itapproaches the Rice distribution (i.e. when strong specular
components appear at the receiver). For 1/2 < m < 1 the Nakagami-m distribution can
model worst-than-Rayleigh scenarios that may arise when the X;’s and the V;’s in (2.96)

cannot be considered Gaussian uncorrelated random variables.

2.4.8 TIME SELECTIVITY SIMULATION

In the absence of specular signal components, and when the delay spread of the channel
is small compared to the symbol period (o, < T or,i.e., N =1 in (2.82)), the channel will
produce a frequency-flat signal fading output. Otherwise, if o, > T, the channel output
will be the sum of several time shifted independent stochastic processes, producing fre-
quency distortion and small-scale fading at the same time. A simulation of (2.83) is shown
in Figure 2.9 assuming that the multipath components’ amplitudes ¢; are equal, the phas-
es @y, are uniformly distributed in the interval (0,27), L, = 10, and wy, = 27 fp cos ¢y, where
= 200 Hz and ¢y, = k(2w / L;), k = 0,..,L; — 1. The carrier frequency is f. = 2 GHz.



2.4 Small-Scale Fading 27

20

hi(t) fading envelope (dB)

20 I I I I I I | I |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (s)

FIGURE 2.9 Rayleigh fading behaviour of the time varying stochastic tap weights { h;(t) } for a frequency-
selective mobile propagation channel.

Since the multipath phenomenon is slowly fading for wideband communica-

tions (B > 1 MHz), the deep fades in Figure 2.9 occur at bursts, that is, many symbols

apart, reducing the instantaneous signal-to-noise ratio at the receiver. Consequently, the

error performance of a communications system is severely degraded in multipath fading

environments. The frequency domain manifestation of signal fading is the time variation

of the frequency response, as already depicted in Figure 2.5.

2.4.9 TIME SELECTIVITY AND DOPPLER SPECTRUM

A spectral “picture” of the time selectivity of the channel, or in other words, the time var-
iation of channel due to the receiver motion relative to the transmitter, can be obtained by
taking the Fourier transform of (2.68) with respect to the A¢ variable, when Af = 0, thatis

SHH (/ﬁ:) = f JO (QTfDAt)eijZTmAtdAt

—00
oo 1 ™
_ _f ej27TfUAtcos¢efj27mAtd¢ dAtL
-~ TdJo

= lfwfoo eﬂﬂ(fycowfﬁ)AtdAtdag
TJo —00
1 7T

:—L/; 6(k — fp cosp)do

™

(2.111)

Now, since cos ¢ is injective in the interval 0 < ¢ < 7, the change of variable z = fp cos¢ is
applicable, and (2.111) can thus be written

Ip 1
Sun (k) = ffu Py 8(k — x)dx

1

N[5 — K?

Equation (2.112) is called the wavenumber spectrum or Dappler power spectrum of the mo-

(2.112)

bile channel, and has an U-shaped appearance as shown in Figure 2.10. It characterizes the
frequency shift (spectral broadening) of the waves as perceived at the receiver due to its

motion relative to the transmitter and, as expected, shows that the multipath components



28

CHAPTER 2  » MOBILE CHANNEL CHARACTERIZATION

that contribute the most to the frequency shift are the ones arriving at 0° and 180° relative

to the receiver velocity vector.

Doppler spectrum S, (x)

. . .
-fd/2 0 fd/2 fi
Doppler frequency

gb--- T

FIGURE 2.10 Typical Doppler power spectrum for mobile radio channels in cluttered outdoor environments.

Although the Doppler spectrum in Figure 2.10 is an experimentally confirmed, well
accepted model for the mobile radio propagation channel, it is not the better model for
all channel conditions. For instance, if both the transmitter and receiver are standing still,
but the propagation environment is densely occupied with randomly moving scatterers,
namely wind-blown leaves or random street traffic, measurements confirm that the Dop-
pler power spectrum is concentrated heavily at x = 0, and quickly diminishes for larger
values of 1x1, approximating a Laplacian-shaped function as illustrated in Figure 2.11 [30]
(cf. [37]). Thus, in practice a receiver will perceive a Doppler spectrum which is a “mix-
ture” of Figure 2.10 with Figure 2.11.

Another time-varying channel example is the tropospheric scatter channel, which has

the Doppler spectrum approximated by a Gaussian-shaped function
S () = Soe /2 (2113)

where S is some arbitrary constant and o, is the RMS Doppler spread.

———
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FIGURE 2.11 Average Doppler spectrum for a fixed link and dynamic environment (e.g. traffic road) at 40 GHz.
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2.4.10 BELLO FUNCTIONS AND RELATIONS

Taking the Fourier transform of Ry, (7,At) in the At variable
SHH (Tvﬁ) = f th(TvAt) eiﬂm{AtdAt (2114)

gives the average power output of the channel as a function of the time delay 7 and the
Doppler frequency s. Syy (7, k) is called the scattering function of the channel, and is particularly

useful in obtaining the power delay profile and Doppler spectrum functions by a direct

th f SHH T, H
Sy (k) = f Sy (7,k) dT

The relations among the correlation and power spectra functions described so far consti-

integration

(2.115)

tute the Bello relations [38] for time-varying channels, and are shown in Figure 2.12. The
functions are called the Bello system functions of the WSSUS channel, and are related by a

loop of Fourier transform pairs in the At, 7, Af and « variables.

Power Delay Profile

At =0
Spaced-frequency
[ Ry, (T,At) Autocorrelation
Scattering
Function Sin(7) Rp(AL,AL)
%T /
L Sun(Af,K) Spaced-time
Autocorrelation
Af =0
Doppler Spectrum

FIGURE 2.12 Relations among the correlation and power spectra functions for the WSSUS channel model.

To complete the picture, one can easily deduce from the wide-sense stationarity prop-

erty of the channel in the time and frequency domains that 1)

Ry (Af,At) = Ryp (f, f',t,t") = Ryg (f'— f,t'- 1)
g2m(f'— f)‘r 727k(t'—t)
ffSHH T,K)e” dvdr (2.116)

ff ff Spw (1,8)0(T'— T)6(k'— K)e (=R T g ded o dr
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and also 2)
1
R (£, ,6:4') = 5 FLH(T0 VA (£.1))
:ff ff%E[H(T',f-@')H*(T,m)]eﬂ"(_'f'T'”'tu“f“"’t)dn'df-idr'dT (2.117)

:ff ff RHH(T,T',fi,fi')6‘7’27T(7f'7-‘+){lt'+fT7Ht>dl€'d/‘idT'dT
TJd r'J gdJdg!

which must imply that
Rug (1,7, k,k") = Ry (1,8)0(7'— 7)6(k'— K) (2.118)

showing that the uncorrelated scattering in a WSSUS channel is present in both delay and
Doppler domains.
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DIVERSITY RECEPTION

3.1 Introduction

It was shown in Section 2.4 that, in a typical urban or sub-urban propagation environ-
ment, the reflection and scattering of electromagnetic waves is responsible for signal fad-
ing at the receiver. The severity of the fading process will depend on the operating
frequency, the data signalling rate, and the statistical properties of the radio channel. For
broadband communications (high signalling rates) the fading is typically slow and frequen-
cy selective, that is, it results from several delay-spaced fading processes (Figure 2.6). De-
pending on the channel conditions, each fading process can be statistically characterized
by a Rayleigh, Rice or, more generically, by a Nakagami-m probability distribution.

The error performance of wireless communication systems is harshly degraded by sig-
nal fading conditions, encouraging the employment of efficient techniques to overcome
the problem. Diversity reception techniques are based on the fact that the transmitted sig-
nal has several degrees of freedom, namely time, frequency and space. In fact, the way in
which the multipath components add at the receiver should be nearly independent from
time to time, frequency to frequency and spatial position to spatial position, as long as
enough separation is provided. Indeed, there is an intuitive fundamental premise in spatial
statistics that states that nearby things are in average more alike than remote things, and it
finds applications in geostatistics, ecology (e.g. biodiversity), archeology and even agricul-
ture. As a result, it may seem reasonable to foresee that the fading statistics associated with
a multipath propagation channel will also be nearly independent. For instance, in the case
of spatial diversity, if R, = R(t) and R, = R(t + At) are the sampled envelopes of the re-
ceived signal at two different receiver positions separated by d = vAt, then the probability

31
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that both signal envelopes will be below a certain threshold A is

Py = P(R, < AR, < A)

(3.1)
=PRy < A|R < A)P(R, < A)

and the independence condition leads to Py = P*(R, < A). For L independent fading sig-
nals the joint probability is further reduced to Py = P*(R, < A). A simple method to ob-
tain several replicas of the transmitted signal is to place several antennas at the receiver,
and if they are spaced sufficiently far apart so that their received signals fade independent-
ly, then they can be used for diversity reception. Furthermore, since the uncorrelatedness
of the fading signals is a manifestation of their independence, the autocorrelation function

may be used to find the necessary spatial separation of the antennas.

3.2 Envelope Autocorrelation

Because time separation can be easily converted to space separation and it is easier to ma-
nipulate the square of the envelope, it is appropriate to start with the spaced-time auto-

correlation function of the squared envelope, that is

op (At) = E[R*()R*(t + At)]

= 2B[X*()X2(t + At)] + 2B [ X*(¢)] (32)
where X(t) and Y (t) are given in (2.85) and
E[ XY+ At)] = E[Y()X(t+ At)] =0 (3.3)

for uniform distribution of wave arrival. Now, assuming for simplicity that both X(t) and
Y (t) are zero-mean, Gaussian distributed random variables with variance o2, and using the

equality [39]
E[X{X3|= E[X?|E[X3]+2E* [ X, X, | (3.4)
Equation (3.2) simplifies to
ope (At) = 2BE[ X*()|E[ X?(t + At)]
+ AE*[X()X(t + At)] + 2B [ X*(1)] (3.5)
= 4E?[X?(t)] + 4E* [ X()X(t + At)]

The second term in (3.5) expands to

E[X)X(t+ At)] =
-1 L-1
= 57N Blaa 1 B[cos(or + wit)eos (o + wi(t + A1)
i=0 k=0 (3.6)
= éE[af | E[cos(2mv cos ¢ At / N)]
= E[X*(t)]Jo(2mvAtL /\)

where LE[a? | is the power of the received signal’s envelope. The spaced-time autocorre-
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lation function of the squared envelope is finally
dpe (A) = 4E* [ X (1)][1 + J§ 2mvAt [ N)] (3.7)
The correlation coefficient is given by

o (At) - B*[R*(1)]

2 = 3.8
7 e ) - B [R0) e
Substitution of (3.7) into (3.8) gives
pre = JE2moAt/\) 39)
= Ji(Bd)

where 3 is the phase constant and d is the antenna separation distance. This simple equa-
tion gives the spatial autocovariance between the squared envelopes of the signals received
by the antennas. It may also be derived that the correlation coefficient of the envelope is
approximated by [22]

pr ~ Ji(5d) (3.10)

The signal envelopes will be uncorrelated when the correlation coefficient becomes zero,
and it can be found numerically that the first zero of the Bessel function occurs for
d = 0.38)\. However, due to the lack of uniform distribution of wave arrival (e.g. sub-urban
areas), and the possibility of specular components arriving at the receiver, measurements
show that the first null is at about d = 0.8\. For mobile units located in urban/sub-urban
areas a good rule of thumb for the antenna separation distance is usually d = 0.5\.

The values just estimated often do not apply to base station receivers due to the re-
duced angular spread of the incoming waves, which introduces extra correlation between
the antennas. As illustrated in Figure 3.1, on account of base stations being typically locat-
ed in isolated places (above the clutter), the angles of wave arrival span only a small frac-
tion of 360° and hence higher antenna separations are required so that the propagation
differences between the multipath components becomes significant. Moreover, the corre-

,O-0O.
'o 4/,%// o‘ Local
o \®e(/0/} 04_ Scatterers
o o

0lo-9

/—~—— Beam Width
4—\

'\a

Base Station

FIGURE 3.1 lIllustration of the angular spread of multipath components at a base station.

lation also depends on the angle « and the height of the base station antennas. To achieve

low correlation between base station antennas, separations as high as 10-20\ are usually
required [40].
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3.3 The Maximal-Ratio Combiner

When multiple antennas are employed at the receiver side, the original single-input single-
output (SISO) channel is converted to a single-input multiple-output (SIMO) channel.
This type of channel makes several signal replicas available to a receiver signal processor
which may combine them in order to strengthen the output signal. The optimum combin-
ing technique depends on the fading characteristics of the input signal replicas but, as we
shall see, whenever it is possible by some procedure to convert the type of fading to flat-
tading, then the maximal-ratio combiner IMRC) is the optimum combining scheme for max-
imum output SNR.

Let h(t) represent a baseband-equivalent flat-fading process associated with the
channel response between the transmitter antenna and the k-th receiver antenna, and let

it be expressed as

L—1

he(t) =y agelton et 1)

i=0
= (t)eﬁk(t)

Then, the output signal from the k-th antenna may be written as

1, (t) = By, (8)sy (¢ — 7o) + my,(2)

= oy, () W (t — 79) + e (2) (3.12)

where ny(t) = ny (t) + jngg(t) is a complex-valued zero-mean Gaussian noise process. The
diversity combiner weighs and sums the signals from all the antennas, producing the out-
put signal
M-1
n(t) = Zwk(t)rbk(t)
h=0 (3.13)

M-1

M-1
= Y S wnar®e™ syt = 7o) + Y wi(tni(t)
=0 =0
where M is the number of receiver antennas (or diversity order), and the w,’s are the com-
biner weights. This technique is also a type of predetection combining, meaning that the detec-
tion process for s,(t — 7o) will occur after the branch combining. The performance of
predetection combining and postdetection combining is identical when coherent detection is used,
but for nonlinear detectors (e.g. square-law detectors) predetection is the better combining
scheme since it provides the maximum output SNR [41]. Now, since the noise processes
from different antennas are uncorrelated, the average noise power at the output of the

combiner is given by

M-1

y= Yl SEmF]

k=0
M-1

=S o
k=0

where 7, = NyB is the total noise power in each branch before detection and B is the

(3.14)
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bandwidth occupied by the signal. Furthermore, the instantaneous power of the output

signal may be written as

2

M-1
Sy = % Zwk () (t)s (£ — 70)
=0

M-1
>l ®F me
k=0

where the last inequality follows from Cauchy-Schwarz. Consequently, the instantaneous

(3.15)
<1
=2

M-1
S Jow®s(t = o) /m
k=0

output SNR is
S 1ﬂ471 )
o 1 _
v = ) <3 kgﬂ |ak(t)5b(t To)| /M (3.16)

The maximum output SNR will occur when w,(t)= K h; (t)s, (t — 7o)/ n, that is, when the
weights are proportional to the conjugate of each fading signal and inversely proportional
to the average noise power. In fact, since the factor s, (t — 7¢) is identical for all the branch-
es, all that the combiner weights have to do is to compensate for the phase shift of the
different channels and assign a larger weight to stronger signals, that is wy, (t)= K hy (t)/ ;-

Rewriting (3.16) in the case of maximal-ratio combining, gives

M-1
Ymax = %;W(%(t - 70)|2 / Mk

Vo1 (3.17)

M-1
= %Zﬁ? /= Z%
k=0 k=0

Thus, the SNR at the combiner’s output is the sum of the branch SNRs. The former will
be responsible for the error performance of the receiver system and should be as high as
possible. A more important SNR measure is obtained by averaging (3.17) over a symbol
period T = 1/ B, yielding

1R, |1 7T 2 &,
Y =— ak(t)lfj‘m 5|8t —70)| dt]:No

M-1 M-1
ot =Y v (318
k k=0

=0

where &, is the symbol energy of the bandpass signal s(t), and it is assumed that af(t) is
invariant during the symbol period. To evaluate the error performance of MRC, the prob-
ability density function of the output SNR must be obtained and, if possible, should ac-
count for the correlation between the antennas, since in most situations it is not feasible

to provide enough separations among them.

3.4 Statistical Characterization of the MRC

In Section 2.4.7 it was shown that the envelope of a multipath fading signal may be statis-
tically described by the Nakagami-m distribution. This conclusion was withdrawn from
the fact that the squared envelope of(t) of the channel response between the transmitter
antenna and the k-th receiver branch can be approximated by the sum of the squares of

2m zero-mean independent Gaussian random variables, as given by (2.98). This means
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that (3.18) can alternatively be written as

M-1 M—-12m—1 M—-12m—1

%= 5> okl = %kzz ok = %kz Z (3.19)

k=0
where z;, is 2 zero-mean Gaussian random variable associated with the k-th branch and

m is the fading fignre of the multipath channel (it is assumed that the fading figure is the

same for all antenna branches). The joint characteristic function of the 74’s is given by

s

®p, () = B[/ ] (3.20)

whete Q = (wy,..,wy ;)" and Ty = (v50,-.,75r-1))" - Expanding the vectors and noting that
the =,;’s are statistically independent from the z,;’s for i = j, (3.20) gives

M-1
Op () = Elexp J'wask

1

= Elexp Jazzwkﬂ?/@
L

= E|exp 152%131%7:}

where X = (xg;,.., 211y )T and Dg = diag(wy,..,wy ). Now, since the z;;’s are jointly

(3.21)

Gaussian random variables, the probability density function of X is given in vector nota-

tion as
, 1
£OX) = (2m) M2 Ox [V exp| -5 XTCx X | (6.22)

where Cx = E[ XX |is a positive-definite symmetrical covatiance matrix. Taking the ex-
pectation in (3.21) it follows that

T Lxr(cy - jpg)x
(27r)*M/2|CX|*1/2f..fe 2™ X dX

—00 —O0

2m

q’rs (Q) =

(3.23)
= [|cx' - Do

= I — jDaCx [

|CX|_1/2rm

This result easily generalizes for the case of different fading figures in each branch. Rear-

ranging the branches such that m; < my 4, (3.21) becomes

1 M—12my -1
b @) = Besp| 1157 30 w]
k=0 i=0
M-1 1 M-1 2my M-1 '1XTD N m
el j§zng] el 629
1=0 = 1=0
M-1
= | || — 5D Cx, [
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eters 1is

my, [=0

n =
: m—my_, 1<I<M-1

(3.25)
Since the antennas are usually close to one another, it is often reasonable to assume equal
fading figures for all the branches, and therefore (3.23) will serve as the starting point for
the ensuing analysis.

From (3.23), the characteristic function (CHF) of the maximum achievable output
SNR in (3.17) is obtained by replacing D, by wI, giving

®, (w) =1 —juCx|™ (3.26)

Furthermore, since Cy is a real-symmetric mattix, it is orthogonally similar to a real-diag-

onal matrix D,, that is
Cx = QD,Q" (3.27)

where X = (\y,.., A1) 1s a vector of real and positive eigenvalues of Cx (assumed distinct
without loss of generality), and @ is a unitary matrix with a complete set of M orthogonal

eigenvectors forming its columns. Equation (3.26) simplifies to

o, (w) =[Q( — jwDy)Q" [
1

S

(3.28)

(1= jwh )™
0

=

An alternative interpretation of (3.28) stems from the fact that ®, (w) is independent of
the coordinate system chosen to express C, and therefore (3.22) may be expressed as the

product of M independent Gaussian pdfs

Y . 1 _
FOY) = @2m) 12| Dy exp[ 5 YT DY |

M-1

2
= [T exp[QyT’“}
k=0 k

(3.29)

in which Y = QX is an isometry in R that diagonalizes the quadratic form X'Cx'X.
Consequently, from (3.19), 7s can be regarded as the sum of mM independent chi-squared
random variables with two degrees of freedom, and hence (3.28) results. Furthermore, it
is a rational function in jw, and therefore can be expanded into partial fractions

M-1 m

By (@)= > Y A (1 ok (3.30)
k=0 1=1

where the coefficients 4;; are computed from the equation

1
(m — DI(=X)""

m—I
d (1= jwk, )" @, (w)] (3.31)

Ay = P —
d(jw) : Jw=1/X,

Taking the inverse Fourier transform of (3.30), the probability density function of the
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output SNR 7, is
M—-1 m 1 50
f— R — 7 =l = jwy,
f(w—;;/lkl%f_w(l ok ) e dos

M-1 m M-1 m

-1
= Vs /N
= A R A — Vs | M — A 57k7l
;,Z: SO ;]Z; 1S (s, k1)

In words, the pdf of 7, is the linear combination of mM independent gamma variables

(3.32)

with pdfs f(vs,k,1). Of particular interest in (3.32) are two special cases:
1. Rayleigh fading - for m = 1 the SNR pdf in (3.32) reduces to

M-1

1

— P P

fo) = > A ¢ (3.33)
k=0
2. Independent Fading - the branches are uncorrelated and Cy is a diagonal matrix with
eigenvalues

o 1 1
)‘k = E[Ilﬂ} = _E[’YGA] = _]-—\sk (334)

m m

These two cases are noteworthy mainly because they are simple, easier to manipulate
mathematically, and often lead to reasonable approximations to the performance of a par-
ticular diversity system.

If the average SNR T, in each branch is admitted to be equal for all branches, then
(3.32) simplifies to

mM—1 mM
flys) = (75& — 1)!("?” ) e~mM /T, (3.35)
where I'y = E[v,] = ME|[vg] for k = 0,1,..,M — 1. It is clear from (3.35) that f(v,) is a
function of mM , which is the product of the fading figure of each branch and the number
of branches. This is equivalent to say that the effect of having several uncorrelated branch-
es is an increase in the overall fading figure of the single-input multiple-output (SIMO)
channel, resulting in a less severe signal fading condition.

Traditional communication systems were optimized for Additive White Gaussian Noise
(AWGN) and Intersymbol Interference (ISI) as restraints to error probability and maximum
achievable data rates of communication channels. Using the output SNR pdf f(v,), it is
possible to extend the error performance and capacity estimates to fading channels and
diversity combining systems. This is done in the mean sense by statistical averaging any
SNR dependent function E(y) over f(7v), that is

Fyy = fo B0y (3.36)

3.5 Error Performance of the MRC

This section will aim to illustrate the effects of fading, diversity combining and branch cor-
relation in the error performance of a wireless communication system. It will be assumed

that the channel is frequency non-selective, or otherwise can be converted to frequency
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non-selective using a special type of receiver (e.g. a receiver capable of combining the mul-
tiple flat-fading processes of a frequency selective channel). Maximal-ratio combining and
binary PSK modulation will be used throughout the analysis.

When all the receiver branches have the same noise power, the combiner weights may

be written as wy(t) = oy (t)e %", and from (3.13) the combiner output reduces to
M-1 M-1
n(t) =5t —70)Y okl + Y opt)m(tye O (3.37)
k=0 =0

Also, for BPSK modulation a single matched filter is sufficient, and since «(¢) is virtually

constant during a symbol period (slow fading), the decision variable is given by

To+T 1 70+T
d= f r(t)s(t — 7o)dt = 53%{ f n(t)s (t — To)dt}
To To
M-1 M-1
1 To+T (1 . T0+T
= [Ef s (t — TO)|2 dt] § ai(t) + E : k2( )g{e{e m(ﬂf ng ()i (t — TU)dt} (3.38)
o k=0 k=0 o

M-1 M-1
=&Y at®+ Yty
k=0 k=0

where & is still the symbol energy of the bandpass signal s(t) and wy, is given by

1 ] To+T
Wiy = 58%{ e’ﬁk’(t)f ng (t)s (t — To)dt} (3.39)

0

For fixed ay’s, the variable d is Gaussian distributed with mean

M-1
mo=E&Y o) (3.40)
k=0
and, using the equality E[nj (t)n;(u)] = 2N 6(t — u), with variance
M-1 M-1
Noé,
o} = Ew}, ];alﬁ(t) == 3 a? (1) (3.41)

When a “positive” s,(t) is sent, an error will occur when d < 0, for which the receiver in-
correctly decides in favour of —s,(¢), and the error probability is

P.() = o[ L)

g4

= Q(v27)

(3.42)

where 7, is the SNR at the combiner’s output, averaged over a symbol period, as given by

(3.18). Hence, the average error probability may be written as

P = f T QT ) f)d, (3.43)
0

3.5.1 INDEPENDENT FADING

Inserting (3.35) into (3.43) and expanding the Q(-) function, the average error probability
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is written in integral form as

_ (/) f°° f°° ey
F=mma-o), [J= "

where A = mM is the MRC ¢ffective diversity order and Ty = E[~,] is the average SNR at the
output of the combiner. Using the equality

[ e T Jay, (3.44)

n_,—ar —azr - n! :L‘nik
fﬁE € dx = —e me (345)
k=0
and integrating (3.44) by parts yields
1 foo 2 >
P =— e 2y
or \/W 0
A k+1— 00 B L

2\/_ A/ — f e (IFA/T) A-k=3/2g, (3.46)

B ELES (o

=0

A plot of Equation (3.40) as a function of the average output SNR Ty, for several effective
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Error Probability - Pe

107° Nonfaded

-10 0 10 20 30 40
Average SNR - l"S (dB)

FIGURE 3.2 The effect of MRC diversity combining on the error performance of coherent BPSK.

diversity orders A, is shown in Figure 3.2. It is noticeable the reduction in error probability
for the same output SNR when diversity is utilized. Figure 3.2 also emphasizes how the
use of diversity makes the error probability curves bend towards the nonfaded signal curve
when the number of receiver branches increases. For instance, achieving a 107 error prob-
ability target with no diversity and a Rayleigh fading scenario would require approximately
34 dB of SNR. Using eight antennas at the receiver (or four antennas in the case of m = 2
in each branch) the SNR requirement drops to more or less 11 dB, which is a remarkable
SNR gain of 23 dB.
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3.5.2 CORRELATED FADING

Figure 3.2 reveals a clear error performance advantage of MRC diversity combining for
generic fading channels. Nevertheless, in practical situations there is always some level of
correlation between the signals of different receiver branches that will diminish the diver-
sity gain of any system. Obtaining the correlation between the v4.’s as a function of the
correlation between the z;,’s defined in (3.19) is a straightforward process. Putting
jDg = Dg = diag(s,,..,s);) in (3.23), the joint moment-generating function (MGF) of the
Ys’s 1s given by

My (S) =1 — DsCx | (3.47)

s

Letting A = I — DgCy, differentiation of (3.47) gives

OMry
Elvg]=
[’)ﬂsk} ask s_o
o= 3.48
= [—m|A| 1|Ak|]5:0 ( )
= mE{:c;%l]
and also
0* My,
E[’Ysk’}/sl] = 9.0 ’
8,08 S=0
N DA, (349)
:[m(m+1)|A| 2|Ak||Al|_m|A| ' (‘laslkl
S=0

= m2B o, + mE? [0,

where 4, is the matrix A with the k-th row differentiated with respect to s;. To normalize

(3.49) one may use the correlation coefficient

E[’}/sk’yiel] B E2 [791{ ]

p sk Vs =
HEE[Ya ] - B ] 3.50)
_ E2[mki$h}] — 2 .
E2 [xzt } Tri Ll

where E [:cm = E[v,]/mM =T, /A. As expected, (3.50) is independent of the fading pa-

rameter m. Now, invoking the result of (3.6), rewritten as
Ly
Elayz; | = Elag; | Jo(Bdy) = XJo(ﬁdkl) (3.51)

the correlation coefficient p. ., between the SNR of two different branches can finally be

expressed as
Prura = I8 (Bdy) (3.52)

where g is the phase constant and dj, is the separation distance between the antennas of
branches & and [. This equation generalizes (3.9), which was only applicable in Rayleigh
fading conditions. It has, however, two significant drawbacks: 1) it