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7 Engineering is mnot merely knowing

and being knowledgeable, like a walking
encyclopedia; engineering s not merely
analysis; engineering s not merely the
possession of the capacity to get elegant
solutions to mom-existent  engineering
problems; engineering is practicing the art
of the organizing forces of technological
change--- Engineers operate at the interface

”

between science and society.

Gordon Stanley Brown



Esta tese de doutorado apresenta, inicialmente, uma revisao sobre acopladores para
power line communication (PLC), utilizados para acoplar o sinal dos transceptores PLC
a rede de energia elétrica. As questoes predominantes para o projeto de acopladores e,
consequentemente, os diferentes tipos de acopladores sao discutidos. Uma classificacao
dos acopladores PLC baseada nos tipos de acoplamentos (capacitivo, indutivo, resistivo
e por antenas), niveis de tensao, largura de banda de frequéncia, modos de propagacao
e numeros de conexoes com a rede de energia elétrica é apresentada. Em seguida,
o projeto de circuitos PLC de acoplamento capacitivo nao adaptativos, single input
single output (SISO) de baixa tensao para aplicacoes banda larga e banda estreita sao
discutidos. O acoplador PLC banda estreita é projetado para a banda de frequéncia
de 9 kHz-500 kHz, enquanto os acopladores banda larga sao projetados para a banda
de frequéncia de 1.7-50 MHz, 1.7-100 MHz e 1.7-500 MHz. Além disso, discute-se as
especificagoes e o projeto dos protétipos desses circuitos de acoplamento PLC medindo
seus parametros de espalhamento. A seguir, é discutida a medida da impedancia
de acesso da rede de energia elétrica de baixa tensao na banda de frequéncia 2-
500 MHz, visando apresentar prévio conhecimento da impedancia de acesso da rede
de energia elétrica no Brasil com base em uma campanha de medicao realizada em
varias instalagoes em trés cidades brasileiras diferentes. Além disso, é proposto um
procedimento para obter um modelo estatistico da impedancia de acesso na referida
faixa de frequéncia. Com base em uma série de medidas de impedancias de acesso
da rede de energia elétrica e critérios para a escolha de modelos estatisticos, esta
tese sugere duas distribuigoes para modelar as componentes resisténcia e reatancia da
impedancia de acesso da rede de energia elétrica. Uma vez que, os parametros de tais
modelos mudam com a frequéncia e que a impedancia de acesso é um processo aleatorio
no dominio da frequéncia, um modelo simples para gerar amostras em funcao desse
processo aleatorio, que leva em consideracao as distribuicoes sugeridas, é detalhado.
Por fim, é proposto um circuito de acoplamento adaptativo PLC, capacitivo, SISO
de baixa tensdao. Estes circuitos de acoplamento adaptativos usam trés diferentes
filtros analdgicos passa-baixa com diferentes impedancias de entrada. A impedancia de
entrada de cada filtro analégico é projetado de acordo com os valores obtidos através
da campanha de medigao, e a impedancia de saida é projetada para 50 €. A escolha do
filtro analdgico que proporciona melhor casamento de impedancia com a rede de energia
elétrica é obtido por um microcontrolador, que através de um conversor analdgico
digital, monitora a tensao fornecida por um circuito que mede a poténcia dos sinais
injetados nos acopladores PLC pelos transceptores PLC. A monitoracao da poténcia

¢ realizada continuamente pelo conversor analdgico digital do microcontrolador que



escolhe qual o filtro analdgico proporciona o melhor casamento de impedancia com
a rede de energia elétrica e comuta os filtros analdgicos através de uma chave de
analégica conectando os transceptores PLC a rede de energia elétrica através dos
acopladores PLC. Além disso, as medicoes dos valores do parametro de espalhamento
S11 confirmam que a componente resistiva da impedancia de acesso da rede de energia
elétrica apresentou melhor casamento de impedancia entre 50 €2 e 100 2. Por fim, os
valores medidos do parametro de espalhamento Si» mostram que a atenuacao cresce
com o aumento da frequéncia devido ao comportamento indutivo da rede de energia

elétrica.

Palavras-chave: power line communications, impedancia de acesso, circuito de acopla-

mento, rede de energia elétrica, modelagem estatistica.



ABSTRACT

This work outlines a comprehensive review of PLC coupling circuits, which are required
for narrowband and broadband PLC transceivers. Prevailing issues that protract
the design of couplers and consequently subtended the inventions of different types
of couplers are clearly described. Also, it provides a useful classification of PLC
couplers based on the type of physical couplings, voltage levels, frequency bandwidth,
propagation modes and a number of connections. Next, the focus is on the design of
non-adaptive capacitive, SISO and low-voltage (LV) PLC coupling circuits for both
broadband and narrowband applications. The narrowband cover the frequency band
9 kHz-500 kHz, while broadband frequency bands are 1.7-50 MHz, 1.7-100 MHz and 1.7-
500 MHz. Moreover, it discusses the specification and design of the prototypes of the
PLC coupling circuits measuring their scattering parameters. The access impedance
of Brazilian in-home, broadband and low-voltage electric power grid in the frequency
band 2-500 MHz is taken into account. Based on the use of a measurement setup a
large measurement campaign that was carried out in several facilities in three different
Brazilian cities is discussed. Also, a procedure to obtain a statistical model of the access
impedance in the aforementioned broadband frequency is outlined. Based on a number
of measured access impedances and well-known criteria for choosing statistical models,
two distributions to model the resistance and reactance components of the access
impedance are suggested. Due to the fact that the parameters of such models change
with the frequency and the access impedance is a random process in the frequency
domain, a simple and effective model to generate samples function of such random
process, which takes into account the suggested distributions, is addressed. Finally,
adaptive capacitive, SISO and LV PLC coupling circuits are proposed for broadband
power line communication. These adaptive coupling circuits use three different analog
low-pass filter for impedance matching. This filter is an array of analog low-pass
irregular filters that separate the input and output signal into three analog low-pass
filters, each one matching the impedance between the electric power grid and PLC
transceiver. The input impedance of each filter has a different impedance value, chosen
according to the impedance of the measurement campaign, and the output impedance
is fixed in 50 €2 for all analog low-pass filter. The choice of the analog filter that provides

better impedance matching to the electrical power grid is obtained by a microcontroller,



which through an analog-to-digital converter (ADC), measure the voltage provided
by a circuit that measures the power of the signals injected into the PLC coupling
circuit by the PLC transceivers. The power is continuously measured by an ADC
of the microcontroller which chooses which analog filter provides the best impedance
matching with the electric power grid and switches the analog filters through an analog
switcher connecting the PLC transceivers to the electric power grid through the PLC
coupling circuit. In addition, the measured values of the scattering parameter S1; show
that the best impedance matching occurs when the resistive impedance component of
the access impedance is between 50 €2 and 100 ). For the scattering parameter Si,
it has been found that the attenuation increases as the frequency increases because of

the inductive behavior of the electric power grid.

Keywords: power line communication, access impedance, coupling circuit, electric

power grid, statistical modeling.
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1 INTRODUCTION

Currently, there is a great interest in the widespread use of PLC technologies
because they allow the use of electric power grid as data transmission medium. In
fact, electric power grid can have its usefulness expanded by delivering electric energy
and providing data communication at HV, MV and LV in outdoor (e.g. electric power

system) and indoor facilities (e.g. home, buildings, and vehicles).

The use of electric power grid to support the maintenance and operation of electric
power companies begins in the 20th Century. For instance, Electric utilities use low-
data rate transmission technology to remotely switch relays on and off, to perform
maintenance of circuits and electrical protection, automatically collecting and moni-
toring the electricity consumption [1], among other applications. However, the use of

electric power grid for high-data rates emerged after 1980 [2] [3].

The use of electric power grid as a medium for data communication is a challenging,
since these media are characterized by time-frequency varying nature of the loads
connected to electric power grid, leading to relevant impedance mismatching, increasing
attenuation with the increase of distance and /or frequency, related to the characteristics
of power cables, the presence of high power impulsive noise, and electromagnetic

interference due to the use of unshielded cables [4].

Since electric power grid was not designed for data communication, there are
several issues that must be addressed to design effective and efficient PLC transceivers
[5]. Regarding PLC transceivers, the main obstacle is to accomplish the coupling
among electric power grid and PLC transceivers. Traditionally, the coupling of PLC
transceivers with electric power grid are accomplished by using passive electrical com-
ponents, which are combined to provide adequate isolation between the hardware of
a PLC transceiver and the electric power grid. It can be stated that coupling is a
challenging problem for the PLC technology because, as stated earlier, the electric
power grid is not designed to transmit telecommunications signals with low power and

high-frequency content [6] and are characterized by the presence of dynamic loads.
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Consequently, the electronic circuits of PLC transceivers are not designed to operate
at high voltages levels associated with the mains signal of the electric power system [7]

and existing impedance mismatching.

The impedance mismatching between the PLC coupling circuit and electric power
grid can severely attenuate the PLC signals injected into or extracted from the electric
power grid by PLC transceiver. The maximum power transfer is achieved when the
impedance of the PLC coupling circuit is equal to the complex conjugate of the electric
power grid impedance. However, the temporal and spectral dynamics behaviors of
impedances of the electric power grid make it very hard task to be accomplished because
it must be designed to adjust the dynamics variation of the access impedance and
provide strength signal. For this purpose, the design of an adaptive impedance circuit
between the transmitter and the receiver would allow that the loss of power between
the transmitter and the receiver to be minimized. However, to design an adaptive
impedance matching circuit, preliminary we must measure the values of the access

impedance of electric power grid.

Measuring and characterizing impedance behaviors at connection points and propos-
ing solutions to improve impedance matching and increasing the throughput of a PLC
system is a matter of great interest and applicability [8]. In this context, it becomes
important to know the values of the access impedance of electric power grid to design
adaptive impedance matching circuits to dynamically adjust the impedance of the PLC
coupling circuit with the electric power grid. On the other hands, the majority of the
current researches regarding PLC coupling are directed to the use of non-adaptive
circuits, since they present the lowest cost and are very simple to implement by dealing

with LV electric circuits.

A comprehensive review of PLC coupling show that the focus was on impedance
matching of the PLC transceiver with electric power grid designing different types
of techniques such as using a different ratio of turns from the primary to secondary
windings of the RF transformer. In this type of impedance matching the ratio N:1
is used to match the impedance between the PLC transceiver and electric power
grid [9]. Another work proposed the use of band-pass filter designed in the T or 7
configuration [10], transformerless power line coupling circuit to match the impedance
with the electric power grid. However, these techniques do not predict the time-varying
behavior of the access impedance behavior of the electric power grid, since they consider

a single impedance value and assume that the impedance of the PLC transceiver is 50 §2.
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In such scenario, the investigation of non-adaptive and adaptive PLC coupling
circuit plays a vital role for understanding coupling between PLC transceiver and the
electric power grid, and improving the maximum power transfer and, as a consequence,

the signal to noise ratio (SNR) at the receiver side.

1.1 OBJECTIVES

Regarding the aforementioned motivations, the main objectives of this dissertation

are as follows:

1. To present a comprehensive review of PLC coupling circuits, which are required
for narrowband and broadband PLC transceivers. In Chapter 2, the discussion
of important issues related to the design of PLC coupling circuits, such as PCB
design, insertion loss and return loss, galvanic isolation, impedance matching,
analog filtering, protection and performance due to the type of components, costs
and complexities, are addressed. We also provided a classification of couplings
which considers the type of physical coupling (capacitive, inductive, resistive and
antenna), the voltage levels (HV, MV and LV), the type of voltage (alternating
current (AC) or direct current (DC)), the frequency band (narrowband and
broadband), the type of signal propagation (common mode (CM) or differential

mode (DM)) and the number of connections.

2. To describe the designs and prototype non-adaptive capacitive, SISO and LV
PLC coupling circuits that cover narrowband frequency (9 kHz to 500 kHz) and
broadband frequency (1.7 MHz to 50 MHz, 1.7 MHz to 100 MHz and 1.7 MHz to
500 MHz). The Chapter 4 discusses the prototypes of the designed PLC coupling
circuits, which ones can be easily reproduced and used to interface with any
PLC transceiver and it shows the results obtained by measuring their scattering

parameters.

3. To discuss measurement, characterization, and analysis of access impedance of
electric power grid in some urban, suburban and farm residences in the frequency
band of 1.7-500 MHz. Also, present a statistical model of the access mea-
sured impedance. The measurement investigates the resistance and reactance
part of the access impedance on in-home, broadband and LV electric power
grid. The setup used to perform the measurements consists of a vector network

analyzer (VNA) instrument and a PLC coupling circuit, which is used as an
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interface between the VNA instrument and the outlet. The Chapter 3 outlines a
simple and straightforward procedure to obtain a statistical model of the access
impedance in the frequency domain. Finally, statistical analysis of the data
set of measured access impedances, which was obtained with the measurement

campaign, is performed.

4. To propose an adaptive PLC coupling circuit which its input impedance is de-
signed according to the impedance measurement campaign. This Chapter 5
proposes a PLC coupling circuit for impedance matching using an adaptive
concept switching analog filters with different input impedances. The proposed
PLC coupling circuit is designed using RF Switch which is controlled by a control
circuit composed of a microcontroller and a logarithmic amplifier, responsible for
the conversion of the signal level from the PLC transceiver. This control circuit
provides a reference voltage level to the ADC input port of the microcontroller,
to choose the analog filter that best matches the impedance with the electric
power grid. A highlight of the PLC coupling circuit is that it can work properly
under fairly harsh environments e.g., high current and time and frequency varying

impedance on in-home and LV electric power grid.

1.2 THESIS OUTLINE

This thesis is organized as follows:

Chapter 2 presents a review of PLC coupling circuit design, describing in details a
useful classification of PLC couplers, such as high-pass and low-pass filters, impedance
matching, PCB design, insertion loss (scattering parameters Sis and Ss;) and return
loss (scattering parameters Sy; and Sagg), galvanic isolation, the behavior of compo-
nents, like inductor and capacitor, in high-frequency and efficient electrical protection
against surges. In addition, it is proposed a classification of couplers according to
the following characteristics: based on the types of physical connection (capacitive,
inductive, resistive and antenna coupling), voltage level (HV, MV and LV), type of
voltage (AC or DC), frequency band, propagation mode and number of connections.
The importance of literature review is to evaluate relevant articles research limitations
and future research recommendation, collect more information about their research
topic, find the relevant research methods, instruments, survey questionnaire, provide
supporting proof, precedent for an argument and claim capture what literature was

reviewed.
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Chapter 4 addresses the designs and specifications of the non-adaptive, capacitive,
SISO and LV PLC coupling circuit designed for a narrowband frequency of 9-500 kHz
and for broadband frequencies of 1.7-50 MHz, 1.7-100 MHz and 1.7-500 MHz, as well as,
reporting results of the insertion and return loss curves. Important issues in designing
a PLC coupling circuit such as the PCB, types of components and protection devices
are detailed. The analog filters of all prototypes were designed using the Advanced
Design System (ADS) Software [11].

Chapter 3 focuses on measurement, characterization, modeling, and analysis of
access impedance in several in-home, broadband, and LV Brazilian electric power grid.
Moreover, it discusses the measurement setup and campaign of the access impedances
of electric power grid covering the frequency band between 2-500 MHz. A statistical
analysis of the access impedance is shown and the results are important to design PLC
coupling circuits knowing the typical access impedances values of the electric power

grid.

The so-called adaptive broadband, SISO, capacitive and LV PLC coupling circuit
is presented in Chapter 5 and stated important results and discussions about this kind
of impedance matching between adaptive and non-adaptive PLC coupling circuit and

the electric power grid for Brazilian in-home scenarios.

Chapter 6 addresses the main conclusions of this thesis.

1.3 SUMMARY

This Chapter presents, in a simplified way, the objectives and organization of the

present thesis.
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2 COUPLING FOR POWER LINE COMMUNICATIONS: A SURVEY

The use of power cables for data communication purposes, known as PLC, dated
back to the early 1910s when Major George Squier of US Army demonstrated the
transmission of analog voice signals (multiple telephony channels) over a pair of power
cables to support the operation of distribution power systems by electric utilities. At
that time, this type of analog data transmission was called wired wireless [12]. The
period from 1910 to 1930 was characterized by the introduction of some technologies

which involve the transmission of telephone signals through power cables.

The PLC has since moved from the little-known technology in the 30s to a com-
petitive technology of the 21st century. As a consequence, coupling issues have become
more relevant. Essentially, couplers are devices which inject data signals into electric
power cables. These power cables could be AC or DC power lines and the signals of
PLC transceivers are subsequently coupled to them via a coupling circuit. In the case
of power lines used to transmit AC power, the coupling circuit has also to filter out the
AC mains signal. On the other hand, the coupling circuit simply has to block the DC

mains voltage of the DC electric power grid.

During the late 1970s and early 1980s, new investigations to characterize electric
power grid as a medium for data communication showed a higher potential in the range
of frequencies between 5 kHz and 500 kHz [13]. Some years later, it was demonstrated
that, given some constraints (transmission power and distance), the frequency range
from 9 kHz to 30 MHz could be used [14]. Currently, there are research and development
efforts focusing on the use of electric power grid in the frequency band between 0 and

500 MHz.

Moreover, PLC systems can be distinguished based on two classes of frequencies:
narrowband and broadband. Usually, narrowband PLC refers to data communication
over the frequency band between 0 and 500 kHz [15]. On the other hand, broadband
PLC covers the frequency band between 1.7 MHz and 500 MHz and high-speed data
rate [16-18].
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It is important to mention that the main focus on PLC technologies is to provide
data communication over AC and DC electric power grid. The use of PLC technologies
over the DC bus in distributed energy generation, airplanes, automobiles and trains
reduce wiring complexity, weight, space requirement and ultimately installation cost
of telecommunication infrastructures. Thus, the PLC technologies eliminate the need
for extra wires dedicated to data communication, which, for instance, reduces the
weight of the vehicle and prevent problems when passing wires through dashboard and
instrumentation panels. They also decrease cost and complexity of cable connectors
and raise the benefit-cost ratio to any new device requiring extra wiring [19]. There-
fore, the investigation of low-cost couplings is of utmost importance for such kind of

environments.

Electric power systems have the advantage of being a ubiquitous infrastructure [20].
Also, no changes in the installed power cables infrastructure are necessary to implement
the PLC system. As a result, the payback can be quicker with reduced capital expendi-
tures. PLC networks can be used as a backbone of data communication networks and
considered as a technology for replacing, completing, serving or interconnecting with
other data networks. The cost of PLC systems is moderate for long-term purposes,
especially when compared to the conventional data network systems. For example, the
replacements of these power cables are not comparable in cost with the replacement
of the conventional data communication system devices such as cables, switches and

outlets [21].

Reviewing the literature about PLC technologies, measurement [22,23], charac-
terization [24] and modeling, as well as the development of techniques to improve
the performance of PLC systems at the physical and link layers [25-28], there are a
number of technical contributions providing understanding into how PLC systems work
and pointing out challenging issues related to the advancement of the PLC technology.
Although there are a plethora of literature on the general PLC systems, a similar
volume is currently not available for coupling techniques in PLC systems. Hence, the

relevance of this survey.

In the literature, antenna coupling was the first type of coupling used with the
electric power grid due to its simplicity, cost and easy installation. However, impedance
mismatching with the power cables, which reduces the transfer of energy between the
power cable and the antenna, motivated investigations which resulted in the introduc-
tion of capacitive couplers [12,29]. It is interesting to note that one century later,

researchers are reinvestigating the use of antennas to introduce the so-called PLC
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wireless system [30,31]. In the sequel, inductive coupling was introduced. Due to
the characteristics of inductive couplings such as electromagnetic isolation between the
power cable and the PLC transceiver, they have been successfully applied in Medium-
Voltage-based (MV) PLC systems since it is possible to install them to the live power
line. On the other hand, their usage in electric power systems Low-Voltage (LV) was
not widely adopted due to the high insertion loss. For LV levels, capacitive coupling is
common due to its low cost and simplicity. Most recently, resistive PLC couplers have

gained some interest due to their low cost and simple circuitry features [32].

Above all, coupling is a very important issue in PLC systems. Since the dynamism
of electric power systems at HV, MV and LV levels and, as a consequence, the lack of
perfect impedance matching at the point of connection with the PLC transceiver both
in the time and frequency domains may result in remarkable insertion loss and signal

distortion [33].

In this context, this Chapter aims to present a comprehensive review on coupling
for PLC systems. With this in mind, we first discuss important issues related to the
design of PLC couplers, such as PCB design, insertion loss and return loss, galvanic
isolation, impedance matching, analog filtering, protection and performance due to
the type of components, costs and complexities. Second, we present a classification of
couplings which considers the type of physical coupling (capacitive, inductive, resistive
and antenna), the voltage levels (HV, MV and LV), the type of voltage (AC or DC),
the frequency band (narrowband and broadband), the type of signal propagation (CM
or DM) and the number of connections. Additionally, we highlight future tendencies
and critical issues which must be pursued to introduce PLC couplers which will comply
with the constraints imposed by the electric power systems and fulfill the needs and

demands associated with the novel generation of PLC systems.

The remaining parts of this chapter are organized as follows: Section 2.1 briefly and
concisely addresses the main issues for designing PLC couplers; Section 2.2 discusses
a classification of PLC couplers based on a comprehensive review of this subject;
Section 2.3 highlights open problems and future trends for advancing the design of
PLC coupling devices.

2.1 DESIGN OF A PLC COUPLER: IMPORTANT ISSUES

The coupling of PLC transceivers with electric power grid is considered to be a

difficult task to be accomplished mainly because the access impedance (impedance
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at the point of connection) changes with frequency and time due to the dynamism
of loads connected to electric power grid. Also, the low impedance of power cables,
which is desired for reducing technical losses associated with the energy delivery, yields
a problem because the usual coupling devices are designed to have access impedance
equal to 50 €2 or 75 €.

The design of a PLC coupler considering impedance matching, flat frequency
response to minimize distortions, efficient electrical protection against transients and
low cost have been the major challenges in recent years. To carry out such design,
several issues must be addressed in order to come up with a PLC coupler which may be
useful for the target application. In this context, it is necessary to understand all main
issues which must be taken into account to correctly design a PCB, such as measuring
S scattering parameters for quantifying insertion and return losses, providing galvanic
isolation, dealing with impedance matching, designing the analog filters with passive
components and choosing the appropriate electric protection scheme. These relevant

issues are briefly described in the following subsections.

2.1.1 PRINTED CIRCUIT BOARD DESIGN

The electrical characteristics of the PCB used to physically assemble the compo-
nents of the coupling device significantly impact on the coupling performance [34].
In [35], the author showed that the transmission line properties of signal traces in
the PCB considerably changes when multiple circuits or components are connected to
a given signal trace. Characteristics such as impedance mismatching and skin effect

usually result in an increase of the conductor impedance as the frequency rises.

Moreover, as frequency increases, parasitic elements may impact the design of the
PCB of PLC couplers and their modeling for circuit simulation and design become
relevant [36]. In a high-frequency circuit, it is simple to visualize how a long thin track
of a PCB will behave as an inductor, a large pad over a ground plan will behave as a
capacitor and performance degradation may occur due to the crosstalk among tracks
[37]. In [38], the authors discussed the impedance mismatching in the connections

among tracks, capacitors, pathways, stubs, and welds.

In [20], high-frequency transmission line effects were studied and a fundamental
concept called electrically long trace was defined. If a distance from transmitter
to receiver exceeds A/20, where A is the wavelength in meters or terminates the

transmission line in its characteristic impedance when the one-way propagation delay
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of the PCB track is equal to or greater than one-half the applied signal rise/fall time,
then the PCB should be treated as a transmission line and a routing topology should
be created to match the trace impedance of a PCB. To match impedance line in
a PCB, several techniques are available for designing a transmission line structure.
There are two techniques which are most frequently used to control trace impedance,
stripline, and microstrip. In stripline, the transmission lines exist on internal routing
layers and require a minimum of 3 board layers (2 ground planes and a routing layer).
The insulating material of the substrate forms a dielectric. The width of the strip,
the thickness of the substrate and the relative permittivity of the substrate determine
the characteristic impedance of the strip, which is a transmission line. The use of
microstrips is a popular method used to provide controlled trace impedance when
microwave frequency is taken into account. Microstrip lines are exposed to both air
and dielectric material referenced to the planar structure. Fig. 1 shows a microstrip
transmission line structure, where T is the thickness of the track, W is the width of

the track and h is the distance between signal track and the reference plane.

The stripline technique has the advantage of greater isolation of transmission lines
and bandwidth, resulting in lower radiation loss. Although better isolation and good
electromagnetic shielding can be achieved, the stripline technique has the disadvantage
of complexity and cost in its fabrication, as tuning or troubleshooting is complex and
stripline trace width is smaller compared to a microstrip line of same impedance and
height. Microstrip has the advantage of less dielectric losses (when using identical
materials), being cheaper and presenting easier debugging due to the location of traces

on the top and bottom layers [39].

Characteristic impedance Zy of microstrip is also a function of the ratio of the
height to the width W/h (and the ratio of width to height h/W') of the transmission

line. The characteristic impedance Z; of a microstrip is calculated by [40]

87 5.98h
Zo = 1 Q  for 15 < W < 25mil 2.1
0 (\/5r+1.41> n(O.8W+T> o — 1)
or
79 5.98h
Zo = 1 Q  for 5 < W < 15 mils, 2.2
0 (\/€T+1.41) n(0.8W+T) or s 22)

where ¢, denotes the dielectric constant of the PCB material.

To implement a ground plane, one side of a double-sided PCB is made of continuous
copper plate and used as ground. The theory behind it is that the larger the amount

of metal, the lower the attained resistance. An analytical method for characterizing
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Figure 1: A PCB microstrip transmission line.

the impedance behavior of the ground planes in the frequency domain is presented
in [41]. The importance of maintaining a large area of low-impedance ground plane is
critical to all analog circuits today. The ground plane not only acts as a low impedance
return path for decoupling high-frequency currents but also minimizes electromagnetic

interference (EMI) emissions [42].

To make full use of PLC couplers for data communication purposes or in order to
analyze the impedance matching, it is important to know how signals propagate on a

PCB to obtain low insertion loss in a microstrip transmission line.

2.1.2 INSERTION LOSS AND RETURN LOSS

Assuming that the two ports use the same reference impedance the insertion loss

(I1) is the magnitude of the Sy; scattering parameter, given (in dB) by:
IL(dB) = —2010g10 |521| s (23)

where Ss; represents the voltage gain from Port 1 to Port 2 [43], which is often used
to show the frequency response of passive circuit which is supposed to be linear and
time-invariant [44]. The Insertion Loss is defined as the drop in power as a signal enters
in the two-port networks. This value not only includes the reflected incoming signal
but also the attenuation of the component and it is the ratio between output power

and input power [45].

The return loss (Ry) is the magnitude of the Sj; scattering parameter, which
represents the reflection coefficient because it describes what fraction of an incident
wave is reflected back to the input port. In other words, the Si; scattering parameter

is a measure of how close the source and input impedances are matched. The Ry given
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(in dB) by
RL(dB) = —2010g10 |511| . (24)

In order to measure S5 and Si; scattering parameters, the impedances of a VNA are
matched to 50 €2, the passive PLC coupler is considered as a two-port network and, as
a consequence, we characterize it through its scattering matrix, as shown in Fig. 2 [46].
In Fig. 2, the Z,ctwork represents the impedance of the electric power network at the
connection point, I';, and I',,; represent the reflection coefficients of PLC coupler and
Znetworks Tespectively. Finally, Zs represents the impedance of port 2 - 2’ of the PLC
coupler. With knowledge of the scattering parameters, we can completely characterize

PLC coupler and precisely quantify the distortion introduced by the PLC coupler in

)

the transmitted signal.
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Figure 2: Measurement of scattering parameters.

2.1.3 GALVANIC ISOLATION

Galvanic isolation is usually necessary when two or more electric circuits are con-
nected, but their grounds may be at different potentials. Also, it is an effective
approach for breaking ground loops by preventing undesirable current flowing between
two distinct circuits sharing a ground conductor. Moreover, it protects transceiver
circuits and people from shocks and short circuits. Regarding the PLC coupler, a
RF transformer is normally responsible for the galvanic isolation [26] between the
transceiver and the power line. Also, as discussed in [27,41,47], it can be applied
to impedance matching purposes through the transformation ratio 1:/N between the
primary and secondary windings of the transformer, where N denotes the turns ratio

of secondary to the primary windings.

In [45], it was shown that an RF transformer has some non-ideal characteristic

properties which must be observed, such as the maximum magnetic flux density in the
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core to avoid non-linear effects, frequency band specification, impedance levels/winding
ratio, maximum voltage levels, maximum power and currents, skin effect, number
of strands, number of turns, leakage inductance, enlarging of leakage inductance,

magnetizing inductance and distortion of signal in secondary winding.

In [48], a model of an RF transformer was proposed and analyzed by Kazimierczuk.
Fig. 3 depicts such model. It consists of ideal transformer, magnetizing inductance L/,
core-loss shunt resistance R, leakage inductances L;p and L;s, winding resistances Rp
and Rg and stray capacitances Cp and C's. The stray capacitances model the effect of
turn-to-turn capacitance, layer-to-layer capacitance, winding-to-winding capacitance,
winding-to-core capacitance, winding-to-shield capacitance, core-to-shield capacitance

and the capacitance between the outer winding and surrounding circuitry [47,49-51].

Figure 3: Model of RF Transformer.

In order to determine the bandwidth of an RF transformer, low frequency and high
frequency are analyzed. For a low frequency of an RF transformer, the magnetizing
impedance is calculated by jwL,,\\Rc. The values of Ly, and Ro are determined
by the core material and the cut-off frequency can be calculated by the core material
with high relative permeability. High-frequency cut-off is attributed to intra-winding
capacitance (Cp, Cs) and series leakage inductance (L;p,L;s), core and conductor losses
(Rp,Rs). To achieve a high value of frequency, the stray capacitance (Cp, Cs) and
leakage inductance (L;p,L;s) should be reduced.

2.1.4 IMPEDANCE MATCHING

The impedance matching between the PLC coupler and the power cable at the con-
nection point is a challenging task to be accomplished due to the time-frequency varying
nature of the loads connected to electric power grid [8,52,53]. Due to the wide range
of values that the impedance at the connector point (access impedance) can assume
when the frequency and time vary [54-56], it definitely must be brought to the center of
discussion when designing a PL.C coupler. In fact, the lack of impedance matching may

considerably reduce the transmission power [6,57-62] even though impedance matching
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is ensured within the PCB of the PLC coupler.

Impedance matching techniques for narrowband PLC couplers were proposed in
[62,63]. The impedance matching technique based on the change of the tap of an
RF transformer was outlined in [64]. In [65] the authors described a technique for
measuring the impedance at the connection point of an electric power grid to feed
a microcontroller, which is capable of switching a bank of capacitors [66] aiming to
eliminate the reactive component of the access impedance. The complexity of this
technique increases along with the number of capacitors in the bank. Moreover, the
variation step of the impedance depends on the number of branches of the bank of
capacitors. Then, [62,67,68] proposed a new circuit, which is capable of adapting the
impedance, changing the series inductance and the turns ratio of the RF transformer.
Transformerless coupling circuits and impedance adaptation for narrowband PLC, with
a view of simplifying the design and minimizing costs of a PLC transceiver, were
discussed in [10,69].

Impedance matching techniques for broadband PLC were discussed in [70, 71].
These works addressed an optimization method to calculate the values of the param-
eters of 5" order band-pass filters for matching the access impedance. Moreover,
[62] focused on another design method which is capable of offering an optimization
procedure to synthesize broadband impedance matching circuits for the equalization of
the power transfer gain in a wide frequency band. The method is based on a parametric
representation of the driving impedance of the broadband impedance matching circuit,

which is optimized by means of a meta particle swarm optimization method [72].

Impedance matching to improve the maximum power transfer of transmission /recep-
tion of the signal into/from power line cable becomes an important and challenging
issue. Different designs of impedance matching circuit have been studied in the liter-
ature. Frequency and time dependencies of access impedance, which renders adaptive

matching circuits to be developed, are the major challenge of PLC coupler.

2.1.5 ANALOG FILTERING

In a typical PLC coupler design, analog filtering is performed by a cascade of a
high-pass filter and a low-pass filter, in this order, and their combination results in a
passband filter. The design of an equivalent passband filter is not recommended because
the purposes of designing the high-pass and low-pass filters are totally different. In fact,
the former aims to block the high power mains signal [73], while the latter limits the
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upper edge of frequency bandwidth to comply with the analog-to-digital conversion [74].
Fig. 4 shows a typical capacitive SISO PLC coupler, where 7} is an RF transformer,
Carock is a high-pass filter and Ly, Ly, C up to Cs constitute a low-pass filter.

The design of the high-pass filter is very simple because it is realized with a
capacitor with a reasonable working voltage and a self-resonant frequency higher than
the maximum mains frequency. On the order hand, the low-pass filter is more so-
phisticated and can be realized with a Butterworth, Chebyshev or an elliptic filter.
Usually, the choice is in favor of an elliptic filter due to the sharpness of its frequency
response [75-78]. However, a careful analysis of the low-pass filter must be carried out
when multi-carrier scheme based on discrete Fourier Transform (DFT) is used because
it can increase the effective delay spread of the channel between the digital-to-analog
converter (DAC) of the transmitter and the ADC of the receiver. Moreover, a practical
approach for reducing the order of a low-pass filter is to concatenate a low-order high-
pass filter (less selective) with a 2" or 3" order notch filter with notch frequency located
in the stopband. Additionally, the analog filter can be used to mitigate interference
from radio signals (AM, FM and TV) [79,80]. The order of the analog filter can be
determined by the designer according to the desired selectivity, keeping in mind that
the insertion loss increases along with it. Therefore, a rule of thumbs is to keep the

analog filter order below or equal to six.
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Figure 4: Circuit of a capacitive PLC coupler.

2.1.6 ELECTRIC PROTECTION

All telecommunication technologies are bound to comply with electromagnetic
compliance (EMC) standards, whose requirements depend on the environment [81,82].
The PLC coupling circuit, which is physically connected to power cables, is occasionally
subjected to significant high voltage and current transients and, as a consequence,
damages to the circuits of the PLC transceiver may happen [83,84]. For instance, in
HV and MV, a strong current pulse of short rise time is created when a distribution

transformer fails due to a short circuit or when power cables fall to the ground (high
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impedance faults) or touch each other. Similarly, a lightning strike near the power

cable yields a traveling wave that may destroy the PLC transceiver.

With this in mind, SPD attempt to limit the voltage supplied to an electric device
by either blocking or shorting to ground any unwanted voltages above a safe threshold.
An SPD must simultaneously provide low insertion loss in all operating frequency
band and adequate surge protection in all ports of the PLC coupler. The SPD must
not interfere with the frequency spectrum of the transmitted signal. Typical SPD used
in PLC couplers are MOV, Zener diodes, high-speed switching diodes and GDT.

In [85], a surge protection circuit for HV-based PLC systems was proposed aiming
to achieve protection against an induced surge in one conductor of the transmission
line, to offer protection against a common mode surge induced in both conductors of
the transmission line and to yield protection against the potential rise of the earth

conductor during an occurrence of high surge current through the earth conductor.

The authors of [86] analyzed the influence of capacitance of an MOV on the insertion
loss of a PLC coupler. Although the capacitance characteristics of an MOV and
diodes, such as Zener and high-speed switching diodes [6], may cause distortion in
the frequency response (S1 or So; scattering parameter) of PLC couplers, their usage
is widely adopted because the cost-benefit is the best available. In order to avoid the
disturbing effect of MOVs, GDT's can replace them in PLC couplers designed to operate
at frequencies above 35 MHz. Regarding the frequency band between 1.7 and 100 MHz,
Fig. 5 shows the effect of an MOV and Zener diode working together in concatenated
way on the frequency response magnitude of a PLC coupler in comparison with a GDT.
It is important to mention that the majority of studies and simulations of SPD effect
covers the frequencies up to 30 MHz [87]. However, nothing has been discussed in
the literature about its protection efficiency capabilities and its impact on the signal
distortion at the frequencies higher than 30 MHz. Furthermore, the use of transient
voltage surge protection (TVSP) [88] can also be investigated to replace Zener diodes
or high-speed switching diodes for frequencies above 35 MHz in PLC coupler.

Fig. 6 shows a typical protection for inductive and capacitive PLC coupler circuits.
The capacitive coupler requires the use of MOV, fuse and Zener diodes to protect the
transceiver circuit. The inductive coupler does the same by exploiting the limitations
of the maximum magnetic flux density of the ferrite core to avoid spikes of current
in the secondary windings and by concatenating high-speed switching diodes at the

secondary windings of the ferrite core to limit the voltage. The use of MOV [89] and
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Figure 5: Distortion of frequency response magnitude of a capacitive and low voltage
PLC coupler in the frequency band 1.7 - 100 MHz due to the use of different types of
protective circuit.

diodes for protection purposes needs to be analyzed based on the operating frequency

of the PLC system and the voltage level of the mains signal in the electric power line.

Fuse Grock
|
|
y D, & Dy
Zy
Vac @ MOV Vac @ ¢ D, & Ds
Z,
y D; & Dy

(@)

(b)

Figure 6: Typical protection circuit for PLC coupler. (a) Capacitive coupler and (b)
Inductive Coupler.

2.1.7 COMPONENTS

Due to cost and size, the components used in a PLC coupler circuit are passive
(resistors, capacitors, transformers, and inductors). Therefore, particular attention
must be paid to the self resonant frequency (SRF) frequency of inductors and capacitors
as well as to the frequency response of the transformer. Additionally, the behavior of
other components due to the chosen operating frequency of the PLC system needs to
be carefully taken into account, especially at high frequencies [90], as the skin effect, i.e.
the increase in the apparent resistance of a wire along with the frequency, becomes more
relevant. If a voltage is maintained at a constant DC level, current flow will be uniform
throughout the area of the wire. However, as the frequency increases, the magnetic
field near the center of the wire increases the local reactance. The charge carriers then

move towards the edge of the wire, decreasing the effective area and increasing the
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apparent resistance of the inductor winding [91,92], capacitor [93], and resistor.

In fact, at high frequencies, the physical length, width and height of components,
the properties of the conductors and dielectrics, as well as the types of electrodes for
attachment to external circuits have influence on the performance of a PLC coupler
circuit. Fig. 7 shows high-frequency lumped circuit models for a resistor, a capacitor
and an inductor. Note that the additional capacitance due to the attached electrodes
is usually included in the nominal value of the capacitance. Despite the parasitic
resistances and reactances, attaching devices on a PCB can introduce significant addi-
tional capacitance to the body of the component [49]. This capacitance and the added
inductance of the pads and traces, which are used to attach a component and are
typically considered part of the circuit, affect the frequency response and impedance
matching of a PLC coupler. In the design of PLC the coupler for broadband data

communication, it is important to take it into account.
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Figure 7: Equivalent circuit for RF model. (a) Resistor, (b) Capacitor and (c) Inductor.

2.1.8 COST AND COMPLEXITY

The main advantages of the PLC technology are the use of electric power system
infrastructures for costs and expenditures reduction and the easy deployment of new
telecommunication networks over such infrastructure [94]. Regarding HV and MV PLC
couplers, some care must be taken into account due to the complexity of the coupler
construction, which may increase costs due to the isolation need at these voltages
levels. Moreover, PL.C coupler designers must pay particular attention to the external
environment which is subject to rain, snow and lightning on the power cable [95]. Due
to these constraints and environment issues, the cost of the capacitive coupler is very
high and high at HV and MV, respectively. Due to saturation of magnetic flux inside
the core and the cost to handle it, inductive coupling is only used at MV and LV.
Moreover, at LV, PLC couplers are constructed at a relatively low cost. Usually, a
PLC capacitive coupler requires low complexity and cost since the components are

available commercially. In [69], a PLC coupler without transformer was proposed for
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eliminating this costly component, while maintaining impedance matching with the
electric power grid. Overall, complexity and cost of a PL.C coupler increase along with
voltage levels and bandwidth. Also, they increase when perfect impedance matching

is mandatory.

2.2 CLASSIFICATION OF PLC COUPLERS

In general, PLC couplers can be grouped according to different criteria. In this
sense, this work outlines a classification based on the type of physical couplings, voltage

levels, frequency bandwidths, propagation modes and numbers of connections.

2.2.1 BASED ON THE TYPE OF PHYSICAL CONNECTION

Based on the type of physical connection, the coupling can be capacitive, inductive,
resistive and by an antenna. Note that the antenna could be seen as a kind of inductive
coupling, but we prefer to keep it separate because its mechanical construction is totally

different.

2.2.1.1 CAPACITIVE

Capacitive coupling is the serial insertion of one or more capacitors in direct contact
with the power cable. It offers low impedance path to the high-frequency components
of the power line signal and, at the same time, it blocks the mains signal by presenting a
high impedance to it. Among the four types of PLC couplers, it has the lowest insertion
loss, thus ensuring the highest power transfer [96]. As shown in Fig. 8, there are two
types of capacitive coupler: (a) one with a transformer to provide galvanic isolation (77)
and to limit transients based on the core saturation; (b) and one without transformer,
which is a low-cost option with the disadvantage of not providing galvanic isolation.
While the use of capacitive coupling with transformer is strongly recommended in AC
electric circuits, mainly when the voltage amplitude of the mains signal increases, the
use of capacitive coupler may also be useful for DC buses [97,98] in which the voltage
level is low, such as in-vehicle [99], ships and spacecraft environments. In [100], the
author proposed a capacitive coupler to operate in low-voltage DC electric power grid
when the frequency bandwidth is between 1 MHz and 30 MHz and the voltage level of

mains signal is up to 750 Vpe.
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Figure 8: Equivalent circuit for a capacitive PLC coupler. (a) Coupling with galvanic
isolation and (b) Transformerless coupling.
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2.2.1.2 INDUCTIVE

The inductive PLC coupler can be accomplished with (series inductive coupling) or
without (shunt inductive coupling) galvanic isolation to the power cable [101]. In the
inductive PLC coupler, electric current flows through the winding coil and yields an
electromagnetic field which inductively loads the signal into the conductor, as showed
in Fig. 9, where T7 and T5 are inductive couplers. Structurally, it consists of a magnetic
core with gaps and the output coil is connected to the transceiver, both of which are
wound around the core. Its installation does not require lockout of the electric power

grid because there is no electric connection between power cables and the PLC coupler.

T
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Figure 9: (a) Serial inductive coupler and (b) Shunt inductive coupler.

In inductive PLC couplers, the mains current can flow unlimited through the
magnetic core clamped over the wires as shown in [102]. Toroidal transformers typically
have copper wire wrapped around a toroidal core so that the magnetic flux remains
trapped in the coil and does not leak out. The properties of toroidal core current
transformers, such as maximum transmissible primary current, amplitude, phase error
as well as linearity, are basically determined by the material used in the core [103].
High magnetic coupling coefficient values are desirable in inductive couplers for offering

low insertion loss and return loss, as well as for covering wide frequency bandwidth.
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In [104], insertion losses of inductive couplers based on Rogowski coil and a conventional
(ferrite based) inductive coupler were compared. The authors measured the variation
of insertion loss response of an inductive coupler in high current test in the frequency
range of 1.7 MHz and 40 MHz. The performance of couplers based on Rogowski coil
is stable because the relative permeability of an implemented coupler is very low and

it is not saturated according to an increase of current.

The inductive coupling offers many degrees of freedom for system design by varying
geometric parameters to tune parasitic elements, such as the crossover capacitance
between the spirals, the magnetic coupling coefficient, inductance ratio and impedance
terminations. The geometry and electromagnetic properties of coiled wire over the
ferrite core result in a high impedance for high-frequency signals. In [105] was shown
that the inductance of a choke depends not only on the geometry of the windings and
the core but also on the permeability of the core material. The distributed capacitance
between the winding turns acts as a shunt capacitor on the inductor resulting in the
occurrence of resonance at a given frequency. Furthermore, the inductive PLC coupler
shows good performance in low impedance power cable and yields low energy radiation
[106]. The coupling efficiency varies according to distinct factors such as the shape
and magnetic characteristics of the magnetic core, the length of the gaps and the

characteristic impedance of power cable [106].

It is important to emphasize that the nonlinearity of the magnetic material together
with the magneto-motive force rising from zero to a maximum, twice each cycle of the
mains signal, causes distortions, such as amplitude modulation of the transmitted and

received signals.

2.2.1.3 RESISTIVE

The resistive coupler is constituted by a voltage divider, a bandpass filter and an
amplifier. The voltage divider drops the voltage signal from the power cable and,
in the following, the bandpass filter attenuates the out of band signals. Finally, the
amplifier boosts the voltage signal amplitude for a further analog-to-digital conversion.
Theoretically, injection and extraction of signals into/from the power cable are possible;
however, only the extraction of the signal seems to be practicable. For instance, [32]
proposed a circuit for a resistive coupler, see Fig. 10. As we can see, it is constituted
by a voltage divider, a buffer, a band-pass filter and an amplifier. Due to its nature,

the resistive PLC coupler may be suitable for coupling narrowband PLC system in



46

low-voltage electric power grid.
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Figure 10: The block diagram of the resistive PLC coupler.

2.2.1.4 ANTENNA

The first form of coupling PLC transceivers to power cables was based on an
antenna due to its simplicity, low cost and easy installation and operation [29]. Fig. 11
shows a typical antenna coupling. These antennas were mounted below the power lines
on the tower structure and the high-frequency carrier signal was induced in parallel with
the power cable. The size of antennas exceeded 300 feet in length and was designed
to the carrier frequency employed for voice communication [99]. However, coupling
antennas are quite inefficient because there is a lot of power lost in the coupling with

the electric power grid.

In 1921, AT&T began to develop the first PLC transceiver with an antenna coupling
(analog modulation, simplex transmission and transmission power of 50 W) for voice
signals communication, control, operation and maintenance of the distribution electric
power system. However, problems such as impedance mismatching between the antenna
and the power cable and the length of the antenna for working with the low frequencies

motivated the development of capacitive and inductive couplers.

Currently, the use of antenna coupling is under investigation for broadband PLC
to offer mobility to PLC users, introducing both PLC and wireless transceivers called
hybrid PLC-wireless [31,107,108]. Furthermore, the power cable can be seen as an
antenna for the propagation of RF signals, such as WiFi, [109-111] which can reduce the
investment with cabling and repeaters. In [112], the authors characterized the LV power
cable to use as an antenna to propagate RF signals in ultra-high-frequency (UHF). The
range of tested frequencies in power cable extends to 550 MHz beyond the current IEEE
802.11g standard which has a center frequency of 2.45 GHz and an 80 MHz frequency
bandwidth. It experimentally demonstrated that LV electric power grid can be used
as an antenna in the UHF in the frequency range from 1 GHz to 3 GHz.
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Figure 11: Equivalent circuit of antenna wires.
2.2.2 BASED ON VOLTAGE LEVEL

Regardless of the electric power grid to be AC or DC, the coupling can be classified

according to their voltage level as follows [113]:

2.2.2.1 HIGH-VOLTAGE

The coupling capacitor is the most widely used component which enables the signal
coupling to and from the HV power cable [114]. Standards have been established
for ratings and tests power capacitor (i.e., isolation) which must be met by coupling
capacitors in HV. The requirements and essential characteristics of capacitive coupling

for HV have been standardized in ANSI C93.1 [115].

In [116], the author describes capacitive and SISO couplers for HV transmission
lines designed for narrowband and broadband PLC transceivers between the phase
conductor and the earth. Basically, there are two types of phase to ground narrow-
band resonant schemes for coupling. Fig. 12 shows the single-frequency and the two-

frequency resonant circuits that implement such scheme.

The modeling approach and analysis of a component influence on the performance
of a PLC transceiver show the behavior of complex coupling with many co-existing
carrier frequencies are discussed in [117]. Also, it addressed the development and
application of a PLC modem components, including single and double-frequency line
traps, line tuning units, Coupling Capacitor Voltage Transformers (CCVTSs), trans-
mitters, receivers, balanced and skewed hybrids and signal level probes in a 115 kV

transmission line.

The inductive coupling for HV transmission lines is more sensitive to HV fluctua-

tions, impulsive noise, corona effects and voltage arcing between phases than capacitive



48

(‘ High Voltage \’
i

Cl Cl

L1

Transceiver Transceiver

(@) (b)

Figure 12: Typical coupling schemes for HV transmission lines. (a) Phase-to-ground
coupled single frequency narrowband and (b) Phase-to-ground coupled two frequency
narrowband.

coupling because it results in the saturation of the core [117]. Also, it provides more
insertion loss than capacitive coupling. On the other hand, the greatest advantages of
the inductive couplers, when compared to capacitive couplers, are: during installation,
there is no interruption in the electricity supply, low cost of production and installation
and the galvanic isolation among the HV transmission lines and the transceiver circuit
[118]. The inductive coupling in HV transmission lines acts as an electrical protection.
For instance, if there is an increase in electrical current in the HV transmission lines
due to short-circuit or short discharges, the voltage is limited by the saturation of the
magnetic flux inside the core of the inductive coupler, due to the saturation of the RF

transformer core.

2.2.2.2 MEDIUM-VOLTAGE

In recent years, the idea of using the existing MV electric distribution grid as a
medium for data communications became a reality. In fact, such infrastructure can
be used to constitute data communication backbone to meet protection, metering,

distribution, automation and control, by connecting several substations [119].

The MV coupler must withstand high differential voltages among phases and earth.
As a consequence, it requires special components, which make these devices more
expensive and more complex to implement than LV couplers but much less expensive

than HV couplers. The requirements for the installation of capacitors in MV must also
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follow the ANSI C93.1 [115].

Similar to HV PLC couplers, MV PLC couplers must be in compliance with the
requirement of the utility and applicable regulation (e.g. insulation level of feeding
cable, grounding, mechanical strength, lifetime and climatic category). In the case of
switching the MV switchboard or in the case of short circuit, the MV PLC coupler must
be able to support transient currents higher than 20 kA with no mechanical damage

or change of frequency response not exceeding 1.5 dB [120].

In [121,122], a capacitive SISO PLC coupler for broadband PLC was proposed.
Fig. 13 shows a MV PLC coupler device which can work with voltage levels as high
as 11 kV. In this proposal, the PLC coupler is connected to phases insulated from the
power grid by line trap circuits. The line trap circuit is a parallel resonant circuit,
mounted in-line on AC transmission power lines to prevent the transmission of high-
frequency carrier signals of power line communication to unwanted destinations. It does
not affect the low-frequency signal of the AC power line but offers a high impedance to
the high-frequency signal of the PLC transceivers. Two RF transformers are used to
achieve the desired isolation. The series combination of Lg and Cg form a band-pass
filter to block the AC power line and present a low impedance for the signal of PLC
transceivers. The resonant frequencies of the three circuits (Lg, Cg, L and C) are
designed as the midband frequency of the PLC coupler. The MOV together with Dz,

and Dy, (Zener diodes) are responsible for the electric protection.
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Figure 13: Typical capacitive coupling circuit for MV.

When the inductive PLC coupler comes to matter, there are two options available
for installation: the inductive PLC coupler is clamped around a MV power cable, or
the inductive PLC coupler is serially connected between the neutral line of the MV
circuit and the ground wire if it is available [118]. The former has the advantage
of offering galvanic isolation from the power cable and its installation is done without
powering off. On the other hand, its disadvantage is that high current on the MV power
cable causes the magnetic saturation of the RF transformer and, as a consequence, the

insertion of relevant loss. The latter has the advantage of facing low saturation magnetic
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flux density because of the low-level current flowing between neutral and ground lines
resulting in low insertion loss. Moreover, it offers an interesting cost-effective solution
because the PLC coupler has a small size in comparison to the capacitive MV PLC
coupler [123]. In addition, due to its characteristics, the distance for signal transmission
can be long [124-126].

2.2.2.3 LOW-VOLTAGE

Typical LV power cables consist of three conductors, a phase, a neutral and ground.
Two of these three conductors can be used to create a communication channel. The
scenario for the LV electric power grid is different compared with HV and MV ones,
as discussed in [125] because the LV power cable is derived from secondary windings
of the MV /LV power transformer and the energy is delivered to a large number small
consumers. The dynamic of the loads in LV electric power grid yields emissions and
interference associated with appliances, motors and other loads, which make them
the most hostile environment for data communication purposes [22,127] and difficulty
impedance matching among PLC transceivers and power lines. Due to the low cost of
LV PLC couplers, some features can be improved, such as impedance matching with
electric power grid by using, for instance, the RF transformer ratio transformation
or the design of adaptive matching impedance and selective filters that is capable of

attenuating unwanted frequencies which may cause interference with the PLC system.

In [73] it was shown that the analog filter is the key issue of LV PLC capacitive
couplers. The authors showed how to build the filter circuit model for LV, and the
Butterworth band-pass filter which frequency band is from 1 MHz up to 30 MHz was
designed. The main issues for designing a capacitive SISO PLC coupler was discussed

in Section II.

The inductive coupling has been studied in motor cable communication [70] for
a voltage of 400 Vpe. The inductive PLC coupler for motor cable communication is
tuned for the low voltage direct current (LVDC) [128]. The inductive couplers are
not commonly used in consumer applications, in which the connection with the power
cable is made through an electrical wall outlet. The typical circuit of LVDC and the
basic structure of the proposed PLC-base communication architecture can be accessed

in [129]. Also, we point that a LVDC is very common in vehicles.
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2.2.3 BASED ON TYPE OF VOLTAGE

The use of PLC in AC electric power grid is widespread, but the voltage of electric
circuits can be classified into two categories: AC and DC. However, despite the
popularity of PLC system over AC electrical circuits, there are a lot of researches
focused on facilitating communication over DC electric circuits. In [97], the DC PLC
coupler is developed on the basis of AC PLC coupler. Essentially, the fundamental
structure of a DC PLC coupler is very similar to the AC PLC coupler. In [130]
were investigated the possibility of using the PLC technology to transmit data along

differential DC power buses employed in spacecraft.

The inductive and capacitive PLC coupler can be designed to work in different levels
of voltage in AC or DC electrical circuits. A DC PLC coupler uses a series capacitor
connected with the power cable such as an AC PLC coupler does. The capacitor blocks
the AC or DC mains signal and passes high frequencies for a wide range of frequencies.
In inductive coupling without galvanic contact with the DC bus voltage, the inductive
PLC coupler, installed in parallel with DC bus, injects the PLC signal following the
principle of magnetic induction, which is exploited in inductive coupling, see Section
IT1-A-2.

The applicability of narrowband and broadband PLC for the LVDC electrical
circuits communication is shown in [131]. In [15] narrowband capacitive couplers that
are differentially connected between the neutral and DC conductors in bipolar £750
Vpe is proposed. An inductive coupler is used in [132] for analysis of noise in broadband
PLC in DC power cables.

2.2.4 BASED ON FREQUENCY BAND

The PLC system has a range of frequency bands allocated to narrowband and
broadband PLC data communications. Therefore, PLC couplers can be classified as
narrowband (frequency range between 0 kHz and 500 kHz) [9], [6] and broadband
(frequency range from 1.7 MHz to 500 MHz) [106], [121]. The frequency bandwidth
is determined by low and high cut-off frequencies at 3 dB attenuation and can be
modified in function of filter design. The parameters of the RF transformer, analog
filter and electric protection must be designed in accord with the chosen frequency
band desired [48], [50].
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2.2.5 BASED ON PROPAGATION MODE

Power cable wiring installations in a residence make use of three wires, namely
phase, neutral and protective ground, which can be modeled as parallel conductors
sheathed in a dielectric material [133]. PLC couplers can inject a signal in the power

cable along the wire in two ways: DM and CM [134].

The DM is the normal current conduction mode by a two-wire circuit. The current
flows in a wire in phase opposition of the other wire, the electromagnetic fields generated
by the currents actually cancel out each other. On the other hand, in the CM,
the current goes through all the wires in the same direction causing the addition of

electromagnetic fields, yielding significant levels of EMI [135].

Fig. 14 shows a high-frequency equivalent circuit of a PLC channel illustrating
the creation of CM signals due to current I, and voltage V., with respect to the
ground, originated unintentionally in an unbalanced electric power cable. It creates a
parasitic capacitance with respect to ground and causes a CM current to return to the
source through the parasitic capacitance (Cpqq). In this model, we have a three-wire
power line cable in which the Ground wire is the reference conductor. The I, current
flows in the Phase wire from/to PLC Couplers and returns via the Neutral wire. The
I currents flow from/to PLC Couplers in the Live and Neutral wires and return to
PLC Couplers via the Ground wire. The I, flows back to the location where it was

converted via unwanted parasitic components Cpqrq, ground and any other asymmetry.
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Figure 14: High-frequency equivalent circuit of a DM.
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2.2.6 BASED ON NUMBER OF CONNECTIONS

The wires in HV, MV and LV electric power grid can be used to provide more
than one path for data communication. Hence, the coupling circuits can be classified
according to the number of connections. The power cable in HV and MV consists of
three phase wires where the same signal can be sent by three different paths. The
power cable in LV is composed of three phase conductors and one neutral conductor
and, therefore, there are four paths available for data communication [136,137]. In
this context, the connection between two PLC transceivers can be classified in terms of
SISO, single input multiple output (SIMO), multiple input single output (MISO) and
multiple input multiple output (MIMO).

The SISO coupling is the simplest form of coupling with power cable. In LV, the
connection of PLC couplers can be performed by the phase and neutral wires or phase
to phase wires. Such connection in HV and MV occurs among phases. The advantage
of the SISO PLC coupler is its simplicity and low cost. The majority of PLC systems
are SISO.

To have SIMO and MISO PLC couplers, connecting at HV and MV, all three
phases wires must be available. The SIMO PLC coupler is connected in two phases
to transmit the signal from the transceiver circuit and it receives the signal in three

phases. In that case, the signal is induced in the third phase.

In MIMO coupling at HV and MV, all three phase wires can be used, simultane-
ously. The MIMO PLC coupler is connected in three phases to transmit the signal and
it receives the signal in two phases. For LV electric power grid the electrical protective
wire and protective earth (PE) allows the creation of another path between two PLC
couplers [138]. Table 1 and Fig. 15 show the configuration mode of SISO, SIMO and
MIMO. In [138], the authors show the results of channel measurements motivated to
implement a MIMO PLC equivalent circuit explaining the creation and reception of
CM signals. Two RF transformers are connected in triangle and star configuration

providing several paths for data communication.

2.3 FUTURE WORKS

Although there is a scarce effort toward PLC coupling research, the coupling unit
is perhaps one of the most important components in a PLC transceiver. Therefore,

the design of a PLC coupler capable of handling the complexity, dynamic and diversity
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Figure 15: MIMO PLC Coupler.
Table 1: Types of connections.
Mode Transformer (Tx) | Transformer (Rz)

1X1 (SISO) P-N P
1X2 (SIMO) P-N P, CM
1X3 (SIMO) P-N P, N, PE
1X4 (SIMO) P-N P, N, PE, CM
2X2 (MIMO) P-N, P-PE P, PE
2X3 (MIMO) P-N, P-PE P, N,PE
2X4 (MIMO P-N, P-PE P, N, PE, CM

of electric power system is a challenging issue for the PLC research community. With
this regards, in the following, we enumerate some important question deserving more

attention in order to come up with improved coupling solution:

e The measurement of access impedances is of particular importance since it is
necessary for designing efficient and effective couplers, for improving the perfor-
mance of the PLC coupling [139]. It is important to know time and frequency
behaviors of resistive and reactive components of such impedance. Lack of this
very important information has led to the design of poor quality and low efficient
coupling devices in the past. In order to address this issue, Chapter 3 focuses
on measurement, characterization, and statistical analysis of access impedance in

LV and indoor facilities.

e Research and development of new components and material for electrical pro-
tection of transceiver circuits for broadband PLC. Very limited research efforts
have been expended in the area of special materials for couplers, especially when
compared to the work on materials for the design of advanced transformers. For
instance, the use of nanocrystalline magnetic materials to substitute the ferrite
and nanomaterials for capacitive devices. This kind of material will considerably
reduce the cost of current coupling devices used in medium and high voltage

electric power systems.



95

e The design of low-cost surge protective components when the frequency is over
35 MHz. Our review showed that GDT and TVSP are the most recommended
if the mains voltage is high; however, their cost may limit the use of them in

commercial coupling devices.

e The development of simple and effective coupling circuits that is capable of
performing impedance matching to maximize power transfer. The introduction of
such kind of coupler will result in a remarkable improvement of PLC technology.

This issue is addressed in Chapter 5.

2.3.1 SUMMARY

A review on the use of couplers to enable data communications over AC and DC
electric power grid has been presented. PLC couplers enable data communications over
power lines by injecting/extracting data signals into or from these power lines either
by differential mode or by common mode. The review showed that the introduction
of couplers to connect PLC transceivers to electric power circuits could be used to
minimize both signal distortion and insertion loss to improve PLC systems performance.
In this regard, we isolated the key issues related to the design of a PLC coupler, such as
the PCB design, insertion and return loss, galvanic isolation, impedance matching, fil-
tering and protection. Additionally, we provided a classification of PLC couplers based
on the type of physical coupling, voltage levels, frequency bandwidth, propagation
mode and number of connections. These fundamental concepts are provided to suffice
basic understanding about some relevant issues related to the design of PLC couplers.
Finally, we pointed out some important research questions whose investigations can

result in the design of new generations of efficient and effective PLC couplers.

In the next chapter, the design and prototype of non-adaptive SISO PLC coupling

circuit will be addressed.
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3 ACCESS IMPEDANCE IN BRAZILIAN IN-HOME BROADBAND
AND LOW-VOLTAGE ELECTRIC POWER GRIDS

The usefulness and suitability of PLC technology for smart grid, in-vehicle and
in-home data communication have been demonstrated worldwide. Currently, PLC
technology is being considered to support Internet of Things (IoT) applications [25,157—
161]. In spite of the advantages offered by this technology, there are some important
issues related to data communication through electric power grid that must be deeply
addressed in order to efficiently use the available resources of such kind of no new wire
data communication medium. Among these issues, deserves attention the temporal
and spectral behaviors of access impedances at the connection points with the electric

power grid.

The underlying sources of such issue are the load dynamics, circuit topologies and
the use of unshielded power lines [157,162,163]. In fact, according to [164-167], the
access impedances of the electric power grid are disturbed by the presence of harmonics,
household appliances connected to the electric power grid, frequency modulation (FM)
carriers, amateur radio service, and other short wave radio disturbances. To ensure
that data communication through electric power grid will succeed, the knowledge of
access impedances (resistance and reactance components) is of utmost importance. In
fact, the a priori availability of such kind of knowledge is essential to design impedance
matching circuits (adaptive or not) that are capable of maximizing the power transfer

between PLC transceiver and electric power grid [66,162,168,169].

In general, conventional telecommunication transceivers are designed with input
and output impedance of 50, 75, 150 and 600 2, depending on the characteristic
impedance of the transmission media. However, this is not valid for the electric power
grid, in which the access impedance may vary from few ohms up to few kiloohms

[58,170].

The frequency and time-varying behaviors of the access impedance at the point of
connection (e.g., outlets) of the electric power grid [59] reveal the complexity involved

with the design of PL.C coupling circuits. In fact, impedance mismatching between PLC
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coupling circuit and electric power grid results in coupling losses, which can severely
shorten the PLC signal propagation or coverage [171,172]. Note that coupling loss is, in
our context, defined as the signal power loss which occurs between PLC transceiver and

the electric power grid at the connection point due to impedance mismatching [173].

Characterization and modeling of the access impedance of in-home, broadband and
LV electric power grid were presented in [174], in which was shown that the measured
access impedance in the frequency band from 1 MHz up to 10 MHz varies between
20 Q and 190 Q. In [14], the low-voltage single-phase power line was modeled as
a transmission line in the frequency band from 1 MHz up to 30 MHz to compute
two intrinsic transmission line parameters, namely the characteristic impedance and
the propagation constant. This model considered the type of cable and its length.
Moreover, [175] investigated the indoor LV electric power grid attenuation profile and
the access impedance. In addition, [176] addressed the characteristic impedances of the
electric power grid to understand the broadband signals propagation in the frequency
band between 1 MHz and 30 MHz, when the outdoor and LV electric power grid
between a pole holding a medium-voltage to low-voltage (MV /LV) transformer and an

end user is taken into account.

In [177], four methods of measuring access impedances of electric power grid were
summarized. They are based on current probe, resonance, voltmeter and ratio ap-
proaches. The authors compared the performance of four methods and showed that the
two-current-probe method is effective for measuring access impedances of the electric
power grid in the frequency band from 500 kHz up to 20 MHz. Also, [162] outlined
a methodology, based on current probes, for measuring the access impedance for the
frequency band from 1 MHz up to 30 MHz. Actually, it showed the construction
and characterization of a PL.C coupling circuit to analyze the access impedance of the
electric power grid without loads or with resistive loads. Additionally, [178] presented
a statistical characterization of the access impedance for China in-home electric cir-
cuits in the frequency band between 1 MHz and 30 MHz. Based on a measurement
campaign, carried out in seven Brazilian residences, preliminary results of impedance

characterization in some Brazilian in-home power line grid were reported in [179].

Regarding access impedance measurement, characterization and modeling in in-
home, LV and broadband electric power grid, we state that more investigations and
information need to be extracted from these grid in order to obtain a good picture
and/or deep knowledge of their access impedance dynamics and, as a consequence, to

allow the development of PLC coupling circuits that correctly and efficiently take into
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account the impedance matching functionality. In this regard, this Chapter focuses on
measurement, characterization, modeling and statistical analysis of access impedance

in several in-home, broadband and LV Brazilian electric power grid.

The remainder of this Chapter is organized as follows: the measurement setup is
addressed in Sec. 3.1. Sec. 3.2 describes the procedure to obtain a statistical model for

the access impedance. Results and analyses are summarized in Sec. 3.3.

3.1 THE MEASUREMENT SETUP

This section describes the measurement setup used to investigate the resistance and
reactance components of the access impedance in in-home, broadband and LV electric
power grid. This setup consists of a VNA instrument and a PLC coupling circuit,
which is used as an interface between the VNA instrument and an outlet inside of the
house or apartment [31,111]. Moreover, the PLC coupling circuit is responsible for
providing galvanic isolation between the electric power grid and the VNA instrument

by avoiding physical contact between VNA instrument and these grid [6].

Fig. 16 shows the schematic of a capacitive broadband coupling circuit for SISO
and LV PLC system used to measure the access impedance of in-home and LV electric
power grid. In Fig. 16, the capacitor C] is used to block the mains voltage of the
electric power grid (at 60 Hz) and works as a first order high-pass analog filter with a
flat magnitude of frequency response for f > f;, where f; denotes the cut-off frequency.
The RF transformer 77 has a 1:1 relation between primary and secondary windings
to provide the galvanic isolation between the VNA instrument and the electric power
grid. It works like a balanced to unbalanced (BALUN) line and isolates the grounds
of the VNA instrument and the electric power grid [96]. In addition, it is also used to

provide electrical safety to the VNA instrument operator, avoiding accidental shocks.

i ||
@, ] O
Vector Electric
Network C, Power
Analyzer Grid

l O

Figure 16: Schematic of the capacitive broadband coupling circuit for SISO and LV
PLC system.



Figure 17: The prototype of the designed PLC coupling circuit.

99

Two measurements were made through the VNA. In the first one, the scattering

parameters of the PLC coupling circuit was measured. The port 1 of the VNA is

connected on the RF transformer, and port 2 is connected on the capacitor, see Fig. 16.

Based on the use of aforementioned prototype, the PLC coupling circuit shows the

frequency magnitude attenuation lower than 5 dB in the band-pass, which is from

fi =2 MHz up to f, = 500 MHz. Moreover, Fig. 18 shows the frequency magnitude

of the scattering parameters of the designed capacitive broadband coupling circuit for

SISO and LV PLC system.
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Figure 18: Frequency magnitude of scattering parameters of the designed PLC coupling

circuit with the impedance matching of 50 (2.

The second measurement used only the port 1 of the VNA to measure the Si;



60

parameter. Fig. 19 shows the block diagram of the measurement setup that was used

to measure the scattering parameters in the frequency domain.
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Figure 19: The block diagram of the measurement setup used to measure Z(f).

The measurement setup makes uses of a VNA Agilent Field Fox N9912A instrument
and the PLC coupling circuit with €'y and 77 specified as follows:

e The ceramic capacitor C; is a SMD of 1.5 nF with insulation voltage of 1 kV,,,

working as a high-pass filter with low cut-off frequency of 2 MHz.

e The RF transformer 77 has characteristic of band-pass filter from 0.4 MHz to
500 MHz and insertion loss of 2 dB with the impedance matching of 50 €2 [151].

The cascade of high-pass filter, capacitor C, and RF transformer 77, in this order,

results in a band-pass filter.

Fig. 20 illustrates the equivalent circuit of the measurement setup, which considers
the presence of the PLC coupling circuit and the access impedance of the electric power
grid. In this circuit, Z.(f) is the impedance of capacitor C;, which is expressed by

1

Z(f) = GGy (3.1)

where w = 27 f, and f is the frequency in Hertz (Hz). Moreover, Z,(f) is the equivalent
impedance of the transformer 77 for high-frequency. From Fig. 20, it is possible to
evaluate the impedance at the port of the VNA instrument by using

DI + Za(f)
) = N ¥ 200+ Zulf)

(3.2)

A convenient way to obtain an measure of Zy(f) (i.e., Zy/(f)) is from the Sy (f)

(13}

scattering parameter [62,176], where means that the VNA equipment can only
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Figure 20: Equivalent circuit for measuring the access impedance of electric power grid.

provide an measure of the parameter. Based on the measure of the Sy;(f), the measure

of the impedance Z(f) is given by

> 145 ()
ZM(f)_Zsl—gu(f)’

where Z4(f) is the internal impedance of the VNA instrument, which has typical value

(3.3)

of 50 €2, and §11( f) is the measure of the reflection scattering parameter at the input
port of the VNA instrument. Note that Z v (f) is not the measure of access impedance
of the electric power grid, see (3.2). A way to obtain Epl( f) is by calibrating the VNA
instrument together with the PLC coupling circuit and connection cables to reduce
the coupling error between the VNA instrument and the electric power grid. After the
calibration, the PLC coupling circuit is considered part of the VNA instrument and

this new VNA instrument presents an internal impedance, which is expressed by

Z(f)Zs(f)
Zi(f) + Zs(f)

In this sense, when we use the VNA instrument calibrated together with the PLC cou-

Z(f) = Z.(f) + (3.4)

pling circuit and connection cables, we can obtain an measure of the access impedance

of the electric power grid by using

1+ 5 (f)

Zn(f) =215 G

) (3.5)
where §’11 (f) is an measure of the reflection scattering parameter at the port of
PLC coupling circuit, see 2 — 2’ in Fig 20. This measurement strategy minimizes
the distortion (error) introduced by the PLC coupling circuit. Thus, the measure of

access impedance must be rewritten as

~ 1+ 5 (f)

W) = 200 T S, (3:6)
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where |e(f)| o« |Z,(f) = Z,(f)| denotes an approximation of the error introduced by
the adopted strategy to indirectly measure the access impedance under the presence of

PLC coupling circuit and connection cables.

It is important to highlight that each measure obtained with the VNA instrument
consists of §’11[k] = §’11(f)|f:;mf, where 0 < kK < K —1 and Af € R" is the
VNA frequency resolution. Thus, the /" discrete version of a measure of the access

impedance of the electric power grid at the point of connection can be measured by

using
Zop k] = (Ze (f) — €(f)] j=rarss (3.7)
= Ryo[k] + j Xp0.0[k] (3.8)
B 1+ 5'11.0[K]
= Z,[K] T Saldl (3.9)

where Z\pu is the /" measure of the access impedance given by (3.6) and S 11,¢[k] is the

(" measure of the scattering parameter for the k™ tone.
3.2 THE ACCESS IMPEDANCE MODELING PROCEDURE

It is well known that there is a lack of statistical models for the access impedance
in electric power grid. To deal with this problem, this section outlines a simple and
straightforward procedure to obtain a statistical model of the access impedance in the
frequency domain, when a data set of measured access impedances is available. The
proposed procedure applies when A(f) = {Ru,(f), Xu(f)}, Vf € R, is a random process
in which the values of A(f1) and A(fs), for fi # fo, Vf1, fo € R, are modeled with the
same statistical distribution. Also, we assume that the values of the parameters of the

chosen statistical distribution can be different for A(f;) and A(f2).

Now, let us assume that Sy = {a1(f), ---, aa(f)}, is a set of parameters associ-
ated with the chosen statistical distribution in which M is the number of parameters
and «o;(f) € R is the waveform that models the parameter of chosen statistical distri-

bution in the frequency domain. We can discretize «;(f) as follows:
(67 [k’] = Q4 (f) |f:kAf* ,kZO,l,...,K—l, (310)
where A f* = min Af/, in which

Afr = max {Af;}, (3.11)

C T |Ray (Af)|>B|Ra, (0)]
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with

o0

R, (Af) = / as (Fas (f + AF) df (3.12)

and 0 < 8 < 1|p € R. Note that Af* is the minimum frequency bandwidth that
guarantee the flatness of «;(f) with reliability level of 5. Therefore, A(f) for kA f* <
f < (k4+1)Af* can be modeled using the chosen distribution with a set of parameters

Sk = {aulk], -+, ank]}.

Such discretization assist us to perform numerical simulation and to obtain a concise
model for a;(f). Moreover, it is a very useful and effective approach to deal with
discrete values of scattering parameters or access impedances, which is the type of
information provided by a VNA instrument. In other words, this kind of discretization

perfectly fits the scope of our work.

In this context, our aims is to model the access impedance of in-home, broadband
and LV electric power grid based on L measures of Z\phg[k}], where 1 < ¢ < L and
0 <k < K —1. We assume that Z\pl k] = ﬁpl[k] + j)?pl [k], where ﬁpl [k] and )?pl[k] are
random variables (r.v.s) for resistance and reactance components at the k™ tone and
ﬁphg[kf] and Xpl7g[k5] are, respectively, the ¢* sample of these random variables. The

proposed modeling procedure is organized into six steps, which are as follows:

e Step 1: Individually analyze the cumulative distribution function (CDF) of

ﬁpl [k] and )A(pl [k] r.v.s and remove the outliers.

e Step 2: Model the random variables }A%pl [k] and )?pl[k], without outliers, using the
statistical distribution that best model the most tones (one distribution for the
resistance and another for the reactance). In order to select the best statistical
distribution among the available ones, we suggest the use of the following evalua-
tion criteria [180,181]: Akaike Information Criterion (AIC), Bayesian Information
Criterion (BIC), Efficient Determination Criterion (EDC), and Log-Likelihood
function. In other words, this step will yield @;[k], where a;[k] is the i’* parameter

of the chosen statistical distribution at the k™ tone.

e Step 3: Fit a;(kKAf*) by using a polynomial approximation in order to obtain
a;(f). The use of polynomial approximation aims to provide a very simple
representation of @;(f). Due to the limitation of polynomial approximation
to model &;(f) in the whole frequency band, we suggest to divide the whole

frequency band into several sub-bands and apply one polynomial approximation
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for each frequency sub-band. If the number of sub-bands increases, then the
polynomial approximation can offer better results. We point out that there is
a compromise between performance and complexity by using this strategy. For
instance, if the number of sub-bands is large, then we will need to use many
polynomials. Note that, this step provides a first and rough model for the access
impedance (Z,.1(f)) because it allows us to obtain &;(f) from a;[k] = a;(kAf*)

by using the polynomial approximation as an interpolation technique.

e Step 4: It is important to highlight that Z,1[k] = Z,1(kAf*) is uncorrelated.
In order to insert correlation to it, filter Z, (k] by using a low-pass filter. As
a result, the model for access impedance with correlation is given by Z, o[k] =
Zyalk] * w[k], where % denotes the convolution operator and w(k] is a low-pass
filter, which is carefully chosen to minimize the mean square error between the

magnitude of the autocorrelations of Z,»[k] and Epl[k].

e Step 5: The model Z, k] does not perfectly fit the data set because there
is some differences between Epl[k] = E{Epl[k]} = %Lil me[k:] and Z,0[k] =
E{Z,2]k]}, where E{-} is the expectation operator. Inzggder to reduce these dif-
ferences, we introduces a more refined model given by Z}'[k] = ZP* Z, 5[k] + Z&,
where Z%" and Z°" are the optimal multiply and additive factors. In order to
find these factors, we minimize the mean square error between Epl (k] and Z ) 2[k].

Therefore, these factors are given by

{Z3', Z'} =

argmin 1Zlk] = (ZuZolk] + Z2)2 b . (3.13)

Zm, Za

e Step 6: Finally, a continuous model for access impedance can be obtained by
using an interpolation method on Z}[k]. Therefore, Z7}(f) = f(Z]}[k]), where
f(+) denotes an interpolation function that individually applied to the resistive

and reactive components of Z77[k].
3.3 MEASUREMENT CAMPAIGN AND STATISTICAL ANALYSIS

In this Section, we perform a statistical analysis of the data set of measured access
impedances, which was obtained with the measurement campaign, and discuss the

obtained model by adopting the procedure suggested in Section 3.2.
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Table 2: P(A<x) for resistance and reactance components A€{resistance, reactance}.
P(A(f) < x) 0.1 0.5 0.9 | E{A(f)}
Resistance (2) | 11.64 | 38.75 | 127 58.98
Reactance (2) | -48.42 | 45.67 | 118.8 | 53.69

The measurement campaign was carried in three cities of Minas Gerais State, which
are Juiz de Fora, Cataguases and Carandai. This measurement campaign includes 32
residences, two commercial stores, a telecommunications company facility and a farmer
residence. All outlets were measured in each site. The measurements were performed
in L = 1.154 single-phase outlets of these places. Each place has an area between
50 and 400 m2 The access impedance of each outlet was measured by using the
measurement setup discussed in Section 3.1 with the VNA instrument configured to
operate in a frequency band of 2-500 MHz. It is important to emphasize that the
use of VNA instrument does not allow us to obtain Af* as suggested in Section 3.2.
Actually, the VNA instrument allow us to measure up to K = 1001 tones in the chosen
frequency band. Due to this limitation of the VNA equipment, we use K=1001 and,
as a consequence, Af = 498 kHz.

Fig. 21 shows the CDF of the values of resistance and reactance of in-home electric
power grid by considering the frequency band 2-500 MHz. Note that P(A(f) < z)
indicates the probability of A(f) to be less than x, where A(f) = {Ru(f), Xu(f)}. In
this figure, we note that resistance and reactance components show values between 0
and 1000 €2 and between -1000 €2 and 1000 €2, respectively. We assume that the values
outside of this interval have a low probability of occurrence and were considered outliers.
Moreover, this plot shows that the access impedance has inductive behavior in most of
the cases. Table 2 lists some points of these curves (i.e., z for P(A(f) < x) = 0.1, 0.5,
0.9) and the mean value. Note that, 50% of the values of the resistive and reactance
components are below 38.75 €2 and 45.67 €2, respectively. Also, Table 2 shows that
90% of the values of resistive components are below 127 € and above 11.64 €. For
the reactance component, we note that 90% of the values are below 118.8 €2 and above

-48.42 ).

In order to model the resistance r.v.s in each tone, we consider statistical distribu-
tions widely used in the literature, such as Lognormal, Exponential, Gamma, Inverse
Gaussian, Logistic, Log-logistic, Nakagami, Normal, Weibull and t-location scale. On
the other hand, to model the reactance, we consider just the Logistic, Normal and
t-location scale distributions, since the others distributions do not support negative

values. In order, to select the best distribution model, we use the evaluation criteria
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Figure 21: CDF of the resistance and reactance in the frequency band of 2-500 MHz.

Log-Likelihood, AIC, BIC and EDC to find the best distribution that could model the

resistance and reactance r.v.s in the frequency domain.

Fig. 22(a) shows the percentage of frequencies that each distribution is the best
one to model the resistance based on the evaluation criteria. Note that in 70% of the
data set the resistance is better modeled by the Log-logistic distribution than with
others distributions, which results in @;(f) with ¢ = 1 and 2, where a;(f) = u(f)
(log mean parameter) and as(f) = o(f) (log scale parameter). Fig. 22(b) shows the
resistance model for the tone equal to 50.3 MHz (i.e., f = 103Af). Note that the
Log-logistic offers a good approximation in terms of shape and amplitude of the data
histogram. At this frequency, the Log-logistic parameters are fi(103A f) = 3.803 and
a(103Af) = 0.623.

Fig. 23(a) shows that in 100% of the data set the reactance is best modeled by
the t-location scale distribution. Note that such statistical distribution has three
parameters a;(f) = u(f) (location parameter), as(f) = o(f) (scale parameter) and
as(f) = v(f) (shape parameter). Moreover, Fig. 23(b) exemplifies this choice for
the tone equal to 50.3 MHz. As we can see, the t-location scale distribution offers a
good approximation in terms of shape and amplitude of the data set histogram. For
k=103 (kAf = 50.3 MHz), the t-location scale parameters are i(103Af) = 45.933,
d(103Af) = 47.263 and P(103Af) = 2.406. We can note in Fig. 23(b) that the
reactance at the aforementioned tone is more inductive than capacitive, which is
something that occurs in other tones. In fact, this behavior is observed in all frequencies

2 < |f| < 500 MHz.

Fitting a;(kAf) using a polynomial approximation, we obtain &;(f). To do so, we
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Figure 22: (a) Relative frequency that each statistical distribution is the best one to
model the resistance and (b) Example of resistance modeling for k = 103 (kA f*=
50.3 MHz) using Log-logistic distribution.

divide the whole frequency band (2-500 MHz) into five sub-bands with bandwidth of
approximately 100 MHz (e.g., 2-100 MHz, 100-200 MHz, 200-300 Mz, 300-400 MHz
and 400-500 MHz) and fit @;(kAf) in each sub-band using a fifth order polynomial. As
a result, we obtain &;(f)= pio + pirf + piaf2 + pisf> + pisf* + pisf> for each sub-band,
where 7 = 1, 2 for resistance and ¢ = 1, 2, 3 for reactance. Table 3 lists all polynomial
coefficients (without the index i for sake of simplicity) for modeling the parameters
of the resistance component (fi(f) and o(f)). Also, Figs. 24(a) and 24(b), show the
obtained curves for i( f) and o(f) by using the polynomials. As a result, by using these

polynomials and the Log-logistic distribution, the first rough model of the resistance
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Figure 23: (a) Relative frequency that each statistical distribution is the best one to
model the reactance (b) Example of reactance modeling for k = 10® (kA f*= 50.3 MHz)
using the t-location scale distribution.

component, which is named R, 1(f), is yielded.

Table 4 lists the polynomial coefficients for model the reactance by using the -
location scale distribution, without the index i for sake of simplicity. Figs. 25(a),
25(b) and 25(c) show the curves that describes the parameters 7i(f), o(f) and v(f) of
the t-location scale distribution when 2 < |f| < 500 MHz. Therefore, using these

polynomials and the t-location scale distribution, the first model of the reactance

X

p

given by Zpl,l(f) = Rpl,l(.f) + jXpl,l(f)'

11(f) is obtained. As a result, the first rough model of the access impedance is
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Figure 24: Parameters of a Log-logistic distribution used to model the resistance: (a)
log mean and (b) log scale parameters.

Fig. 26 shows the magnitude of the access impedance autocorrelation for Zpl[k‘],
Zyalk] and Z,, o[k], where the last one is obtained as described in the forth step of the

procedure presented in Section 3.2 by using a low-pass digital filter expressed by

N—

wlk] = e =715 (3.14)

[un

in which this digital filter is an exponential window that is used to mimic the auto-
correlation among samples of Z,1[k], k=0, 1,---, N, 7 = 8.69N/2D, N = 21, and
D =T79. Note that this filter inserts correlation on Z, 1 [k] and the correlation curves of
the filtered model (Z, 2[k]) and the data set (Z,;1[k]) are similar for sample shift from
0 up to 20 samples. It indicates that this access impedance model is valid in terms of

autocorrelation for sample shift up to 20 samples.

By following the procedure described in the fifth step of the procedure outlined
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Figure 25: Parameters of a Log-logistic distribution used to model the reactance: (a)
location, (b) scale and (c) shape parameters.

in Section 3.2 we found Z%* = 0.19 and Z%" = —12 — j6. In this sense, Fig. 27

shows the mean value of resistance and reactance components of Zpl k|, Zy1]k], and
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Figure 26: Magnitude of the access impedance autocorrelation for the data set (an[k]),
the model before filtering (Z,,1[k]) and after filtering (Z,2[k]).

Z7t1k]. Note that ZJt[k] does not have offset in relation to Z\pl [k]. Therefore, Z77 K]
can be interpolated to obtain ZJ}(f) and used to model the access impedance of in-
home, broadband and LV electric power grid in the frequency band from 2 MHz up to
500 MHz.
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Figure 27: Mean value of resistance (a) and reactance (b) in different steps of the
proposed procedure described in Section 3.2.

3.4 SUMMARY

This Chapter have discussed measurement, characterization and modeling the sta-
tistical analysis of the access impedance in-home of electric power grid. The statistical
analysis was motivated by the fact that access impedance is time and frequency varying
and affect the impedance matching between the PLC transceiver and electric power
grid. In Chapter 5, we will exploit the discussed information to introduce adaptive

PLC coupling circuit.



Frequency Band (MHz) | Parameter Do D1 D2 P3 2! Ds
2 < |f] < 100 w(f) -3.15%x10710 [ -3.09x 1077 | 7.22x107° | -5.06x1073 | 1.28x10~1 | 3.12x10°
- a(f) -3.07x107% | 8.41x1077 | -8.22x107° | 3.44x1073 | -5.85x1072 | 9.20x107!
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Frequency Band (MHz) | Parameter Do D1 D2 D3 P4 Ds
a(f) -1.07x1078 | 2.85x107% [ -2.72x1072 | 1.11x10° | -1.71x10' | 8.6x10!
2 < |f] <100 a(f) -1.49%1077 | 1.94x107° | 5.49x10~* [ -1.51x107 " | 5.45%x10° | 1.77x10*
v(f) 1.91x107% | -5.21x107% | 5.05x10~% | -2.05x1072 | 3.24x107! | 8.82x 107!
a(f) 1.02x107* | 1.02x107* | -3.39x107% | 5.51x10° | -4.38x10% | 1.37x10*
100 < |f] < 200 a(f) -2.49x1077 [ 1.94x107% [ -5.98x1072 | 9.06x10° | -6.75x10% | 1.98x10*
v(f) -1.63x1078 [ 1.25x107° [ -3.76x1073 | 5.59x10~1 | -4.10x10" | 1.19%x103
u(f) 1.98x107" | -2.48x107* | 1.24x10™" | -3.06x10" | 3.77x10% | -1.85%x10°
200 < |f] < 300 a(f) 2.04x1077 [ -2.47x1077 | 1.19x107 " | -2.85x10" | 3.40x10% | -1.61x10°
v(f) 1.47x107% [ -1.81x107° [ 8.85x107% | -2.16x10° | 2.62x10% |-1.27x107
u(f) 3.72x1077 [ -6.66x107* | 4.76x1071 | 1.69%x10% | 3.01x10* | -2.13x10°
300 < |f| < 400 a(f) 1.61x1077 [ -2.73x1077 | 1.85x10~ T | -6.23x10" | 1.05x10% | -7.02x10°
v(f) -1.90x107F [ 3.43x107° [ -2.47x1072 [ 8.86x10° [ -1.58x10% | 1.13x10°
n(f) 8.46x1078 | -2.01x107* | 1.90x1071 | -8.93x10' | 2.10x10* | -1.97x10°
400 < | f| < 500 a(f) 2.64x1077 [ -5.97x10~* | 5.38x107" | -2.42x10% | 5.45x10" | -4.90x10°
v(f) 3.95x107% ] -9.02x107% | 8.24x107% | -3.76x10° | 8.55%x10? | -7.77x10"
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4 DESIGN AND CHARACTERIZATION OF NON-ADAPTIVE
CAPACITIVE COUPLER

According to Chapter 2, a PLC coupling circuit is a very important component of
a PLC transceiver due to several reasons, such as prevention of to damages caused by
mains signal and disturbances originated from the electric power grid and maximization
of power transfer between the PLC transceiver and the electric power grid, among
others. In spite of its importance, the majority of the contributions address superficially
the design of PLC coupling circuits [44,140]. Maybe, the problem is the fact that PLC
coupling circuits can be very different in accord with the classification introduced in
Chapter 2. Paying attention to the low-voltage and in-home electric power grid, it is
clear that the PLC coupling circuit without impedance matching adaptation has not
been recognized as a relevant research problem by PLC community [96, 141] because
the use of passive components can be easily and effectively used to design low-cost and
simple PLC coupling circuits [48], which are demanded by the market. As a result, it
is quite difficult to find in the literature designs of PLC coupling circuits to carry out
researches in the PLC field by correctly and efficiently taking into account PLC signal

injection and extraction into/from the electric power grid.

In order to overcome this problem, this chapter focuses on the design of capacitive,
SISO and LV PLC coupling circuits for both broadband and narrowband applications.
Broadband PLC deals with frequencies above 1.7 MHz, while narrowband PLC deals
with frequencies bellow 500 kHz. In this Chapter, the following narrowband and broad-
band frequency bands are covered: 9 kHz-500 kHz, 1.7-50 MHz , 1.7-100 MHz and 1.7-
500 MHz. Moreover, it discusses the prototypes of the designed PLC coupling circuits
to work with the aforementioned frequency bands, which ones can be easily reproduced
and used to interface with any PLC transceiver, data acquisition and waveform signal

generation equipment suitable for LV electric power grid [2,106, 142-144].

This Chapter is organized as follows: Section 3.1 focuses on the specification and
design of PLC coupling circuits, while Section 3.2 addresses the prototypes of PLC

coupling circuits and the results obtained by measuring their scattering parameters.
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The Chapter ends with a Summary Section.

4.1 SPECIFICATION AND DESIGN

Almost all the characteristics that are to be sought in the design of a capacitive,
SISO, and LV PLC coupling circuit has been discussed in Section 2. Essentially,
narrowband (Fig. 28) and broadband (Fig. 29) PLC coupling circuits consist of four
basic blocks, which are electrical protection, analog high-pass filter (Czrock capacitor),
galvanic isolation (RF transformer with 1:1 windings ratio), and analog low-pass fil-
ter (5 order analog elliptic filter). The analog elliptic filter has a short transition
frequency band, which makes it ideally suitable for dealing with analog-to-digital
converters that operate close to the Nyquist sampling frequency or close to the critical
sampling frequency. Furthermore, the ripple effect in the band-pass is distributed across
both the band-pass and stop-band elliptic filters, making it an excellent candidate for
being used in a PLC coupling circuits. Note that the ripple in the band-pass is not
a relevant issue because it is small and a PLC transceiver applies equalization when
the coherent digital modulation scheme. The capacitor presents a very high impedance
to the 50/60 Hz mains signal and allows high-frequency signals to pass through it by
offering very low impedance to high-frequency components. While the purpose of the
transformer is to provide electrical isolation, the combination of the analog high-pass
filter (Cprock) and the analog low-pass filter compose a band-pass filter that eliminates

high power mains signal and high-frequency signals, which are out of band of interest.
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Figure 28: The block diagram of the narrowband, capacitive, SISO and LV PLC
coupling circuit.

Narrowband PLC couplers are defined herein as those that allow the injection
and the extraction of signals in the frequency range |f| < 500 kHz, following the
IEEE 1901.2 Standard [145]. This standard contemplates narrowband data commu-
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Figure 29: The block diagram of the broadband, capacitive, SISO and LV PLC coupling
circuit.

nication (i.e., between 9kHz and 500 kHz) through electric power grids, supporting
communications over LV (the line between transformer and meter, less than 1 kV),
MV (1 kV up to 72 kV) and through LV/MV transformer. Data rates can be scalable
up to 500 kbps, depending on the application requirements. This standard applies
to data communication among equipment in the electric power grids (i.e., meter,
transformers) and substations, electric vehicle and charging station, and home area
networking communications scenarios. Lighting and solar panel are also potential uses
of this standard. This standard defines detailed mechanisms for coexistence between
different standards, ensuring that the desired data rates may be delivered and the

coexistence may be correctly exploited.

Broadband PLC couplers are defined as those that allow the injection and extrac-
tion signals in the frequency range between fmin = 1.7 MHz and fmax = 500 MHz [139].
They allow PLC transceivers inject signals into the electric power grids by considering
a large frequency bandwidth, consequently, data communication at high data-rates .are
accomplished. Frequency bandwidths for broadband PLC coupler devices are 1.7-30
MHz in Europe, 1.7-50 MHz in Brazil, and 1.7-86 MHz in the USA. According to the
Brazilian Telecommunication Regulatory Agency (ANATEL), the allowed frequency
band for broadband PLC systems is between 1.705 and 50 MHz, see Resolution 527 of
8 April of Agéncia Nacional de Telecomunica¢oes (ANATEL) [146].

When designing a prototype of a PLC coupling circuit, inductors, capacitors,
protection components, connectors and PCB need to be carefully chosen for attaining
performance that agrees with the target specification. In fact, the mains signal and
the PLC signal work with a distinct voltage, currents, and frequencies and the design
of a PLC coupling circuit that properly succeeds in dealing with these differences is of

great interest.
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In this context, to connect the PLC coupling circuit to the electric power grid, the
chosen connector was the KRE connector. The KRE connector works with voltages
levels as high as 250 V,,,s and a maximum current of 15 A. The maximum wire size
it handles is 12 AWG and makes use of plated-through holes (PTH). Dimensions in
(mm) and the photo of the KRE connector is shown in Fig. 30.
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Figure 30: (a) Photo of the chosen KRE connector. (b) dimensions in (mm) of the
chosen KRE connector.

Moreover, we have adopted (SubMiniature version A) SMA connectors, which are
semi-precision coaxial RF connectors, which is applied to inject/extract signal to the
PLC transceiver. In fact, SMA type of connector has aimed the use from DC to 18 GHz
with an impedance equal to 50 €2. A standard-polarity SMA female connector has a
center sleeve surrounded by a barrel with outside threads. The pad dimensions in (mm)

and the photo of the SMA connector is shown in Fig. 31.
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Figure 31: (a) Photo of the chosen SMA connector. (b) dimensions in (mm) of the
chosen SMA connector.

Electrical protection is an essential part of a PLC coupling circuit. The effects
of the surges, lightning, inductive switching, a fault in electrical installation and over-
voltages can damage PLC transceivers if protection countermeasures are not considered.

Protection diverts the surge currents to the ground and reduces the amplitude of the
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transient over voltages to a safe level, thus protector the PLC transceivers from damage.
However, as discussed in Sub-section 2.1.6, the protection components must be chosen
so that they introduce as small as possible distortions into the transmitted /received
signals by PLC transceivers [86]. In order to protect the PLC transceiver from surges,
the SPD component is chosen and installed at the entrance of the PLC coupling circuit,
between phase and neutral line after the KRE connector, see Figs. 28 and 29. Also,
in narrowband PLC coupling circuit, Zener diodes must be installed to protect PLC

transceiver against surges that were not heavily attenuated by the SPD component.

The SPD components chosen for the narrowband PLC coupling circuit prototype
is the MOV with de clamped voltage of 250 V,,,s and the Zener diode with voltage
protection of 5.6 V.. For broadband PLC coupling circuit the chosen SPD is the GDT
with the spark over-voltage of 420 Vs [147]. Fig. 32 shows the photos of the SPD

components used in the design of such PLC coupling circuits.

(2) (b) (©

Figure 32: Photos of the chosen SPD components: (a) MOV, (b) GDT and (c) Zener
diode.

The effectiveness of Czrock capacitor for coupling PLC transceivers to the electric
power grid are very important. In fact, the Cgrock capacitor is a most critical
component of a PLC coupling circuit because it has two primary functions: to block the
low-frequency mains signal (commonly 50 Hz or 60 Hz) and to offer low impedance to
the PLC signal. For designing C'srock capacitors for both narrowband and broadband
we must pay attention to the SRF of the used capacitor to avoid significative distortion
on the transmitted signal. In other words, one must ensure that the SRF is higher than
the chosen maximum frequency of operation. A SMD ceramic capacitor component
with size 1008 was adopted for both narrowband and broadband designs because its
SRF is equal to 1 GHz. Also, this capacitor offers an isolation voltage of 1 kV [148].
Finally, but not the least, the values of the capacitor used in both narrowband and

broadband PLC coupling circuits were specified in accord with the minimum frequency
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of operation (9 kHz and 1.7 MHz) of the target PLC coupling circuits.

It is well established that RF transformers are often used to provide galvanic
isolation between primary and secondary windings and impedance matching between
the electric power grid and PLC transceiver [149], see Sub-section 2.1.3. In fact, the
RF transformer must provide flat insertion loss and low return loss in the band of
frequency of interest for both narrowband and broadband PLC coupling circuits. The
RF transformer used in the proposed PLC coupling circuits have the transformation
ratio equal to 1:1. In other words, the RF transformer does not change the impedance
matching between PLC transceiver and the electric power grid. Therefore, the input
impedance seen by the electric power grid is the input impedance of the designed analog
low-pass filter which is located after the RF transformer. Note that the analog low-pass
filter was designed to offer impedance equal to 50 2. Fig. 33 shows the photos of RF
transformers used in the PLC coupling circuits. Actually, Fig. 33(a) shows the RF
SMD transformer for the designed PLC coupling circuit covering the frequency band of
9-500 kHz, 1.7-50 MHz and 1.7-100 MHz, while Fig. 33(b) shows the RF transformer
used to design PLC coupling circuit for the frequency bandwidth between 1.7 and
500 MHz. The RF transformers in Fig. 33(a) has flat insertion loss in the range of
frequency 0.005-100 MHz with 500 V;.,,s inter-winding isolation, maximum of 1/4 Watt
RF input power and 250 mA maximum current rating, see detail in [150]. On the
other hand, the RF transformer in Fig. 33(b) has the maximum current rating equal to
30 mA, maximum of 1/4 Watt RF input power and flat insertion loss in the frequency
band of 0.4-500 MHz, see [151].

@) (b)

Figure 33: Photos of chosen RF transformers: (a) frequency band of 0.005-100 MHz
(b) frequency band of 0.4-500 MHz.

Due to the short transition bandwidth requirement, the chosen analog low-pass

filter is elliptic. It is specified by requiring values for the band-pass ripple, stop-band
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ripple and the sharpness of the transition bandwidth and it is obtained with a smaller
number of inductors and capacitors compared to Butterworth and Chebyshev analog
filters [152]. The elliptic analog low-pass filter was designed using the ADS software
by imposing that input and output impedances are equal to 50 € [11].

Due to the high frequencies operation of broadband PLC coupling circuits, passive
SMD components were chosen to design the analog low-pass filters because they have
low resistance and inductance at the connection with the PCB and, as a consequence,
unwanted RF radiation is minimized, better performance in high-frequency operation
is obtained and small size prototypes are designed. Also, the choice of passive SMD
components for prototyping the analog low-pass elliptic filter is mainly based on the
SRF'. In this context, the analog low-pass elliptic filter was implemented using inductors
of high-quality factor efficiency and capacitors of high stability [153]. All inductors and
capacitors components have a size of 1008 and SRF equal to 1 GHz. Fig. 34 illustrates
typical SMD components used in the design of the analog low-pass elliptic filter.

(a) (b)

Figure 34: Photos of chosen SMD components with size of 1008: (a) inductor and (b)
capacitor

Regarding the PCB for high-frequency signals, there are many aspects to consider
such as skin effect, the impedance of tracks and ground planes. For a PCB with
a ground plane layer adjacent to the signal layer, we have a well-defined impedance
that is determined by the geometry of the track, the thickness of the board layer that
separates the track from the ground plane, the dielectric constant (e,) material of
PCB, and the frequency of the PLC signal. PCB transmission line consists of a single
conductor track on one side of a dielectric substrate and a single ground plane on the
other side. This allows the characteristic impedance of the line to be controlled by

defining the dimensions in a single plane. By taking into account the chosen frequency
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bands, we state that the track width w of a conductor in a PCB can be obtained with

7.48h

— 1.25T, (4.1)

where h is the dielectric thickness, T is the track thickness, ¢, is the dielectric constant
of the PCB and Zj is the characteristic impedance of the conductor. The narrowband
and broadband PLC coupling circuits were designed using a PCB two-layer fiberglass
with h=1.5 mm, 7=0.1 mm, £,=6.0 and the characteristic impedance equal to 50 €.
Thus, the track width that guarantees the characteristic impedance equal to 50 €2 is 2

min.

A ground plane is often designed to cover most of the area of PCB which is
not occupied by the track circuit. In a microstrip technique, there is a separate
ground layer covering the entire board. This serves to facilitate the design of a PCB,
allowing the designer to ground any component without having to run additional tracks
and to provide an image plane for RF return currents created in the top layer and
bottom layer. The ground plane also conducts the large return currents from many
components without significant voltage drops, ensuring that the ground connection
of all the components is at the same reference potential. In the PCB design, the
length of tracks must be designed as short as possible, in an effort to reduce the
additional inductance, power losses, low attenuation, and signal reflections to keep the
characteristic impedance of them in 50 €2 and the small dimensions of a PCB. In this
work, the tracks of PCB were designed with the bend of 45° to ensure less inductance
in the connections among components and to minimize impedance mismatching [154].
The design of PCB was carried out by using the Altium software [155]. All prototypes

of PCB were designed using the fiberglass material as a substrate.

In order to measure the insertion loss and return loss of the narrowband and
broadband capacitive, SISO and LV PLC coupling circuit, the VNA instrument is
used to measure the scattering parameters with the reference impedance of 50 €2. The

chosen VNA instrument is the Agilent E5061B [156].
4.2 PROTOTYPES OF PLC COUPLERS
This section describes, the prototypes of capacitive, SISO and LV PLC coupling

circuits. As it was discussed in the introduction of this Chapter, these prototypes work

in the following frequency bands:
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narrowband: 9 kHz-500 kHz.

broadband: 1.7 MHz-50 MHz.

broadband: 1.7 MHz-100 MHz.

broadband: 1.7 MHz-500 MHz.

This Sub-section is organized as follows: Sub-section 4.2.1 focuses on the prototype
of narrowband PLC coupling circuit and the Sub-sections 4.2.2, 4.2.3 and 4.2.4 discusses
the prototype of broadband PLC coupling circuits in the frequency bands of 1.7-
50 MHz, 1.7-100 MHz and 1.7-500 MHz, respectively.

4.2.1 NARROWBAND PLC COUPLER 9 KHZ TO 500 KHZ

The schematic of the narrowband, capacitive, SISO and LV coupling circuit (9-
500 kHz) designed with the ADS software is shown in Fig. 35. It covers four essential
parts: protection, analog high-pass filter, galvanic isolation and analog low-pass filter.
According to this figure, the first stage of protection is constituted by MOV device
(Vgr1) which is placed before the Cgrock capacitor and is directly connected to the
electric power grid. The second stage of electric protection is composed of Zener diodes
(Zy and Z,) placed after the analog low-pass filter. Note that, J; denotes the KRE
connector used to connect the PLC coupling circuit to the outlet of the electric power
grid, with a power cable, while J5 is a typical RF SMA connector, which is used to
connect a PLC transceiver or equipment to the PLC coupling circuit. The capacitor
Cs is the blocking capacitor (Cprock) that works as an analog high-pass filter, which
is connected in series with the RF transformer 7;. The RF transformer (7)) used is
the WB1010-PCL component, see [150]. The capacitors C; to C5 and inductors L; and
L4 constitutes the analog low-pass filter. Tab. 5 presents the adopted specifications to
design the narrowband and analog low-pass elliptic filter, while Tab. 6 lists the values

of components obtained by using ADS software.
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Figure 35: Schematic of the narrowband, capacitive, SISO and LV PLC coupling circuit.
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Table 5: Specifications of the narrowband analog low-pass filter.
Description Value
Input impedance Z;, 50
Output impedance Z,,; | 50
Type of filter Elliptic
Passband ripple 0.5 dB
Stopband attenuation 40 dB
Cut-off frequency (f.) | 500 kHz
Maximum insertion loss | -15 dB

Table 6: Details of components used in the prototype of the PLC coupling circuit.

Component Value Maximum | Maximum Frequency
Voltage (V) | current (mA) | band (MHz)
V1 250 Vrms
Zener diode 5.6 V. 7.2 35
Ty WB1010-PCL 500 V.. 0.005-100
CBLOQ 330 nF 1k Vrms 0-900
Ch 10 nF 50 Vrms 0-900
Cs 6,8 nF 50 Vrms 0-900
Cs 2,2 nF 50 Vrms 0-900
Cy 15 nF 90 Vrms 0-900
Cs 10 nF 90 Vrms 0-900
Ly 10 uH 150 0-20
Lo 15 uH 120 0-15

The top and bottom of the PCB of the narrowband, capacitive, SISO and LV
PLC coupling circuit (9 kHz to 500 kHz), which was designed in Altium Software, are
shown in Fig. 36. Note that this PCB was designed following the microstrip technique
discussed in Section 4.1. The two-layer fiberglass PCB was made up of solder mask
which is a thin lacquer-like layer of polymer that is usually applied to the copper tracks
of PCB for protection against oxidation and to prevent solder bridges from forming
between closely spaced solder pads. The pad of RF transformer 77 was designed to
solder both SMD or PTH and the capacitors C to Cg and inductors L; and L, was
designed for pad size 1008. The bottom and top layers of the designed PCB are shown
in Fig. 36(a) and Fig. 36(b) respectively, while the prototype of this narrowband PLC

coupling circuit is shown in Fig.37.

Fig. 38 shows the insertion loss (S21(f) scattering parameter) magnitudes and
return loss (S11(f) and Sa(f) scattering parameters) of the prototyped PLC cou-
pling circuit. The insertion loss (S2;(f) scattering parameter) was omitted, because
S91(f)=S91(f). This equality appears due to the fact that the access impedance of the
VNA equipment is equal to 50 €2. Note that, the insertion loss will be equal to the sum
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Figure 36: The PCB of the narrowband PLC coupling circuit.

(a) Top layer plane (b) Bottom layer plane

Figure 37: The prototype of the narrowband capacitive, SISO and LV PLC coupling
circuit.

of three loss factors. One is the loss due to the impedance mismatching at the PLC
coupling circuit input, the second is due to the impedance mismatching at the PLC
coupling circuit output and the third is due to the dissipative loss associated with each

reactive characteristic of the components used in the PLC coupling circuit.

Regarding Fig. 38, we note that the magnitude of the insertion loss, Sy (f), varies
between 0 and -5 dB in the frequency band of 9-500 kHz. The measured cut-off
frequency, the point at which the insertion loss So1(f) drops with a slope of -6 dB, is
528 kHz. The magnitude of return loss, S1(f), exhibits several ripples in the reflection
coefficients between -6 dB in the frequency of 200 kHz and -10.5 dB in the frequency of
12 kHz. Moreover, for the magnitude of return loss, Sao(f), the reflection coefficients
fluctuates between -6 dB in the frequency of 200 kHz and -22 dB in the frequency of
390 kHz. In the stop-band, 40 dB of attenuation was measured which satisfies the
design specifications listed in Tab. 6. Regarding the rejection of the mains signal, an

attenuation of 50 dB is attained using the C'grock capacitor.

4.2.2 BROADBAND PLC COUPLER 1.7 MHZ TO 50 MHZ

This Sub-section aims to give a comprehensive analysis of broadband, capacitive,
SISO and LV PLC coupling circuit (1.7 MHz to 50 MHz). The schematic of the
PLC coupling circuit designed in the ADS software is shown in Fig. 39. According
to this figure, the first stage of protection is constituted by the GDT device (Vg),
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Figure 38: Insertion loss and return loss of the PLC coupling circuit prototype.

with suppression voltage of 420 V,.,,s, which is placed before the Czrock capacitor and
directly connected to the electric power grid [147]. However, for PLC coupling circuit
with the frequencies above 30 MHz the capacitance and impedance values of MOV,
transient voltage suppressor (TVS) and Zener diode severely impact on the insertion
loss S9;1(f) scattering parameter, and should be avoided by all means, as discussed in
Sub-section 2.1.6. The RF transformer 77, connectors J; and Js, capacitors C to Cs,
inductors Ly, Ly and Cgrock are the same components discussed in Sub-section 4.2.1.
Tab. 7 lists the used specification to design the broadband analog and low-pass elliptic
filter. The values of components designed using ADS Software are listed in Tab. 8.
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Figure 39: Schematic of the electronic circuit of the broadband, capacitive, SISO and
LV PLC coupling circuit.

The top and bottom of the two-layer fiber glass PCB shown in Fig. 40 follows the
same design discussed in the Sub-section 4.2.1 using the microstrip technique designed
in Altium software. However, as the frequency increases the complexity of the design
of PCB increases (i.e., skin depth is frequency-dependent; at lower frequencies, the RF

current will use more of the cross-sectional area of a track than at higher frequencies).
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Table 7: Specifications of the broadband analog low-pass filter.
Description Value
Input impedance Z;, 50 €2
Output impedance Z,,; | 50 €2
Type of filter Elliptic
Passband ripple 0.5 dB
Stopband attenuation 40 dB
Cut-off frequency (f.) | 50 MHz
Maximum insertion loss | -15 dB

Table 8: Details of components used in the prototype of the PLC coupling circuit.

Component Value Maximum | Maximum Frequency
Voltage (V) | current (mA) | band (MHz)

Vi1 420 Vims
Ty WB1010-PCL 500 V. 0.005-100

CBLOQ 1.5 nF 1k Vrms 0-900
C& 10 pF‘ 50 quns 0-8000
C% 130 pP‘ 50 quns 0-2200
Ch 33 pP‘ 50 quns 0-3000
C% 82 pP‘ 50 VHTHS 0-2900
Ly 180 nH 620 0-750
Ly 150 nH 800 0-800

To prevent such effects, the design of the PCB was carried out to reduce power loss
and to keep the impedance of the transmission line of the PCB equal to 50 €2. The
prototype of the broadband PLC coupling circuit is shown in Fig.41.

20. 301 <(mmd
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Figure 40: The PCB of the broadband PLC coupling circuit.

Fig. 42 shows insertion loss, So1(f), and return loss, Si1(f) and Sao(f). The
magnitude of the insertion loss S (f) scattering parameters, exhibits a ripple varying
between 0 and -2 dB in the frequency band of 1.7-48 MHz and in the frequency band
of 48-50 MHz the cutback of insertion loss is -5 dB. Beyond the cut-off frequency of
50 MHz, we see a relatively sharp roll-off, slightly faster near the cut-off frequency,

where the insertion loss drops with a slope of -6 dB, measured at the frequency of



(a) Top layer plane (b) Bottom layer plane

Figure 41: The prototype of the broadband capacitive, SISO and LV PLC coupling
circuit.

50.25 MHz. The magnitude of return loss, Si1(f), fluctuates between -6 dB in the
frequency of 2.5 MHz and -25 dB in the frequency of 46 MHz. Moreover, for the
magnitude of Soo(f) return loss fluctuates between -6 dB in the frequency of 1.7 MHz
and -29 dB in the frequency of 32 MHz. We also observe that the magnitude of Si;(f)
and So5( f) scattering parameters approach to 0 dB in the stop-band, meaning that the
incoming signal is reflected back. In the stop-band, the designed minimum attenuation
of 40 dB is measured satisfying the design specifications for the stop-band. Regarding
the rejection of the mains signal, an attenuation of 50 dB is attained using the Czrock

capacitor.
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Figure 42: Insertion loss and return loss of the PLC coupling circuit prototype.

4.2.3 BROADBAND PLC COUPLER 1.7 MHZ TO 100 MHZ

The broadband, capacitive, SISO and LV PLC coupling circuit (1.7-100 MHz) was

designed following the same design discussed in Section 4.1. The design of schematic
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and PCB of the PLC coupling circuit, RF transformer, protection component, the com-
ponents of analog low-pass elliptic filter and Czroci capacitor are the same discussed
in the Sub-section 4.2.2. Tab. 9 lists the used specification of the analog broadband
low-pass elliptic filter and Tab. 10 lists the values of all components designed in the
analog low-pass fifth order elliptic filter and Cgrock capacitor designed using ADS

Software.

Table 9: Specifications of the broadband analog low-pass filter.
Description Value
Input impedance Z;, 50 ©
Output impedance Z,,; | 50 €2
Type of filter Elliptic
Passband ripple 0.5 dB
Stopband attenuation 40 dB
Cut-off frequency (f.) 100 MHz
Maximum insertion loss | -15 dB

Table 10: Details of components used in the prototype of the PLC coupling circuit.

Component Value Maximum | Maximum Frequency
Voltage (V) | current (mA) | band (MHz)

Vi1 420 Vrms
Ty WB1010-PCL 500 V. 0.005-100

CBLOQ 1.5 nF 1k Vrms 0-900
Cl 47 pF 50 Vrms 0-3800
Cs 62 pF 50 Vrms 0-3500
Cy 15 pF 50 Vrms 0-7000
Cs 47 pF 50 Vrms 0-3500
Ly 91 nH 1000 0-750
Ly 68 nH 1300 0-800

The top and bottom of the two-layer fiber glass PCB shown in Fig. 43 follows the
same design discussed in the Sub-section 4.2.2 using the microstrip technique designed

in Altium software. The prototype of the broadband PLC coupling circuit is shown in
Fig. 44.

Fig. 45 shows insertion loss magnitudes and return loss magnitudes. As can be
seen, the curve magnitude of the insertion loss varies between 0 and -2 dB in the
frequency band of 1.7-96 MHz and in the frequency band of 96-100 MHz the cutback
of insertion loss is equal to -5 dB. A slope of -6 dB was measured in the frequency of
101 MHz of the insertion loss magnitude. The return loss fluctuates between -6 dB in

the frequency of 2 MHz and -32 dB in the frequency of 62 MHz. Moreover, for the
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Figure 43: The PCB of the broadband PLC coupling circuit.

(a) Top layer plane (b) Bottom layer plane

Figure 44: The prototype of the broadband capacitive, SISO and LV PLC coupling
circuit.

magnitude of return loss fluctuates between -6 dB in the frequency of 1.7 MHz and
-18 dB in the frequency of 85 MHz. In the stop-band, the minimum attenuation of
40 dB is measured satisfying the design specifications in the stop-band. The rejection

of the mains signal attenuation of 50 dB is attained using the C'zrock capacitor.

-10
~

Magnitude (dB)
L4

1
a
o

-60

50 100 150 200
Frequency (MHz)

Figure 45: Insertion loss and return loss of the PLC coupling circuit prototype.
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4.2.4 BROADBAND PLC COUPLER 1.7 MHZ TO 500 MHZ

The focus of this Sub-section is to analyze the broadband, capacitive, SISO and LV
PLC coupling circuit (1.7-500 MHz) which was designed according to the Section 4.1.
The schematic of the coupling circuit, protection component, and the components of
the analog low-pass elliptic filter and Cgrock are the same discussed in the Sub-
section 4.2.2. The two-layer fiberglass PCB designed for the PLC coupling circuit of
1.7-500 MHz is shown in Fig. 46. As can be seen, the RF transformer T} has a different
pad of the RF transformer 77 used in the frequency band of 9-500 kHz, 1.7-50 MHz
and 1.7-100 MHz. The RF transformer used is a TC1-1TX+ component, see [151],
because it covers the frequency band of 0.4-500 MHz. Tab. 11 lists the specification of
the analog broadband low-pass elliptic filter. The values of components, Cgrockx (Cs)
and analog low-pass fifth order elliptic filter, listed in Tab. 12 was designed by ADS
Software. The prototype of the broadband PLC coupling circuit is shown in Fig.47.

Table 11: Specifications of the broadband analog low-pass filter.

Description Value
Input impedance Z;, 50 ©
Output impedance Z,,; | 50 €2
Type of filter Elliptic
Passband ripple 0.5 dB
Stopband attenuation 40 dB
Cut-off frequency (f.) | 500 MHz
Maximum insertion loss | 15 dB

Table 12: Details of components used in the prototype of the PLC coupling circuit.

Component Value Maximum | Maximum Frequency
Voltage (V) | current (mA) | band (MHz)
Vi 420 Vims
T TC1-1TX+ 500 V. 0.4-500
CBLOQ 1.5 nF 1k Vrms 0-900
4 6.2 pF 50 Vrms 0-10000
Cy 3.3 pF 50 Vrms 0-11000
Cs 8.2 pF 50 Vrms 0-850
Cy 1.2 pF 50 Vrms 0-11000
Ly 12 nH 1000 0-3300
L, 15 nH 1000 0-2500

Fig. 48 shows the magnitude of insertion loss and return loss.

magnitude of the insertion loss varies between 0 and -5 dB in the frequency band

Note that the
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Figure 46: The PCB of the broadband PLC coupling circuit.

(a) Top layer plane (b) Bottom layer plane

Figure 47: The prototype of the broadband capacitive, SISO and LV PLC coupling
circuit.

of 1.7-500 MHz. Moreover, we see that the effects of trace characteristic impedance,
skin effect and dielectric losses begin to dominate the overall amplitude attenuation of
signals at frequencies above 100 MHz. As may be seen, the insertion loss associated
with PLC coupling circuit up to 500 MHz is higher than its counter part related to
PLC coupling circuits designed up to 100 MHz. These discrepancies are attributed
to the non-ideal behavior of the microstrip as well as of the inductance of the tracks.
Fig. 48 depicts the cut-off frequency, the point of Sy (f), drops with a slope of -6 dB,
measured in the frequency of 520 MHz. The magnitude of return loss fluctuates between
-6 dB in the frequency range of 220-460 MHz and -25 dB in the frequency of 15 MHz.
Moreover, for the magnitude of return loss fluctuates between -7 dB in the frequency
band of 300-500 MHz and in the frequency of 55 MHz, -40 dB. In the stop-band, the
results obtained are compatible with the specification of Tab. 12, which is a minimum
attenuation of 40 dB. Regarding the rejection of the mains signal, an attenuation of

50 dB is attained using the Cgrock capacitor.

4.3 SUMMARY

In this Chapter, we have designed and characterized a narrowband and broadband,

capacitive, SISO and LV PLC coupling circuit. The design of appropriate PLC coupling
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Figure 48: Insertion loss and return loss of the PLC coupling circuit prototype.

circuits is detailed and the scattering parameters of the developed PLC coupling circuits
was measured and analyzed. From the outcomes of this investigation, it is possible to
conclude that the PLC coupling circuits added to the microstrip technique applied to
design the PLC coupling circuit with frequencies of up to 500 MHz, can offer with

satisfactory results.

On the basis of the promising findings presented in this Chapter after a deep
analysis of the prototypes PLC coupling circuits for the frequency bands of 9-500 kHz,
1.7-50 MHz, 1.7-100 MHz and 1.7-500 MHz. This Chapter presents a discussion of
some of the key issues facing a design of PL.C coupling circuits and the results obtained
indicate that the PLC coupling circuits have a flat frequency response within the band-

pass and attenuation greater than 40 dB and 50 dB in rejection band.

In the next section, the impedance characterization of the electric power grid line

will be investigated, which is closely linked to the themes discussed in this Chapter.
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5 ADAPTIVE PLC COUPLING CIRCUIT

In a typical data communication system, transmitter output and the receiver
input impedances are designed to a fixed value according to a given line impedance
value. Previous studies indicate that the access impedances of the electric power grid
are continuously changing and depending on time, frequency and location mainly to
dynamic of loads. It exhibits high-frequency selectivity, when we look at the frequency
bandwidth adopted by narrowband and broadband PLC systems and, as a consequence,
it is rather difficult to accomplish the impedance matching completely [182,183]. In
such scenario, impedance matching between PLC transceivers and electric power grid
play an important role in improving maintaining appropriate signal strength at the
point of connection with the electric power grid and, as a consequence, the reliability
and/or high data rate of a PLC system [68,184]. The dynamics of access impedance at
the point of connection to the electric power grid have always been recognized one of
the weaknesses of PLC systems. Aiming to improve the impedance matching between
the PLC transceiver and the electric power grid, this Chapter introduces an adaptive

PLC coupling circuit for impedance matching.

Current researches focus on methods to minimize the impedance mismatching
between the electric power grid and PLC transceivers [10,62,185]. Since the impedance
variation of the electric power grid mainly depends on the loads connected to it, we can
hardly be controlled this variation. For instance, the PLC coupling circuits presented
in Chapter 4, present an optimum performance only in the frequency which the electric
power grid impedance and the PLC coupling circuit designed impedance are equal, in
this case, 50 2. Variations on network topology combined with unknown cable and
load impedances, difficult the impedance matching using PLC coupling circuits with
fixed input/output impedance. Several publications have appeared in recent years
choosing the RF transformers turns winding ratio of 1:.J, adapting, the PL.C transceiver
impedance to be roughly equal to a chosen known electric power grid impedance [4,186].
In [187], the authors proposed a two different PLC coupling circuits, incorporating a

4:1 and 2:1 winding ratio for permanent connection between PLC transceiver and the
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electric power grid, to match the impedance between them. As reported by [144] the use
of different couplers for different electric power grid conditions can result in substantial

transmission gains.

The adaptive PLC coupling circuit proposed in [63,188] for impedance matching
has problems of size, cost, and performance. Other methods are proposed to adapt
the PLC transceivers using a microcontroller to control the gain of a power amplifier
monitoring the current injected into the electric power grid. The transmission power of
the injected signal is monitored by a circuit, controlled by Fuzzy Logic, based algorithm
and the impedance of the PLC coupling circuit is adapted dynamically by tuning the
inductor and RF transformer of the PLC coupling circuit [189]. Moreover, [67] discussed
a voltage controllable inductance circuit, which is composed of an operational amplifier,
applied to the introduced PLC coupling circuit which impedance matching is achieved
using the voltage controllable inductance circuit. In [190], the authors emphasized the
benefits of active inductors over tapped transformer and a digital variable capacitor
which can be controlled by a microcontroller. Transformerless impedance matching
circuit combined with capacitor banks and active inductor topologies were proposed

in [191].

One important performance aspect is the bandwidth of the broadband impedance
matching. The Smith chart gives a good match at a single frequency, but often a
broadband design is required. The Bode-Fano criterion [192] relates the quality of
the match to the bandwidth network. This criterion shows that a perfect match is
only possible if we assume very narrow frequency bandwidth or a single frequency. A
broadband impedance matching with cascaded L-Networks curves can be achieved by
cascading more sections of filters with additional intermediate impedances, creating
smaller impedance ratios, and correspondingly lower Q factor for each section of fil-
tering. However, it depends both on the load resistance and impedance of the electric
power grid that is time and frequency varying. Consequently, the PLC coupling circuit
needs an adaptation in the cascade L-Networks every time that the electric power grid
impedance changes to keep maximum power transfer [10]. In [64], was proposed an
adaptive impedance matching which automatically matches the impedance, changing
the tap of the RF transformers. It is controlled by a microcontroller using a feedback
circuit which measures the reflected power of the signal injected by a transmitter of

the PLC transceiver into the electric power grid.

Several publications have appeared in recent years discussing the hardness of elec-

tric power grid for data communications including multiple reflections, interferences,



96

noise and time-varying access impedance of the electric power grid. In such scenario, the
impedance matching between PLC transceivers can be pursued designing an adaptive
PLC coupling circuit. In this regards, different from the aforementioned works, this
Chapter addresses an adaptive, broadband, capacitive and LV PLC coupling circuit in
the frequency bands of 2-50 MHz, 2-100 MHz and 2-500 MHz, from now on called adap-
tive matching circuit, in which the input impedance is designed based on measurement
of the access impedance of the electric power grid, which was discussed in Chapter 3.
Therefore, this Chapter presents and evaluate a design of the adaptive matching circuit
which can adjust the impedance between PLC transceiver and electric power grid by

switching among different impedance matching circuits (analog and low-pass filter).

The remainder of this Chapter is organized as follows: Section 5.1 formulates
the matching impedance problem related to PLC systems; Section 5.2 discusses the
proposed adaptive broadband, capacitive, SISO, LV PLC coupling circuit; Section 5.3
outlines the implementation of the adaptive broadband, capacitive, SISO, LV PLC
coupling circuit; and implementation and experimental results are presented in Sec-

tion 5.4.

5.1 PROBLEM FORMULATION

Several practical questions arise when dealing with impedance matching in narrow-
band and broadband PLC coupling circuits. The electric power grid differs considerably
in topology structure and physical properties from conventional media such as twisted
pair and coaxial cable. We can use the theory applied to a two-wire transmission
line to adopt two-port ABCD matrices for modeling the signal propagation and to
analyze electric power grid impedance [193,194]. Fig. 49 shows a model based on
ABCD matrix that can be used to analyze the impedance matching problem in a PLC
system, which is composed of PLC transceivers and the electric power grid. This model
emphasizes that PLC transmitter, PLC receiver and electric power grid are the time-
varying system. Also, due to the fact that the coherence time of in-home and LV is
lower than 600 us [53], then we can assume that during this time interval, the electric
power grid are time-invariant system and, as a consequence, these grid can be modeled
by ABCD matrix. To be more precise, if t€[0, T,.) , in which T, is the coherence time,
then ABCD matrix does not change. According to Fig. 49, we have
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Figure 49: Two-port ABCD time varying matrix model of a PLC system.

(5.1)

Vour (f,1) ] A(f,8) B(f.t) | | Vi (f,1) ]
Ls (f,1) C(rH DU [ L L (ht) |
Note that V;(f,t) is the voltage source with Z,(f,t) internal impedance; Vj;1(f,t) and

L (f,t) are respectively the voltage and current at the input port of the electric power
grid; Vyio(f,t) and I,o(f,t) are the voltage and current at the output port of the electric
power grid, respectively; V,.(f,t) = V,2(f, t) is the voltage in the input port of the PLC
transceiver; Z,.(f,t) is the impedance in the input port of the PLC transceiver; and
Zpn(f,t) and Zyo(f,t) are the access impedance at the input and output port of the
electric power grid. Note that Vj;(f,t) can be obtained with Vi (f,t) = Vi(f,t) —
Zy(f,t) L (f, t) which is the voltage at the input port of the two-port ABCD of the
electric power grid. The voltage V,.(f,t) at the receiver of the PLC transceiver, which
has an impedance Z,.(f,t) is

V;"(fa t) = V;;lQ(f, t) = Zr(fv t)IPIQ(fv t)' (52)

The relations between the input and output ports of the two-wire transmission line,

showed in Fig 49 can be obtained using

V;’ll (fat) :A(fat)‘/pﬂ(fat)+B(f7t)]p12(fvt)

]pll (fvt) :C<f7t>vpl?(f7t)+D(fvt)IPlQ(fvt)'

It means that two-port network can be written in function of the input impedance

(5.3)

parameters, Zy(f,t), of the electric power grid and can be obtained with ABCD

matrix, see (5.1). As a result,

_ ‘/pll(fat) o A(fvt)Zr(fvt)+B(fvt)
)= () T U Z (L0 + DY) oY
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It means that the input access impedance parameter of the electric power grid depends
of the input impedance Z.(f,t) of the PLC transceiver and the ABCD parameters
of the electric power grid [195]. Thus, we can conclude that to maximize the power
delivered by the transmitter to the receiver, the PLC coupling circuit must be designed
to precisely match the impedance of the input and output ports of the two-wire
transmission line, which is modeled as a ABCD time varying matrix, with the Z,(f,t)

and Z,.(f,t) impedances.

The concepts of impedance matching and ABCD matrix can assist the understand-
ing of problems related to the impedance matching between the electric power grid and
a PLC transceiver. In the model showed in Fig. 49, Z,;1(f, ) represents the impedance
of the electric power grid seen by the transmitter of PLC transceiver which could be
matched with the impedance Z;(f,t). Zy2(f,t) is the electric power grid impedance
seen by the Z,(f,t) impedance of the PLC transceiver. However, if Z,(f,t) are equal to
Zyn(f,t) and the Z,(f,t) equal to Z,;2(f,t) the maximum power transfer occur between

PLC transceivers.

However, since the access impedance of electric power grid is continuously changing
depending on time and location, it is very difficult to match perfectly the impedance
if Z.(f,t) and Z,(f,t) are not designed by addressing time variable . Based on
this scenario, it is clear that to match the impedance between PLC transceivers and
the electric power grid, we need to design an adaptive PLC coupling circuit that is
capable of detecting variation in the impedance of electric power grid and dynamically
adjust the impedance of the coupling circuit. Note that Chapter 4 assumes that
Z(f,t)=2Z.(f), VteR and Z,(f,t)=Z:(f), VteR. In other words, Chapter 4 does not

take into account the time-varying behavior of access impedances.

5.2 THE PROPOSED ADAPTIVE IMPEDANCE MATCHING CIR-
CcuIT

Based on the fact that the design of impedance matching circuits for large frequency
band and the design of dynamics components may very complicated issues. This
Section presents a proposal that is simple to be accomplished. The main idea is to
use the concept of “divide to conquer”. Based on this concept, several impedance
matching circuits are designed and dynamically chosen to provide the best matching
between PLC transceiver and the electric power grid. To illustrate it, the block diagram

of the proposed adaptive PLC coupling circuit, is shown in Fig. 50.
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This adaptive PLC coupling circuit proposes an approach which is able to choose
a matching circuit (analog filter) among J available matching circuit (analog filters)
by controlling both Switch 1 and Switch 2 blocks. Each analog filter has a different
input impedance, enabling J different matchings with the electric power grid. If the
J — oo, then the proposed Bank of impedance matching circuits tends to correctly
perform the matching between the electric power grid and PLC transceivers. However,
it may result in a very expensive solution. Therefore, a careful choice of J may result
in a reasonable trade-off between performance and complexity. The left-hand side of

the block diagram is composed of the interface with the electric power grid.

Note that the control block in the block diagram is very important because it is
responsible for choosing which impedance matching circuit has to be applied. In this
regard, the sensing of the signal at the output of Bank of Switches is of paramount
important as well as the design of the control algorithm responsible for making a

decision.

It is important to emphasize that the proposed adaptive PLC coupling circuit can

be effective if the following issues are correctly addressed:

e Number of impedance matching circuits: the choice of J will dictate the com-

plexity. For practical reason, J must be lower than 5.

e Switches: the correct specification of switches are very important because they

can remarkable influence the overall performance.

e Impedance matching circuits: it is very important to choose analog filters that
are reflectionless, in other words, they do not reflect signals in their stop bands
back to the source. Also, the analog filter must be capable of matching with a
pre-specified set of impedance values covering a wide frequency bandwidth, which

in this work, is equal to 50, 100 and 500 MHz.

e The choice of impedances matchings must be representative of the electric power

grid, otherwise it will not be efficient.

According to Fig. 50 the analog filter which best impedance matching between the
PLC transceiver and the electric power grid is performed by the control block. The
control block is composed of a logarithmic amplifier which measures the strength of the
signal received and a microcontroller which analyzes the signal from the logarithmic

amplifier at the ADC input port. The logarithmic amplifier is used because applications



100

Bank of Bank of impedance Bank of
switches matching circuits switches
EEE— CEEEE— EEE—
> . Impedance . <
. ; Switch 1 #1 [« | Matching #1 [ »  Switch 2 #1 :7
Electric Power »| Switch 1 #2 |le—»| [mpedance > Switch 2 #2 |e
Grid Interface g A "| Matching #2 g -
Mains .
; Gal —>( i )
N |
= . P Impedance | N . M
» Switch 1 #J (1« ™ Matching #J [€ » Switch 2 #J <
- - -
—
Micro-
controller .
Control Logarithm |

Amplifier

]

Figure 50: Block diagram of the proposed adaptive PLC coupling circuit.

involving signals with a very large frequency band may offer difficulties in concurrently
dealing with both large amplitude and small amplitude signals. For such circumstances,
the dynamic range can be compressed by logarithmic conversion (large amplitude)
and (small amplitude). The output is a voltage scaled 25 mV/dB, generated by a
current of nominally 2 pA/dB through an internal 12.5 kQ resistor. This voltage
varies from 0.25 V at an input of -74 dBm up to 2.5 V for an input of +16 dBm.
The essential purpose of the logarithmic amplifier, in this adaptive PLC coupling
circuit, is to amplify and compresses a signal of wide dynamic range to its decibel
equivalent voltage and provide a reference voltage level to the ADC input port of
the microcontroller. The microcontroller is able to analyze which bank of impedance
matching, from (1 to J) delivers the higher voltage level and chose, from the general
purpose input/output (GPIO) pin, which switches (Switch 1#1 to Switch 1#.J and
Switch 2#1 to Switch 2#.J) will be used to connect the PLC transceiver to the
electric power grid. Details about each component of the proposal are presented in
Subsection 5.2.1 - 5.2.3.

5.2.1 BANK OF SWITCHES

The switch is a component which route signals between two circuits. It must have

their small size, low power consumption, low insertion loss and high off-state isolation.
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When the switch-on state is selected, the switch connects the input port of a signal to
the output port and in the switch-off state, the switch offers a high impedance to the

signal.

Some important parameters must be considered to specify RF switches suitable for
the application. One of the important parameters is the transition time that measures
the speed which the position of switches can be toggled. Switching rate represents the
time for toggling from one state to another. The RF power handling is another measure
which informs how efficiently a switch bypasses the signal. The RF switch must be
matched in its both ports with the impedance of its preceding and succeeding stages.
The cut-off frequency shows the maximum frequency operation that can be routed
through it with acceptable loss. Particular attention must be paid to the insertion loss
of a switch. Another important concern is the isolation of a switch which is specified
when there is no signal transmission or indicates a very small coupling between the
input port and an output port. The impedance of the switch during signal transmission

(switch-on state) is important because it would result in the attenuation of the signal.

5.2.2 BANK OF IMPEDANCE MATCHERS

The main objective of the bank of filters is to provide or yield impedance matching
and filtering the undesirable signals from the electric power grid, while at the same
time it must be an economical solution. Before specifying the impedance values for
each analog and low-pass irregular filter of the bank of impedance matching is necessary
to know the electric power grid impedance values. The design of analog and low-pass
irregular filter impedance matching circuits for broadband PLC coupling circuit is also
discussed in Appendix A. The bank of impedance matching circuits is constituted by
analog and low-pass irregular filters [196], each one matching the impedance between
the electric power grid and PLC transceiver for a given specific value. The analog and
low-pass filters are designed in such a way that the input impedance is used to provide
impedance matching with the electric power grid. Each analog and low-pass filter of
the bank of impedance matching circuits is selected by the switches (Switch 1 #1 to
Switch 1 #J). The output impedance of the analog and low-pass filters, connected with
the (Switch 2 #1 to Switch 2 #J), is fixed in 50  to provide impedance matching
with the PLC transceiver.

The low-pass analog filter of each adaptive PLC coupling circuit may be understood

as a filter that adjusts its impedance with the access impedance of the electric power
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grid in order to maximize the power transfer between PLC transceivers and the electric
power grid. In the analog low-pass filter design, the choice of the input impedance of
the analog irregular and Chebyshev filters are in accord with to the impedances values
obtained in the measurement campaign, discussed in Chapter 3. In the design of the
analog low-pass filter, two analog irregular filters was designed with input and output
impedance ratio of 1:2 (25 to 50 ) and 2:1 (100 to 50 €2). The analog low-pass
Chebyshev filter was designed with the impedance ratio of 1:1 (50 to 50 €2).

The choice of the 4" order analog and low-pass irregular filters for the ratio of 1:2
and 2:1, for wideband impedance matching, allows simpler structures for the impedance
matching of unequal resistances, some voltage gain and good attenuation at high-
frequency. The analog filter with the ratio 1:1 was designed using Chebyshev structure
even order, due to the first element of the filter be an inductor that will be used to
absorb the reactance component of the electric power grid. The values of the reactance
components in the Chebyshev filter presents values near to the values measured of the

access impedance of electric power grid.

5.2.3 CONTROL

The flowchart in Fig. 51 illustrates the algorithm that is adopted in the control
block. The start point of the algorithm, when the PLC coupling circuit is switch on,
consist of switching the J impedance matching circuits and measure the mean voltage
level that is sampled by the ADC input port for each circuit, which represents the
strength of signal provided by PLC transceiver. The mean voltage level is given by

1 M—-1
Vmean = M nZ:O VADC [n] (55)

where Vypc[n] is the n'* sample of acquired signal and M is the number of samples. For
the sake of simplicity, from now on, the mean voltage level will be mentioned only as a
voltage level. The signal strength at the output of each impedance matching circuit is
memorized and the best circuit is defined as the one that has the largest voltage level
at the output of one of the switches belonging to Bank of Switches 2. After that, the
microcontroller selects the best circuit (analog low-pass filter). After this first step,
the microcontroller keeps checking the voltage level read by the ADC. If the voltage
level drops significantly compared with the memorized best voltage level, the searching
process for the best impedance matching circuit starts again and we return to the start

point. Furthermore, periodic searches are done, returning to the start point, to ensure
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that the current impedance matching circuit is still the best.
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Figure 51: Flowchart of the impedance matching control algorithm in the control block.
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5.3 PROTOTYPE OF THE PROPOSED ADAPTIVE PLC COUPLING
CIRCUIT

Fig. 52 shows the schematic of the proposed adaptive PLC coupling circuit for
operating in frequency bands of 1.7-50 MHz, 1.7-100 MHz and 1.7-500 MHz. The
characteristics of the components KRE connector J;, protection component V Ry, RF
transformer T, C'grock capacitor C7, SMA connector Jo and the capacitors Cy to Cy
and inductors L to Lg are the same components as discussed in Chapter 4. The chosen

RF Transformer T; covers the frequency band of 0.4-500 MHz, see [151].

In order to choose the number of analog filters with different input impedance to
be implemented in the adaptive PLC coupling circuit, the results present in Chapter 3
must be taken into account. As depicted in Fig. 21, 90% of the input resistance values
measured are between 25 2 and 100 €2, and mean value equal to 50 €). Due to that,
three analog filters (J=3) are implemented with the aforementioned input resistance
values. It is important to mention that the output impedance of the analog filters must
be matched at 50 2 with the PLC transceivers. In order to maintain the input and
output impedance ratio of the analog irregular and Chebyshev filters, matching with
the access impedance of electric power grid, we chose to maintain a ratio of 1:2, 1:1
and 2:1, respectively. Moreover, the choice of this input and output resistance ratio
must keep the bandwidth of the PLC coupling circuits according with the frequency
bands 2-50 MHz, 2-100 MHz and 2-500 MHz.

In the schematic of Fig. 52, the components SW;_1, Ly, Ly, Cs, C3, and SW5_; are
parts of 4" order analog and low-pass irregular filter whose input impedance is 25 €2
and the output impedance equal to 50 €2. The components SW;_5, L3, Ly, Ls, Cy, Cs
and SWs_; constitute the 5 order Chebyshev analog and low-pass filter with input
and output impedance equal to 50 € and the analog filter composed of the components
SWi_s, Lg, L7, Cs, C; and SWy_3 are parts of the 4" order analog and low-pass
irregular filter designed with input impedance equal to 100 €2 and output impedance

equal to 50 €. Tabs. 13, 14 and 15 list the components used in this implementation.

The chosen connectors CN; and C'Ny connect the microcontroller device in the
PCB and these connectors are a board to board connectors single row type, which is
the plastic base or mounting plate to which the contacts are attached. Box header
connectors feature a header which completely surrounds its contacts, whereas a pin
headers contacts are exposed. Fig. 53 shows the photo and dimensions pad in (mm) of

the chosen board connector.
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Table 13: Details of components used in the prototype of adaptive the PLC coupling
circuit in the frequency band of 1.7-50 MHz.

Component Value Maximum Maximum Frequency
Voltage (V) | current (mA) | band (MHz)
VR, 250 Vs

Ty TC1-1TX+ 500 V. 0.4-500
CBLOCK 1.5 nF 1k ‘/rms 0-900
Ly 100 nH 250 0-1250
Loy 220 nH 400 0-1400
Ls 270 nH 200 0-900
Ly 390 nH 100 0-900
Ls 270 nH 200 0-1200
Lg 470 nH 80 0-600
L, 220 nH 250 0-1200
Cy 180 pF 350 Vs 0-2000
Cs 82 pF 212 Vs 0-1900
Cy 180 pF 350 Vs 0-2000
Cs 82 pF 350 Vs 0-2000
Cs 39 pF 350 Vs 0-4000
Cr 82 pF 350 Vs 0-2000

Component Value Maximum Maximum Frequency
Voltage (V) | current (mA) | band (MHz)
VR, 250 Vs

Ty TC1-1TX+ 500 V. 0.4-500
CBLOCK 1.5 nF 1k ‘/rms 0-900
L, 56 nH 600 0-1900
Loy 120 nH 300 0-1300
Lj 120 nH 300 0-1300
Ly 180 nH 250 0-1250
Ls 120 nH 300 0-1300
Lg 220 nH 250 0-1200
L, 100 nH 400 0-1400
Cy 82 pF 350 Vs 0-2000
Cs 39 pF 350 Vs 0-1900
Cy 39 pF 350 Vs 0-2000
Cs 39 pF 350 Vs 0-2000
Cs 22 pF 350 Vs 0-4000
C7 47 pF 350 Vs 0-2000

Table 14: Details of components used in the prototype of adaptive the PLC coupling
circuit in the frequency band of 1.7-100 MHz.
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Table 15: Details of components used in the prototype of adaptive the PLC coupling
circuit in the frequency band of 1.7-500 MHz.

Component Value Maximum Maximum Frequency
Voltage (V) | current (mA) | band (MHz)
VR, 250 Vs

Ty TC1-1TX+ 500 V.. 0.4-500
CBLOCK 1.5 nF 1k ‘/rms 0-900
Ly 10 nH 700 0-4800
Ly 22nH 700 0-3000
Lj 27 nH 600 0-2800
Ly 39 nH 600 0-1200
Ls 27 nH 600 0-2800
Lg 39 nH 600 0-1200
L7 18 nH 400 0-1400
Cy 18 pF 350 Vs 0-2000
Cs 8.2 pF 350 Vs 0-1900
Cy 6.8 pF 350 Vs 0-2000
Cs 6.8 pF 350 Vs 0-2000
Cs 3.9 pF 350 Vs 0-4000
C7 10 pF 350 Vs 0-2000

To accomplish the objective to manage the analog filter switching of the analog
filter, there is a microcontroller a ADC and power supply. The microcontroller chosen
is the ESP-8266 [197]. The microcontroller is attached to the connectors C'N; and
CN, and the pins 2 and 6 of connector C'N; and 2 of C'Ny are used to connect the
microcontroller and the PCB to the same ground potential. The pin 5 of C'N; and C'N,
provides a power supply (3.3 Vcc) to the logarithmic amplifier and the pin 15 of the
connector C'Ny, which is the ADC input port, receives the voltage level read from the
logarithm amplifier. The output pins 8, 13 and 14 of the connector C'Ny are used to
switch the filters. One output port switches two switches at the same time, connecting
the input port (connector J;) to the output port (connector Jy) of the adaptive PLC
coupling circuit. The resistors R; to R3 are used to limit the current through LED; to
LFE D3, which show the chosen analog filter. The resistors R4 to Rg are used to put the
ports of the switch in a low logic level and, of course, to avoid the switch from being

triggered when it is not in operation.

Fig. 54 shows the schematic of the chosen logarithm amplifier (AD 8307) [198]
used to detect the strength signal from the PLC transceiver. The components Cj,
Cy and the inductor Lg comprises a narrowband analog filter designed to detect the
frequency of the maximum gain of the analog and low-pass irregular and Chebyshev

analog filter calculated by (f,/1.6376), where f. is the cut-off frequency. As mentioned
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in Appendix A, the proposed bandwidth of the analog and low-pass filter was expanded
to 1.6376 rad/s because the ratio between Rg and R, designed to 1:2 or 2:1. Thus, the
center frequency of the band-pass analog filter 1 rad/s is designed by f,/1.6376.
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Figure 53: (a) Photo of chosen board connector. (b) dimensions in (mm) of the chosen
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Figure 54: Schematic of the chosen logarithm amplifier AD 8307.
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As can be seen in the datasheet of the manufacturer [198], there is a table that
provides set of values of Cg, Cy and Lg for a variety of center frequencies. However,
the values of the table suggested in datasheet do not include the frequencies designed
for the adaptive PLC coupling circuit for the chosen bands. To solve this problem,
the design of these band-pass analog filter was carried out using the ADS software.
As an example, the designed band-pass analog filter for the 50 MHz adaptive PLC
coupling circuit, the center frequency of the band-pass analog filter should be designed
for 50 MHz/1.6376 = 30.53 MHz. Fig. 55 shows the designed band-pass analog filter
for the frequency of 30.53 MHz, where Fig. 55(a) shows the schematic circuit and Cs,
Cy and Lg are the band-pass analog filter components. Note that C;;, Ci2 and Term?2
simulate the input impedance of AD 8307. The Term1 is the impedance of the output
of the analog and low-pass filter of the adaptive PLC coupling circuit. Fig. 55(b) shows
the window of the tune parameters where the values of Cg, Cy and Lg are obtained
sliding the values of these components in the window Tune parameters. To design
the best insertion loss and return loss, the goals (OptimGoall and OptimGoal2) is
shown in Fig. 55(a) with the minimum value of -45 dB for the return loss and the
maximum value of 0.5 dB for the insertion loss. Finally, Fig. 55(c) shows the value of
the insertion loss (m2 = -0.005 dB) and return loss (ml = -29.767 dB) obtained for
the desired frequency. Tab. 16 summarizes all values of Cg, Cy and Lg components for
the frequency bands 1.7-50 MHz, 1.7-100 MHz and 1.7-500 MHz.
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filter.

Table 16: Details of band-pass analog filter components used in input port of AD 8307.

Frequency Center Csg Coy Lg
band (MHz) | frequency (MHz) | (pF) | (pF) | (nH)
2-50 30.53 47 33 | 1500
2-100 61.07 33 27 680

2-500 305.32 4.7 | 6.2 82
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Fig. 54 shows the photo and dimensions pad of the AD 8307, which is SMD. Note

that the dimensions are in inches and millimeters.
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Figure 56: (a) Photo of chosen AD 8307. (b) dimensions in (mm) of the chosen AD
8307.

Due to the broad frequency band of operation, from DC through 3.0 GHz, the
switch PE 4239 [199] was chosen in the design of the adaptive PLC coupling circuit.
This switch is a SMD component single pole and double throw (SPDT or 1:2) to route
signals from one input to two output paths. On the other hand, it has low insertion
loss 0.7 dB at 1 GHz. This switch integrates on board CMOS control logic with a
low-voltage CMOS-compatible control interface that can be controlled using either
single-pin or complementary control inputs. It is well established that the switch was
designed using the complementary pin control mode which allows the switch to operate
using complementary control pin CTRL (pin 4). In this operation mode, the switch
does not need a power supply, the supply is driven by the 3.3 Vcc control logic from the
microcontroller. Using a nominal 3.3 Vcc power supply voltage, a typical maximum
input power 30 dBm can be injected at the ports 1 and 8. Actually, Fig. 57 shows the
schematic diagram of the switch where the pins RF; and RF, are the output ports and
the port RF is the common port where the signal is injected and switched for the RF}
port according to the voltage level command C'T'RL. In other words, the voltage level

of 3.3 Vcc in the C'T'RL ports connects the input port RF¢ to the output port RF.

As showed in Fig. 52, in the switches (SW;_1) to (SWa_3), the pin 5 is the common
port CT RL and the pin 1 is the RF} output port. The pin 4 is the C'I'RL port which
is controlled by the microcontroller output ports. Note that two switches are controlled
by one output port of the microcontroller connecting the analog and low-pass irregular
filter to the 77 RF transformer, connector J,, and only two switches are activating in

each time, i.e, SW;_; and SW5_; are both used together. Fig. 58 shows the photo and
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Figure 57: Schematic diagram of the RF Switch PE 4239.
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dimensions pad of the SMD AD 8307. Note that the dimensions showed in inches and

millimeters.
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Figure 58: (a) Photo and pin configuration of chosen PE 4239. (b) dimensions in (mm)
of the chosen PE 4239.

(a)

One of the most important parts of the adaptive PLC coupling circuit is the
microcontroller ESP-8266. The microcontroller has various features and we can choose
the exact peripheral to fit a particular system necessity. For the proposed adaptive
PLC coupling circuit the ADC and GPIO ports are used to switch the analog irregular
and Chebyshev low-pass analog filter, see Fig. 52. The ESP8266 has a single ADC
channel available which its input voltage range is from 0 to 1.0 Vpe. It has a 10-bit
precision and uses a successive-approximation-register (SAR) technique that operates
by using a binary search algorithm. The analog input is tracked by the SAR ADC, then
sampled and held during the conversion. The sampled input is compared to the value

of an internal DAC, which adjusts in binary increments and attempts to get as close as



114

possible to the sampled value. The photo of Fig. 59 shows the microcontroller module
which is connected to the connectors C'N; and C'N, as showed in Fig. 52. Moreover,
Fig. 59 shows the pin definition of the microcontroller module. The pins are used in
the design of PLC coupling circuit is the pin A0 which is the input port of the ADC,
pins D1 (GPIO5), D2 (GPIO4 )and D5 (GPIO14) ports used to switch the analog and
low-pass filter by the switch. The 3.3 V pins are used for power supply to the logarithm

amplifier.
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Figure 59: Pin configuration of chosen ESP 8266.

The top and bottom (layers view) of the two-layer fiber glass PCB of the adaptive
PLC coupling circuit for the frequency bands 1.7-50 MHz, 1.7-100 MHz and 1.7-
500 MHz, which was designed in Altium Software, are shown in Fig. 60(a) and (b),
respectively. Note that this PCB was designed following the microstrip technique
discussed in Section 4. The photo of a prototype of this adaptive PLC coupling circuit

is shown in Fig. 61.
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Figure 60: The PCB of the adaptive, broadband, capacitive, SISO and LV PLC
coupling circuit.

(a) Top layer plane (b) Bottom layer plane

Figure 61: The prototype of the adaptive, broadband, capacitive, SISO and LV PLC
coupling circuit.

5.4 RESULTS

This Section addresses performance analyses of the proposed adaptive PLC cou-
pling circuit that operates in the bands frequency 2-50 MHz, 2-100 MHz and 2-500 MHz.
Moreover, it compares the results with the broadband, capacitive, SISO and LV PLC
coupling circuit discussed in Chapter 4, non-adaptive which we name PLC coupling
circuit. The measurements presented in this Section were obtained in the laboratory
communication (LABCOM) of the Juiz de Fora Federal University. The equipment
used in the measurements was the vectorial network analyzer, spectrum and power
meter N9912A Agilent, whose frequency range is between 2 MHz and 4 GHz [200].
For this purpose, the scattering parameters Sy (f,t), S21(f,t) of the adaptive PLC
coupling circuits are compared with those obtained with the non-adaptive PLC coupling
circuit, which has input and output impedances equal to 50 €2, see Chapter 4. So1(f, 1)
transmission and Sy1(f,t) reflections parameters are obtained in terms of impedance
of 50 © of the VNA instrument [45].
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A typical experimental setup for measuring scattering parameters is shown in
Fig. 62. In the test arrangement, the device under test will constitute the electric
power grid and the adaptive PLC coupling circuits we wish to measure. The curves
obtained in the measurement of the scattering parameters, between the PLC coupling
circuits, were performed in an electric power grid with a voltage of 127 V,,,s with a
transmission line of 15 m in length constituted by two parallel wires with 2.5 mm in

diameter.

Phase
15 meters——| Electric
Power
Neutral )— Grid
PLC PLC
Coupling Coupling
Circuit Vector Circuit |
Network
Analyzer

Figure 62: Scattering parameters measurement.

Tab. 17, presents the adopted specifications to design the irregular and Chebyshev
analog and low-pass filter with input impedances Z;, equal to 25 €2, 50 2 or 100 {2,
where f. is the cut-off frequency 50 MHz, 100 MHz or 500 MHz.

Finally, but not least, Sub-section 5.4.1 discusses the measurement of the scattering
parameters of the adaptive PLC coupling circuit (2-50 MHz), while Sub-section 5.4.2
and 5.4.3 will evaluate the measurement of the of the scattering parameters of the
adaptive PLC coupling circuit considering the frequency bands equal to (2-100 MHz)
and (2-500 MHz), respectively. The same procedure for measuring the scattering
parameters will be adopted for adaptive PLC coupling circuit (2-500 MHz) in Sub-

section 5.4.3.

Table 17: Specification of adaptive and analog and low-pass filter.
Description Value
Input impedance Z, Zin ()
Output impedance Z,,; | 50 €2

Type of analog filter Lowpass Irregular
Passband ripple 0.5 dB

Stopband attenuation 40 dB

Cut-off frequency fe (MHz)

Maximum insertion loss | -15 dB
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5.4.1 ADAPTIVE BROADBAND, CAPACITIVE, SISO AND LV PLC
COUPLING CIRCUIT (2-50 MHZ)

In this Sub-section, the results obtained from the measurements of the Sii(f,t)
and So1(f,t) parameters in electric power grid (127 Vs, 60 Hz) are analyzed. The
measurement was realized using two setups. The first one is composed of two PLC
coupling circuit with input and output impedance equal to 50 €2 (designed as an elliptic
analog filter), which will be called from now on as PLC coupling circuit 50 €2, connected
on both sides of the electric power grid. The second setup is composed of a PLC
coupling circuit 50 €2, such as the used in the first step setup, connected in one side
of the electric power grid and an adaptive PLC coupling circuit (designed as analog
irregular filter and Chebyshev analog filter) connected on the other side, which has its
input and output impedance equal to 25 €2, 50 © and 100 €2. Fig. 62 illustrates the

setup configuration.

Fig. 63 depicts the measurements of the Sy (f, ) scattering parameter comparing
the both setups. The green line is the measurement acquired using the first setup
aforementioned. The red, blue and magenta lines are the measurements obtained using
the second setup with the input and output impedance of the adaptive PLC coupling
circuit equal to 25 2, 50 2 and 100 €2, respectively.

Note that the behavior of the magnitude of the S (f, ) parameter up to 30 MHz
is very similar and their values vary between -8.5 and -15 dB. Analyzing the frequency
from 30 MHz up to 50 MHz the non-adaptive PLC coupling circuit 50 €2 presents
the lower attenuation (green line). Beyond the cut-off frequency of 50 MHz, we see a
relatively sharp roll-off varying between -20 (red line) and -25 dB (magenta line). At
the stop-band, the designed minimum attenuation of 40 dB is achieved, in the best
case, at 58 MHz by the PLC coupling circuit 50 2 (green line), and, in the worst case,
at 62 MHz by the adaptive PLC coupling circuit with the input impedance of 25 (2.

Fig. 64 compares two adaptive PLC coupling circuits connected to the electric
power grid with the same impedance. The Sy (f,t) scattering parameters of two
adaptive PLC coupling circuits both connected with an impedance of 25 €2 (red line),
50 Q (blue line) and 100 © (magenta line). The adaptive PLC coupling circuits which
impedance is equal to 25 €2 and 100 €2 are designed with irregular analog filter and the
adaptive PLC coupling circuits both are designed with Chebyshev analog filter. The
green line is the Sy (f,t) parameter of non-adaptive PLC coupling circuit 50 €2 which
is plotted in the Fig. 64 to compare the performance with the adaptive PLC coupling
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Figure 63: Magnitude of Sy (f,t) scattering parameters comparing non-adaptive PLC
coupling circuit 50 €2 with adaptive PLC coupling circuit 2-50 MHz.

circuits. Note that in the frequencies between 2 MHz and 15 MHz the behavior is
very similar; however, in the frequency between 15 MHz and 40 MHz the adaptive
PLC coupling circuits with impedances equal to 100 €2 and 50 §2 has a better insertion
loss varying between 1 and 3 dB. For the frequency between 42 MHz and 50 MHz the
non-adaptive PLC coupling circuit 50 2 has the insertion loss with lower attenuation.
As can be seen in Fig. 64, the non-adaptive PLC coupling circuit 50 €2, designed with

5" order elliptic analog filter, has a better attenuation in the stop-band frequency.

As we can see in Fig. 65, the magnitude of Sy;(f, t) return loss scattering parameter
presents a similar response for all couplers analyzed. The ripples in the reflection
coefficients vary between -2.5 dB in the frequency of 15 MHz and -35 dB in the frequency
of 50 MHz. We also observe that the adaptive PLC coupling circuit with the input
impedance of 50 () presents the best impedance matching in the frequency of 30.5 MHz,
which is the frequency that the analog filter was designed to obtain the best impedance
matching (50 MHz/1.6376).

Fig. 66, shows the magnitude of Sii(f,t) return loss scattering parameter and
compares two adaptive PLC coupling circuits connected to the electric power grid with
the same impedance. The S1(f, ) scattering parameters of two adaptive PLC coupling
circuits both connected with an impedance of 25 € (red line), 50 €2 (blue line) and 100 €2
(magenta line). The green line is the S11(f,t) parameter of non-adaptive PLC coupling
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Figure 64: Magnitude of Sy (f,t) scattering parameters comparing adaptive PLC
coupling circuit with adaptive PLC coupling circuit and non-adaptive PLC coupling
circuit 50 €2 in the frequency band of 2-50 MHz.
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Figure 65: Magnitude of S11(f,t) scattering parameters comparing non-adaptive PLC
coupling circuit 50 €2 with adaptive PLC coupling circuit 2-50 MHz.

circuit 50 €2. As can be seen the behavior of the Sy1(f,t) is very similar in both Fig. 65
and 66. For the impedances 25 € and 50 €2, Sii(f,t) parameter shows the worse
impedance matching in the frequency between 3 MHz and 12 MHz. The adaptive PLC
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coupling circuits both matched in 100 €2 shows the best impedance matching in the

whole frequency band.
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Figure 66: Magnitude of Sii(f,t) scattering parameters comparing adaptive PLC
coupling circuit with adaptive PLC coupling circuit and non-adaptive PLC coupling
circuit 50 €2 in the frequency band of 2-50 MHz.

5.4.2 ADAPTIVE BROADBAND, CAPACITIVE, SISO AND LV PLC
COUPLING CIRCUIT (2-100 MHZ)

This Sub-section aims to give a comprehensive analysis of impedance matching of
the adaptive PLC coupling circuit in the frequency band of 2-100 MHz. The setup of

measurements are the same as discussed in Sub-section 5.4.1 and shown in Fig. 62.

Fig. 67 shows the Sy (f,t) insertion loss scattering parameter of the adaptive PLC
coupling circuit with input impedance equal to 25 €2 presents worse attenuation curve
(red line) and the others PLC coupling circuits have similar curves. The non-adaptive
PLC coupling circuit 50 2 (green line) has the best insertion loss varying between
-16 dB in the frequency of 22 MHz and -35 dB in the frequency of 100 MHz. The
designed minimum attenuation at the stop-band of 40 dB is measured in 102 MHz for
non-adaptive PLC coupling circuit 50 2. At the cut-off frequency of 100 MHz, we
see a sharp roll-off varying between -30 and -39 dB and the adaptive PLC coupling
circuit Chebyshev analog filter with input impedance equal to 50 €2 presents the lowest

attenuation. Note that the values of insertion loss increase comparing with the non-
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adaptive PLC coupling circuits 50 €2 2-50 MHz and the inductive behavior of the electric
power grid is present after 50 MHz.
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Figure 67: Magnitude of Sy (f,t) scattering parameters comparing non-adaptive PLC
coupling circuit 50 €2 with adaptive PLC coupling circuit 2-100 MHz.

Fig. 68 follows the same analysis of the Fig. 64 and compares the adaptive PLC
coupling circuit and PLC coupling circuit 50 (2. The results on Fig. 68 are compared
with the Fig. 67 where we can see that the adaptive PLC coupling circuits with
impedance 50 €2 and 100 2 has the best insertion loss compared with PLC coupling
circuit 50 €2 and adaptive PLC coupling circuit 25 2 in the whole frequency band.
Moreover, the PLC coupling circuit 50 €2, which analog and low-pass filter was designed

with 5™ order elliptic analog filter, has a better attenuation in the stop-band frequency.

The magnitude of return loss, Si;(f,t) scattering parameter, exhibits ripples in
the reflection coefficients with the similar response for all couplers analyzed. The
ripples vary between -2 dB in the frequency of 22 MHz and -42 dB in the frequency of
98 MHz. We also observe that the adaptive PLC coupling circuit with input impedance
equal to 100 €2 has the best impedance matching showing the best magnitude reflection
parameter S11(f,t) in the whole frequency band. In the frequency of 61 MHz, where the
analog filter was designed to obtain the best impedance matching (100 MHz/1.6376),
the adaptive PLC coupling circuit, designed as Chebyshev analog filter, with input

impedance equal to 50 €2 has the best impedance matching.

Fig. 70, shows the magnitude of Sii(f,t) return loss scattering parameter and
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Figure 68: Magnitude of Sy (f,t) scattering parameters comparing adaptive PLC
coupling circuit with adaptive PLC coupling circuit and non-adaptive PLC coupling
circuit 50 €2 in the frequency band of 2-100 MHz.
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Figure 69: Magnitude of S11(f,t) scattering parameters comparing non-adaptive PLC
coupling circuit 50 €2 with adaptive PLC coupling circuit 2-100 MHz.

compares two adaptive PLC coupling circuits connected to the electric power grid
with the same impedance follows the same analysis of the Fig. 66 and compares the

adaptive PLC coupling circuit and non-adaptive PLC coupling circuit 50 €. The
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S11(f,t) scattering parameters of two adaptive PLC coupling circuits both connected
with an impedance of 100 €2 (magenta line) presents the best impedance matching in
the frequency band 2 MHz until 82 MHz. However, adaptive PLC coupling circuit
S11(f,t) 50 © (blue line) has the best impedance matching in the frequency between
82 MHz until 100 MHz.
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Figure 70: Magnitude of Syi(f,t) scattering parameters comparing adaptive PLC
coupling circuit with adaptive PLC coupling circuit and non-adaptive PLC coupling
circuit 50 €2 in the frequency band of 2-100 MHz.

5.4.3 ADAPTIVE BROADBAND, CAPACITIVE, SISO AND LV PLC
COUPLING CIRCUIT (2-500 MHZ)

This Sub-section aims to give a comprehensive analysis of impedance matching of
the adaptive PLC coupling circuit in the frequency band of 2-500 MHz. The setup of

measurements are the same as discussed in Sub-section 5.4.1 and shown in Fig. 62.

Fig. 71 shows So; (f, t) scattering parameter where the green line is the non-adaptive
PLC coupling circuit 50 ) has the best insertion loss varying between -15 dB in the
frequency of 2 MHz and -45 dB in the frequency of 500 MHz. The adaptive PLC
coupling circuits with input impedance equal to 25 and 50 2 (red line and blue line
respectively) presents worse attenuation after the whole frequency band. The designed
minimum attenuation at the stop-band of 40 dB varies between 350 MHz, for the
adaptive PLC coupling circuit designed with the input impedance of 25 (2 and 485 MHz
for the PLC coupling circuit 50 €2. The best magnitude insertion loss is obtained by
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PLC coupling circuit 50 € in the frequency band between 2-500 MHz. We can see that
the inductive behavior of the electric power grid causes several attenuations in this
frequency band. At the cut-off frequency of 500 MHz, we see a sharp roll-off varying
between -45 and -65 dB and the non-adaptive PLC coupling circuit 50 €2 presents the

lowest attenuation.
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Figure 71: Magnitude of Sy (f,t) scattering parameters comparing non-adaptive PLC
coupling circuit 50 €2 with adaptive PLC coupling circuit 2-500 MHz.

Fig. 72 compares the adaptive PLC coupling circuit and non-adaptive PLC coupling
circuit 50 €2 following the same analysis of the Fig. 64. The results on Fig. 72 are
compared with the Fig. 67 where we can see that the adaptive PLC coupling circuits
with impedance 50 €2 has the best insertion loss compared with the all adaptive PLC
coupling circuit. The Figs. 71 and 72, shows that in both cases the non-adaptive PLC
coupling circuit 50 €2 has the best insertion loss, the adaptive PLC coupling circuit
with input impedance equal to 100 € has the second best results, and adaptive PLC

coupling circuit with input impedance with 25 and 50 €2 has the worse results.

Interestingly results can be observed analyzing the magnitude of return loss, Si1 (f, t)
scattering parameter. In both Figs. 73 and 74, the best impedance matching is obtained
by the adaptive PLC coupling circuit with the input impedance of 50 €2, which analog
low-pass filter was designed with Chebyshev analog filter. The adaptive PLC coupling
circuit with input impedance equal to 25 €2 shows the worse impedance matching and

the results of the adaptive PLC coupling circuit with input impedance equal to 100 €2
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Figure 72: Magnitude of Sy (f,t) scattering parameters comparing adaptive PLC
coupling circuit with adaptive PLC coupling circuit and non-adaptive PLC coupling
circuit 50 €2 in the frequency band of 2-500 MHz.

presents the impedance matching results near to the adaptive PLC coupling circuit

with the input impedance of 50 2.
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Figure 73: Magnitude of Si1(f,t) scattering parameters comparing non-adaptive PLC
coupling circuit 50 €2 with adaptive PLC coupling circuit.

Analyzing the S (f,t) scattering parameter in all frequency bands, we note that
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Figure 74: Magnitude of Sii(f,t) scattering parameters comparing adaptive PLC
coupling circuit with adaptive PLC coupling circuit and non-adaptive PLC coupling
circuit 50 €2 in the frequency band of 2-500 MHz.

if the frequency band increase the attenuation increase due to the inductive behavior.
With the increase of the bandwidth of the PLC coupling circuits we note that the
curves of the Sy scattering parameters have values more distant from each other and
the adaptive PLC coupling circuit with input impedance equal to 25 {2 has the worse

insertion loss curves in all frequency bands.

The results of Sii(f,t) scattering parameter shows that in the frequency band
2-50 MHz the values of the curves are very close and the PLC coupling circuits
designed for the frequency bands of 2-50 MHz and 2-100 MHz shows a better impedance
matching comparing with the other PLC coupling circuit. However, for the PLC
coupling circuits in the frequency band 2-500 MHz, the analysis and simulation indicate
that the non-adaptive PLC coupling circuit 50 €2 connected to the adaptive PLC
coupling circuit 50 €2 presents the best impedance matching. The adaptive PLC
coupling circuit with input impedance equal to 25 €2 shows the worse impedance
matching in all analyzes and we conclude that the values of the resistance component

of the access impedance of the electric power grid are between 50 €2 and 100 €.

The apparatus used to characterize the Sy, and So; scattering parameters with non-
adaptive and adaptive PLC coupling circuits were described in this Chapter. In details,

the measurement has shown the behavior of PLC coupling circuit scattering parame-
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ters connected to the LV electric power grid. Important information has been noted
concerning attenuation and reactive behavior of access impedance in the frequency
band of 2-500 MHz. Moreover, the obtained results about Sj; scattering parameter
have shown it is possible to perform impedance matching between a PLC transceiver
and the electric power grids using an adaptive PLC coupling circuit; however, the
impedance matching between two adaptive PLC coupling circuits may be a difficult

task to be accomplished because coordination between them is demanded.

Also, it is important to highlight that this is the first measurement of S1; and Sy
scattering parameters proposed for non-adaptive and adaptive PLC coupling circuit on

Brazilian electric power grid in the frequency band of 2-500 MHz.

5.5 SUMMARY

This Chapter has presented a design and analysis of adaptive PLC coupling circuits.
The proposed adaptive PLC coupling circuits was designed with input impedance
matching of 25 €2, 50 €2 and 100 €2, according to the statistical analyzes exhibit in
Chapter 3. The numerical results showed that improvements in terms of impedance

matching may be accomplished by using the proposed adaptive PLC coupling circuit.
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6 CONCLUSION

Due to the fast increasing of LV narrowband and broadband PLC applications over
the past decades, important issues in this matter needs to be further investigated, such
as coupling circuits. In this regard, this thesis proposed the design of a capacitive,
SISO and LV non-adaptive and adaptive PLC coupling circuits. The specification
and design of such PLC coupling circuit prototypes are proposed measuring their
scattering parameters and the performance of this PLC coupling circuits connecting
to the electric power grid is analyzed. Furthermore, this dissertation proposes the
design of an adaptive PLC coupling circuit with previous acknowledgment of the access

impedance discussed in Chapter 3.

Chapter 2 has addressed a review on the use of PLC coupling circuits to enable data
communications over AC and DC voltages. The review showed that the introduction
of PLC coupling circuits to connect PLC transceivers to electric power grid could be
used to minimize both signal distortion and insertion loss to improve PLC systems
performance. In this regard, we isolated the key issues related to the design of a PLC
coupler, such as the PCB design showing that electrical characteristics of the PCB
cause significant impact on the coupling performance. We discussed the importance
of insertion and return loss to characterize the PLC coupling circuits and quantify the
distortion introduced by the PLC coupling circuits. We presented the block diagram
of a coupling circuit, which is composed of an electric power protection device, a
high-pass filter, a galvanic isolation and a low-pass filter. The protection stage has
its main function in the clamp as much as possible the current and voltage surges.
The high-pass filter, composed only of a capacitor is responsible for blocking the high
power mains signal and enables the high-frequency transceiver’s signal pass without
being attenuated. A RF transformer provides galvanic isolation and, finally, a low-pass
filter, composed of capacitor and inductors, is responsible for delimitates the cut-off
frequency. Therefore, particular attention must be paid to the SRF of the components
chosen, especially at high frequencies to avoid distortion in the frequency response.

Furthermore, we provided a classification of PLC couplers based on the type of physical
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coupling (capacitive, inductive, resistive and antenna). We point out that, regardless of
electric power grid to be AC or DC, the inductive and capacitive PLC coupling circuit
can be classified according to their voltage level as HV, MV and LV. The frequency
bands allocated in PLC systems can be classified as narrowband and broadband and
the PLC coupling circuits must be designed according to the chosen frequency band.
The analysis of propagation mode shows that the power cable wiring installation can be
use to inject and extract the PLC signal in two ways, DM and CM mode, using different
ways such as phase, neutral and ground conductors and number of connections of these
wires can be used to provide more than one path for data communication. These
fundamental concepts are provided to suffice basic understanding about some relevant

issues related to the design of PLC coupling circuits.

Chapter 4 has introduced a design and characterization of a capacitive, SISO
and LV non-adaptive PLC coupling circuit designed for narrowband and broadband
frequency bands. The design of appropriate PLC coupling circuits is detailed showing
the electric protection devices used on primary stage based on MOV and GDT, and on
secondary stage, near to PLC transceivers, based on Zener diodes. The combination of
high-pass and low-pass analog filter to design a band-pass filter which eliminates the
high power mains signal and high-frequency signal is discussed and used to limit the
frequency band in narrowband and broadband PLC coupling circuit. Each component
of the PLC coupling circuit prototype such as connectors, capacitors, inductors and
RF transformer was chosen to work in the desired frequency band and avoid distortion
in the magnitude frequency response. Moreover, the PCB was designed following
the microstrip technique to well-define impedance of 50 2. The narrowband and
broadband prototypes design was analyzed showing the schematic circuits, PCB, the
values of components for each PLC coupling circuit and finally the performance of
the developed PLC coupling circuits was shown measuring their scattering parameters.
The measuring scattering parameters show that the PLC coupling circuit added with

de microstrip technique offers satisfactory results.

In Chapter 3 has presented a measurement campaign carried out on in-home
and LV electric power grid. In this regard, the Chapter 3 focuses on measurement,
characterization, statistical analysis and the procedure to model the access impedance
of in-home at Brazilian LV electric power grid. Based on a large set of access impedance
measures covering the frequency band between 2 and 500 MHz, we have obtained a
statistical model for both resistance and reactance components of the access impedance.

This model assumes that the access impedance is a random process in the frequency
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domain and is capable of generating samples functions of such access impedance. The
model is proposed following six steps whose information will be very important to know
the value of the resistance and reactance of the electric power grid impedance and
thus design PLC coupling circuits with the previous knowledge of the values that the
electric power grid impedance can most likely assume. This measurement campaign
has provided relevant information about the access impedances in typical Brazilian
residences and facilities and it shows that electric power grid access impedance is
mostly inductive and the resistive component varies between 25 and 100 €2 in 90 %
analyzing the CDF curve. In order to select the best distribution model, a statistical
analysis of the data set of measured access impedance was shown based on Lognormal,
Exponential, Gamma, Inverse Gaussian, Logistic, Log-logistic, Nakagami, Normal,
Weibull and t-location scale distributions. The results show that the resistance is
best modeled by the Log-logistic distribution and the reactance is best modeled by the

t-location scale distribution.

Finally, Chapter 5 has discussed the prototype of an adaptive PLC coupling cir-
cuit showing its effectiveness matching the impedance and providing maximum power
transfer to the electric power grid. The necessity to investigate an adaptive PLC
coupling circuit arises due to the time-varying nature of residential loads. In this fickle
environment, a non-adaptive PLC coupling circuit 50 €2 fails to achieve its purpose. In
this concern, in order to enhance the impedance matching, a discuss about an adaptive
PLC coupling circuit which automatically matches to the varying impedance, providing
better perceptive of PLC in real applications is presented. Since the complete matching
with the time-varying impedance of the PLC transmission media is very difficult, only
the resistance of electric power grid impedance is proposed to be match. The reactance
component is absorbed by the input reactance of the analog low-pass filter of the
adaptive PLC coupling circuit. In order to verify the performance of the implemented
couplers we compare the system composed of a non-adaptive PL.C coupling circuit 50 €2
together with an adaptive PLC coupling circuit and another system composed of two
adaptive PLC coupling circuits. Based on the analyzed results, the best impedance
matching is achieved for the PLC coupling circuits with input impedances of 50 €2
and 100 2 and the PLC coupling circuits with input impedance of 25 €2 showed the
worst results for the S1; and Si, scattering parameters. Considering the results we can
conclude that an adaptive PLC coupling circuit proved its effectiveness in performing

the impedance matching compared with the non-adaptive PLC coupling circuit.
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6.1 FUTURE WORKS

Future research efforts that can be carried out are as follows:

e To develop other methods to measure the access impedance and compare with
the results of the measurement campaign obtained in Chapter 3 using the same
access impedance model, which constitutes an important tool to be used for

design non-adaptive and adaptive PLC coupling circuits.

e To propose other types of adaptive PLC coupling circuits that can offer impedance
matching for the reactance and resistance of electric power grid simultaneously

by improving better insertion loss and return loss.

e To promote another impedance measurement campaign to characterize electric
power grid impedance in the SIMO, MISO and MIMO configurations outdoor and
in-vehicle electric power grid and design improved versions of adaptive coupling

circuits based on measurements.
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APPENDIX A - DESIGN OF 4 ORDER IRREGULAR ANALOG
LOW-PASS FILTER

This appendix describes the design of the broadband and analog low-pass irregular
filter [201], which will be used in the impedance matching circuit of the bank of
impedance matching circuits, showed in Fig. 50. The use of these analog filters is
due to its simpler structure for broadband impedance matching of unequal resistances
termination at the input and output ports [196]. We assume that the broadband and
analog low-pass irregular filter is doubly matched, in other words, its input and output

port are matched.

10.000

—

[T(i2)](dB)

:ra:d;"; . f1

1 i

Figure 75: Frequency response magnitude analog and low-pass irregular filter.

Fig. 75 shows the frequency response magnitude of an broadband and analog low-
pass irregular filter. Note that % is the cut-off frequency, ﬁ is the ripple of
magnitude response and f, and f. are the band-pass limits. The first task is design
this filter to obtain a realizable T'(j€2) which satisfies the target specifications. The

magnitude of the frequency response of this filter is given by

T ()] = — (A1)
1+ 2K ()
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where ¢ € R is a constant which is calculated in function of input Rg and output R,
resistance terminations. K (j{2) is obtained from the Feldtkeller’s equation [202], such

that

1

K () = s -1,
TGO

in which is K (j2) = F(jQ)/P(jQ2) the even rational polynomial function ratio, F'(j2)

(A.2)

is the reflection zero polynomial, P(j2) are the transmission zero polynomial [203].

Considering a 4" order analog low-pass irregular filter that has the structure showed
in Fig. 76, Rg and Ry are the resistance termination of the filter and the inductors
Ly to Ly and the capacitors 'y to C4 constitute the broadband and analog low-pass
irregular filter. P, is the power delivered by the input port of the broadband and
analog low-pass irregular filter and P,,; is the power delivered to the R;. The desired
band-pass insertion loss is shown in Fig. 75 around the normalized frequency response

of 1 rad/s, between f and f,, which is designed from the characteristic function

O (02 2 _ F ()
K(jQ)=c(yjr+1)" = P Q) (A.3)
Rs Ly Ls
Vm AAA Y Y Y Y Y Y ° Vout
’_> C, l Ca i ’—> RL
Pln j_[ I POU( L
(a) R >Rs
Rs L, Ly
Vin o—W i i ° Vout
T 7T iR
Pin j=|i j=|j I:)out

(b) Rs> R,

Figure 76: 4" order broadband and analog low-pass irregular filter for impedance
matching.

The frequency response H (j€2) = E(jQ)/P(j2) corresponding to this characteristic

function is obtained by solving the Feldtkeller’s equation, which is given by

E(GQ)E(=j) = P(jQ)P(=jQ) + F(GQ)F(=s5Q). (A.4)
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In this way, the ratio between K (j€2) and the so-called transduction function H(j€) is

expressed as GO
K (59 Rs — Z; ‘
= = Q A5

where Z; € R is the input impedance of the broadband and analog low-pass irregular
filter in Fig. 76 and p;(s) is the reflection function [204]. Based on (A.5), H(j2) =
E(jQ2)/P(sjQ) and K(jQ) = F(jQ)/P(jQ2), we have p,(jQ2) = F(jQ)/E(jQ). From
F(59) and E(j), the input impedances or admittances of the broadband and analog

low-pass irregular filter between the terminations can be found, and the structure,
shown in Fig. 76 can be obtained. For the broadband and analog low-pass irregular

filter, the impedance termination seen by the input termination Rg, is expressed by
[202]

H(0) + K(0) B V1i+e2+e
H0O0)—K(0) 1te2—¢

where H(0) and K (0) denote the value of which the magnitude function is assumed for

Z1(0) = Rs = Ry, (A.6)

p1(s) = 0 that is the maximum power transfer. This implies that the input impedance
Z must be real and have the same value of the resistance of the source. For functions
with zeros of reflection at j{2 = 0 this condition is easy to be fulfilled, because for
7€ = 0 the input impedance of an analog low-pass filter of a ladder network Rg is

equal to Ry, [202].

1 R; + Rs\ >
N T A.
£ \/(RL—R5> ( 7)

A key limitation of this design is the relation between R; and Rg. Based on (A.7) it

is straightforward to write

Ry + Rg\’ .2 4

N —1=(702"=-1 A8

(RL_RS) (2 1) (A8)
or

R;, + Rg . 4

—_— = 02 —1 1. A9

=i - (A.9)

For the sake of simplicity, we can adopt that

v =Gz - 1) 4, (A.10)

R;, + Rg :’}/(RL—Rs) (A.ll)
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and
v+1

v-1

For the cut-off frequency of the broadband and analog low-pass irregular filter designed

Ry = Rs (A.12)

for -3 dB, the constant 7 is equal to v = v/2 and the relation between R; and Rg is
5.828. However, this relation is not adequate, because for a relation 1:5.828, R; = 50 €2
and Rg = 8.579 ) and for the relation 5.828:1, Rg = 291.4 Q2 and Ry = 50 €2, which
is not a useful result because of the range of access impedance value. In Chapter 3,
the statistical analysis of resistance component probabilities showed that 90% of the

values of resistance components are below 127 2 and above 11.64 €.

In order to overcome this problem, we redesign the filter to obtain a relation between
R; and Rg equal to for 1:2 or 2:1 and, as a consequence, to keep the input impedance of
irregular filter between 25 (2 and 100 2. The values of Rg equal to 25 2 and 100 €2 are
used because based on Chapter 3. Following (A.7), a new value of ¢ = 0.353553390593
is obtained and the cut-off point of the broadband and analog low-pass irregular filter

is expanded to j€2 = 1.6376 rad/s.

To illustrate the design of such broadband and analog low-pass irregular filter,
a simulation was performed using the HK Software considering the broadband and
analog low-pass irregular filter matching with Rg = 2 Q and Ry = 1 ). In this case,
F(Q) = e(§Q* +1)2 = (O + 25Q + 1), P(§Q) = 1, e = 0.353553390593, and
E(jQ) = e(jQ +2.446753 +4.99329% +5.09505Q2 + 3). In this way, using the Ladder
program [203], we obtain the normalized values of the LC' broadband and analog low-
pass irregular filter in Fig. 76(b), for Rg > Ry, expanding the LC ladder from the
impedance seen by the R; impedance termination. The values of each component
are R, = 1, Rg = 2 Q, 7 = 0.408710973035821 F, Ly, = 1.730090033879250 H,
C3 = 0.865045016940072 F, Ly = 0.817421946071220 H. A similar approach is used
when Rg < Ry and the normalized values of L and C' components is the same, but the

broadband and analog low-pass irregular filter is mirrored as can be seen in Fig. 76(a).

To visualize the result of this design, a circuit simulation was performed and
the insertion loss obtained is shown in Fig. 77. Note that the cut-off frequency is
1.6376 rad/s and the maximum transfer power is located at 1 rad/s, where the gain is
maximally flat. The attenuation in the band-pass of the filter is 3 dB (10log;,(1/2)),
because of the impedance terminations of the broadband and analog low-pass irregular
filter R, = 1 2 and Rg = 2 ). Based on the attained results, it can be concluded

that the constant value of €, which is calculated by the ratio between the terminations,
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Figure 77: Frequency response magnitude of broadband and analog low-pass irregular
filter for s =1.6376 rad/s.

controls the bandwidth of the broadband and analog low-pass irregular filter.

According to the design procedure [196], the values of components are normalized
ones. To obtain the correct values for the capacitor and inductor, the following

equations apply:

ZiL,
Lr =1. Al
" 6376 o, (A.13)
and
C* =1.6376 Ca (A.14)
noo Z[27ch ’

where L, and C,, is the normalized value of the inductor and capacitor, respectively,
calculated by the HK and Ladder software and f. is the cut-off frequency. The index

n denotes the n'* inductor and capacitor of the low-pass irregular filter.

The impedance matching performance attained by the broadband and analog low-
pass irregular filter can be measured by the amount of power delivered to the load
compared with the maximum power deliverable by the source. It is well known that
maximum power is delivered to the load when the load impedance and the source
impedance are conjugate of each other. When these impedances are represented by

resistances, the maximum power is delivered when the two resistances are equal.

From now on, we assume that the broadband and analog low-pass irregular filter

in Fig. 76(a) and (b) are lossless and calculate the power delivered by the source P,
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and the power delivered to the load P,,;. They are, respectively,

Vi )2 1
P, = : — Al
: (2) " (A1)
and )
‘/out
P, = . A.16
= (A16)

Note that if the broadband and analog low-pass irregular filter, designed to provide
impedance matching, is lossless, the maximum power available occurs if P, =PFP,,;. In
other words,

‘/i 2 ‘/outz V;Jut 1 RL

(A.17)

iRs R, Vi 2VRs

where = denotes equivalence.

Sk

Similarly, we can calculate the DC gain of the filter, when the voltage V,,; = Vi,,/2
and the impedance matching occurs if Rg = Ry, by writing

RL V;mt

DCuin = = )
7 Rs + Ry, Vi

(A.18)

By defining the ratio V,,;/Vi, with ( A.17) and ( A.18) a comparison between ratios

with and without impedance matching can be accomplished.

Several tests were performed to analyze (A.18), in which the normalized impedance
Rg is equal to 1 Q2 and Ry, is equal to 2 2 (Rs < Rp). Similarly, the relation Ry, is equal
to 1 Q and Rg is equal to 2 Q (Rg > Ry) can be assumed and both cases are depicted
in the Figs 76(a) and (b). Based on (A.18), Tab. 18 summarizes both ratios V,u:/Vin
obtained with and without impedance matching. To obtain these results, Tab. 18 shows

that the gain obtained is 6% with the ratio of 1:2 and 2:1 between Rg and Rj,.

Table 18: V,;/ Vi, with and without impedance matching.
Rs/Ry Type Vout/Vin Total ratio
without
impedance
matching
with
impedance
matching
without
impedance
matching
with
impedance
matching

2
1:2 3

= 2 — 1.06066
3

¥
-

e[S

W=

2:1

‘H

S




154

The designs of this broadband and analog low-pass irregular filter aforementioned
match the impedance of the resistive component between the PLC coupling circuit
and the electric power grid. However, to match the impedance of reactive component
between the electric power grid and the PLC coupling circuits an attractive way is
to incorporate the reactive component as part of the matching network (in our case
the electric power grid) or, equivalently, absorbing them into the electric power grid.
To provide impedance matching with the access impedance of the reactive component
of the electric power grid with the PLC coupling circuit, the L; inductor component,
see Fig. 76(a), is chosen to absorb part of the reactance of the electric power grid.
However, according to the measurements of the access impedance of the electric power
grid, discussed in Chapter 3, the average value of the inductance, obtained in the
measurement campaign, is bigger than the value of the L; inductor designed in the
broadband and analog low-pass irregular filter. Thus, the impedance matching between
the inductor L; of the PLC coupling circuit with the inductive component of the
electric power grid depends on the value of the inductive component of the electric
power grid. If the inductive reactance of the electric power grid and the L; inductor of
the broadband and analog low-pass irregular filter are equal, the impedance matching
occurs. On the other hand, if the reactive component of the electric power grid has
a different value of the inductor L, the bandwidth of the broadband and analog low-
pass irregular filter may increase or decrease. The same analysis can be applied to
the capacitive component C, when the analog low-pass irregular filter is matching
the impedance with a capacitive component of the electric power grid as showed in

Fig. 76(b).



155

APPENDIX B - PUBLICATIONS

Journal:

e Costa, Luis Guilherme; Queiroz, Antonio Carlos Moreirao de; Adebisi, Bamidele;
Costa, Vinicius Lagrota Rodrigues da; Ribeiro, Moisés Vidal. Coupling for Power
Line Communications: A Survey. Journal of Communication and Information

Systems, v. 32, p. 822, 2017.
Conference:

e Oliveira, Thiago Rodrigues; Andrade, Fernando José de Almeida ; Costa, Luis
Guilherme; Pereira, Michelle Soares; Ribeiro, Moisés Vidal. Measurement of
Hybrid PLC Wireless Channels for Indoor and Broadband Data Communication.

Proc. XXXI Simposio Brasileiro de Telecomunicacoes, 2013, Fortaleza.

e Costa, Luis Guilherme; Picorone, Antonio Angelo Massiagia; Queiroz, Antonio
Carlos Moreirao de; Costa, Vinicius Lagrota Rodrigues da; Ribeiro, Moisés Vidal.
Projeto e Caracterizagao de Acopladores para Power Line Communications. Proc.

XXXIII Simposio Brasileiro de Telecomunicagoes, 2015, Juiz de Fora.

e Costa, Luis Guilherme; Picorone, Antonio Angelo Massiagia; Queiroz, Antonio
Carlos Moreirao de; Costa, Vinicius Lagrota Rodrigues da; Ribeiro, Moisés Vidal.
Caracterizacao da Impedancia de Acesso a Rede de Energia Elétrica Residencial
para Uso em Sistemas Power Line Communications. Proc. XXXIII Simpdsio

Brasileiro de Telecomunicacoes, 2015, Juiz de Fora.



	Introduction
	Objectives
	Thesis Outline
	Summary

	Coupling for Power Line Communications: A Survey
	Design of a PLC Coupler: Important Issues
	Printed circuit board design
	Insertion loss and return loss
	Galvanic isolation
	Impedance matching
	Analog filtering
	Electric protection
	Components
	Cost and complexity

	Classification of PLC couplers
	Based on the type of physical connection
	Capacitive
	Inductive
	Resistive
	Antenna

	Based on voltage level
	High-voltage
	Medium-voltage
	Low-voltage

	Based on type of voltage
	Based on frequency band
	Based on propagation mode
	Based on number of connections

	Future works
	Summary


	Access Impedance in Brazilian In-Home Broadband and Low-voltage Electric Power Grids
	The Measurement Setup
	The Access impedance Modeling Procedure
	Measurement Campaign and Statistical Analysis
	Summary

	Design and Characterization of Non-adaptive Capacitive Coupler
	Specification and Design
	Prototypes of PLC Couplers
	Narrowband PLC coupler 9 kHz to 500 kHz
	Broadband PLC coupler 1.7 MHz to 50 MHz
	Broadband PLC coupler 1.7 MHz to 100 MHz
	Broadband PLC coupler 1.7 MHz to 500 MHz

	Summary

	Adaptive PLC coupling circuit
	Problem Formulation
	The Proposed Adaptive Impedance Matching Circuit
	Bank of Switches
	Bank of impedance matchers
	Control

	Prototype of the Proposed Adaptive PLC Coupling Circuit
	Results
	Adaptive broadband, capacitive, SISO and LV PLC coupling circuit (2-50 MHz)
	Adaptive broadband, capacitive, SISO and LV PLC coupling circuit (2-100 MHz)
	Adaptive broadband, capacitive, SISO and LV PLC coupling circuit (2-500 MHz)

	Summary

	Conclusion
	Future Works

	References
	Appendix A – Design of 4th order irregular analog low-pass filter 
	Appendix B – Publications

