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Vorwort des Herausgebers

Die permanent steigende Nachfrage nach hoheren Datenraten im Bereich der mobilen
Kommunikation fithrt zu einer andauernden Suche nach neuen Methoden, die
beschrankte Ressource des existierenden Frequenzspektrums besser zu nutzen und
damit die Kanalkapazitit zu steigern. Seit einigen Jahren werden hierzu auch Mehr-
antennensysteme eingesetzt. Diese sogenannten MIMO (Multiple-Input-Multiple-
Output) Verfahren nutzen gezielt die Eigenschaften von Mehrwegefunkkanélen. Im
Gegensatz zu dem schon seit vielen Jahrzehnten im Einsatz befindlichen Diversity,
bei dem das Signal-zu-Rausch-Verhiltnis durch méglichst optimales Kombinieren der
Signale mehrerer Empfangsantennen maximiert wird, werden bei MIMO mehrere
unabhédngige Datenstrome auf sogenannten Subkandlen {iibertragen, wodurch die
Kanalkapazitit gesteigert werden kann. Ausschlaggebend fiir maximale Kanalkapazitit
eines MIMO-Systems sind optimale Antennekonfigurationen an Sender und
Empfinger. Da MIMO allerdings die Mehrwegeeigenschaften des Funkkanals nutzt,
wird fiir eine simulationsbasierte Optimierung der Antennenkonfigurationen ein hoch-
genaues Modell des Mehrwegefunkkanals bendtigt. An dieser Stelle setzt die Arbeit
von Herrn Juan Pontes an. Basierend auf dem intensiv verifizierten Wellenausbrei-
tungsmodell des Instituts fiir Hochfrequenztechnik und Elektronik entwickelte Herr
Pontes eine Methodik zur Analyse und Optimierung von Mehrantennensystemen fiir
die urbane Funkkommunikation. Damit stellt die Arbeit von Herrn Pontes eine
wesentliche Grundlage fiir weitere Forschungen dar und wird weltweit sicher einige
darauf aufbauende Arbeiten nach sich ziehen. Ich wiinsche ihm, dass er seine
exzellenten Fahigkeiten auch weiterhin erfolgreich einsetzen kann.

Prof. Dr.-Ing. Thomas Zwick
- Institutsleiter -
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Abstract

With the increasing interest in sophisticated algorithms and network configurations in order to
increase the data rates demands of current and future communication systems, less attention is
paid to the antenna in-system optimization. Yet, network providers and antenna engineers are
still faced with the problem of addressing upcoming infrastructure needs, such as more cost
efficient antenna solutions. To aid in this decision making process, the attention of this work is
focused on the analysis and design of multiple element antennas (MEA) and their interaction
with the propagation channel. Moreover, focus is given to the “Karlsruhe" propagation channel
and how its information throughput, i.e. capacity, can be improved. With this in mind, an ex-
isting network model of the communication system is extended to include a modal description
of both mobile and base station antennas in order to reduce computation time. Reduction of
simulation time is proven to increase linearly with the number of antennas, when it exceeds
the number of modes considered. On the basis of this model, an extensive capacity study of
different antenna setups based on measured radiation patterns of commercial antennas is per-
formed, with varying inter element spacing at both the base and mobile station. As result, a set
of guidelines for optimum antenna placement and setup selection is given based on the capacity
of equivalent isotropic normalized channels. This type of normalization, however, is not unique.
Depending on the evaluation needs other norms might be used and comparison among different
works results in a difficult task. To address this issue the adoption of an eigenvalue dispersion
metric as a compact and information rich evaluation measure is proposed, with which the ca-
pacity for any normalization and SNR regime can be estimated. Finally, the communicational
limits of linear arrays in different propagation scenarios are explored and a synthesis method for
achieving maximum information throughput is derived. In this way it is proven that even better
capacities to those achieved by the studied commercial antenna setups could be attained, not
by increasing the number of antennas, but by adding subchannels to the existing ones. Hence,
antenna driving networks capable of producing several array excitations are suggested as the
next step toward better capacities in urban mobile communication systems.
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1 Introduction

Traditional communication systems are based on the transmission of modulated signals (in
time) through a communication channel, consisting of the matching networks, the antennas and
the propagation channel. With the advent of the digital communications and the whole spectrum
of applications and improvements that it has to offer, more and more digital communication sys-
tems are being used in a wide range of applications. In this process, focus has shifted from the
analogous part of the system, i.e. the transmission chain (or radio frequency (RF) transmission
chain if signal transmission is wireless), to the processing part, i.e. the encoders and modulators
responsible of digitally processing the input signals (either digital or analog) into analog signals
suited for transmission with analog components. This has lead to a layered view of commu-
nications, as described in the Open System Interconnection (OSI) reference model [ITU94].
In this way, several advances have taken place, but in exchange less efforts are being made in
improving the description and understanding of the analog part of the system (lowest layer),
responsible for the actual transmission of electromagnetic waves. Because of this, relevance of
high frequency and antenna engineers is even more valuable now where a more intuitive de-
scription of the communication channel can facilitate simulation and experimenting of complex
algorithms at higher communication layers.

To better understand the role played by the RF transmission channel within the digital commu-
nication system, a block diagram of such a system is depicted in Figure 1.1. As it can be seen,
the whole system consists on a series of blocks responsible for the signal processing in order
to convey information between two points. Even though, details of each system component
will not be discussed in this work (a thorough description can be found in [Pro0O1]), it can be
seen that the whole system is divided intro three segments: the transmitter processing chain, the
communication channel, and the receiving processing chain. Both transmitter and receiver pro-
cessing chains deal with the conversion between the digital and the analog domain, whereas the
communication channel, also known as the RF transmission chain for wireless applications, is
responsible for the physical information transmission. It follows that the communication chan-
nel represents a waveform channel, in which the signals are transmitted at a certain time and
frequency, whereas the whole communication system is equivalent to a Discrete Memoryless
Channel (DMC), where digital words or symbols are transmitted. In consequence, inaccurate
modeling of the communication channel can lead to false results for the DMC in the same
manner that too complex depictions can result too restrictive to experiment and understand the
functioning of the system as a whole. To overcome these difficulties, several assumptions are
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Figure 1.1: Block diagram of a digital communication system.

made regarding the communication channel and focus is given mostly to the coding schemes
that optimize the system. Yet, optimization at the lowest communication layer can still result
in remarkable improvements in the system as a whole. Furthermore, in order to guarantee
the advances of upcoming standards and technologies, a choice of optimal hardware (antennas
infrastructure) is still required.

1.1 The urban communication channel

As previously mentioned, the communication channel results from the interaction between feed-
ing circuits, antennas, and propagation channel, where different types of sceneries or antennas
lead to different communication channels. Throughout this thesis, focus will be given solely to
the urban communication channel.

In this work, two classifications are used for distinguishing between different communication
channels. The first communication channel classification and perhaps most important one, is
the number of antennas involved in the communication process. If more than one radiating
element is used, so that an antenna can be viewed as the result of multiple radiating elements,
the term multiple element antenna (MEA) is used. The resulting channel is thus considered to
be a MEA channel as opposed to the more common single-input single-output (SISO) channel.

The main difference between these two channels, other than the number of antennas, is that
MEA channels are capable of making better use of the spatial resources of the communication
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channel. Because of this, antenna arrangements capable of performing spatial signal process-
ing through multiple antenna links have come to be known as smart antennas. However, since
communication systems do inherently exploit the spatial properties of the channel regardless of
the number of antennas used, the term smart antenna system will be dropped in this work.

In general, one could also refer to MEA systems with multiple antennas at both transmitter
and receiver as Multiple-Input Multiple-Output (MIMO) systems. However, this is not entirely
accurate given the fact that MIMO systems are mostly associated with the multiplexing capabil-
ities of systems with multiple antennas in highly scattered propagation channels. As result, the
use of multiple antennas in a scenario with dominant Line of Sight (LoS) component would not
make sense from a multiplexing perspective. Even though this statement is only partially true,
since LoS at small distances does not exclude benefits from multiplexing approaches [CPGZ09],
the fact remains that not in every multiple antenna communication system multiplexing is used.
Therefore, in order to provide a broader framework the terms MEA system and MEA channel
are used, when more than one antenna on transmit, receive or both is considered.

The second classification that can be made depends on the type of propagation scenario consid-
ered. In this manner, one can differentiate between indoor or outdoor channels and the different
types of channel in each case. For mobile communications, however, even though communica-
tion can take place at a wide range of propagation channels, the most relevant one is the outdoor
channel for urban settings. Therefore, in this work, investigation of the communication channel
resulting from the use of multiple element antennas within a urban propagation scenario is what
will be referred to as the urban communication channel.

Urban propagation channels are specially relevant, since the larger number of users are located
within urban settings. One could argue, though, that not all people are on the street, but within
the buildings and vehicles. While true, it is first within the urban environment that propagation
takes place until it finally reaches those users located inside the buildings, either by means of
repeating stations or through direct wave transmission. As result, investigation of urban settings
in general is of great importance and has been the driving force behind a significant number of
works during the last decades [TFS99, OT02, CP07, LST*07, DCO08].

1.2 Previous works & motivation

Antenna and system integration for the urban propagation scenario has been widely studied.
However there seems to be no general agreement for the optimal antenna spacing, configu-
ration and polarization of a MEA system for a specific scenario. This is mainly because all
previous works are done under different frameworks which, in most cases, are not comparable
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or flexible enough. In addition, the complexity of such systems has also been an impediment,
where consideration of real multipath environments is either oversimplified or not considered
at all. To overcome these limitations several measurement campaigns have been undertaken.
However, the significant amount of data to be processed, as well as the considerable difficulties
it poses, have also limited a more precise and extended study. As result, from the point of view
of mobile or base station antenna designers, there doesn’t seem to be a clear guideline as to
which setup delivers the best results.

Furthermore, due to the important number of variables involved and the slow standardization
process of scientific concepts, no universal evaluation framework or metric exists which is able
to accurately capture in an insightful way the channel (or system) performance. Depending
on whether antennas, channels or MIMO setups are being studied, different evaluation crite-
ria are chosen, whereas, in some cases, even works of related topics present their results with
non-comparable metrics. This leads to additional difficulties in the assessment of previously
published MIMO antennas and configurations for the urban channel.

In addition, there is no general body of work available dealing with the communicational lim-
its of typical urban communication channels. Some works are found in the area of free space
and other analytical propagation channel models. For physical channel models, though, very
little work has been done. Therefore, most of the knowledge in improving the capacities of
current communication systems has been gained from experience and through cumbersome
simulations, as the ones previously mentioned. Yet, no thorough study has been done on the
attainable capacities and how they can be realized. This lack of understanding of the achievable
information throughputs in real scenarios has lead to the current suboptimal antenna solutions.
Moreover, it has also fueled current research trends toward the use of more elaborate antenna
schemes, such as cooperative MIMO, which in most cases results in the addition of antennas
and therefore cost to existing networks.

From the previous discussion follows that being able to make an informed choice in current
urban communication channels has become increasingly difficult for both antenna designers
and network providers. Due to the wide range of results obtained under different assump-
tions, a concise and systematic framework is needed for determining which antennas work best.
Furthermore, the lack of understanding of the communicational limits of antenna systems has
turned the process of network design into a rather empirical one. This work intends to pro-
vide such a simulation and evaluation framework, while leaving room for increased system
complexity.
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1.3 Goal & Thesis outline

In light of the discussed difficulties surrounding the study of the urban communication channel
the goal of this thesis is to facilitate the study of current and future antenna systems. In this way
the results to be presented in this work are intended as guidelines for both network designers
and antenna engineers toward an efficient analysis, use and design of upcoming antenna setups.
In addition this work expects to aid in the decision making process of network providers and
antenna engineers with respect to upcoming infrastructure needs.

In order to achieve this goal, the main needs in the study of urban communication channels need
to be addressed. This means providing a faster but accurate simulation framework, a general
and flexible evaluation framework, and improved antenna solutions based on the better use of
the channel spatial resources. With this in mind, aside from chapter 1 and 8, where an introduc-
tion and outlook to this work are given, this thesis is outlined as follows.

In chapter 2 a mathematical description of communication channels and more specifically of the
urban communication channel will be given. First, the channel matrix concept will be discussed
for SISO and MEA channels along with its normalization. Then some antenna fundamentals
relevant for its computation will be discussed. Based on this, evaluation of the channel matrix
will be explained for free space and multi path propagation channels.

On this ground, a flexible modeling approach will be introduced in chapter 3 for use with both
communication channels and systems. Here, an existing network model is introduced for the
whole communication system and later extended for increased computation speed based on the
modal description of the antennas. Finally, the “Karlsruhe" urban communication channel to be
used throughout this work will be defined.

Having provided a flexible simulation framework for communication systems, in chapter 4 the
foundations for evaluating the performance of the communicational channel from an informa-
tion perspective will be discussed. First, the concept of capacity in the context of MEA chan-
nels, i.e. spatially limited channels, will be discussed. Then its meaning for simultaneously
temporally and spatially limited channels will be analyzed on the basis of Shannon’s capacity
definition. On this basis a thorough study of the capacity limits from a spatial perspective will
be investigated for free space.

In chapter 5, the simulation framework of chapter 4 will be used to study the capacity of var-
ious antenna configurations in the urban communication channel. Different antenna setups at
different antenna inter-element spacings will be compared. Based on the results obtained, some
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comparison and evaluation issues will be discussed. As result, the need for a better evaluation
metric will be verified. This need will be then addressed in chapter 6, where a new evaluation
metric will be proposed. In doing so, the cases of Frobenius and arbitrary normalized channels
will be handled.

Having investigated the achievable capacities of typical antenna setups for the “Karlsruhe" ur-
ban communication channel, in chapter 6 focus is shifted to the theoretical limits behind such
implementations. More specifically, the limits of the wireless channel in free space are investi-
gated. Later on, the same approach is applied to the “Karlsruhe" urban communication channel
and, from the experience gained in the study of typical antenna setups, the communicational
limits of such systems will be investigated in chapter 7.

Finally, the issue of antenna design will be considered in chapters 7 and 8. First, the spatial
degrees of linear systems will be investigated with respect to transmit power and antenna length
in chapter 7. Then in chapter 8 a synthesis procedure will be given for computing the optimal
array excitations capable of diagonalizing the channel matrix with any given polarization and
antenna element. The capacity of optimally synthesized arrays will be studied and compared
with that of commercial antennas. As final step, optimum antenna implementations will be sug-
gested.



2 The wireless communication channel

The communication channel as already mentioned is considered in this work to be the part of
the communication system involving the transmission and reception of electromagnetic energy.
Therefore, it includes the antennas and the physical propagation channel. It follows that its anal-
ysis and design should consider the antenna properties and the channel characteristics. Most
importantly, though, the way how channel and antennas interact to convey information from
point A to point B must be known as well. As result, a communication channel description
depicts the way in which a signal x is transmitted through a certain propagation channel and
received as signal y. In other words, the relationship between x and y for a certain communica-
tion setup, i.e. the channel transfer function, should be known.

In the following the underlying concepts used as basis for the research done throughout this
work will be presented. First, the channel transfer function in single and multiple antenna
channels will be defined and discussed. Then the theoretical framework for its computation
will be given. When not otherwise stated the word channel will refer to the communication
channel, whereas the physical channel will be referred as such or as propagation channel.

2.1 Input/Output model of the wireless communication
channel

The relationship between the input and output signal of a communication channel is given by
the channel transfer function, where the input and output signals are waveforms (i.e. continuous
signals in contrast to the discrete ones found at the input and output of the system modulator and
demodulator). It involves the accurate representation of the antennas, their matching networks
and the propagation channel used and it describes the way these interact in order to convey
information within a communication system. In general this means finding the relationship be-
tween a certain input and output signal, which in practical terms results in obtaining the ratio
between the transmitted and received voltages. As it will be shown, for single input single out-
put (SISO) communication channels this results in a single transmission coefficient H, whereas
for systems with multiple antennas it yields a channel matrix H.



2 The wireless communication channel

2.1.1 Single antenna channels

Assuming only one antenna on transmit and receive, i.e. a single input single output (SISO) sys-
tem, and a linear and time-variant channel, such as multipath propagation channels explained
below, the resulting channel transfer function between both communicating ends can be ex-
pressed as a function of frequency f and time ¢

; 2.1)

given by the ratio of the received voltage Vyy , and the transmitted voltage Vry ,,, where the
subscripts n and m denote the receiving and transmitting antennas. In consequence, the output
signal y results from the sum of the transmitted continuous waveform signal = and the additive
white gaussian noise n corrupting the output

y(f,1) = a(f) Hum(f,1) + n(f). (2.2)

Furthermore, since the time variable # expresses the time variance of the channel, and not the
time domain ¢ of the output and input waveform signals, (2.2) can be written as

y(t, 1) = x(t) * Hom(t, 1) + n(t). (2.3)

For a time invariant propagation channel or when considering only one snapshot of a propaga-
tion channel the dependence of H,,,, on ¢ can be dropped. Moreover, if a channel with given
bandwidth B and ideal frequency response within this bandwidth (flat frequency response) is
considered H,,, loses its frequency dependence as well and becomes a fixed link coefficient. In
consequence, when considering a time-invariant channel with ideal frequency response within
the bandwidth B, as is considered in the entirety of this work, only the input and output voltage
relationship, computed at a single frequency and at a single instant, is of interest.

Even though this is not the general case, investigation of the effects due to the time-variant and
broadband characteristics of many communication channels has been subject of investigation in
many works such as [Zwi99, Kat02]. Furthermore, results of this nature for the urban commu-
nication channel to be introduced in chapter 5 can be found in [Fiig09]. In this work, though,
interest lies in the study of the multiple element antennas within the communication channel,
rather than the channel as such. Therefore, throughout this work, without loss of generality and
for simulation ease, a time-invariant channel with ideal frequency response will be considered.
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2.1.2 Multiple antenna channels

Up to this point the communication link #,,,,, between the nm antenna pair has been considered.
If the number of antennas is increased, then a link coefficient set for each antenna pair results,
which can be expressed in form of a channel matrix

H: E .'. E ) (2.4)
Hyy ... Hyupy

where H,,,, stands for complex transfer function between the n-th receive antenna and the m-th
transmit antenna and is computed with aid of (2.1). The difference between both is that instead
of one communication link in (2.4) N x M links result, where N and M are the maximum
number of antennas at the receiver and transmitter, respectively. This means that contrary to the
implementation of antenna arrays, where multiple radiating elements are driven with a feeding
network and a single antenna port, in MEA systems each antenna is driven individually. As
result independent communication links can be built and parallel data streams can be used.

With (2.4) it is now possible to describe the received signal vector y of such a communication
system analog to (2.3) as

y(t)=H (1) *x(t)+n(t), (2.5)

or in frequency domain and dropping notation of the frequency dependence

y = Hx 4+ n, (2.6)

with x being the transmitted signal vector and n representing the system’s noise vector. As
result (2.6) describes now the vector waveform signals involved in the multiple transmission
links. From this it is seen that the two components to be accurately reproduced are the channel
matrix and the system’s noise. For the latter, both interference effects and Gaussian noise have
to be considered. In this work focus will be given solely to the channel matrix in order to
optimize the analysis and design of multiple antenna systems.

2.2 The antennas

Communication between two points is based on the transformation of bounded energy in the
form of circuit voltages into electromagnetic fields capable of propagating in space and its
receiving counterpart. Once the electromagnetic fields are generated the way they propagate
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Figure 2.1: Coordinate system and geometrical description seen by an antenna.

depends on the channel properties, such as morphology, topography, etc. Depending on these
factors different propagation phenomena take place. In free space, however the most significant
role is played by the antennas, which act as electromagnetic transducers. Here antennas are
classified into two groups: antennas on transmit and antennas on receive.

2.2.1 Antennas on transmit mode

In a communication channel, each antenna is responsible of using an input voltage V', to radiate
an electromagnetic field £ and later transform this radiated field into a received voltage Viy.
It thus follows that a relationship between the used voltage and the electric field exists. This
relationship, called antenna gain, is also the paramount measure when evaluating antennas since
itis a compact comparison measure. This can be seen from the fact that the antenna gain results
from the quotient between the maximum power density (magnitude) of the antenna, Sty max,
resulting from

|E(d, 9, )]

STx(d7197¢> = 2ZF0 9

(2.7)

and the power density of an isotropic source Sty is, With equal transmitting power, i.e. equal
input power Pr at the antenna terminals (Vg = 0),

o PTX
Tx,iso —
4d?’

(2.8)

which serves as reference for all antennas. Here and in the rest of this thesis d, ¥ and ¢ will
be the distance, the elevation and the azimuth angle as depicted in 2.1. In this way the known
expression for antenna gain results

il 2
_ |STx(daq97¢)’HlaX — 47Td2|E(d’19’¢) max ,
STx,iso 2ZF0PTX

d=const>FF

G

(2.9)
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where d is a constant distance sufficiently far away from the antenna at which the electric field
is observed. In this way the far field condition (FF) [Bal97] is guaranteed. Zg is the free-space
impedance and | E(9, 1)|2,,, results from the maximum of

max

2

B0, = (1Eald.0 0 + |l 0, 00F ) .10

being Iy and £, the respective polar components of the electric field E (d, v, 1)) written as

B (d,9,0) = By (d,0,0) 0+ Ey (d,9,9) 9, @.11)

with J and 1E being the unitary vectors in the ¢ and 1 directions. In addition, since real antennas
are angle dependent a directive gain also exists and is defined as

G(ﬁ ¢) — 47Td2|E_1(d’197¢)|2

2.12
2ZFOPTX ( )

d=const>FF

Finally, from the relationship between (2.9) and (2.12) a new measure widely used in the context
of antennas, called the antenna radiation pattern, results

- G, E(d, 9,
‘E(d’ 19’ w> |max d=const>FF
where C (1,1 is given by
- E jBd
C(w,v) = L0 , (2.14)
’E(d’ 19’ w) ’max d=const>FF
with 3 being the wavenumber defined as
2m
= —. 2.1
g 3 (2.15)
As result G(9, 1) can now be rewritten as
G(0,¢) = |C(0,¥)PG. (2.16)

It should be noted, though, that none of the previous gain definitions are dependent on the
distance d. The reason for this is that the radiated field itself is also distance dependent. There-
fore, in (2.9) and (2.12) influence of d is cancelled and the previous gain definitions result.

11
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If, however, either one of these gain definitions is solved for the electric field then an inverse
dependence to d can be proven, as seen in (2.9) when solved for |E(d, ¥, ¥)|max

o ] GZFOPTX
|E(d77~9aw)|max - W, (217)

which, after substitution in (2.13), yields a general expression for the electric field E (d, v, )

. . ZroPry €795
E(d,ﬁ,w)zow,w)\/G o e - (2.18)

In this way a compact expression describing the antenna behavior as electromagnetic transducer

on transmit mode is found, that expresses the generated electromagnetic field in terms of input
power Pry.

2.2.2 Antennas on receive mode

The expression in (2.18) is valid when an antenna is used to send information or electromagnetic
signals. When used on receive mode a similar expression to the antenna gain exists. This
expression is known as the antenna effective area A.g and represents the, with power density
STy, radiated area seen by an antenna so that a power Pry can be delivered to the load. Therefore
Aeg 1s given by the ratio between Py, and Sty

PRX

AeffSTx = PRX - Aeff = G
Tx

(2.19)

However, contrary to antenna gain, substitution of (2.7) in (2.19) shows no distance d term in
the computation of A.g

Ay = AQZFOP Rx (2.20)
|E(d, 0, )2

max

This expresses mathematically the intuitively expected result that, in order to have a distance
independent measure A.q for the antenna on receive, Pr, must depend on d. This means that the
further the distance the smaller the received power becomes. Because of this, in order to derive
the effective aperture of a single antenna both the received power and the incoming field should
be known. In general, this requires a numerical computation. However, for certain antennas,
Ppy and E (d, v, 1) can be computed analytically and out of it the following expression for A
results

4z

2
Ag =G (A ) : 2.21)

12
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Figure 2.2: Equivalent circuit of transmit and receive antennas.

where \ is the wavelength of a certain frequency f. In general, it is not necessary to derive this
expression for every antenna, since it can be proven valid for all reciprocal antennas [Bal97].
Here, as was the case with the gain, a non-directive measure is obtained. However, if G(1, 1)
is used instead of G a directive A (¥, 1) is found.

2.2.3 Circuit model of communicating antennas

From a circuit perspective the previous discussion shows that antennas can act as loads when
used together with a generator (source) or as electric sources when electromagnetic energy is re-
ceived. The latter can be depicted for two communicating antennas by means of their Thevenin
equivalent circuits [Bal97] as shown for antennas m and n in Figure 2.2. An equivalent Norton
circuit can also be used [Kil0O], but is less common and will therefore be omitted throughout
this work.

2.2.3.1 Antenna losses

When energy is transmitted Vi, becomes zero (in general®) for the respective antenna and only
the antenna impedance Z* at the antenna terminals is seen. If, on the contrary, energy is
received then Vi, disappears, and the antenna only sees the load impedance Z% (when trans-
mitting, Z" acts as the generator impedance as it is commonly known). In this way Pr, in the
previous equations becomes

|Viy|? RA
Pry = , 2.22
B 2 |2V + ZA) (222)
which in the case of a conjugate matched antenna (no resulting reactance, i.e. X* = — X", and

equal load and antenna resistance, i.e. R* = R") is found to be

'In scenarios where the antennas are located in the proximity of scattering objects, some energy will be reflected
back to the antennas and Vg will no be zero. Here, this fact is ignored and it is assumed that the antennas are
placed far enough from all possible scatterers so that Vg, = 0 can be assumed

13
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|VTX|2
Pr, =
T QRA

(2.23)

and for a non-lossy antenna represents the total radiated power. If losses are considered, though,
the antenna resistance R* can be expressed as

R* = R + R} (2.24)
and the radiated power results only from the power seen at the radiating component R2 .,
whereas the remaining power is delivered to the loss resistance R;*. In consequence an ex-
pression for the radiated power of the form

V| [ R4 }
Prad = = - PTXT/ (225)
8RA | (R + RYY)

results, where the quotient between the radiating and total antenna resistance

=l e 2.26
"R RY) T R (2:20)

is known as the antenna radiation efficiency. In this way 7 accounts for both conductive and
dielectric losses present in the antenna. Finally, with (2.25) an analogous expression to the
antenna gain can be defined, based solely on the radiated power, known as directivity and equal

to
E(d 2
D= 47Td2| (223197-2;}) max — g) (227)
FO~ rad d=const>FF
which leads to
G =nD. (2.28)

In this case, as with antenna gain, consideration of a directive electric field, instead of its maxi-
mum value, results in an angle dependent measure for directivity D (v, v) as well.

For a receiving antenna no equivalent definition to directivity exits, instead different types of
antenna apertures are defined [Bal97]. These result from considering the power delivered to
each part of the receiving circuit. Therefore, defining Pry as the induced (received) power at
the load and assuming conjugate matching at the receiver the following expression for Pr, can
be found

PRX

2 L 2 2
_ |VRX| |: R :| _ |VRX| o |VRX| (229)

2 ||Z8+ ZA2 SRL ~ 8RA

14
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which leads to the effective aperture A.g

Vix|?
Ao = 8|R§ S‘T . (2.30)
When RA = Rgd, i.e. non-lossy antenna, (2.30) is equal to
|VR><|2
Ay = ———, (2.31)

as seen from (2.29). Yet, in the case of a conjugate matched lossy antenna, where
RV = R» = R%, + R2, the relationship between (2.30) and (2.31) is given by 7. It thus fol-
lows that A.g results from multiplying (2.31), defined as the scattering area A in [Bal97], with
the radiation efficiency 7

n“ZR—X‘Q = nA,. (2.32)
8R4 STx

In a similar way substituting G in (2.21) with nD from (2.27) yields

Aeff =

Aeg =nD (—) ) (2.33)
47

With (2.28) and (2.33) antenna losses can now be considered in both transmit and receive
mode. However, other forms of power loss also occur in antenna systems, such as non per-
fectly matched feeding circuits and polarization mismatch between receiving and transmitting
antennas. In the following these two loss types will be introduced.

2.2.3.2 Feeding circuit losses

Up to this point, when computing the transmitted or received power, conjugate antenna match-
ing has been assumed. However, real antenna driving circuits need not to be matched to the
antenna. Furthermore, in some cases due to high bandwidths they can’t be perfectly matched in
the whole frequency range. This mismatch between driving circuit and antenna causes power to
be inefficiently delivered to the antenna, when transmitting, or to the load, when receiving. To
account for impedance (load) mismatches a measure called the reflection efficiency exists and
it is defined based on the ratio between the power effectively delivered to a loading circuit (for
example antenna) and the available power as

Pdelivered P+ - P~ 2
_ — =1-1T 2.34
n P, available P+ | ‘ ’ ( )

where the superscripts + and — refer, respectively, to the incident and reflected wave at the
interface between two circuit parts and I' is the reflection coefficient given by the ratio between
the incident and reflected voltages, V* and V—, found to be

15
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Vi _Z4i-2%
V+  Zi+ 7y

(2.35)

with Z; and Z, being the impedances seen at the interface between two circuits. In the case
here discussed, Z; and Z, are equal to either Z* and Z" (antenna on transmit) or Z* and Z4
(antenna on receive) and 7, is a measure of the amount of power used at the antenna or the
load, depending on the operation mode considered. In this way, the maximum antenna gain
achievable in a mismatched circuit, also called realized gain G’, is

G =n(1—|T})D, (2.36)

where (2.16) in this case yields

G0,v) = |C(W,¥) G, (2.37)

Therefore, the effective antenna aperture is

2 )\2
Aut = (1 = TB)D (E) | 238)

As result Pr, and Py, are given, in a mismatched circuit, as

|VvTx|2 1 |VvRX|2 2
Pr. = d Pre= 2500 ey, 2.39
TUGRA (1 rp) M TR QRA (1=1TF) (2.39)

This result is very important since it shows a clear difference between Pr, and Pry. Pry rep-
resents the available power needed in order to achieve (2.28), i.e. the maximum gain under
matched conditions, whereas Pgy represents the power delivered to the load in receiving mode.

2.2.3.3 Polarization losses

Polarization losses refer to the loss of power due to polarization mismatch between transmitting
and receiving antennas. It assumes the existence of a communication link, i.e. signal transmis-
sion from point A to point B. And can therefore only occur when a signal is received, since it
results from the interaction between the receiving antenna radiation pattern and the impinging
electric field. In general, it is the result of the scalar product between the electric field vectors
of the incoming signal and the receiving antenna. Therefore, if the electric field Eis expressed

in terms of a polarization vector /ﬁ, instead of ¥ and YZ as in (2.11), the Polarization Loss Factor
(PLF) [Bal97] can be expressed as

PLF = [fr, - fr* (2.40)
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2.3 The propagation channel

where pp, and py, are the polarization vectors of impinging electric field (same as that of
the transmitting antenna) and the receiving antenna. In this way only the performance of the
antenna on receive mode is affected by polarization mismatches and yields an A.g equal to

M\ s s AN s s

At = (L = [TP)D | = ) rs - Prul® = G { = ) 190 Pl (241)
AT Am

In the following it will be shown how, out of the definitions previously given and under consid-

eration of the previously discussed types of losses, a relationship between the input and output

signal can be found for different types of propagation channels.

2.3 The propagation channel

In this section the mathematical background for the computation of the transmission coefficient
H,,, in different propagation channels is presented. As reference the communication channel
of Figure 2.2 is used. However, a single operation mode at each side of the communication
link [Bal97] will be assumed, given the fact that in real systems at any given moment antennas
work either on transmit or receive, which is equivalent to having either Vi, = 0 or Vi, = 0,
depending on the case. Because of this, in the following, the assumption will be made that
in Figure 2.2 antenna m is transmitting and antenna n is receiving. In this way it will be
described how a transmission coefficient H,,,,, can be found that summarizes the antenna and
wave propagation effects in different channel types.

2.3.1 The free space propagation channel

Free space propagation channels are defined as those in which the propagation channel does not
interfere with the electromagnetic waves since no objects are present to modify the behavior
of the electromagnetic field. Therefore, in free space finding the transmission coefficient H,,,,
reduces to finding an expression for the received voltage in terms of transmitted voltage. This
can be done by using (2.19) to express the received power Pry, in terms of the impinging
power density Sty ,,, and Aeg ,

PRx,n = Aeff,n (1971, wn)STx,m(dnm: ﬁm7 wm) (242)

Here, two changes have been made with respect to previous expression (2.19) the subscripts m
and n have been introduced to refer to the transmitting and receiving antennas and the directive
expressions for A.¢ and St have been used. In addition the distance d,,,, refers now to the
distance between the nm antenna pair. Substituting (2.7) and (2.41) in (2.42) and equating this
expression with (2.39)
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2 The wireless communication channel

|Em(dnm7 §m7 ¢m>|2 — ’VRXJ'J’Q

P X,n Ae n 1— Fn 2
allows solving for |Viy |, thus yielding
. ~  ~ o2\ (NEn(dumy O, ¥) 2 8RA
Vxn — Gn 1971; n 7 - Py 2— ’ ’ n . 243
Vieal = | (G0 ) s Bl ) ( . S e

(2.43) can now be rewritten, using (2.36) and (2.37), into

N RE 5 = ~ 5
|VRx,n| = nnDn?Z_:()lCn(ﬁn; wn)HEm(mew 7977% 7bm)HpTx ' prla (244)

which is equivalent to

A2 RA .
T Zro

If now (2.18) is used in place of Em a compact expression for Vg, based only on known
system parameters results

- A\ - . ¢~ iBdnm
VRX n — \/SR;?nnDnGmPTX m \ Cn<19na wn) : Cm(ﬁma 77bm) (246)
’ ’ 41 A,
Finally, replacing Pry ., with (2.39) gives
i % B DDy (22 G G (s o) 247
Rx,n — | Tx,m| R_énnnnm nt/m (E) n( ny ¢n) : m( ms ¢m) dnm ) ( . )

which, after noting that Vry ,,, is equal to |Vry ,,,| (phase term ei#m(d) yanishes at d = 0), yields
the desired transmission coefficient H,,,,

Hnm
dnm

Vixn _ | R A é ;

VTx,m

This expression for the SISO case resembles the one found in terms of Pr, and Pgy, in [GW9S,
Eq. (2.45)]. Yet, it extends its significance by explicitly addressing all type of losses present
in the antennas when operated in both transmit and receive modes. In this way it is shown
from an electromagnetic perspective that the transmission coefficient /,,,, does not depend on
the driving or loading circuits at either end of the communication link. The amount of power
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Figure 2.3: Equivalent circuit of transmit and receive antennas.

delivered to both the transmitting antenna and the load, on the other hand, does indeed depend
on the matching circuits.

2.3.2 Multipath propagation channels

In free space, there are no objects capable of interacting with the propagating electromagnetic
wave containing the communication signal. Real scenarios, however, do not resemble the free
space behavior. On the contrary, in most cases several interactions with the environment occur
before the electromagnetic signal is received at the other end of the communication channel.
Furthermore, the interaction type needs not to be of a certain kind, but several propagation phe-
nomena can occur. These are scattering, reflection, diffraction and refraction, as depicted in
Figure 2.3. Discussion of each of these interactions goes beyond the scope of this introductory
chapter and it is not the focus of this work. Therefore, at this point it suffices to mention that
due to these different interactions, in general, more than one propagation path exists, as shown
in Figure 2.3. Furthermore, because of these multiple interactions (2.48) needs to be revised for
the case of multiple propagating paths.

In (2.48), the transmission coefficient H,,,, is given in terms of the scalar multiplication from
the vectorial radiation patterns for both the receiving and transmitting antennas. This means that
each polar component of the transmitting antenna is multiplied with its equal on the receiving
side. Furthermore, since in (2.48) free space is considered then no interaction between the
different polarization types exists. In consequence (2.48) can be rewritten as

T
RA A Co ~iBdnm [ 1 0 Com
H,, — R—Z%"mDan (4_) o, e v, , (2.49)
m ™ Cyon d 0 1 Cypm
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2 The wireless communication channel

where the angle dependences have been dropped for briefness. In addition, the subscript nm
for the distance factor has also been omitted. This is justified since when dealing with arrays
small variations in the distance have little impact on the amplitude of the incoming signal, but
not so in the phase. With (2.49) it is thus seen that transmission in free space can b