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Abstract

Power line communication (PLC) consists in the exchange of information over
electrical cables. PLC takes advantage of the ubiquity of already deployed power
delivery networks and provides access to telecommunication services without any
further infrastructure installation. Furthermore, the propagation of PLC signals
is insensitive to wall/floor thickness, therefore they can propagate in multi-storey
premises much better than wireless.

PLC applications are generally categorized as either outdoor or indoor. Outdoor
applications usually take place over the distribution power network and the sig-
nal travel distance may be of up to a few kilometers. A well-known application of
outdoor PLC systems is smart metering. On the other hand, indoor applications
are usually focused on, but not restricted to, providing high data rate connectiv-
ity inside buildings. In both cases, PLC can complement wireless communication
systems to improve coverage. Moreover, PLC systems can also be classified into
narrowband (NB) and broadband (BB) systems. The work presented herein focuses
on the latter.

Traditionally, PLC systems used only two conductors, thus resulting in a single-
input single-output (SISO) system. However, most indoor power lines are com-
posed of three conductors, and this third conductor can be exploited to enable
a multiple-input multiple-output (MIMO) system over this channel. Exploitation
of MIMO capabilities enhance the achievable performance over a given medium.
MIMO features have been extensively studied for wireless environments but MIMO
in wired scenarios show some distinct aspects with respect to their wireless coun-
terparts. In particular, the channels that make up the MIMO PLC link show a closer
relation (higher spatial correlation) than in their wireless counterpart. This higher
spatial correlation can be observed in both, the channel response and noise of the

MIMO PLC channel. Regarding the channel response, a higher spatial correlation
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entails a lower MIMO performance gain, whereas highly correlated noise can be ex-
ploited to achieve higher MIMO performance gains. However, nowadays the chan-
nel spatial correlation dependence with frequency (both in the channel response and
noise) is unknown, as it is unknown the relationship of the channel response spatial
correlation to the physical features of the network, such as the type of wiring, the
type of deployment, etc. Furthermore, existing MIMO channel response models do
not reflect an accurate representation of the spatial correlation observed in measure-
ments. MIMO PLC models and transmission strategies need to take into account
these particularities to take full advantage of MIMO capabilities.

The first contribution of this work is a multiconductor transmission line (MTL)-
based MIMO PLC model which captures spatial correlation in a way that other
MTL-based models cannot. Three modifications on the channel model are proposed
to achieve this: modified loads, branches and cabling. The proposed model leads to
MIMO channels similar to the measured ones, both in terms of the characteristics of
their individual SISO channels and of the correlation between them.

The second contribution shows, by means of measurements, that spatial corre-
lation in PLC channel responses does not display a significant dependence with
respect to frequency, just like in the typical wireless MIMO scenario, and that
there exist alternative injection modes to the usual differential one, like the pseudo-
differential injection, which yield lower spatially correlated MIMO channels.

Lastly, the third contribution provides a characterization of the noise correlation
in MIMO PLC in the 2-108 MHz band, showing that noise in the frequency modu-
lation (FM) band displays very high spatial correlation. It has been proven that the
exploitation of the aforesaid correlation, by means of a linear precoding system with
a whitening transformation, makes PLC feasible in the FM band with an injected
power spectral density (PSD) as low as -100 dBm/Hz (enough to avoid interference

with FM signal reception systems).



Resumen

Los sistemas de comunicaciones por redes eléctricas, mds cominmente denota-
dos con el acronimo inglés power line communication (PLC), permiten el intercambio
de informacién a través de cables eléctricos. Estos sistemas aprovechan la ubicuidad
del cableado eléctrico ya desplegado para proporcionar acceso a servicios de teleco-
municacion sin necesidad de realizar ninguna instalacién adicional. De hecho, una
de las grandes ventajas de los sistemas PLC es su inmunidad al grosor de paredes y
techos, lo que les permite tener un mayor alcance que las tecnologias inalambricas
en edificaciones con multiples estancias y niveles.

Las aplicaciones PLC se pueden clasificar, atendiendo al escenario en el que se
usan, en interiores y exteriores. Las aplicaciones exteriores suelen utilizar la red
de distribucién eléctrica por lo que las sefiales pueden viajar varios kilémetros de
distancia. Una de las aplicaciones mds extendidas de las PLC en exteriores son los
contadores inteligentes. Por otro lado, las aplicaciones PLC en interiores suelen estar
enfocadas a proporcionar mejores prestaciones de conectividad dentro de edificios.
En ambos casos, los sistemas PLC pueden complementar los sistemas inaldmbricos
ampliando la cobertura alcanzada. Asimismo, los sistemas PLC también pueden
clasificarse, conforme al ancho de bada utilizado, en sistemas de banda estrecha y
sistemas de banda ancha. El trabajo presentado en este documento se enfoca en este
altimo tipo.

Tradicionalmente, los sistemas PLC utilizaban s6lo dos conductores, lo que da
lugar a un sistema single-input single-output (SISO). Sin embargo, la mayoria del ca-
bleado que conforma las redes PLC interiores estd compuesto por tres conductores
en paralelo, por lo que este tercer conductor puede aprovecharse para habilitar un
sistema multiple-input multiple-output (MIMO) sobre este canal, lo que puede au-
mentar notablemente las prestaciones alcanzadas. Las caracteristicas de los canales

MIMO se han estudiado ampliamente en entornos inaldmbricos, pero los sistemas
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MIMO sobre medios cableados muestran algunas diferencias con respecto a los in-
alambricos. En particular, los canales que componen el enlace MIMO PLC muestran
una relacion més estrecha (mayor correlacién espacial) que en el caso inaldambrico.
Esta mayor correlacion espacial puede observarse tanto en la respuesta del canal
como en el ruido del canal PLC MIMO. En lo que respecta a la respuesta del canal,
una mayor correlaciéon espacial implica una menor ganancia de prestaciones MIMO,
mientras que el ruido altamente correlado puede aprovecharse para lograr mayores
ganancias de prestaciones MIMO. Sin embargo, se desconoce la dependencia de la
correlacién espacial del canal con la frecuencia (tanto de la respuesta del canal como
del ruido), como también se desconoce la relacién de la correlacion espacial de la re-
spuesta del canal con las caracteristicas fisicas de la red, como el tipo de cableado, el
tipo de despliegue de la red (en arbol, en anillo), etc. Ademads, los modelos existentes
de respuesta de canal MIMO no reflejan de forma realista la correlacion espacial ob-
servada en las mediciones. Tanto los modelos PLC MIMO como las estrategias de
transmision deben tener en cuenta estas particularidades para sacar provecho de las
capacidades MIMO que brinda el canal.

La primera contribuciéon de este trabajo es un modelo MIMO PLC basado en
lineas de transmisiéon multiconductor que refleja la correlacion espacial de forma
mads exacta que los modelos previos. Para lograrlo, se proponen tres modificaciones
en el modelo de canal que afectan a: cargas, ramas y cableado. El modelo propuesto
proporciona canales MIMO similares a los medidos, tanto en términos de caracteris-
ticas de sus canales SISO individuales como en la correlacién entre ellos.

La segunda contribucién muestra, mediante medidas, que la correlacién espa-
cial en la respuesta del canal PLC no muestra una dependencia significativa con
respecto a la frecuencia, al igual que en los escenarios MIMO inaldmbricos, y que
existen modos de inyeccién alternativos al diferencial habitual, como la inyeccién
pseudodiferencial, que dan lugar a canales MIMO con una menor correlacién espa-

cial.
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Por ultimo, la tercera contribucién proporciona una caracterizaciéon de la cor-
relacion del ruido en PLC MIMO en la banda de 2-108 MHz, donde se muestra
que el ruido en la banda usada por la radiodifusion de FM (frecuencia modulada)
presenta una correlaciéon espacial muy elevada. Asimismo, se demuestra que el
aprovechamiento de dicha correlacién, mediante un sistema de precodificacién lin-
eal con una transformacién de blanqueo, hace viable el PLC en la banda de FM con
una densidad espectral de potencia inyectada de tan solo -100 dBm/Hz (lo suficien-

temente baja como para evitar interferir a los receptores de FM).
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Chapter 1

Introduction

Over the past few decades, the telecommunication industry has experienced an ex-
ponential growth in both number of terminals and demanded data rate, mainly due
to the ubiquity achieved by mobile networks, the Internet and the proliferation of
concepts such as Internet of things (IoT). In order to satisfy the ever-growing de-
mand, multiple solutions based on wired and wireless communications have been
developed over the years. Specially remarkable from a usage standpoint are the
local area network (LAN) standards Institute of Electrical and Electronics Engi-
neers (IEEE) 802.3 [1] and IEEE 802.11 [2], commonly known as Ethernet and Wi-Fi,
which define the medium access control (MAC) and physical layer (PHY) layers for
wired and wireless LANSs respectively. These two approaches have advantages of
their own: while wireless LANs can provide easy coverage to a number of devices
within a large zone, wired LANSs attain faster and more reliable connections but has
larger deployment cost. Power line communication (PLC) is a wired technology
that features the inexpensive deployment of wireless ones, since it uses the ubiq-
uitous power grid no new wires have to be deployed, while avoiding its coverage
problems. However, the utility of PLC is not bound to LANs since throughout the
years they have been widely used for multiple purposes, as it will be described in

the following section.
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1.1 Introduction to PLC

1.1.1 Historical overview

According to the early history of PLC as covered in [3]], the idea of using power lines
for signaling dates as back as to 1838 when Edward Davy proposed remote elec-
tricity supply metering for checking the voltage levels of batteries in the London-
Liverpool telegraph system [4]. However, the first patent on a power line signaling
electricity meter was not registered until 1897 by Routin and Brown [5].

In the 1930s, information was transmitted through ripple carrier signaling (RCS)
in medium voltage (MV) (10-20 kV) and low voltage (LV) (240/415 V) distribution
networks [6]. These systems used amplitude shift keying (ASK) and frequency shift
keying (FSK) modulation schemes to carry digital information, although the low
carrier frequency along with the simple narrowband modulations being employed
caused the data rates to be quite low. Since then, many control and telemetry ap-
plications have been developed both for the utility side, as in the part involving
equipment belonging to the utility company up to the domestic meter, and in the
consumer side, involving equipment inside the consumer’s premises. Regarding the
latter, the first introduced applications included baby alarms, in the 1940s [7], and
the home automation X10 protocol in the late 1970s [8]. With respect to the util-
ity side applications, some of these may include automatic meter reading (AMR),
remote connection, fraud detection and network management [9]. Additional ap-
plications for which PLC has been applied as a data transmission solution in both
public and indoor electricity distribution networks can be found in [[10].

The end of telecommunication monopolies in Europe in the 1990s stimulated the
interest of utility companies in using their power distribution network to provide
Internet access through PLC. This considerably encouraged the development of
what can be referred to as first-generation broadband PLC systems, which achieved

data rates of a few Mbit/s.
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In the 2000s, the use of PLC as a last-mile technology lost momentum, as its
performance was still poorer than the one offered by digital subscriber line (DSL)
systems, while gained popularity as a technology for indoor local area network-
ing. During this decade, the industrial alliances HomePlug and Universal Pow-
erline Association (UPA) emerged, developing system specifications which can be
referred to as second-generation and that featured bandwidths up to 30 MHz, or-
thogonal frequency-division multiplexing (OFDM) modulation, and data rates of
tens of Mbit/s [11], [12].

In the 2010s, the standards International Telecommunication Union’s Telecom-
munication Standardization Sector (ITU.T) gigabit home networking (G.hn) [13],
IEEE P1901 [14] and the industrial specification HomePlug AV v2.1 [15] appeared.
The defined systems, which can be referred to as third-generation, extend the
bandwidth up to 80 MHz, include improved channel coding and multiple-input
multiple-output (MIMO) techniques (except for the IEEE P1901, which is limited to
50 MHz and does not support MIMO). These result in maximum data rates of about
1 Gbit/s.

1.1.2 Classification of PLC systems

PLC systems can be classified according to diverse criteria. Following the catego-
rization in [16]], in this section we will focus on PLC systems regarding the applica-
tion scenario and their bandwidth.

A common classification of PLC by application distinguishes between indoor,
outdoor, and in-vehicle [10].

Indoor PLC is a heterogeneous group which comprises in-home PLC and indus-

trial PLC.

¢ In-home PLC applies to residential environments and small offices. It is pri-
marily used for applications such as smart home automation, energy man-

agement, home security systems, communication between smart devices and
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local area networking within homes and small offices. Because of the latter,

this scenario is also referred to as SOHO (small office-home office).

¢ Industrial PLC involves communication within industrial environments such
as factories and industrial automation systems. It is mostly used to enable
communication between sensors, actuators, motor drives and other industrial

equipment.

Outdoor PLC is now mostly employed in Smart Grid and Smart City applica-
tions such as smart grid management, outdoor lighting control, AMR and outdoor
surveillance systems. Many of the initial applications of PLC belong to this cate-
gory, where PLC was used to communicate infrastructure components (monitoring
systems, transformers and substations) and centralized management systems.

In-vehicle PLC has been repurposed from its initial application of enabling com-
munication between the vehicle’s control units, which is abandoned nowadays, to
the communication between the electric vehicle (EV) and the corresponding elec-
tric vehicle supply equipment (EVSE). This allows negotiating charging sessions,
including charging profile selection and payment.

PLC systems can also be categorized according to their bandwidth, as shown
in Figure as: narrowband (NB), medium frequency (MF) and broadband (BBE
Figure(l.2|shows a summary of the main PLC standards and industrial specifications

and their placement in the PLC bandwidth categorization.

MF BB
2-12 MHz 2-87.5 MHz

f (MHz)

0.5 2 12 87.5

FIGURE 1.1: PLC system categorization according to its bandwidth.

IThere is another category, apart from this three ones, called ultra narrowband (UNB) which
usually takes place either in the ultra low frequency band (0.3-3 kHz) or in the upper part of the
super low frequency band (30-300 Hz). It will not be covered in this work as it is not relevant for the
purpose of this study.
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4<P0werline communications(PLC) >7
|

Narrowband(NB): Medium Freq(MF): Broadband (BB):
3 kHz 500 kHz 2 MHz -12 MHz 2-87.5 MHz
|
[ |
Low data rate High data rate
(LDR) (HDR) | IEEEP1901.1 | /TU-TG.hn
- [EEE P1901

L ISO/IEC 14908-3 | IEEE 1901.2 | HomePlug AV2
- IEC 61334-5-1 - PRIME
FIEC 61334-5-2 - G3-PLC
- X10

FIGURE 1.2: Noteworthy NB, MF, and BB PLC standards and industry specifica-
tions.

NB PLC comprises those technologies operating in the very low frequency
(VLF)/low frequency (LF) bands (3-500 kHz). NB systems can be further arranged
in the following categories according to their data rate: low data rate (LDR) systems
use single carrier technologies (e.g., FSK) achieving data rates of few kbit/s and
high data rate (HDR) systems use multicarrier technologies achieving data rates up
to hundreds of kbit/s. NB PLC is being extensively used by utilities for AMR and
home automation applications. Typical examples of LDR NB PLC technologies are
those implemented according to the following recommendations: ISO/IEC 14908-3
(LonWorks) [17], IEC 61334-5-2 [18], and IEC 61334-5-1 [19], whose recommenda-
tions are widely deployed today by a number of companies, specially in Europe. Re-
garding HDR NB PLC, Powerline Related Intelligent Metering Evolution (PRIME)
[20] and G3-PLC [21], specify solutions based on OFDM operating in frequencies up
to 490 kHz which have gained gained industry support in Europe.

The term MF PLC refers to systems complying with the IEEE P1901.1 standard
[22], which use the frequency band 2-12 MHz and that are targeted at Smart Grid
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and IoT applications. Systems complying with this standard use OFDM and con-
volutional turbo coding, achieving data rates of about 4 Mbit/s and up to 1 km per
hop with up to 15 levels of repeaters [23]].

BB PLC operates in the high frequency (HF)/very high frequency (VHF) bands
(1.8-250 MHz). State-of-the-art systems employ multicarrier modulations (OFDM
and wavelet OFDM), strong forward error correction (FEC) schemes, time division
multiple access (TDMA)-based MAC with contention-free and carrier sense multi-
ple access/collision avoidance (CSMA /CA) regions and, in most cases, MIMO tech-
nology. This allows achieving maximum data rates of up to 1 Gibt/s (although val-
ues in actual scenarios are in the order of hundreds of Mbit/s). They are widely
used in indoor scenarios for LAN applications, although they are also used in Smart
Grid applications for connecting secondary substations and also for AMR. The most
relevant BB PLC standards are ITU.T G.hn [24], and IEEE P1901 [14], whereas the
most relevant industry specification is HomePlug AV2 [15].

This thesis is focused on indoor BB PLC, hence, the information provided in the

following sections refers to channels in this scenario, unless stated otherwise.

1.1.3 Channel response and noise

Power lines were not conceived for communication purposes but to deliver elec-
trical energy, which involves a very different kind of signals regarding frequency
and power. Hence, it is not surprising that the PLC medium is an adverse medium
for communication signals. This section summarizes the main features of the PLC
channel response and noise.

In most countries, in-home power grids exhibit a tree-like layout consisting of
multiple circuits deployed from the main panel to the outlets and luminaries. Each
circuit typically consists of three conductors: phase, neutral and protective earth.
Since cables are electrically long at the frequencies of the communication signal, a

multipath propagation phenomenon occurs due to the reflection at the branches and
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the impedance mismatch at the cable joints, connected devices, light switches and
outlets. This yields a frequency selective channel response in which the resulting
attenuation profile depends on several factors: the network topology, the direct path
followed by the signal from transmitter to receiver and the connected loads. In fact,
the length of the direct link between transmitter and receiver might not be the most
relevant feature since it is common for a shorter link to present larger attenuation
than a longer one [25]. Moreover, the coherence bandwidth of the channel is higher
at higher frequencies, where the increased attenuation (mainly due to the skin effect)
reduces the influence of the reflected terms.

The response of indoor BB PLC channels also exhibit a twofold time variation.
One is due to the connection and disconnection of electrical to the indoor power
grid. Since these changes usually occur in the order of minutes or hours, which is
much lower than the symbol rate typically employed, they are usually referred to as
long-term changes [25]. The other time variation is due to the non-linear behavior
of the electrical devices connected to the network. When excited with the sum of
a low frequency and high level signal (the mains one) and a high frequency and
low amplitude one (the communication signal), the resulting effect can be modelled
as periodically time-varying impedance synchronized with the mains. This causes
a short-term variation of the channel response, which can be modelled as a linear
periodically time-varying (LPTV) system. Fortunately, the channel is underspread,
as the impulse response is shorter than the coherence time of the channel [26]. In
practice, the short-term variation of the channel response is usually located below
20 MHz and the linear and time-invariant (LTI) assumption is made.

Indoor BB PLC noise does not follow the classical additive white Gaussian noise
(AWGN) model. It has two main origins: noise generated by the electrical devices
connected to the power grid and external noise coupled to the indoor network via
radiation or via conduction. Indoor PLC noise can be decomposed in the following

components [27]:
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¢ Impulsive noise, which in turn is comprised of periodic impulsive noise syn-
chronous with the mains, periodic impulsive noise asynchronous with the
mains, and sporadic impulsive noise. The former typically consists of large
amplitude and duration impulses with a frequency equal or twice the one of
the mains signal (e.g., 50/100 Hz in Europe). The latter consists of isolated
impulses, or train of impulses, that appear at random. Finally, the periodic
impulsive noise asynchronous with the mains takes the form of impulse trains
that always appear at the same instants of the mains cycle but in which the
repetition rate of their constituents impulses is not related to the mains fre-

quency.

* NB interference. It generally consists of sinusoidal or modulated signals orig-
inated by broadcast stations that are coupled via radiation. Its level usually
varies along the day and can be modelled as a cyclostationary process and, in

some cases, as a stationary one. They are typically located below 30 MHz.

* Background noise. This includes all the noise that has not been included in
the previous categories. It can be assumed to be cyclostationary and its level
depends on the number and type of electrical devices connected to the net-
work. Since it usually results from the contribution of multiple noise sources,

the Gaussian assumption is generally valid.

1.1.4 Standards and EMC regulations

This section briefly reviews the BB PLC communication standards and industry
specifications and the electromagnetic compatibility (EMC) regulations they have
to comply with.

BB PLC systems with highest performance currently found in the market are de-
signed according to the ITU.T G.hn and IEEE P1901 standards and the HomePlug
AV2 industry specification [24][14][15], which were developed about one decade
ago. They all use multicarrier modulations and TDMA-based MAC with both a



1.1. Introduction to PLC 9

connection oriented, contention-free service, and a connectionless service based on
CSMA/CA. They are not interoperable, although coexistence mechanisms have
been defined.

The ITU.T G.hn is the term used to refer to a set of ITU.T Recommendations
of the G series (which addresses transmission systems and media, digital systems
and networks) for home networking over different transmission media (telephone
wiring, coaxial cables, power lines, and plastic optical fiber). ITU.T G.hn includes
the following Recommendations: G.9960 (physical layer and network architec-
ture) [28], G.9961 (data link layer) [29], G.9962 (management), G.9963 (MIMO) [13],
G.9964 (power spectral density (PSD)) [30] and G.9972 (coexistence) [31].

ITU.T G.hn defines a pulse-shaped OFDM-based system with 4096 carriers in the
frequency band up to 100 MHZ} Quadrature amplitude modulation (QAM) con-
stellations of up to 12 bits/symbol are employed. Low-density parity-check (LDPC)
coding with different coding rates are used. It supports MIMO of up to 2 x 4, al-
though the 2 x 3 is the most widely used. These allow achieving data rates up to 1
Gbit/s at user datagram protocol (UDP) level and up to 1.5 Gbit/s at the physical
layer.

The IEEE P1901 standard defines two non-interoperable physical layers working
in the frequency band up to 50 MHz, one based on OFDM and the other on wavelet
OFDM [14]. The former employs 2048 carriers while the latter uses 1024. The FEC
of the OFDM-based system uses turbo coding, while the one of the wavelet OFDM
concatenates a Reed-Solomon and a convolutional code. A drawback of the IEEE
P1901 with respect to the ITU.T G.hn is that MIMO is not supported. However, it
defines a specific architecture for Smart Grid outdoor applications. The maximum
data rate at the physical layer is about 500 Mbit/s.

HomePlug AV2 is an industry specification developed by the HomePlug Pow-

erline Alliance (now without activity) [15]. It defines a pulse-shaped OFDM-based

2The actual frequency is limited by EMC regulations to 80/86 MHz, depending on the region, as
described below.
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system with 4096 carriers in the frequency band up to 100 MHz2. Like the ITU.T
G.hn, it also uses QAM constellations with up to 12 bits/symbol but a turbo coding
is used for FEC purposes instead. The exploitation of MIMO techniques allows it to
achieve a maximum physical data rate of about 1.5 Gbit/s.

Table [1.1{summarizes the main physical layer parameters of the three presented

systems.
Parameter ITU.T IEEE P1901 HomePlug
G.hn OFDM |wavelet AV2
Frequency band
(MH>) 100 50 100
Number of 4096 2048 | 1024 4096
carriers

Intercarrier spacing
of the header and 24.414 24.414 | 47.07 24.414
data carriers (kHz)

Min-max guard

: 1.28-10.24 1.6-47.12 | - 0-47.12
interval (us)
Rolloff interval (us) 5.12 4.96 | - 4.96
Max number bits 12 12[5 19
per symbol
1/2,2/3, 1/2,16/21, 16/18
. , , 1/2,16/21,
Coding rates 5/6,16/18, 10 239 . (b) | /16/1é
20/21 (567 253) X 71
MIMO®© 2 %3 - 2x3

@ The number of active carriers is actually lower and determined by the electromag-
netic compatibility regulations indicated below.

® Two possible Reed-Solomon rates and convolutional code with k = 1,...,7.

© Typical values, but up to 2 x 4 could be employed.

TABLE 1.1: Summary of the main physical layer parameters of the the ITU.T G.hn,
IEEE P1901 and HomePlug AV2 [32].

The previous standards/specifications are designed to comply with current EMC
regulations, as summarized in Figure These regulations define the frequency

band that can be employed by PLC systems and the maximum level of the injected
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or radiated signal. A brief summary of the regulations issued by the Comité Eu-
ropéen de Normalisation Electrotechnique (CENELEC) and the Federal Communi-
cation Commission (FCC) will be provided below. The reader is referred to [33]-[35]

for a comprehensive description of the regulations concerning both NB and BB PLC.

CENELEC EN 50561-1 CENELEC EN 50561-3
1,6-30 MHz 30-87,5 kHz
[MF] IEEE P1901.1
2-12 MHz
>
2 12 30 87,5 f(MHz)

FIGURE 1.3: Medium and Broadband PLC regulatory frequency bands.

In the European Union (EU), in-home single-input single-output (SISO) PLC
(note that MIMO are not included) systems have to comply with the EN50561-1
in the frequency band from 1.6065-30 MHz and with the EN50561-3 in the range
30-87.5 MHz. The former only defines a set of permanent and dynamically excluded
sub-bands to avoid interfering existing systems, but no limits to the injected signal
is imposed, as it is done in the latter. Systems defined according to the ITU.T G.hn
have to comply with the ITU.T Recommendation G.9964, which allows the injected
signal to have a PSD of -55 dBm/Hz in the range 2-30 MHz and -85 dBm/Hz in the
range 30-80 MHz.

Outdoor BB PLC is not regulated by an harmonized standard in the EU, as the
EN-50561-2, which is aimed at regulating these systems has been under discussion
for a long time. This situation also applies to MIMO (both in-home and outdoor)
systems. Deployed systems rely on the EU Directive 2014/30/EU, which allows
manufacturers to issue a Declaration of Conformity (DoC) in which they carry out
the EMC assessment (aimed at proving that their systems cause no interference to
existing systems) based on its own procedures.

In United States of America (USA) both indoor and outdoor BB PLC are allowed
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to use the 1.705-80 MHz band, as regulated by the FCC under Code of Federal Reg-
ulations, Title 47, Part 15 [38]. This regulation sets limits to the radiated emissions,
which have been differently translated to limits in the PSD of the injected signal,
e.g.,-50 dBm/Hz in the 1.8-30 MHz range and -80 dBm/Hz in the 30-86 MHz band

are proposed in [39], which are quite similar to the limits set by the ITU.T G.9964.

1.2 MIMO PLC

MIMO is a method for enhancing the performance of a link using multiple trans-
mission and receiving endpoints to exploit multipath propagation. This strategy is
widely used in wireless communication systems where multiple antennas, both at
the transmitter and receiver end, can be used as a diversity technique, to improve
error probability, and as a multiplexing strategy, to increase data rate. The former
is referred to as MIMO beamforming and the latter as MIMO multiplexing [40]. In
both cases, full potential gain is obtained when each antenna receives an uncorre-
lated version of the transmitted signals. Conversely, the benefit reported by MIMO
techniques is maximum when captured noise is fully correlated among all ports.
MIMO PLC exploits the presence of three wires (phase, neutral and protective
earth) in most indoor power networks. At the transmitter side, two differential volt-
age signals can be injected between pairs of wires since, according to Kirchoff’s law,
only two independent differential signals can be injected using three wireg’} At
the receiver side, the three differential paths show some diversity. Hence, differ-
ential signals between the three conductors (generally named PN, NE and EP can
be obtained) or between each conductor and a reference voltage obtained from the
transformer used in the coupling circuits can obtained. Moreover, a common mode
(CM) signal can be also obtained if a large metal plate is available (e.g., as in large

TV).

3These three conductors are usually known as P (phase), N (neutral) and E (earth)
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Full MIMO potential gain is not achievable in many situations since the chan-
nel responses between each pair of transmitting and receiving ports are usually
correlated, which reduces the gain achievable by MIMO techniques. Since correla-
tion between the channel responses in wireless scenarios is strongly determined by
the distance between antennas, the term spatial correlation is employed to denote
this phenomenon. Unfortunately, spatial correlation in MIMO PLC links is typi-
cally larger than in their wireless counterparts, which reduces the MIMO gain. This
MIMO PLC channel correlation is determined by the characteristics of the underly-
ing power network, as it is shown in [41] and [42] which can be found in Chapter

On the other hand, noise correlation improves the performance of MIMO sys-
tems, since received noise in a given receiving port can be used to cancel out noise
in the remaining ones, yielding a virtually noise-free channel. Fortunately, noise cor-
relation in MIMO PLC is larger than in wireless environments, where the received
noise in each receiving port can be assumed to be independent. Therefore, noise
correlation in MIMO PLC systems improves their performance, as discussed in [43]
in Chapter

In the following, a brief summary of the main published works related to MIMO
PLC is given.

MIMO PLC Channel Measurements. An introduction to the fundamentals of
MIMO PLC can be found in [44]. This work proposes a measurement setup whose
results motivated to implement a MIMO PLC feasibility study in hardware. The fol-
lowing year, the work in [45] described the field measurement campaign carried
out by the European Telecommunications Standard Institute (ETSI) Special Task
Force (STF) 410 , which comprised six European countries and covered the 0-100
MHz range, whose goal was to verify the feasibility of MIMO PLC.

Channel spatial correlation analysis. A deep dive on the channel response ob-
tained by the ETSI STF 410 can be found in [46]. This paper provided an estima-
tion of the MIMO system performance over the channels measured by the STF 410

and found out that the spatial correlation of the channels yielded a second MIMO
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stream 15 dB weaker on roughly half the frequencies under study. However, this
analysis did not make any distinction among frequency bands. The analysis in [47]],
performed over 96 channels captured from five dwellings in North America, takes
into account different frequency bands but measured channels are registered using
HomePlug AV receivers. Hence, obtained results are conditioned by the system pa-
rameters. None of this works covered the influence that the electrical appliances or
other components of the electrical network may have on the spatial correlation.

Noise correlation (time and spectral-wise). Whereas [46] focused on the chan-
nel analysis from the STF 410 measurements, its noise counterpart can be found in
[48]. One of the most interesting contributions of this work is that it showed the
strong time domain correlation present on the receiving ports. On the other hand,
[49] studies the noise spatial correlation on the same North American measurements
covered in [47]. However, the statistical analysis in [49] does not discriminate by
frequency bands even though there is strong evidence that there is indeed depen-
dence between noise spatial correlation and the noise frequency band under anal-
ysis. Moreover, as indicated above, the measurements were obtained by receivers
HomePlug AV2 compliant, therefore they are biased by the technical specification
settings.

MIMO channel response model. Although field measurement campaigns, such
as the ones described above, are a key part of the MIMO/SISO PLC system devel-
opment, the development of accurate channel models is equally as important. As a
rule thumb there are two approaches to build a PLC channel model: the bottom-up
model, which aims to replicate the underlying structure of the channelf| by mod-
eling the deployed cables as a set of interconnected multiconductor transmission
line (MTL), and the top-down model, where the channel response is modelled by a
mathematical expression whose parameters are determined to match a set of mea-

sured channel responses. Regarding bottom-up PLC models, the idea of using MTL

4This is done under the premise that if the underlying structure is correctly defined, the model
response should be quite similar to the real scenario it mimics.
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theory to estimate the response of PLC channels was proposed in [50]. However,
the purpose of [50] was to measure the effect of the ground wire on the SISO chan-
nel response, it was not an attempt to provide a MIMO channel model as such.
This was proposed in [51] where MTL was applied to get the channel response of
MIMO links. However, the modeled channels in [51] yielded an artificially sym-
metric MIMO channel response, which in turn implied that the spatial correlation
was invariant with respect to frequency. This result was not realistic according to
the analysis in [47]. Regarding top-down models, the most popular approach is the
"echo-based" model, first introduced by [52] and refined in many later works such
as [53] and [54]. A thorough review of the State of the Art on PLC channel modelling
is provided in Chapter

PLC system performance. The performance of MIMO PLC systems was ex-
plored in works as early as [44], where the authors modeled noise as a white Gaus-
sian process, which is somewhat unrealistic. Under this assumption, it was revealed
that the average channel capacity of the 2 x 4 MIMO configuration was twice the
SISO’s, and at the 98% coverage point a simpler system (2 x 2) showed double the
performance of a SISO one. That gain could grow up to a factor of 2.6 when a 2 x 4
configuration was employed instead of the 2 x 2. Lastly, the effect of noise spatial
correlation on the performance of a MIMO PLC system is evaluated in [55]. This
analysis was carried out taking into account frequencies below 86 MHz and it was
shown that the performance improvement that could be obtained from exploiting

the noise spatial correlation was quite low.

1.3 Objectives and outline of the thesis

1.3.1 Objectives

This thesis focuses on indoor broadband PLC systems. In this context, its main

objective is to study MIMO PLC channels, focusing on the differentiating factors
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from other environments, such as spatial and noise correlation, and to develop a
MIMO PLC channel model and an associated channel generator. To this end, the

following partial objectives have been defined:

* Analysis of the spatial correlation of MIMO PLC channel response. The
study is aimed at assessing the influence of the frequency, the wiring of the un-
derlying network and of the employed injection method on the spatial corre-
lation. The former is important for the development of top-down MIMO PLC
channel models, specially those in which the channel is modelled as a mul-
tivariate random variable whose covariance matrix has to reflect the relation
between the MIMO paths at all frequencies. Regarding the cabling employed
in indoor power grids, since it varies among countries (some use monopolar
cables while other use multipolar ones), it is important to analyse its influ-
ence in the spatial correlation, as it may notably influence the performance of
MIMO systems. In the aforementioned analysis, the MIMO coupling circuit is
considered as part of the channel, however, since different circuits have been
proposed in the literature, it is interesting to assess their influence in the spatial

correlation.

¢ Development of a MIMO PLC channel response model and a corresponding

simulator. This task can be split in two objectives:

— Development of a bottom-up MIMO PLC channel response model. An
appropriate channel model is of paramount importance of the design and
performance assessment of transmission techniques. MIMO bottom-up
models based on MTL are the natural extension of the models already
employed for SISO channels. The model proposed in [56] follows this
strategy, however, it fails to reflect the relationship that exists between the
responses of the MIMO paths, yielding channels with unrealistically sim-
ilar MIMO streams. We conjecture that this lack of realism is due to the

asymmetries of the network (e.g., derivations to the luminaries), which
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are not reflected in the referred model. Hence, the aim of this task is to
identify the asymmetries of the indoor power grid with larger influence
in the spatial correlation and to propose adequate models that can be in-

cluded in the developed MTL-based channel model.

— Implementation of a MIMO PLC channel response simulator. This task is
aimed at extending an existing bottom-up SISO channel simulator (devel-
oped by the PLC group of the Departamento de Ingenieria de Comunica-
ciones of the Universidad de Malaga) in two ways. First, by modeling the
cabling using tree-conductor transmission lines and, second, by adding a
random topology generator that allows obtaining realistic indoor power

networks.

¢ Study of the noise correlation in MIMO PLC systems. Noise correlation in
MIMO PLC systems has already been analyzed in the whole 2-88 MHz band.
However, we conjecture that noise correlation should have a strong depen-
dency with frequency, since radiated emissions from distant sources coupled
to the indoor power network should be more prominent at high frequencies
than at low ones. This phenomenon would be particularly important in the
88-100 MHz band, which in most countries is assigned to frequency modula-
tion (FM) broadcasting services. Hence, this task is aimed at analyzing noise
correlation in different frequency bands, in particular in the FM one, and to
assess the data-rate that can be attained by exploiting this phenomenon by

means of a whitening transformation.

1.3.2 OQOutline of the thesis

In this chapter, a historical overview of PLC has been given along with the main
goals of the work. Chapter 2| gives a thorough review of the state-of-the-art in PLC,
focusing on MIMO aspects. Chapter 3includes a copy of the publications that have

been produced as a result of the conducted research. Finally, general conclusions
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drawn from this work are summarized in chapter 4{along with suggestions for fur-
ther study.

Due to space limitations, relevant aspects of one of the papers presented in Chap-
ter |3} [41], could not be covered in such publication. For the sake of completion, the
analytical MTL expressions used in [41] are summarized in Appendix [A}, and the

steps taken to validate the implementation of such expressions are shown in Ap-

pendix
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Chapter 2

Characterization and modelling of

indoor broadband PLC channels

This chapter describes the current state of the art of indoor broadband MIMO PLC
noise and channel response characterization and modelling. Since a MIMO PLC
channel is actually a related set of SISO channels, the first part of this chapter pro-
vides insight on the features of SISO PLC channels. The second part of this chapter
focuses on the characterization and modelling of the response of MIMO channels,

while the third one covers MIMO PLC noise.

2.1 SISO PLC channel response and noise features

2.1.1 SISO PLC channel response characterization and modelling
Channel characterization

Indoor power networks typically have a tree-like layout in which circuits are de-
ployed from the main panel to the outlets and luminaries, as depicted in Fig.
As aresult of the notable differences in topology and cabling, PLC channels notably
differ from conventional wired media using twisted pair and coaxial cables, pre-
senting rather hostile properties and exhibiting some typical properties from wired

ones (determinism) but also from wireless channels (time variation).
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FIGURE 2.1: Illustrative example of an indoor power grid layout. Adapted from
[57].

Since cables are electrically long at the frequencies of the communication signal,
reflections occur due to impedance mismatch at joints causing a multipath propaga-
tion phenomenon that yields a frequency selective channel response [52], [58]]. Fig.
illustrates this end by depicting the amplitude response of three indoor mea-
sured channels in the frequency band up to 80 MHz: one with low attenuation, one
with intermediate attenuation and a highly attenuated one. In order to highlight the
differences between indoor and outdoor channels, it also shows the amplitude of
two representative modeled outdoor channels corresponding to links with approx-
imate lengths of 76.2 m (which is in the order of a long indoor link) and 216 m. In
outdoor channels, the frequency selectivity associated to the multipath propagation
is generally less important, as it is masked by the larger attenuation resultant from
the skin effect, yielding amplitude responses with the low-pass profile shown in Fig.
2.2

Attenuation and frequency selectivity are generally correlated effects, meaning
lowly attenuated channels tend to have "flatter" amplitude responses (i.e., having

larger coherent bandwidth), as illustrated in Fig. which depicts a scatter plot of
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FIGURE 2.2: Amplitude response of three measured indoor channels and two
representative outdoor modeled ones.

the coherence bandwidth vs the average amplitude response of a set of measured
channels. This phenomenon has different causes in the low and high frequency re-
gions. In the 1-30 MHz range, attenuation is mainly due to the notches caused by the
multipath propagation phenomenon. Channels corresponding to longer links will
have more derivations from the main path from the transmitter to the receiver than
shorter ones. These derivations result in a larger number of notches that increase the
attenuation and reduce the coherence bandwidth. In the 30-86 MHz band, the skin
effect becomes relevant, causing longer links to have more pronounced low pass
behavior and lower coherence bandwidths.

The impulse response of indoor PLC channels consists of a very large number
of delayed echoes that result from the potentially infinite number of forward and
backward-traveling waves that result from the reflections caused by impedance mis-

match at cable junctions, open circuits and at the electrical devices connected to the
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FIGURE 2.3: Scatter plot of the coherence bandwidth against the average ampli-
tude response of measured indoor channels, [59].

power network. This contrast to wireless channels, which can be generally modelled
using a relative low number of echoes. The impulse response length is convention-
ally quantified by means of the delay spread (DS). In indoor PLC scenarios, it has
been shown that the relation between the DS and the coherence bandwidth can be
modeled using a hyperbolic relation, as illustrated in Fig.

As stated in the Introduction, PLC channels exhibit long-term and short-term
time variations. From a communications perspective, only the latter are relevant, as
the rate of the former is much longer than the symbol periods typically employed.
However, short-term variations tend to be located in the low frequency band, as
illustrated in Fig. where the time variation along the 20 ms of the mains cycle
of the amplitude response of a channel measured in Spain in the frequency band up
to 20 MHz is depited and in Fig. which details the evolution of the amplitude
response at two frequencies. Since the channel is underspread, the LTI assumption

is generally accepted.
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FIGURE 2.4: Scatter plot of the DS vs the coherence bandwidth of measured in-
door channels along with its hyperbolic approximation. Adapted from [60].
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FIGURE 2.5: Illustrative example of the short-term variation of the amplitude
response of a measured channel along the mains period. Adapted from [61].

Channel modelling

PLC channel response modelling strategies can be classified into three categories,

as illustrated in FigP2.6; top-down, bottom-up and machine learning-based. A brief
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description of each approach is given below, except for the latter [62], which is still

in a too embryonic state and will not be considered here.

Model the Model the physics of
behaviour PLC channel response the problem
modelling strategies
Top-down Bottom-up
| |

Multivariate
RV-based
models

H=Goe™®

N
H(f)= Zg G(f.d )efjw(d,,/v) ML-based
n=1

Echo-based
models

FIGURE 2.6: Categorization of PLC channel response modelling strategies.
Adapted from [60].

Top-down models can be categorized into two groups: echo-based models and
multivariate random variable (RV)-based models. The former models the channel
response as a set of delayed echoes whose parameters are derived from measure-
ments. These parameters can be randomly varied, according to statistics derived
from measurements, or fixed to match some reference channels or group of chan-
nels. Models based on this approach were proposed in [63] for indoor scenarios in
the frequency band up to 30 MHz and for outdoor ones in the band up to 20 MHz
in [52].

The Opera project, funded by the EU Commission, proposed top-down models
for both outdoor channels of frequencies up to 20 MHz and for indoor ones of fre-
quencies up to 50 MHz [64]. Three reference outdoor channels are defined and the
parameters of an echo-based model that provides the best fit are given. However, a

more heuristic approach is proposed for indoor channels.
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In order to assess the performance of communication systems, a large number
of statistically representative channels are required. To this end, the work in [53]]
proposed a set of probability distributions for the parameters of the model in [52].
However, the proposed distributions are not empirically supported.

An important milestone in the development of top-down models is the ob-
servation that the average channel gain and the DS can be assumed to be log-
normally distributed, which is exploited to obtain a simple two-tap echo-based
model [54][65].

While echo-based models with a relatively low number of echoes can be suit-
able to model outdoor PLC channels, a much larger number is required for indoor
channels. This is due to the potentially infinite number of forward- and backward-
traveling waves that appear because of the reflections caused by impedance mis-
match and that reach the receiver much less attenuated than in outdoor scenarios.
Consequently, models of this type proposed in the literature are unable to replicate
key features of indoor PLC channels, such as the relation between the DS and the
average attenuation [66].

The work in [67] proposes a top-down model which is not based on a set of
delayed echoes. Measured channel responses are classified according to its average
attenuation into 9 classes. Modeled channels are generated by randomly adding
peaks and notches to the average channel response of each class.

In the multivariate RV-based approach the amplitude and phase of the frequency
response are modelled as multivariate RVs. Published works model the amplitude
of the channel frequency response as a log-normal multivariate RV [68], [69]. While
this assumption is still controversial, as some reported measurements support this
end [70] but others do not [56], it seems to be the one that yields the best fit among
the proposals that have been tested. The work in [68] assumes that the correlation
matrix of the amplitude response depends only on the frequency lag, which overes-
timates the coherence bandwidth in the high frequency band, where the amplitude

response is less frequency selective than in the low frequency range because the
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multipath propagation phenomenon is less severe as the reflected waves reach the
receiver more attenuated. A model that takes this into account has been proposed
in [69].

It is worth noting that the popularity of top-down models (typically used in wire-
less scenarios) have caused the misconception that there is fading in PLC channels.
Thus, it is common to find in the literature works in which the response of a PLC
channel at a given frequency is assumed to experience an ergodic fading process
which commonly follows a log-normal distribution (although the Rayleigh one is
also used). This misunderstands that randomness in PLC channels is associated to
the topology of the network under consideration and to the location of the trans-
mitter and receiver within it. This yields a non-ergodic behavior that contrasts to
wireless links, where the channel between all pairs of transmitter and receiver loca-
tions undergo the same fading states, although in different time order. Hence, the
log-normal assumption in PLC should be applied to the ensemble of all PLC chan-
nels, i.e., for all possible pairs of transmitter and receiver positions and network
topologies, but the channel is deterministic once the transmitter and the receiver are
placed (except for long-term changes).

The following list summarizes advantages and drawbacks of the top-down mod-

elling approach:
¢ Advantages:

— They are useful to generate statistically representative channels.

— The underlying distributions used in their definition are useful for devel-

oping optimum techniques for signal transmission and reception.

- Generating channels is simpler than with bottom-up models.
¢ Drawbacks:

— They are unable to infer the channel responses in a given PLC network.
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— Itis hard to account for changes in the channel response, specially short-

term ones.

Bottom-up models rely on the physical description of the considered power net-
work, which is modelled by means of transmission line theory. Bottom-up models
were firstly proposed for outdoor MV and LV lines [71][72] for frequencies below
100 kHz and in [73] for frequencies up to 30 MHz. Interestingly, since MV and LV
distribution networks use three-phase wiring, the works in [71] and [73]] employed
an MTL approach.

The first bottom-up models for indoor PLC channels in the frequency band up
to 30 MHz disregarded the protective earth conductor and modeled the power net-
work as a set of interconnected two-conductor transmission lines [74], yielding a
SISO channel model. They also disregard the asymmetries in the network due to
the light switches (where the phase conductor reaches the luminary by way of the
switch, while the neutral conductor is directly deployed) and assumed a constant
separation between conductors (which does not hold when monopolar cables are
employed). Despite the uncertainties in the topology and characteristics of the un-
derlying network, these models yield a good fit for measured channels [25].

Long-term changes in the channel were modeled by changing the impedance of
the loads connected to the network following a Markov Process [25]. In [26], short-
term variations synchronous with the mains (mainly located in the frequency range
below 20 MHz) are added into the model, applying slow-variation approximatiorﬂ
via LPTV models consisting of LTT states.

The aforementioned models rely on a description of the topology of the con-
sidered power network and the characteristics of the employed cables. However,
bottom-up models can be also used to generate large sets of statistically representa-
tive channels by generating random topologies. To this end, [75] introduces a sim-
ple topology consisting of a main path from the transmitter to the receiver and three

derivations, where the length of the lines and their attached loads are randomly

!Changes are way slower that the channel impulse response length.
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generated, as shown in Fig. The simplicity of the considered network calls for
an artificial increase of the attenuation of the considered conductors to match the
average channel attenuation of the actual channels. However, this makes the gen-
erated channels to have an unrealistic low-pass profile. The work in [76] proposes
a random topology generator which gives more realistic networks at the cost of in-
creased complexity. To this end, a layout of the indoor premise is firstly generated
by dividing the area of the premise into a number of random clusters (rooms) of
square shape with identical area. A derivation box is placed in each cluster from

which cables to the outlets are deployed either in a start structure or in a bus one.

FIGURE 2.7: Simplified three-derivation topology proposed in [75] for bottom-up
modelling of PLC channel responses. Figure extracted from [75]].

The referred works model the network using two-conductor transmission line
theory, which disregards the influence of the protective earth conductor in the SISO
channel established between the phase and neutral conductors. However, the work
in [50] highlighted that the effect of the protective earth is not negligible when
grounding practices like bonding (the protective earth and the neutral conductor
are connected at the main panel via a low resistor), typically used in North Amer-
ica, are employed. To take this into account, [50] models the indoor network using
MTL.

Similarly to the top-down approach, the bottom-down approach carries its own

strong points and downsides, for example:

¢ Advantages:
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— They are useful for inferring the channel responses in a given PLC net-

work, as long as its topology is known to a certain degree.

— It is easy to introduce long-term and short-term changes in the channel

response.

— They can provide statistically representative channel responses by using

randomly generated topologies.
¢ Drawbacks:

- Bottom-up models usually need a lot of information about the PLC chan-

nel topology being modeled.

- Simulation can be way more expensive computationally than in top-

down models.

2.1.2 SISO PLC noise characterization

PLC noise is comprised of a number of terms: from perturbations generated by
the electrical devices connected to the considered grid to noise coupled to it via
radiation or via conduction. According to their waveform, they can be grouped into
three main categories: impulsive noise, narrowband interference, and background
noise [27]]. The number of noise terms may vary considerably among PLC networks
and throughout the day.

Impulsive noise is comprised of different components that can also be classified

according to:

¢ Periodic impulsive noise synchronous with the mains. This component ap-
pears in a dual manner: as a series of isolated impulses of considerable du-
ration (up to hundreds of microseconds) and amplitude (up to 1.5 V), and as
impulse trains in which the number of impulses and separation between them

varies from cycle to cycle. Even though these two components show different
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characteristics (duration, amplitude, central frequency, bandwidth), both com-
ponents share some features such as always appearing in the same instant of
the mains cycle, having a repetition rate of 50/100 Hz (in Europe), and being

usually caused by Silicon Controlled Rectifiers (SCR) in power-supplies.

* Periodic impulsive noise asynchronous with the mains. This noise component
takes the form of impulse trains whose constituent impulses have repetition
rates that are not related to the mains frequency, ranging from approximately
12 up to 217 kHz. It has been recently shown that these impulse trains always
appear at the same instants of the main cycle [77], which allows its categoriza-
tion as cyclostationary. Nevertheless, there is a great variety of train patterns,
sometimes appearing in the vicinity of the zero crossings, around peak mains

voltage values, and even during the whole mains cycle.

¢ Asynchronous impulsive noise. Two types of asynchronous impulsive noise
have been observed: isolated impulses with considerable amplitudes and
widths, and impulse trains with arbitrary separation between the constituent
pulses. This components have an unpredictable nature, with no regular oc-
currence, and are mostly due to transient states caused by the connection and

disconnection of electrical devices.

Narrowband interference is mostly formed by sinusoidal or modulated signals
with different origins, e.g., broadcast stations, spurious caused by electrical appli-
ances with a transmitter or a receiver, etc. It usually shows significantly higher level
that background noise and, in general, the remaining noise terms. This type of noise
can be classified according the following criteria: the shape of its PSD and its satis-
tical properties. According to the shape of their PSD it can be found: interference
with multiple discrete frequency components, whose peaks are not harmonically
related and are usually located above 4 MHz, and interference with one frequency
component, which can be found below 2 MHz and above 20 MHz, e.g., interference

from commercial amplitude modulation (AM) radio stations. NB interference can
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be classified according to its statistical properties into stationary noise, whose level
does not change along the mains cycle, and cyclostationary noise.

Fig. depicts the waveform of three measured noise registers. Fig.
(a) shows a strong periodic impulsive synchronous with the mains component,
whereas a noise capture dominated by a cyclostationary narrowband interference
(capped with a synchronous periodic impulse) is depicted in Fig. [2.8/(b). Lastly, Fig.
(c) shows periodic impulsive noise asynchronous with the mains. As seen, they
exhibit an almost deterministic behavior which is a key difference between noise in

wired scenarios and noise in wireless scenarios.
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As a consequence of the aforementioned terms, the PSD of PLC noise is strongly
colored, as illustrated in Fig. which depicts the PSD of a measured noise register
in the frequency band up to 100 MHz. The zoomed region highlights the periodic
peaks corresponding to periodic impulsive noise asynchronous with the mains com-
ponents. The strong narrowband interference terms above 85 MHz correspond to

FM broadcasting emissions.
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FIGURE 2.9: Representative PSD of a measured indoor PLC noise register.

Background noise comprises the rest of noise types not included in the previous
categories. It can be modeled as a colored cyclostationary process, although it can
be assumed to be locally stationary for many applications. The PSD of the back-
ground noise is much larger at low frequencies than at high ones. This is illustrated
in Fig. which depicts the PSD of measured noise registers from which the im-
pulsive and narrowband interference terms have been eliminated. Accordingly, the

PSD of the background noise can be modelled as [78]

Sx(f) = a+ bf° (dBm/kHz), 2.1)
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FIGURE 2.10: Estimated PSD of the background noise in Fig. and of its best
approximation with the model in Eq. (2.1).

Lastly, the amplitude of time-domain PLC noise samples follows a heavy-tailed
probability distribution, meaning that extreme values occur much more often than
in a Gaussian distribution (due to the impulsive and narrowband interference
terms). However, regarding background noise, since it results from the contribution
of a large number of independent sources, the Gaussian distribution seems appro-

priate enough to model the amplitude of this noise component [27]].

2.2 MIMO PLC channel response characterization and
modelling

This section focuses on the details of MIMO PLC channel characterization and mod-
elling. The first part provides the mathematical relations used to model and evalu-

ate a conventional MIMO system, whereas the second and third subsections provide
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a comprehensive overview of state-of-the-art (SotA) MIMO PLC channel response

characterization and modelling, respectively.

221 MIMO multiplexing: mathematical relations

The goal of this section is to summarize the main mathematical relations of MIMO
multiplexing systems, emphasizing the role of the condition number of the MIMO
channel as a metric that is strongly related to the achievable bit rate. Expressions
given in this section assume that OFDM is employed and that the carrier bandwidth
is narrow enough to assume that each of them undergoes a flat channel with neither
inter symbol interference (ISI) nor inter carrier interference (ICI).

MIMO multiplexing exploits the structure of the channel response matrix at each
frequency to obtain independent signaling paths that can be used to send multiple
data streams in parallel, which increases the data rate. The ratio between the capac-
ities of the MIMO and SISO channels is called multiplexing gain. It can be proved
that the maximum gain attainable with an N x A MIMO system, where N and M
denote the number of transmitters and receivers, respectively, is min {N, M }.

Consider an N x M MIMO system where the transmitted and received symbol
vectors are denoted as x = [x1,Z9,...,2x]T and y = [y1, s, ..., yn]”, respectively.
Assuming there is neither ISI nor ICI, the MIMO channel output at a given frequency

(which is omitted for the sake of clarity) can be expressed as

y = Hx + u, (2.2)
where u = [uy, uy, . .., uy|" is the M-dimensional noise vector and
hll e th

hye oo huw
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is the MIMO channel frequency response matrix at the considered carrier frequency,
whose rank will be denoted as Ry = rank {H}.
For any MIMO channel matrix H we can obtain its singular value decomposition
(SVD) as
H=UXVH (2.4)

where (-)F denotes the Hermitian operator, the M x M matrix U and the N x N
matrix V are unitary matrices and ¥ is an M x N diagonal matrix with Ry non-zero
singular values o;. These singular values have the property that o; = \/); for \; the
i-th largest eigenvalue of HH".

The parallel decomposition of the channel is obtained by defining a transfor-
mation on the channel input x and output y via transmit precoding and receiver

shaping as follows

x = Vs, (2.5)

z = Ully, (2.6)

where s is the input vector comprising the original symbols and z is the resulting
output vector after receiver shaping.
This transmit precoding and receiver shaping transform the MIMO channel into

Ry parallel SISO channels with input s and output z since

z = UM (Hx +u) = UH(UZVIx 4 u) = UHN(USDVIVs 1) =
2.7)
UMUzvivs + Ulu = Ss +n,

where n = UMu and X is the diagonal matrix of singular values of H with o; on the
i-th diagonal position and zeros everywhere else. Assuming that the channel noise
u is uncorrelated between ports and with equal power, so is n because U is a unitary
matrix. Furthermore, if u is Gaussianly distributed, n is Gaussianly distributed as

well.
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The MIMO decomposition shown in Eq. allows a simple proxy for the
MIMO channel capacity for a fixed?| channel matrix H known at transmitter and re-
ceiver side. The achievable bit rate can be approximated by the sum of the achieved
bit rates on each of the independent parallel channels when the transmit power is
optimally allocated between these channels, which is usually attained by applying
the water-pouring strategy.

Under the aforementioned assumption for the noise and applying the well-
known Shannon-Hartley theorem to the independent parallel channels, the

achieved bit rate, R, by a given carrier can be written as

R 2
Py M P<P D po

Ry
R=  max {Z Blog, (1 + Aipi)} , (2.8)

where B is the channel bandwidth, P the total available power at the transmitter
side, P, the power allocated to the i-th channel, o? the noise power, and /3 is the
so-called signal-to-noise ratio (SNR) gap to capacity, which accounts for the SNR
penalty due to the use of a practical encoder. For uncoded square QAM constella-
tions, 8 = [Q' (SER/ 1))?, where SER is the symbol error probability [79].

This expression indicates that, at high SNR, the achievable bit rate increases lin-
early with the number of degrees of freedom in the channel. On the other hand,
when A\, > \; Vi € [2, Ry, the multiplexing gain is low. Hence, the condition num-
ber of the channel matrix, which is the ratio of the largest to the lowest singular

value,

% (dB) = 20 log,, (i> = 101og;, (L) , (2.9)
g

Ru ARp
is inversely related to the multiplexing gain: the larger the value of «, the lower the
multiplexing gain. When the channel matrix has Ry = 1, all MIMO streams are
perfectly correlated and  — oo. By contrast, when all singular values are equal,

x = 0 dB. Hence, the condition number measures of the correlation of the MIMO

ZNote that, as stated in changes in indoor PLC channels usually take longer than the con-
ventional OFDM symbol duration. Therefore the LTI approximation can be adopted.
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paths, which is referred to as spatial correlation: the larger the value of «, the larger
the spatial correlation.
To account for the limited number of bits per symbol of the employed constella-

tions, which is actually limited to 12 bits, Eq. (2.8) can be reformulated as

Ry
R=  max {Z Bmin(12,log,(1 + AiB))} . (2.10)

Py PP i po?

The correlation of the noise in different MIMO ports can be exploited to increase
the presented data rates by means of a whitening transformation applied at the re-
ceiver side. The latter transforms the system into a white noise (between ports) with
equal power, as considered in (2.10). To this end, let us assume that the noise au-
tocorrelation matrix is given by I',, = E{uu}, since it is an Hermitian matrix, the

following decomposition can be applied
', = EAE", (2.11)

where A is a diagonal matrix with real and positive diagonal values and E is a
unitary matrix. Therefore, by applying the following transformation A7 E" to the
received signal (before the receiver shaping U shown above) noise can be whitened
and normalized since the autocorrelation matrix of u; = A% Efu is given by
Ty, = E{uyu;"™} = E{A? Efuu"EA 7 } = A7 E'E{uu"}EA® =
(2.12)
AT EYEAEPEA T =1,,
where I, is the M x M identity matrix.
So, by applying the noise whitening transformation above and then applying
transmit precoding and receiver shaping over the resulting new channel, H =
A7 E"H, it can be obtained a system with R;; independent channels, with gain

o; = V/ A; each, and uncorrelated unitary-power noise.
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2.2.2 MIMO PLC channel response characterization

A MIMO channel can be regarded as a collection of SISO channels. Since PLC SISO
channels were already discussed in section in this section we will be focus-
ing on the relation between the SISO channel responses that comprise the complete
MIMO channel response. The relation between SISO channel responses is usually
called spatial correlation and quantified by means of the condition number given in
Eq. 2.9).

In a wireless media, channel responses are usually uncorrelated when transmit-
ters and receivers are located far away from each other. This is not the case in indoor
MIMO PLC channel responses where, not only the existing transmitting /receiving
ports are close to each other, but the wiring that is being traversed by the signal is
usually bundled tightly so crosstalk phenomena is strong, which increases channel
response correlation.

The work in [46] analyses the MIMO-PLC channels based on measurements ob-
tained during the ETSI STF410 field measurement campaign in six European coun-
tries. STF410 recorded (among many other measurements) the transfer functions of
all individual MIMO paths in frequencies up to 100 MHz. The channel analysis in
this paper compares different MIMO configurations and investigates the attenua-
tion, correlation and capacity of the MIMO-PLC channel response. Specifically, it
was shown that the MIMO PLC channel response has a rather high spatial correla-
tion as shown in Figure Moreover, that work includes an analysis where, by
exploiting feeding options, a 2 x 4 MIMO channel can be used to achieve double the
capacity of its SISO counterpart.

Figure2.1T|shows that for 20% of the channels (cumulative probability of 0.8) the
smallest singular value is at least 10 times smaller than the largest singular value. In
[47] a similar channel correlation profile captured from measurements is shown.

Regarding the relation between channel spatial correlation and frequency, [47]

shows that the average value of the correlation is almost constant with respect to
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FIGURE 2.11: Spatial Correlation illustrated via the cumulative probability of the
ratio of the singular values obtained from a measurement campaign in six Euro-
pean countries, [46] Fig. 11.

the frequency.
Lastly, the influence that channel topology and coupling strategies have on
MIMO powerline channel characteristics is studied in [80] where it highlights that

there is a strong dependence between these features.

2.2.3 MIMO PLC channel response modelling

Since SISO PLC channel response modelling strategies were covered in section[2.1.1]
this section will be focused on those channel response models which feature MIMO
capabilities. However, in contrast to the SISO, the number of available MIMO chan-

nel model proposals is quite limited.

Top-down models

Similarly to the SISO case, top-down MIMO models usually employ one of the two

following strategies: echo-based models and (multidimensional) RVs.
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The extension of the echo-based model to MIMO channels was proposed in [70].
It firstly generates a SISO channel response from which the remaining responses of
the MIMO channel are obtained by using spatial correlation matrices derived from
measurements.

Regarding the RV modeling approach, the extension to MIMO is based on the
generation of as many channel (frequency) response vectors as existing MIMO
paths, e.g., in a 2 x 3 MIMO channel the number of paths is 6. This task requires
knowledge of correlation between elements of a same vector (frequency correlation)
and correlation between elements from different vector (spatial correlation). This

strategy is applied in [68].

Bottom-up models

The need to accommodate for a third conductor to model MIMO PLC channel
topologies entails that the conventional two-conductor transmission line approach
is no longer valid and an approach based on MTL is needed. Appendix[A]provides
a summary of the analytical expressions that relate voltages and currents in MTL-
based networks.

The most relevant work regarding the use of MTL for MIMO indoor broadband
PLC channel modelling was proposed in [51]. It showed that when different cross
sections are used to model the deployed wiring, the resultant channel responses
would vary as well in both the direct and crosstalk channels. However, the imple-
mentation proposed in that work produced artificially-high symmetric paths which
yielded MIMO channel responses with unrealistic spatial correlation for two rea-
sons: the spatial correlation presents always the same value across frequencies and
channels, and it is notably lower than the spatial correlation measured from real

scenarios.
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2.3 MIMO PLC noise characterization

Noise correlation is usually analyzed in the time domain, e.g., the "white" behav-
ior in the well-known AWGN approximation makes reference to the uncorrelated
nature of noise between consecutive time samples. However, in a MIMO system,
noise correlation has an added dimension worthy of analysis: spatial correlation.
Similarly to what was previously discussed in Section noise spatial correlation
makes reference to the correlation between noise captured in different ports.

MIMO PLC noise correlation is analyzed in [49] in the frequency band up to
88 MHz. It shows that spatial correlation is higher at low frequencies (under 30
MHz), as shown in Fig. where the averaged noise correlation coefficient in the
frequency range 2-88 MHz is displayed and the averaging is performed over a set
of 100 measured noise registers. It is worth noting that this work conducted the
analysis on the frequency domain and the measurements employed were obtained
by HomePlug AV2-compliant receivers, therefore they are biased by their technical
specification settings, e.g., the frequency range is limited to the 2-88 MHz range, the
discrete Fourier transform (DFT) size, and non-adjacent DFT windows because of
the cyclic prefix.

Moreover, the channel performance gain from exploiting noise correlation was
also studied in [49] and it stated that, in poor channels, such performance gain could
be as high as 40%. Note that the performance of MIMO systems operating under
correlated noise conditions, can be improved by applying noise whitening trans-
formations which take advantage of this noise profile, as already shown in subsec-
tion[2.2.1] In short, noise whitening transformations can be seen as the removal from
a port of all noise information that it shares with other ports, hence the term whiten-
ing making reference to them producing spatially uncorrelated noise components. If
noise is highly correlated, a high amount of information is shared between ports,
therefore the removal of all this information from a port would yield a new port

with a much weaker noise component, which would improve the port SNR and by
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FIGURE 2.12: Average noise correlation coefficient obtained from 100 measured
noise registers. Extracted from Fig. 5 in [49].

extension the performance of the MIMO system.

Lastly, it is worth noting that the narrowband interference component of MIMO
PLC noiseﬂ may exhibit very high power and highly correlated profiles at certain fre-
quencies. This is due to receivers located very close to each other while the source of
the interference is transmitting from far away a high power signal which is captured
simultaneously on all ports, thus the high spatial correlation of this noise compo-
nent. Therefore a system operating in a MIMO channel dominated by strong nar-
rowband interference, could theoretically take advantage of the correlated nature of
noise to greatly enhance its performance by applying noise whitening transforma-

tions.

3As a reminder, please note that in subsection it is stated that noise components are usu-
ally categorized into three main groups: impulsive noise, narrowband interference and background
noise.
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Publications

3.1 An MTL-Based Channel Model for Indoor Broad-
band MIMO Power Line Communications

e DOI. 10.1109/]JSAC.2016.2566178
¢ Reference. [41]

* Abstract. The recent release of indoor power line communication (PLC) stan-
dards with multiple-input multiple-output (MIMO) capabilities has led to the
need for channel models that reflect the multiconductor nature of the grid.
This paper proposes a model, based on the multiconductor transmission line
theory, along with a random PLC channel generator operating in the frequency
range from 1 to 100 MHz. Its distinctive features are the modeling of three
key elements: the asymmetry in the layout caused by the derivations to the
light switches, the impedance of the devices connected to the three wires of
the grid, and the variable distance between the conductors in loose wiring de-
ployments. The influence of these elements in the spatial correlation between

the streams of the MIMO links is studied and compared with measurements.
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3.2 Analysis of the Spatial Correlation of Indoor

MIMO PLC Channels

DOI. 10.1109/LCOMM.2016.2616341
Reference. [42]

Abstract. In this letter, an analysis of the spatial correlation of multiple-input
multiple-output (MIMO) power line communications (PLC) channels in the
frequency range 1-80 MHz is provided, where the term spatial correlation
refers to the relation between the paths that form the MIMO channel matrix.
The study is based on a large set of 2x2 MIMO channels measured in four
different countries. The presented statistical analysis of the condition number
reveals three important facts. First, the spatial correlation is almost indepen-
dent of frequency, which has important implications in the development of
top-down MIMO PLC channel models. Second, the use of an alternative in-
jection method can notably reduce the spatial correlation and, consequently,
increase the system bit-rate. Third, there exist countries whose channels have
larger spatial correlation values than others. Since spatial correlation plays a
key role in the performance of MIMO PLC systems, a hypothesis relating the
type of wiring deployed in the indoor power grid to the spatial correlation is

given and supported by simulations.
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3.3 Analysis and Exploitation of the Noise Correlation
in MIMO Power Line Communications in the FM

Band

e DOI. 10.1109/LCOMM.2017.2787714
¢ Reference. [43]

* Abstract. This letter analyzes noise correlation in multiple-input multiple-
output (MIMO) power line communications (PLC) in the 2-108 MHz band.
The focus is on the 88-108 MHz range, which in most countries is assigned
to frequency modulation (FM) broadcasting. The study reveals that noise cor-
relation is very high in frequencies impaired by FM ingress and very low in
frequencies where background noise dominates, yielding a bimodal behav-
ior. The influence of noise correlation in orthogonal frequency division mul-
tiplexing systems is also addressed. It is shown that the spectral leakage of
the rectangular window spills the correlation introduced by FM signals to the
adjacent frequencies. Hence, the lower the number of carriers, the larger the
performance gain obtained by adding a whitening transformation to linear
precoded systems. Based on these findings, the feasibility of MIMO PLC in
the FM band is assessed. Results indicate that 50% of the channels attain bit-
rates larger than 9 Mbit/s with an injected power spectral density as low as

-100 dBm/Hz.
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Conclusions

In this final chapter, the main achievements which arise from the contributions of
this work are outlined. Besides, some future lines regarding the work developed in

this dissertation are suggested.

4.1 Achievements

This thesis has focused on the study of indoor broadband MIMO PLC channels. It
has addressed the following key aspects concerned with them: analysis of the spatial
correlation of the channel response and the noise and channel response modeling.

The main contributions achieved in this context can be summarized as follows:

¢ MIMO PLC channel response characterization. The influence of several as-
pects on the spatial correlation of the channel response has been assessed.
Firstly, it has been shown by means of measurements that spatial correlation
in PLC channels does not show a significant dependence with respect to fre-
quency. This result is important for the development of realistic top-down
MIMO PLC channel models. In second place, it has been shown that differ-
ent injection strategies yield different spatially correlated MIMO channel re-
sponses, e.g., when the typical differential injection is used, the resultant chan-
nel response presents higher spatial correlation than the case where pseudo-

differential injection is used. This is a valuable take since a MIMO channel



48

Chapter 4. Conclusions

response with low correlation usually yields better performance. Lastly, it
has been pointed out that spatial correlation is strongly dependent on type
of wiring used in the underlying power network, which we then confirmed
by means of simulations using a bottom-up MIMO PLC channel model under

different wiring configurations.

MIMO PLC channel response modeling. Existing bottom-up channel re-
sponse models based on MTL theory did not capture spatial correlation in
a realistic way. The hypothesis was that, for spatial correlation to manifest in
a realistic manner, some degree of asymmetry between the SISO paths that
comprise channel was needed. These asymmetries were captured in our pro-
posed MIMO PLC bottom-up channel response model via the addition of the
following features: variable separation between conductors, non-symmetric
loads between ports and asymmetric network layout (parts of the grid where
only one wire is present), e.g., the lighting circuit that connect a switch with

the rest of the network.

A MIMO PLC channel response simulator was built using the model above
and a random topology generator which allows the systematic creation of re-
alistic indoor PLC networks. Channel responses obtained using this simulator
were compared against a set of measured channel responses, obtaining very

good fits on both, spatial correlation (MIMO) and frequency response (SISO).

Characterization and exploitation of MIMO PLC noise. There are studies
that analyze the spatial correlation of noise in MIMO PLC channels, how-
ever they do not review the distribution of noise spatial correlation in different
bands. The analysis of this noise distribution is relevant since noise may show
special correlation profiles in some bands, e.g., the 88-100 MHz band, which
in most countries is assigned to FM broadcasting services. In this work, an
estimate of the probability density function (PDF) of the spatial correlation

of the noise in 20 MHz-wide bands has been obtained from measurements.
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Results indicate that correlation is very high in the FM band, where signals
transmitted from a distant source are almost equally coupled to the three con-
ductors of the power network. The exploitation of this correlation by means
of a whitening transformation has been assessed, showing that PLC could be
feasible in the FM band by applying linear precoding and whitening transfor-
mations, even with an injected PSDs as low as -100 dBm/Hz. The influence of
the spectral leakage caused by the DFT, which spreads the FM interference to

nearby frequencies, has been also evaluated.

4.2 Suggestions for further work

This dissertation can be used as the starting point for a number of issues that need

further study. Some examples are indicated below.

¢ Channel response models. Even though the channel response model pro-
posed is based on the bottom-up strategy, top-down models are still interest-
ing due to their computational efficiency and flexibility. There are numerous
top-down PLC channel models available, although we observed that most of
them offered quite an unrealistic spatial correlation profile. For example, the
top-down MIMO model proposed in [68] shows unrealistic narrow dispersion
on coherence bandwidth and DS, whilst [69] improves these features but only
proposes a SISO model. We believe that there is still room for improvement
in this field whose results could be used to develop better tuned strategies for

these channels.

¢ Characterization and exploitation of determinism in MIMO PLC noise.
Some recent works focused on NB like [81] show that noise in MIMO sce-
narios is quasi deterministic, i.e., noise captured in a port is a delayed and

scaled version of noise on other port. We believe it would be worth studying
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this phenomena in a BB environment and develop strategies that exploit this

feature.
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Summary of MTL relations

This appendix summarizes the analytical expressions that relate the voltages and
currents in the MTL-based networks used in [41]. To this end, the characterization of
networks with multiple ports by means of transmission matrices is firstly presented.
Then, the elements of the transmission matrix of an MTL are expressed in terms of
its per-unit-length (PUL). To this end, the following notation is employed. Scalar
variables are written using italic letters. Matrices and column vectors are written in
boldface, the former in capital letters. The transpose operator is denoted as (-)". The
imaginary unit is written as j = V—1.1,isthen x n identity matrix, while 0,, is an

n X n zero matrix. Given the m x n matrix A,

A(i, j) denotes the element of A located in the i-th row and j-th column,
A(i,:) denotes the i-th row-vector of A,

A(:, j) denotes the j-th column-vector of A.

A.1 Matrix characterization of 2n-port networks and n-

port loads

A.1.1 Transmission matrix

Given a network with n input and n output ports, like network A in Fig. its

steady-state voltage and current phasors at frequency f can be related by means of
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the 2n x 2n transmission matrix T ad]

[‘/lout, el ‘/;i)ut7 [i)ut’ o ’[sut]T _ T [‘/lin7 o Vnin, [in, o [in:|T (Al)

rtn

where I7* = Y2"  Ii" and Ig"t = 1, I?*, and V;™/°"" is the voltage between ter-
minal ¢ and terminal 0 at the input/output side of the network. The terminal 0 is
also called "reference terminal" and it is usually represented on the figures as the

bottom-most terminal.

|1in ( |1out
+
Vi | Vi
I A : |nout
VninT |0in |00utTVnout
— ——
\——

FIGURE A.1: Voltages and currents in a 2n-port network.
The transmission matrix T can be conveniently written as a block matrix,

T T
T 1 Lo (A2)

T21 T22

where T;; are n x n matrices.

A.1.2 Inputimpedance matrix
Definition of the input impedance matrix

Given a generic n-port load, like load B in Fig. its voltages and currents phasors
at a given frequency can be related by means of the n x n input impedance matrix
Z™ as

™' (A.3)

’Tn

vir vt =z [

INote that the transmission matrix T is actually T(f) but, for convenience, we’ll omit the fre-
quency notation.
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where I\" = Y0 | Ii™.

=1 "1

| in ( '
1
A ’
Vlin ,
|nin '
| B
VninT |0in
—
—

FIGURE A.2: Voltage and current in an n-port load.

Input impedance matrix of delta-style loads
Given the delta-style load depicted in Fig. its input impedance matrix Z™ is
given by

Z" =Y, (A.4)

Y _ Y11 + Y12 —Y12 (A5)

—Y12 Y22 + Y12

where y;; = z;;' and z; is the impedance value of its correspondent load in Fig.

>
A I
1
Vi Z12
>
12 11
V2 72
<

FIGURE A.3: Circuit model of the delta-style loads used in [41].
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Input impedance matrix of loaded 2n-port network

Let us consider the structure depicted in Fig. where the voltage and current

phasors of the 2n-port network are related by means of the transmission matrix T

as,
T, T
VA, VA TA AT = | T TP B, L VB IB, L IET, (A.6)
T21 T22
T
and the ones of the n-port load by the input impedance matrix Zi' as [V/?, ..., V5T =
V23V £ L
The input voltage and current phasors can then be expressed as [V, ..., VAT =
ZR[I#, ..., 11T, where the impedance matrix of the whole system, Z, is given by
ZK — (Tll - Z§T21)71(2§T22 — le). (A7)

) ) —

FIGURE A.4: A 2n-port network with transmission matrix T ended in an n-port
load with input impedance matrix Z'".

A.1.3 Transmission matrix of a parallel load

The 2n x 2n transmission matrix T of a 2n-port network consisting of (n + 1) ideal

conductors with an n-port load with impedance matrix Z™ attached in parallel, as
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shown in Fig. is given by

Tll = T22 = Ina
Ty =0, (A.8)
_ —1
T21 - _Zin
| in | out
1 A - 1 A -
» »
VA Vo
|nin : |nout
- A -
» »
i t
Tvnm 11 VnouT
)
A
y W, N A
»
i in
A.
I\ In A - Z
»

e/

FIGURE A.5: Network consisting of (n + 1) ideal conductors with an n-port load
attached in parallel.

A.1.4 Equivalent 2-port network of an 2n-port network

Given a 2n-port network with 2n x 2n transmission matrix T, if all currents but the

i-th input and the j-th output ones are set to zero,

I™ =0V # i,

out __ .
I =0Vy # j,

then an equivalent 2-port network as the one shown in Fig. and Fig. is ob-

tained. Its 2 x 2 transmission matrix T*! can be expressed as

it

eq eq
t?l t22
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with

1 = —T7'(4,)T(:, ),
tie=-T7"(,)T(:,n+1),
tod = =T (n+1,:)T(:,4),

51 = —T~'(n+1,)T(,n + i),

where the 2n x 2n matrix I is given by

I'l:n,1:n)=-I,,
I'(n+1:2n,1:n)=0,,

'G,n+2:2n)=T(C([1,...,i—1,i+1,...,n]),

T'(p,n+1)=0,pe[l,2,.,n+j—1,n+j+1,..

'n+j,n+1)=-1.

—d ——

—— >
" E A E IiOUt VlmT
_)_ —)— ijout

\——

,2n],

out
J

ijout

FIGURE A.6: An illustration of the equivalent 2-port network of a 2n-port net-
work. The i-th and j-th conductors are the only ones with non-zero input and

output currents respectively.
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FIGURE A.7: An illustration of the equivalent 2-port network of the 2n-port net-
work depicted in Fig. The i-th and j-th conductors are the only ones with
non-zero input and output currents respectively.

A.1.5 Voltage response of a 2-port network

The voltage response H = V°u/V" of a 2-port networkf} like the one depicted in

Fig. with 2 X 2 transmission matrix T, is given by

A

VOUt

——

FIGURE A.8: Representation of a 2-port network.

(A.9)

ZNote that a 2-port network is a special case of the 2n-port network where n = 1. This case has

been included for completeness.
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A.2 Characterizaton of an MTL by means of transmis-
sion matrices

In this section, a brief review of the relations used to characterize an (n + 1)-
conductor MTL as a 2n-port network using transmission matrices is provided. Pre-
sented relations have been taken from [82] and are given here to ease the under-

standing of the expressions used in our models in [41].

A.2.1 The PUL model of an MTL

Transmission line theory is needed when lines are electrically long enough so that
the wave nature of the transmission must be taken into account. MTL are structures
that can guide electromagnetic waves in a contained manner in a frequency range
from zero up to where the wavelength becomes comparable to the cross-sectional di-
mension of the structure. Under some assumptions (given at the end of this section),
an MTL can be divided into a large number of sections of length Az, each of which
can be modeled as a lumped-element circuit referred to as PUL model. Figure

depicts the PUL model for a three-conductor MT

z+Az |
l1(z+Az)
»—
— Vi(z+Az)
g12Az C12AzZ § m— |y(z+AzZ)
A
guAz C11AZ
Va(2) —
roAz g2z CoAZ V,(z+Az)
e A'A >

FIGURE A.9: PUL model of a three-conductor MTL, adapted from [82, Fig. 2.6]

SFig. depicts a particular case of the (n+1)-conductor transmission line where n = 2. A generic
(n+1)-conductor PUL model can be found in [82, Figure 2.6].
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The PUL model is comprised of four kind of parameters which can be regarded

as:

* The per-unit-length inductance, /;;, represents the magnetic flux passing be-

tween the conductors due to the current on those conductors.

¢ The per-unit-length resitance, r;, represents the losses due to be working with

lossy conductors.

¢ The per-unit-length capacitance, c;;, represents the displacement current flow-

ing between the conductors in the transverse plane.

¢ The per-unit-length conductance, g;;, represents the conduction current flow-

ing between the conductors in the transverse plane.
The PUL model can be characterized by the following parameters:

¢ The inductance matrix L, whose elements are

d?
lii = ﬁlog (—ZO> 1
2w TwoTwi

L = 1o (G0t
" 27 d,-jrwo ’
where d,; is the distance between centers of conductors i and j, 7, is the radius

of conductor 7, and . is the permeability of the conductor.

¢ The capacitance matrix C, given by
C = pueL ™, (A.10)

where € is the permitivity of the dielectric.

¢ The conductance matrix G, given by

G =wtandC, (A.11)
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where w = 27 f is the angular frequency, tan ¢ is the loss tangent that represents

the dielectric loss.

¢ The resistance matrix R, whose entries are given by

Ti =T; + 70,

Tiy; = To,

where r; is

O—ﬂ-rwi

)
27»11“. V %\/7 Twi > 26

and § = = is the skin depth.

The use of the PUL model to characterize an MTL requires some assumptions,

being the most relevant ones:

» Wide-separation approximation: currents and charges are uniformly distributed
around the wire peripheries, which implicitly assumes that wires are widely
spaced. Even though it looks like this condition might not be met, it is shown
that for a separation as small as 4 radii measured center-to-center (leaving
space for only one other conductor to fit in between), closed expressions only

deviate 5.3% from the exact value.

* Uniform dielectric assumption: this assumption is needed for the capacitance

matrix C to be directly related to the inductance matrix L as in (A.10).

A.2.2 Transmission matrix of an MTL

Let us denote the following matrices associated to the PUL model, Z = R + jwL and
Y = G + jwC. The product YZ can be diagonalized as YZ = Uy?U ", where v =
diag (71,72, - - -, 7). Defining the characteristic impedance and admittance matrices

as Zc = Y 'UyU ! and Yo = Z_', respectively, and under certain assumptions
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(given below), the 2n x 2n transmission matrix at frequency f, T'", of an (n + 1)-
conductor MTL of length d can then be expressed as
T Ty

T = | e (A.12)
T T

where

Thire — %Y‘IU(e“’d +e YUy, (A.13)

Tine = —%Y_lU*y(e'Vd —e uU! (A.14)
= —%Y‘lU'yU_l[U(e'Vd —e "HUY
— 5 ZolU(e — e U )

Thne — —%U(e”d —e )y lUTY (A.15)
= —%[U(e"d —e "YU Uy 'UTY
= —%[U(e"d —e "YU Y,

Thre — %U(e”d +e YU, (A.16)

where the matrix exponential is defined as e = diag (e7?, ¢4, ... e™9).

This solution for the MTL equations are only valid under some assumptions.
The most relevant one being the quasi-TEM assumption. For this to hold, conductor
losses must be small and the cross-sectional dimension of the lines must be much
less than a wavelength. This holds due to the high conductivity of metals used
in PLC (usually copper) and the radii of such conductors being a few millimeters
long against the approximate 3-meter length of electric waves at 100 MHz (highest

frequency used in this thesis).
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MTL Simulator Validation

The goal of this appendix is to validate the simulator that has been implemented
using the expressions shown in Appendix |Al To that end, the following three-step

approach will be followed:

1. Compare the results given by the implemented simulator to the analytical solution
given in [82, Sec. 6.1.]. The latter provides direct and crosstalk voltage gains

but is only valid for a very specific lossless structure.

2. Select a circuit simulation tool that allows computing the solution to more complex
MTTL structures. Since the previous analytical solution only applies to a lossless
line and a very specific structures, an additional approach is needed to test
the simulator in a wider range of scenarios. This can be achieved by taking
advantage of the PUL model of MTL and implementing them as a large set
of lumped-element cells that model a short line segment. To this end, the cir-
cuit simulation tool called Proteus ISIS has been employedﬂ [83]. Since the PUL
model requires the line segment to be electrically short at the considered wave-
length, the relation between the number of line segments and the accuracy of
the results has been assessed in the layout for which the analytical solution is

known.

3. Compare the results given by the implemented simulator to the ones given by the

circuit simulation tool. Now that both the lumped-element implementation and

IThe software version used for this analysis is Release 7.7.
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our MTL-based simulator have been validated for a given lossless line, their
results are compared in a larger number of layouts and line conditions, i.e.,
lossless and lossy lines. To this end, the basic relations used in the proposed
simulator have been assessed: frequency response of a loaded MTL; input

impedance of a loaded MTL; transmission matrix of a parallel load.

In all cases, the assessment is accomplished in three-conductor test scenarios.
The convenience of testing on three-conductor structures is twofold: the channel
simulator in [41] uses three-conductor transmission lines and three-conductor mod-

els are the simplest MTL scenarios, thus keeping computation as simple as possible.

B.1 Frequency response of a loaded MTL

This section firstly compares the analytical solution in [82, Sec. 6.1.], correspond-
ing to a lossless MTL, to the results obtained with the MTL-based simulator imple-
mented using the expressions given in Appendix |A| and to the ones given by the
Proteus ISIS circuit simulator. The assessment is then extended to lossy lines. How-
ever, since no analytical expression Afterwards, results obtained with the proposed

MTL-based simulator and Proteus ISIS are compared in a lossy line.

B.1.1 Validation in a lossless line

Let us consider the three-conductor lossless transmission line (i.e., r; and g;; in
the model depicted in Fig. are zero) depicted in Fig. The modulus of the
crosstalk voltage Hxr(f) = Vre(f)/Vs(f), given by Eq. (6.17b) in [82], is calculated
in the three different scenarios whose parameters are shown in Table The pa-
rameters depicted in the table are: Length, length of the transmission line that con-
nects transmitting and receiving ends; Cable section, which is the area of the cross

section of the Wiringﬂ used to model the transmission line; Sep. cond. i-j, which

2t is assumed that all conductors that comprise the line have the same cross section.
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represents the separation between conductors ¢ and j; Conductivity, the conductity
of the conductors; Loss tangent, a loss factor associated to the existing dielectric
among conductors; and, lastly, Rs, R;, Rrg, and Ryg (depicted in Fig. , which
represent the source, load, far-end and near-end loads, respectively.

R LC G Az

FIGURE B.1: Three-conductor line dimensions and terminal characterization as
in [82, Sec. 6.1.].

Scenario
Parameter 1 2 3
Length [m] 2.7 5.4 10.8
Cable section [mm?] 4 6 10
Rs [Q] 100 50 50 + 25i
Rr [Q] 100 150 100 - 501
Rrgp [Q] 100 100 50 + 100i
Ry [9] 100 200 75 - 25i

Sep. cond. 1-2 [mm)] (¥) 5.64 (5) 5.53(4) 5.35(3)
Sep. cond. 1-0 [mm] (*) 5.64 (5) 4.16 (3) 12.49 (7)
Sep. cond. 2-0 [mm] (*) 5.64 (5) 691 (5) 14.27(8)
Conductivity [MS/m] (**) 58 58 58
Loss tangent (**) 0.025 0.025 0.025

TABLE B.1: Parameters of the three scenarios used to configure the structure de-

picted in Fig. (*) In the Sep. cond. category, the number in parentheses is

the distance expressed in multiples of the conductor radius. (**) Only applicable

to lossy scenarios. In lossless scenarios these values are infinity and zero, respec-
tively.

Analytic solution vs MTL-based simulator

Figs.[B.2| depicts the crosstalk voltage gain in the frequency up to 100 MHz and

the relative difference between the values obtained with the MTL-based simulator
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and the analytical ones. As seen, both are effectively equal in the three scenarios,

yielding relative difference values below -250 dB.

e TR AN
0 W] / y |
s o | | | /
g
§ —50 | f
iz —60 |- g
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=70 ——Scenario 2 | |
——Scenario 3
_80 | | | | | | | | |

0 10 20 30 40 50 60 70 8 90 100
Frequency (MHz)

FIGURE B.2: Amplitude of the crosstalk voltage gain obtained with the MTL-
based simulator (solid line) and the analytic expression (markers) in the structure
depicted in Fig.[B.1|configured with the parameters of the Scenario 1 in Table

Proteus ISIS solution vs MTL-based simulator

In order to use Proteus ISIS to compute the crosstalk voltage gain of the three-
conductor lossless transmission line in Fig. a lumped element model of this
transmission line is defined by cascading the basic cell of the PUL model shown
in Fig. N times. Since lumped element models are valid only for Az < A, be-
ing Az the length of the line and ) the wavelength at the considered frequency, the
number of cells to be cascaded depends on the length of the line to be simulated. As
the number of cells that can be employed in the available version of Proteus ISIS is
limited, results are computed only for the shorter scenario shown in Table ie,

Scenario 1.
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FIGURE B.3: Relative difference between the crosstalk voltage gain values given
by the MTL-based simulator and the analytic expression depicted in Fig. The
relative difference of two complex magnitudes is defined as |A — B|/|B|, where
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| - | is the absolute value operator.
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FIGURE B.4: Lumped element model of the three-conductor transmission line

Fig. shows the direct voltage gain, defined as [Hp(f)| = |VL(f)/Vs([)

consisting of N cascaded cells as the one in Fig.

, and

the crosstalk one obtained with Proteus ISIS and the MTL-based simulator. Simi-

larly, Fig. depicts the relative difference between both results. As seen, the dis-

tance between the lumped element simulation and the MTL-based one grows with

frequency. This is due to the enlarging of the electrical length of each segment as

frequency increases, since the relative difference reduces as the number of segments

increases.
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At a given frequency, f, a conductor segment of length Az is said to be electri-

cally short when it is much shorter than the wavelength A\. In practice, the latter

VpCo

f

relation is usually interpreted as Az < A/10. Since A = -2, where v, is the velocity
factor and ¢y is the speed of light in vacuum, assuming v, = 0.66, at 100 MHz, a
conductor must be shorter than 0.2 meters to be electrically short. For the previous
scenario, where the line is 2.7 meter long, this means the line must be split into at
least 14 equally spaced segments for each of them to be considered electrically short.
Similarly, at 50 MHz, 7 segments would be needed, whereas as few as 2 segments
would suffice at 10 MHz. However, FigB.6| shows that while at 10 MHz using a
number of segments that is 9/2 = 4.5 times larger than the one given by the condi-
tion Az < A/10 yields a relative difference of -100 dB in the direct voltage gain, at
100 MHz, using a number of segments that is also 63/14 = 4.5 times the one given
by the aforementioned condition gives a much larger relative difference (about -40
dB). Moreover, increasing the number of segments to 81/14 = 5.7 times yields a very
modest reduction in the relative difference. It is also important to note that the rela-
tive error is different in each voltage gain (direct and crosstalk). These results agree
with the ones given in [84], which also show that the relative difference depends
also on the PUL parameters of the considered transmission line.

Hence, presented results suggest that the difference between the MTL-based sim-
ulator and Proteus ISIS are due to the limited number of cells. However, the modest
reduction in the relative difference obtained when increasing the latter from 63 to
81 indicates that improving the obtained accuracy requires simulating circuits with
thousands of elements] which is very cumbersome. Finally, it is worth noting that
the relative difference depicted in Fig. is expected to be lower, the larger the
number of segments (shorter segments), which holds for all cases except for N = 63
and N = 81 below 30 MHz. This must be due to the circuit simulation tool Proteus

ISIS since the accuracy of the MTL for this very same lossless scenario was already

*Note that the 81-segment scenario has required simulating circuits with 891 lumped elements, as
every segment is implemented in Proteus ISIS using 11 lumped elements (five resistors, three coupled
inductors and three capacitors).
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proven as shown in Fig.[B.2and Fig. Moreover, in this case (N = 63 and N = 81
below 30 MHz), the relative difference is always lower than -60 dB so Proteus ISIS

can be deemed a suitable tool to validate the MTL simulator expressions.
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FIGURE B.5: Crosstalk and direct voltage gain between the solutions given by

Proteus ISIS and the MTL-based simulator in the structure shown in Fig[B.1| The

MTL is a lossless one with the parameters of the Scenario 1 in Table Proteus

ISIS simulations have been done by splitting the transmission line in N = 9 (tri-
angle), N = 63 (cross), and N = 81 (circle) segments, respectively.

B.1.2 Validation in a lossy line

The direct and crosstalk voltage gains given by the proposed MTL-based simula-
tor and Proteus ISIS are now compared in a lossy line as the one of Scenario 1 in
Table. but with o = 58 - 10° Siemens (copper conductivity) and tan(d) = 0.025.
Fig.[B.7|and Fig. B.8|show the voltage gains and their relative difference, respec-
tively. Results shown in the latter figure are very similar to the ones obtained for the
lossless line case. Hence, the same comments made for Fig. are also applicable

here.
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mentation in Proteus ISIS divides the overall line into N = 9 (triangle), N = 63
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FIGURE B.8: Relative difference between the crosstalk and direct voltage gain
values given by the MTL-based simulator and Proteus ISIS in the structure shown

in Fig[B.7|
B.2 Validation of the input impedance matrix of a

loaded line

In this section, Proteus ISIS is used to validate the implementation made in the MTL-
based simulator of the expressions of the input impedance matrix for delta-style
loads and loaded MTLs given in Section |A.1.2

The validity of the expression given in Eq. for the input impedance of the
loaded MTL depicted in Figure is assessed in the lossy version (with o = 58 -
10° Siemens and tan(d) = 0.025) of the MTL defined in Scenario 1 of Table.
This line is implemented in Protesus ISIS as the cascade of N = 81 segments. The
values for the elements comprising the load in Fig. can be found in Table
The parameter 213 is not shown since, due to the reciprocity theorem of passive
networks, it is equal to z1].

Fig. and Fig. show the absolute value of the input impedance matrix

elements computed with the MTL-based simulator and Proteus ISIS and the relative
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FIGURE B.9: Model of the loaded lossy MTL under test. Parameters of the MTL
correspond to the Scenario 1 in Table.|B.1{with o = 58 - 10° Siemens and tan(J) =

0.025.
Impedance Values
211 1 = 100 Q, C11 — 4 nF
222 los =1 pH
Z12 9o = 250 Q, Cig = 65 pF

TABLE B.2: Values of the elements of the delta-style load shown in Fig.

error between them, respectively. As seen, Fig. shows that both approaches
provide results almost equal results, since relative difference values are around -120

dB.

B.3 Validation of the transmission matrix of a parallel

load

Similarly to the previous section, this analysis is focused on the validation, via the
circuit simulation tool Proteus ISIS, of the expressions of the transmission matrix
of a parallel load consisting on a loaded MTL given in Section Note that, as
expression point out, submatrices T4;, Ty and T;2 only include parameters
that are either one or zero. Hence, the elements of submatrix T; will be shown in
the following figures.

In this section the transmission matrix of a parallel MTL loaded with the delta-

style one given in Table B.2)is computed using the MTL-based simulator and Proteus
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FIGURE B.10: Absolute value of the elements of the impedance matrix corre-

sponding to the loaded line in Fig.[B.9]as given by the MTL-based simulator (solid

line) and Proteus ISIS (markers). In the latter, the line is implemented by cascad-
ing N = 81 segments.
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FIGURE B.11: Relative difference between the values of the elements of the input
impedance matrix computed by the MTL-based simulator and Proteus ISIS dis-

played in Fig.
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ISIS. The MTL is the lossy version of Scenario 1 in Table[B.1} To this end, the scenario
depicted in Fig. has been implemented in Proteus ISIS using N = 81 cascaded

segments for the circuital implementation of the transmission line.
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FIGURE B.12: Model of the parallel loaded MTL under test.

Fig. shows the absolute value of the elements of the submatrix Ty given
by the MTL-based simulator and Proteus ISIS, whereas Fig. depicts the relative
difference between both. As seen, both yield essentially the same values, as their
relative difference is lower than -90 dB in the whole frequency band. The parameter

t41 is not shown because, according to (A.8), it is equal to ¢3,.
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FIGURE B.13: Absolute value of the elements of the transmission matrix corre-
sponding to the structure shown in Fig. as given by the MTL-based simulator
and Proteus ISIS. The MTL is implemented in Proteus ISIS using N = 81 segments.
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