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“Imagination is more important than knowledge. For knowledge is limited, whereas
imagination embraces the entire world, stimulating progress, giving birth to evolution.”
Albert Einstein



RESUMO

Esta dissertacao comeca com uma discussao sobre a adequacao de pulsos tipicos de co-
municagao de linha de energia (PLC) para sensoriamento de redes de energia elétrica por
refletometria no dominio do tempo (TDR) baseada em compressao de pulso. Para este
proposito, um sistema de TDR é cuidadosamente descrito, discutindo suas limitacoes e,
finalmente, recorrendo a compressao de pulso. Em seguida, sao apresentadas expressoes
fechadas para pulsos e suas respectivas func¢oes de autocorrelagdo para tipicos esquemas
de modulagao de PLC. Além disso, a adequacao dos pulsos PLC considerados para for-
necer medi¢oes de TDR é discutida em termos de resolucao, eficacia da compressao de

pulso, distor¢ao e alcance.

Em seguida, sao discutidas as principais caracteristicas e limitagoes de sistemas de TDR,
baseados no esquema de multiplexacdo Hermitiana simétrica por divisao de frequéncias
ortogonais (HS-OFDM) para sensoriamento de redes de energia elétrica. Nesse sentido,
um sistema de TDR baseado em HS-OFDM ¢é descrito. Em seguida, as abordagens de
processamento de reflectograma de compressao de pulso e estimacao de canal sdo cuida-
dosamente descritas e os efeitos da parametrizacao do sistema de TDR e de esquemas de
acesso multiplo no desempenho do sistema de TDR baseado em HS-OFDM sao abordados.
Finalmente, um sistema de TDR baseado no esquema de multiplexacao por divisao de
chirps ortogonais (OCDM) é proposto para o sensoriamento de redes de energia elétrica.
Apos a descricao do modelo do sistema, é introduzido um esquema de acesso multiplo que
explora o teorema da convolucao da transformacao de Fresnel discreta modificada para
permitir sensoriamento distribuido reflectométrico e transferométrico de redes de energia

elétrica.

Uma andlise numérica comparativa entre os pulsos PLC considerados é realizada para
bandas de frequéncia que compreendem PLC de banda estreita (NB) - e banda larga
(BB). Primeiramente, pulsos PLC sdo comparados em termos de niimero de refletogramas
obtidos ao longo do tempo e qualidade do refletograma. E mostrado que os pulsos NB-
PLC sao adequados para a maioria dos cenarios de rede de distribuicao, sendo o uso de
BB-PLC deixado para casos onde resolugoes muito finas sao desejadas. Anélises numéricas
adicionais sao entao apresentadas para apoiar a discussao realizada em sistemas de TDR,
multiportadoras com base nos esquemas HS-OFDM e OCDM. E mostrado que a estimacio
de canal supera a compressao de pulso para sistemas de TDR baseados em HS-OFDM.
Uma comparagao entre os esquemas de acesso multiplo baseados em OCDM e HS-OFDM
é entao realizada. Os resultados numéricos mostram que o esquema de acesso multiplo
proposto baseado em OCDM resulta no maior nimero de medig¢oes ao longo do tempo,

além de produzir a mesma resolucao que seus pares baseados em HS-OFDM. Finalmente,



o esquema de acesso multiplo baseado em OCDM é ligeiramente superado pelo HS-OFDM
baseado no acesso multiplo por divisdo de codigo e pelo HS-OFDM baseado em acesso
multiplo por divisdo de frequéncia em alguns modems de redes de energia elétrica que

constituem o sistema de sensoriamento distribuido em termos de razao sinal-interferéncia-

mais-ruido (SINR).

Palavras-chave: Sensoriamento de redes de energia elétrica. Reflectometria no dominio

do tempo. Comunicacao via rede de energia elétrica.



ABSTRACT

This thesis starts with a discussion on the suitability of typical power line communica-
tion (PLC) pulses for fault sensing in power lines via pulse-compression time-domain
reflectometry (TDR). For this purpose, a TDR system is carefully outlined, discussing
its limitations and ultimately resorting to pulse compression. Next, closed-form expres-
sions for pulses and autocorrelation functions of typical PLC modulation schemes are
presented. Furthermore, the suitability of the considered PLC pulses for providing proper
TDR measurements is discussed in terms of resolution, effectiveness of the pulse compres-

sion, distortion, and range.

In sequel, key characteristics and limitations of TDR systems based on the Hermitian
symmetric orthogonal frequency-division multiplexing (HS-OFDM) scheme for power line
sensing are discussed. In this sense, a HS-OFDM based TDR system is outlined. Next,
pulse compression and channel estimation reflectogram processing approaches are carefully
described and the effects of TDR system parametrization and multiple access schemes
on the HS-OFDM-based TDR system performance are addressed. Finally, a TDR sys-
tem based on the orthogonal chirp-division multiplexing (OCDM) scheme is proposed for
power line sensing. After the system model description, a multiple access scheme that
exploits the convolution theorem of the modified discrete Fresnel transform for enabling

distributed reflectometric and transferometric power line sensing is introduced.

A comparative numerical analysis among the considered PLC pulses is carried out for
frequency bands comprising narrowband (NB)- and broadband (BB)-PLC. First, PLC
pulses are compared in terms of number of obtained reflectograms over time and reflec-
togram quality. It is shown that NB-PLC pulses are suitable for most distribution network
scenarios, being the use of BB-PLC left for cases where very fine resolutions are desired.
Further numerical analyses are then presented for supporting the carried out discussion
on multicarrier TDR systems based on both HS-OFDM and OCDM schemes. It is shown
that channel estimation outperforms pulse compression for HS-OFDM-based TDR. sys-
tems. A comparison among the OCDM- and HS-OFDM-based multiple access schemes
is then performed. Numerical results show that the proposed OCDM-based multiple ac-
cess scheme achieves the highest number of measurements over time, besides yielding
the same range resolution as the HS-OFDM-based counterparts. Finally, the proposed
OCDM-based multiple access scheme is slightly outperformed by the HS-OFDM based on
code-division multiple access and by the HS-OFDM based on frequency-division multiple
access at some power line modems consisting the distributed sensing system in terms of

signal-to-interference-plus-noise ratio (SINR).



Key-words: power line sensing, time-domain reflectometry, power line communication.
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1 INTRODUCTION

In the modern society, electrical energy is a paramount resource to both industry
and residential consumers. Thus, the almost ubiquitous power transmission and distribu-
tion networks have been growing in size and complexity. The efficiency of such networks
depends partly on their topology and partly on the physical characteristics and integrity
of their components. The components of these networks are subjects to faults, which must
be promptly handled in order to avoid interruptions in the power supply and consequent

economic losses, besides avoiding public hazard.

Among the different types of faults in these networks are termination impedance
changes, distributed faults and lumped faults [1]. The first are caused by either natural
behavior of the loads or faults near the load, while the second are result of processes such
as aging and degradation of cables. Lumped or localized faults, in their turn, are result of
break of cables, as well as contact with threes or animals. The described factors generate
low-impedance faults (LIFs) and high-impedance faults (HIFs), being the former easily
detected by conventional protection schemes. The detection and location of HIFs, on the

other hand, requires more careful approaches.

In the context of modern power line diagnosis, the use of higher frequencies than
the mains has been widely considered in recently proposed techniques. A main reason
for that is the high amount of information that can be extracted from the electric power
network by monitoring harmonic voltages and currents [2, 3], or even traveling waves [4]

in a wider frequency band, thus allowing more efficient sensing of anomalies.

The use of the concept of traveling waves, widely used for sensing of wired networks,
constitutes an attractive approach which has been gaining attention for detection and
location of impedance discontinuities caused by elements such as branches, loads and
faults [4]. For this purpose, wired networks are handled as transmission lines through
which transverse electromagnetic (TEM) waves travel [5]. Important aplications of this
concept are reflectometry techniques, which consist of injecting a pulse into the analyzed
network and capturing the raised reflections that compose a reflectogram at a single me-
asurement point by an instrument called reflectometer. As such signal propagates along
the network, each impedance discontinuity causes part of the signal energy to be reflected
and, through analysis of the reflected signal or echo, it is possible to obtain information
on the network topology. Among different reflectometry approaches are the frequency-
domain reflectometry (FDR), also known as swept-frequency reflectometry (SFR), and
the time-domain reflectometry (TDR) [6]. There is also the joint time-frequency domain
reflectometry (JTFDR), which benefits from the features from both FDR and TDR and
overcomes some limitations associated with these approaches at the cost of more complex

post-processing [7]. The difference among such techniques is mainly in the way of signal
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injection, i.e., TDR consists of injecting a pulse that contains a broad spectral content,
while classical FDR sequentially injects single-frequency signals until the whole desired
frequency bandwidth is sensed. Such reflectometry techniques also differ in the reflecto-
gram processing. For instance, TDR and FDR extract information from reflectograms in
the time and frequency domains, respectively, while JTFDR extracts information in both

domains via time-frequency analysis of reflectograms.

An interesting alternative for enabling reflectometric sensing of power lines is the
use of power line communication (PLC) technology [8-16], which has proven to be a
key technology in the context of smart grid (SG) [17-19] and also plays an important
role in Industry 4.0, as it enables Internet of Things (IoT) applications that can per-
form industrial automation [20,21]. The usage of a broad frequency bandwidth by PLC
technologies empowers approaches based on traveling waves and enables the so-called
broadband reflectometry [22], which provides reflectograms with finer resolution. In the
specific case of power distribution networks, topics ranging from adjustments to power
line modems (PLMs) for enabling network sensing [23] to machine learning-aided power
line monitoring [24] have been investigated. Furthermore, approaches such as FDR-based
techniques [25], combination of impedance and TDR techniques [26], as well as the use of
JTFDR [7,24] have been proposed.

The sole use of TDR principles for fault sensing in power lines, subject of study
in the past [27,28], has been recently revisited in the literature [29]. One of its main
advantages is the reduced computational complexity due to simplified post-processing, as
the reflectogram is almost directly obtained from the captured reflections. This characte-
ristic allows on-line obtaining of reflectograms [30], efficiently enabling both symbol level

sensing and mains level sensing [23].

In this context, there are many factors influencing the quality of reflectograms
obtained by TDR systems, either based on classic pulse-compression TDR or the ones
that exploit properties of multicarrier schemes. Also, more efficiency in terms of power
line sensing can be achieved via distributed power line sensing, which demand the use of

multiple access strategies.

1.1 OBJECTIVES

Given the aforementioned discussion and motivations, the main objectives of this

thesis are summarized as follows:

e To investigate the use of typical PLC pulses for power line sensing via pulse-
compression TDR. In this context, Hermitian symmetric orthogonal frequency-
division multiplexing (HS-OFDM) [31], first [32] and second [33] derivatives of the
Gaussian pulse (which belong to the impulsive ultra-wideband (UWB) category),
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and chirp spread spectrum (CSS) [34] are considered. Also, range resolution, pulse
compression ratio (PCR), peak-to-sidelobe level ratio (PSLR), integrated-sidelobe
level ratio (ISLR), and maximum unambiguous range are introduced as performance
metrics for pulse-compression TDR systems that make use of the aforementioned

pulses.

e To exploit multicarrier properties of HS-OFDM-based TDR systems for power line
sensing based on digital pulse compression and channel estimation reflectogram pro-
cessing approaches. For this purpose, similar performance metrics to the aforemen-
tioned ones are adopted. Also, time-division multiple access (TDMA), frequency-
division multiple access (FDMA), and code-division multiple access (CDMA) sche-
mes are considered for enabling distributed power line sensing and compared in
terms of signal-to-interference-plus-noise ratio (SINR) performance and number of

measurements over time.

e To introduce an orthogonal chirp-division multiplexing (OCDM)-based TDR system
for power line sensing that overcomes some of the limitations of its HS-OFDM-based
counterparts. By exploiting the convolution theorem of a modified version of the
discrete Fresnel transform (DFnT), on which such system is based, a multiple access

scheme is introduced and compared with the HS-OFDM-based counterparts.

1.2 THESIS ORGANIZATION

The remainder of this document is organized as follows:

e Chapter 2 outlines the power line sensing system model. Based on transmission line
theory, a power distribution network is modeled and the injection of signals and

capture of raised reflections for ultimately forming a reflectogram is discussed.

e Chapter 3 discusses pulse-compression TDR for typical PLC pulses. Closed-form
expressions for such pulses and their autocorrelation functions of typical PLC mo-
dulation schemes and performance metrics are presented for assessing reflectogram

quality:.

e Chapter 4 presents an HS-OFDM-based TDR system for power line sensing. In this
chapter, digital pulse compression and channel estimation reflectogram processing
approaches are compared, and the use of TDMA, FDMA, and CDMA schemes for

enabling distributed power line sensing is discussed.

e Chapter 5 introduces an OCDM-based TDR system for power line sensing. Also, a
multiple access scheme relying on the convolution theorem of the modified DFnT is

proposed.
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e Chapter 6 shows numerical analyses for supporting the carried out discussions in

the previous chapters.

e Chapter 7 places concluding remarks of this thesis.



22

2 POWER LINE SENSING SYSTEM MODEL

This chapter outlines a system model for power line sensing via TDR, where a
PLM works as a reflectometer. The PLM is therefore responsible for injecting signals
and capturing reflections at a single measurement point of a power distribution network,
ultimately forming a reflectogram. In this context, Section 2.1 describes the power line
sensing system model, while Section 2.2 describes a fault sensing procedure for detecting
and locating faults along a power distribution network provided that reflectograms are

obtained under normal and fault conditions.

2.1 PROBLEM STATEMENT

First, let a power distribution network be constituted by power supply cable sec-
tions and branches ending at loads. From the perspective of transmission line theory, the
power supply cable sections are approached as two-conductor transmission line sections
with frequency-dependent characteristic impedance Zy(f) and propagation constant (f),
where f refers to frequency, which are determined by constructive characteristics of the
power supply cable. The branches, in their turn, are bridged taps with finite length en-
ding at a load. An example is the sketch of a single-phase power distribution network in
Figure 1. In this figure, the power distribution network is constituted by a feeder, M line
sections, and M branches ending at loads. The m* line section has length ¢,, and the
m!" branch ends at a load with impedance Zp, ,,(f), where m = 0, ..., M. For the sake of

simplicity, the variable f has been omitted in Figure 1.
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Figure 1: Sketch of a power distribution network under normal operation.

Next, let a full-duplex PLM be connected to a point of that power distribution
network, experiencing an input impedance Z;,(f) that results from the combination of
the network elements [5]. Such transceiver injects pulses and captures their resulting
reflections at a single measurement point as in Figure 2. Also, the use of an ideal circulator
[35-37] is assumed, which completely separates the signals injected by the transmitting
part of the PLM from the reflections captured by its receiving part. The combination
of those elements therefore results in an linear periodically time variant (LPTV) impulse
response h(t,7) observed at the instant ¢ given the injection of an impulse at t — 7,
where 7 is a time lag, of the reflection channel experienced by the PLM connected to
the network. Assuming that the injection and subsequent capture of reflections of signals

takes place within a coherence time, in which variations in loads or any other element
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of the network are irrelevant, one can consider that the distribution network is an linear
time-invariant (LTT) system and denote its reflection channel impulse response simply as
hr(t). Such assumption is made henceforth, being hr(t) considered to be deterministic
throughout this thesis, although it could be considered a random process under certain

circumstances.
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Figure 2: Reflectometry system over a power distribution network with impulse response
hr(t) of the reflection channel.

The impulse response of the reflection channel hp(t), as its name suggests, is
intimately related to reflections suffered by a signal propagating through the power dis-
tribution network, which are raised by impedance discontinuities along the power supply
cable. Such reflections are quantified via the input reflection coefficient between the PLM
of output impedance Zpry(f) and the power distribution network of input impedance
Zin(f), which is expressed as [5]

Zin(f) — Zpru(f)
Zin(f) + Zpem(f)

From I';,(f), we finally obtain the impulse response of the reflection channel via the

(2.1)

an(f) =

inverse Fourier transform, i.e.,

he(t) = / T () f. (2.2)
Alternatively, hr(t) can be expressed as
hr(t) = Z a;6(t —Tp), (2.3)
i=0

where N is the number of impedance discontinuities experienced by the injected signal,
while a; and T; are respectively the attenuation factor and the arrival time at the receiver
side of the PLM associated with the reflection raised by the " impedance discontinuity,
ie{0,...,Np —1}.

The sensing of the power distribution network can therefore be performed via an
analysis of the reflections raised by its impedance discontinuities. For this purpose, a TDR
system operating is used for obtaining a reflectogram p(t), which is an estimate of hr(t).

Our TDR system operates on the system depicted in Figure 2. The transmitting part of
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the PLM injects a pulse s(¢) into the power distribution network with reflection channel
impulse response hr(t). This results in the reflected signal 7(¢) = s(t)xhr(t), where x is the
convolution operator. The captured signal by the receiver part of the PLM is composed
by 7(t) plus an additive noise v(t), which is a zero-mean wide-sense stationary (WSS)

random process, and is represented by r(t) = 7(¢) + v(t), or, alternatively,
r(t) = s(t) * hr(t) + v(t), (2.4)

which is also a WSS random process. After further processing on r(t), a reflectogram p(t)

is obtained. Consequently, p(t) is also a WSS random process.

Among applications such as network topology inference [38,39], the reflectometric
sensing of the power distribution network can be used for fault detection and location.
Based on [25,26,40], a procedure for detecting and locating faults is described in the
Section 2.2.

Given the described system, the TDR procedure aims to obtain a reflectogram p(t)
that is an appropriate estimate of Ar(¢). In order for this to happen, the ideal case would
be s(t) = 6(t), where 6(¢) is the Dirac delta function, and v(¢) = 0. The corresponding
continuous frequency-domain representation for s(¢) would therefore be, i.e., S(f) = 1,
which denotes a zero-phase signal with constant magnitude in the continuous frequency-
domain. In spite of such combination resulting in the best achievable estimate of hp(t),
transmitting such an ideal signal and experiencing infinite signal-to-noise ratio (SNR), as
practical TDR systems are band-limited and impaired by noise. Considering such systems,
Chapter 3 discusses TDR systems whose transmit signals s(t) are typical PLC pulses
considering analog reflectogram processing. Next, Chapters 4 and 5 discuss multicarrier
TDR systems with digital reflectogram processing and introduce multiple access schemes

for enabling distributed power line sensing.

2.2 FAULT SENSING PROCEDURE

If no abnormality occurs in the power distribution network, i.e., its topology is
just as depicted in Figure 1, it is said that the network is under normal operation conditi-
ons, presenting input impedance Z;;, normal(f) and consequently input reflection coefficient
Linnormar(f) and impulse response of the reflection channel Ay, opma(t). However, if a lo-
calized fault with impedance Zgqu(f) occurs, then the topology is changed to the one
depicted in Figure 3. As a consequence, the input impedance of the power distribution
network changes to Z, rqur(f) and additional reflections are suffered by the signal pro-
pagating in this network, resulting in an input reflection coefficient I';y, fqu(f) and an
impulse response gt (t) of the reflection channel. In addition to the normal reflections

caused by impedance mismatchings and load connections already present in A,erma(t),
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the impulse response h rq,:(t) also encompasses reflections raised by the occurrence of the
fault.
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Figure 3: Sketch of a power distribution network under fault ocurrence.

Under normal and fault conditions, respectively, one obtains the reflectograms
Prormal(t) and prau(t), which are weighted estimates of Ryormar(t) and hpau(t), respecti-
vely. A comparison of these reflectograms allows the identification of emerging impedance
discontinuities in the latter reflectogram that were not present in the former. As p,ormar(t)
and pyqu(t) differ only for the reflections caused by the impedance discontinuity at the

fault point, an appropriate parameter for evaluating fault occurrence is defined as

Ap(t) = pfault(t) — Pnormal (t) (25)

The fault detection problem resumes therefore to setting an amplitude threshold ~ for
A,(t), above which reflections are considered to have been raised by a fault. For solving

the fault location problem, one has
Upl
A, =2, (%), (2.6)
where d is the distance in meters between the measurement point and the impedance
discontinuity that caused the reflection, and v, is the propagation velocity in m/s along
the power supply cable. The factor 1/2 relates to the actual distance of the impedance
discontinuities from the measurement point to the round trip time of the observed reflec-

tions.

As previously mentioned, the occurrence of a fault causes multiple reflections, the
first of them being the one that travels in a direct path from the fault point to the
measurement point. The further reflections, in their turn, are raised when the former
reflected signal passes by successive impedance discontinuities such as at load connection
and branch points along its path. Hence, the fault location procedure consists of finding
the position associated with the first peak of A,(d) whose amplitude is above the threshold
&. This results in an estimate of the distance from the fault to the measurement point,

denoted by d 4, and expressed by
dfault = mln{d}
subject to
Ay(d) > ¢
Af(d) =0, (2.7)
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where A/ (d) is the derivative of A,(d) with respect to d.

Among further fault location procedures, which can be used either as an alternative
or a complement to the discussed procedure, are the use of machine learning [24] and
time-reversal processing [41] approaches. While both these techniques can be used for
adequately detecting and locating multiple faults, the former requires proper training
data and the latter requires a complex model of the monitored network, usually based on

transmission line theory.
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3 ON THE SUITABILITY OF TYPICAL PLC PULSES FOR POWER
LINE SENSING VIA TDR

The focus of this chapter is on pulse-compression TDR [30,42], which consists of
convolving the captured reflected signal with a matched filter to the injected pulse. Analy-
zing the resulting reflectogram, such procedure compresses the originally transmit signal
into a narrower pulse, therefore performing resolution improvement and increasing the
average transmitted power proportionally to the time duration of the originally injected
pulse [42]. In contrast to typical studies on reflectometry-based sensing of wired networks,
the aspects of resolution, range and quality of the obtained reflectograms are discussed by
approaching the pulse-compression TDR in power lines as a wired radar, using metrics as

range resolution, maximum unambiguous range, sidelobe level to assess the performance
of the TDR system.

Given this context, this chapter describes TDR systems whose transmit signals
are typical PLC pulses, i.e., HS-OFDM [31], first [32] and second [33] derivatives of the
Gaussian pulse (which belong to the impulsive UWB category), and CSS [34], assuming
an analog reflectogram processing approach. The remainder of this chapter is organized as
follows. Section 3.1 formulates the problem for the considered TDR system. Section 3.2
discusses the compression of typical PLC pulses. Finally, Section 3.3 presents performance

metrics for assessing the quality of obtained reflectograms.

3.1 PROBLEM STATEMENT

When obtaining a reflectogram, it is desired to have a transmit pulse s(¢) that is
sufficiently narrow to provide a fair approximation of (¢) and therefore adequate temporal
and consequently spatial resolution for the reflectogram p(t). It is also desired to have
a high transmission power, so that the receiving part of the reflectometer experiences an
adequate SNR.

A first approach to meet those requirements in a band-limited system is to send a
narrow pulse, with well-defined main lobe and sidelobes. As it is desired to have s(t) that
approximates d(t), the side lobes should present significantly lower amplitude than the
main lobe to avoid undesirable distortions in the reflectogram. Although this would allow
practical implementation, one would have a transmit pulse s(¢) with high peak-to-average
power ratio (PAPR), i.e., great part of its energy would be concentrated in a short time
interval corresponding to the main lobe of the transmit pulse. This may be undesired,
since there are upper bounds on the maximum amplitude of the transmit pulse due to

hardware limitations and regulatory constraints.

A solution to this issue is transmitting a longer s(t) that can present lower PAPR,

i.e., does not need to present well-defined main lobe and sidelobes, and then performing
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processing on the received signal r(¢) to obtain the reflectogram p(t). This processing,
called pulse compression [42—-44], artificially turns the originally transmit pulse s(¢) into a
narrow pulse with high PAPR that in its turn approximates §(t), improving the resolution

and increasing the SNR of the reflectogram p(t).

For describing the pulse compression procedure, let the transmit pulse s(¢) be
expressed as the normalization of a pulse p(t) by its 2-norm, followed by a multiplication

by an energy factor, i.e.,

p(t)
O =VELHT (3.1)

where E is the energy of s(¢) and || - || returns the 2-norm of a signal. Therefore, the pulse
compression procedure consists of performing the convolution of the received signal p(t)
with a pulse compression filter whose impulse response is p*(—t)/||p*(—t)||, where (-)* is
the complex conjugate operator. The result of such operation is the reflectogram, which
can be expressed as

*

N A (=t
Pl = )
- plt) Lt p*(=1)
- <@up<t>u et >> I an O T (3.2)
Knowing that
Foplr) = [ p(op'(t =7t
= p(t) *p"(=t)|i=r (3.3)

is the autocorrelation function of the deterministic energy signal p(t) at the time lag 7 [43],

VE oo e P
(o AT > A () o) e

p(t) = T

As the autocorrelation of a signal is pulse-shaped, one can easily see from (3.4) that the

one can write

(3.4)

pulse compression filter is used with the purpose of compressing p(t) into the pulse R, (),
which is depicted in Figure 4. As R,,(7) = p(t) * p*(—t)|s=,, its resulting continuous
frequency-domain representation is R,,(f) = P(f)P*(f), where P(f) is the continuous

frequency-domain representation of p(t). Alternatively,

Ryp(f) = |P(), (3.5)

which is a zero-phase signal and can be designed in order to approximate the ideal scenario

of a flat continuous frequency-domain representation described in Chapter 2.

If R,,(7) has a sufficiently narrow main lobe and sidelobes with sufficiently low
amplitude, then it can be assumed that

VE pr(=t)

p(t) ~ e )”2hp(t) +v(t) x (3.6)
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Figure 4: Pulse compression.

It can be seen that the first term of the sum from (3.6) is a weighted version of hr(t), while
the second term refers to the noise component. Despite having its amplitude altered over
time, the noise component will have the same power, as it is convolved with the unit-power

compression filter.

Based on the carried-out discussion, one can easily conclude that the quality of a
reflectogram will depend upon two main factors, namely (i) how well R,,(7) approximates
d(t), i.e., how adequate the estimate of hr(t) is, and (%) the SNR level, which drives the
performance of the threshold detector previously described. The former depends only on
the transmit pulse’s characteristics, while the latter depends on both the effectiveness
of the pulse compression procedure and the additive noise characteristics. The focus
of this chapter is on aspects of the reflectogram that do not depend on specific system’s
conditions such as noise, being therefore the sole investigation of autocorrelation functions
of typical PLC pulses our subject of study. In this sense, expressions for R,,(7) of such
signals are derived in Section 3.2 for enabling an assessment of their suitability for TDR

purposes.

3.2 COMPRESSION OF PLC PULSES

In this section, pulses of four commonly adopted modulation techniques for
PLC systems are presented and their autocorrelation functions are derived to determine

whether they are suitable for TDR purposes.

3.2.1 Hermitian-Symmetric OFDM

Let an HS-OFDM system transmit a complex symbol P = [Py, Pi,..., Py_1],
where P, € C, k € {0,..., N — 1}. By performing an Hermitian symmetric mapping [31]
on P before digital-to-analog conversion, the transmit pulse in the continuous time-domain

can be expressed as

N—2
pOFDM(t) _ %{PNil}ejQﬂ-OAft + Z (PkejQﬂ-kAft + P]:efj%rkAft) + g{PNil}ejQﬂ-NAft’

k=0
(3.7)
where —T'/2 <t < T/2, with T denoting the pulse duration, Af = 1/T is the subcarrier

frequency spacing, and {-} and J{-} respectively denote the real and imaginary parts of
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a complex number. An analysis of (3.7) reveals that p(t) occupies a frequency bandwidth

equal to
Borpyu = NAY, (3.8)

i.e., it ranges from —Boprpy to Borpy in the continuous frequency-domain.

Assuming uniform power allocation and binary phase-shift keying (BPSK) modu-
lation, it holds that P, € R,Vn. This results in |P,| = VE, as well as in P, = P; and
S{Pn-1} = 0. Therefore, the autocorrelation function of p(t) for an HS-OFDM system
is defined for —T' <t < T as in (3.9).
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Figs. ba and 5b show respectively the normalized pulse and its normali-
zed autocorrelation for the HS-OFDM scheme. In this figure, the normalized
HS-OFDM pulse and its autocorrelation function are respectively given by Dpppas(t) =
porpy(t)/ max{|porpy(t)[} and Ryorpm(T) = Ryporpm(7)/ max{|Ry,0rpm(T)},
where max{-} returns the maximum value of a signal. This normalization will also be

performed for presenting the pulses and their autocorrelations for the remaining cases.
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Figure 5: HS-OFDM pulse: (a) Poppa(t) and (b) its autocorrelation R, orpar(T).

3.2.2 Ultra-Wideband

For the UWB system, the first [32] and second [33] derivatives of the Gaussian
pulse with respect to t are considered, i.e., ¢'(t) and ¢”(t), where ¢(t) is the Gaussian
pulse. The Gaussian pulse is defined for —7/2 < ¢t < T/2 and is expressed in the

continuous time-domain as

g(t) = e 3(5) (3.10)

with o denoting the variance.

3.2.2.1 First derivative of the Gaussian pulse

The first derivative of the Gaussian pulse is expressed in the continuous time-

domain as
2

L o3(2), (3.11)

() =—
puw-1(t) N
Besides pywp—1(t) being defined for —7'/2 <t < T'/2, its effective duration is T' = 7o [45].
The occupied frequency bandwidth by pyw p_1(t) is defined as the lowest frequency beyond

which its continuous frequency-domain representation Pywp-1(f) is at least 30 dB below
its maximum value [33]. Based on this assumption, one has a continuous frequency-
domain representation ranging from —Bywg_1 to Bywp_1, in which

1599.49 x 1073

T

(3.12)

Bywp-1~
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The autocorrelation function of pywp_1(t) for the first derivative of the Gaussian

pulse is therefore given by

—1 .2
Rypvwp-1(1) = S0t (72 - 202) e 17 (3.13)

and is defined for =T < 7 < T, or, alternatively, —70 < 7 < 7o.

Figs. 6a and 6b show respectively the normalized pulse Py p_1(t) and its norma-

lized autocorrelation R, rwg_1(7) for the first derivative of the Gaussian pulse.
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Figure 6: First derivative of the Gaussian pulse: (a) Dy 5_;(t) and (b) its autocorrelation
Ry owpa(7).

3.2.2.2 Second derivative of the Gaussian pulse

The second derivative of the Gaussian pulse is expressed in the continuous time-

domain as
2

t? —o0® 11
7 e3(5) (3.14)

(t) = ——

puwB—2(1) N

and is defined for —7'/2 <t < T'/2, with T' = 7o as in the case of pywp_1(t). Adopting
the same criterion from the previous UWB pulse, the occupied frequency bandwidth by

puws—2(t) is given by

564.65 x 1073
Buwp-2 &~ (3.15)

i.e., its continuous frequency-domain representation ranges from —Bywg_2 to Bywp_s.

By convolving pyw p—a(t) with pjy g_o(—t), one obtains the autocorrelation func-

tion of pywp_o(t) for the second derivative of the Gaussian pulse, expressed as

72

1 _x2
RpprWB_Q(T) = 32—\/7_1Ti9 (7’4 — 120’27'2 + 1204> e 402 (316)
which is defined for —T < 7 < T, or, alternatively, —70 < 7 < 7o.

Figs. 7a and 7b show respectively the normalized pulse By 5_o(f) and its norma-

lized autocorrelation R, rwp_o(7) for the second derivative of the Gaussian pulse.
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Figure 7: Second derivative of the Gaussian pulse: (a) Py p_o(t) and (b) its autocorrela-
tion RPVUWB_Q(T).

3.2.3 Chirp Spread Spectrum

The baseband CSS system multiplies an up- or down-chirp pogs(t), properly nor-
malized to present unit power, by a factor v/E before transmitting it. In this chapter,
the baseband up-chirp is defined for —7/2 < ¢t < T/2 and denoted in the continuous
time-domain by

poss(t) = cos(mut?). (3.17)
where p € R is the chirp rate. For a given p value, the occupied frequency bandwidth by
poss(t) is given by

T
BCSS = |M|§, (318)

which results in the fact that pcgs(t) linearly sweeps frequencies from —Bggs to Bogg in

T seconds.

By convolving pcgs(t) with its matched counterpart pfgq(—t), one obtains
R,,.css(7), which is defined for -7 < 7 < T and is defined as

1
Ryposs(t) = AMT/2,7) — A(=T/2,7) + 5 cos(mut?) sin(murT), (3.19)
TUT

with

TUT?

A, )2 [cos (”‘;ﬂ C(\/i(2t — 7)) — sin < ) S (a2t — T))l (320

i

where C (-) and S (+) denote, respectively, the Fresnel cosine and Fresnel sine integrals as
in their second definition in [46]. Figs. 8a and 8b show respectively the normalized pulse

Poss(t) and its normalized autocorrelation R, css(7) for the considered up-chirp pulse.
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Figure 8: CSS pulse: (a) Prgg(t) and (b) its autocorrelation R, css(T).

3.3 REFLECTOGRAM QUALITY

Disregarding noise effect, the quality of the estimate of hp(t) provided by the
reflectogram r(t) according to (3.6) can be assessed by means of different metrics. These
metrics can be used for evaluating the range resolution of the reflectometry system, which
is the capability of resolving subsequent reflections, as well as the pulse compression
effectiveness and the reflectogram distortion caused by the sidelobes of the transmit pulse’s

autocorrelation function.

3.3.1 Range Resolution

The adopted metric for evaluating the range resolution is the Rayleigh criterion,
widely used in radar systems [43]. Given a pulse with main lobe width of 2T 4 as shown
in Figure 9a, this criterion states that reflections related to two impedance discontinuities
with spacing Ad from one another are only resolved if the peak of the main lobe of one
reflections falls at the same time instant as a zero crossing immediately next to the main
lobe of the other reflection, i.e., the reflections are spaced in time by Taq = Ad/(v,/2), as
depicted in Figure 9b. This criterion can be used as a metric for comparing the resolution

of reflectograms obtained via transmit pulses with different autocorrelation functions.

The range resolutions associated to the autocorrelation R, ;(7),
i € {OFDM,UWB — 1,UWB — 2,CSS}, is therefore the product of the time
instant of the first positive zero crossing of R,,;(7) by v,/2, ie., Ad; = v,Taq;/2.
Finding the first zero crossings of R,,;(7) resumes to solving R,,;(7) = 0 for 7, setting
Taq; as the smallest absolute value of 7 obtained, and multiplying it by v,/2. The range
resolutions for HS-OFDM, UWB and CSS pulses are presented as follows:
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Figure 9: Autocorrelation function R,,(7): (a) zero crossings and (b) Rayleigh resolution.

3.3.1.1 Range Resolution of HS-OFDM Pulse

For the HS-OFDM pulse with uniform power allocation, Tagorpas is obtained by
equaling (3.9) to zero, yielding Tagorpm = 1/(2Borpar) [30,47]. Multiplying the result
of this procedure by v,/2, one obtains the range resolution Adorpy = vpTadorpr/2,
expressed as

Up

Adorpuy = (3.21)

4Borpm
3.3.1.2 Range Resolution of Ultra-Wideband Pulses

Regarding UWB pulses, the Rayleigh resolution Adywp—1 = v,Taguwp-1/2 for
the first derivative of the Gaussian pulse is obtained by equaling (3.13) to zero and solving
for 7, which yields Taguwp-1 = V20, Multiplying this result by v,/2, one gets

UpO

AdUWB*l = E (322)

For the second derivative of the Gaussian pulse, it holds that Taquwp—2 =
01/6 — 2v/6 via the same procedure for the previous case. The Rayleigh resolution

AdUWB—2 = UpTAd,UWB—2/2 is then
AdUWB_Q = %O’\/ 6 — 2\/6 (323)

3.3.1.3 Range Resolution of CSS Pulse

For the CSS case, the expression R,,css(7) = 0 must be solved numerically for

7 and no closed-form expression for Adcgg could be presented in this case. However,
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by making use of an approximation for linear chirps with BegsT > 10 reported in the
literature [43], one obtains Tagcss ~ 1/(2Bcss) and the range resolution Adegs =
v Tad,css/2, which is expressed as

Up

. 3.24
4Bcss (3:24)

Adcsg ~

3.3.2 Pulse compression ratio

Once the range resolution has been obtained, the effectiveness of the pulse compres-
sion can be evaluated by means of the PCR [48], which is a ratio between the pulse length
before pulse compression and the effective pulse length after the compression procedure,

i.e., TAd,z‘
T

Thadi’
with i € {OFDM,UWB —1,UWB — 2,CSS.

PCR; = (3.25)

The PCR can alternatively be interpreted as a ratio between the effective average
power of a pulse compression TDR system and a simple pulse system, provided that
peak power and range resolution is the same for both cases [48]. Depending on the
noise characteristics, PCR can be used for measuring SNR gain provided by the pulse
compression procedure, being also known as pulse compression gain (PCG) [43]. Given
this context, the PCRs for HS-OFDM, UWB and CSS pulses are presented as follows:

3.3.2.1 Pulse compression ratio of HS-OFDM pulse

Given the Tagorpm value obtained in Subsection 3.3.1.1, the PCR for the
HS-OFDM pulse is
POROFDM = QBOFDMT' (326)

3.3.2.2 Pulse compression ratio of Ultra-Wideband pulses

For the first derivative of the Gaussian pulse, which presents Taquwp—1 as shown

in Subsection 3.3.1.2, one has

PCRUWBfl = % =~ 495, (327)

while the associated PCR with the second derivative of the Gaussian pulse is

7
PCRywp—» = ——— ~6.67, (3.28)

\/6 —2v6

both results holding for any given T' = 7o.
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3.3.2.3 Pulse compression ratio of CSS pulse

The Tagcss value obtained in Subsection 3.3.1.3 for the CSS pulse results in a
PCR given by
PCRCSS ~ QBCSST- (329)

3.3.3 Reflectogram distortion

Further metrics can be used for assessing the quality of the reflectogram in terms
of distortion caused by the presence of sidelobes in the autocorrelation function of the
transmit pulse. In this chapter, PSLR and ISLR [47] are the adopted metrics for this
purpose. The PSLR measures the ratio between the highest sidelobe and the main lobe,

le.,
max {| Ry (7)1} 530
PSLR = . 3.30
[ B (0)]

In its turn, the ISLR measures the ratio between the integration of the sidelobes and the

main lobe, which can be expressed as

ffgf |Rpp(7)| dr + f%; |Rpp(7')| dr

ISLR =
f—T%(; |Ryp(T)| adT

: (3.31)

where [-| is the absolute value operator.

Pulses that present high PSLR and/or ISLR values can cause significant distortion
in the reflectogram if used for TDR purposes. However, it is possible to mitigate such
undesired effect with signal processing techniques. Among widely used approaches are
either windowing the reflectogram, which reduces the level of sidelobes with the drawbacks
of SNR reduction and broadening of the main lobe [30,43,44], or designing pulses with

desired autocorrelations.

3.3.4 Maximum Unambiguous Range

Besides assessing the quality of the reflectogram in terms of resolution and dis-
tortion, it is also important to determine the distance interval within which there is no
interference between reflectograms of subsequent pulses. Such interval is named maximum
unambiguous range and is related to the maximum duration of the reflection channel hp(t),

denoted by T} max, supported by the reflectometry system.

For this purpose, the pulse repetition interval is defined as the time interval
between subsequent pulse injections [43, 48] down to the distribution network and de-
note it by AT,. The maximum duration of hr(t) is defined based on the fact that the
maximum duration of the complete echo response p(t), denoted by 7}, max, is equal to AT),.
As p(t) is the result of the convolution between s(t) and hr(t), one has T), max = 7'+ Th max
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and, therefore, T, max = AT, —T. As a consequence, the maximum unambiguous range
from the measurement point is given by dmax = VpTh max/2, i-€.,
v, (AT, —1T)

_ By L) 32
. : (3.32)

It is clear from this expression that the maximum unambiguous range depends upon not
only on the duration of the adopted pulse, but also on the periodicity in which it is
injected into the channel. An appropriate reflectometry system must therefore consider
the duration of a given hp(t) in order to define a 7" and AT, pair that does not cause

interference between reflectograms.
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4 HERMITIAN-SYMMETRIC OFDM FOR POWER LINE SENSING
VIA TDR

As described in Chapter 3, appropriate power line sensing can be performed via
an adequate parametrization of the TDR system based on analog reflectogram processing.
However, more effectiveness in terms of signal processing and electromagnetic compati-
bility (EMC) without the inherent drawback of poor spectrum control in classical TDR
can be achieved by multicarried-based TDR, in which digital reflectogram processing is
performed. In this context, multicarrier time-domain reflectometry (MCTDR) [49, 50]
and its time-domain version [51], which only differ in the domain where reflectogram pro-
cessing takes place, have been introduced. For enhanced compatibility with existing PLC
systems and optimized digital signal processing, an interesting approach is the orthogonal
multitone time-domain reflectometry (OMTDR) [30], which is variation of the MCTDR
based on orthogonal frequency-division multiplexing (OFDM).

Although TDR based on OFDM or its baseband version HS-OFDM seems a good
candidate for power line sensing, aspects such as measurement range and number of
reflectograms obtained over time become more relevant due to the long distances in power
distribution networks and the LPTV behavior of transfer functions experienced by signals
injected by PLMs into the network. Also, the use of channel estimation, performed for
communication purposes in PLC systems [52], rather than the usual pulse compression
performed for reflectometric sensing in wired networks [30,42] has not yet been addressed
in the literature. For an efficient distributed sensing, the effect of multiple access on TDR
measurements, already considered for pulse compression TDR in some aspects [30, 53],
must also be taken into account for HS-OFDM-based TDR systems relying on channel

estimation.

Given this context, the influences of the parametrization of an HS-OFDM-based
TDR system as well as limitations imposed by multiple access schemes on its performance
for power line sensing are discussed in this chapter. The remainder of this chapter is
organized as follows. Section 4.1 describes the HS-OFDM-based TDR system for sensing
of a power distribution network. Section 4.2 discusses the pulse compression and channel
estimation reflectogram processing approaches. Section 4.3 addresses the effect of the
HS-OFDM-based TDR system parametrization on its performance. Finally, Section 4.4

discusses the use of multiple access schemes for power line sensing with multiple PLMs.

4.1 PROBLEM STATEMENT

In this chapter, it is assumed that an HS-OFDM system band-limited to the band
f € [0, B] perfoms reflectometric sensing of the power distribution network described in

Chapter 2. As the TDR system occupies a frequency bandwidth B, it is further assumed
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that it has sampling frequency F, = 2B. The considered HS-OFDM-based TDR system

CN*1  This vector is

is depicted in Figure 10, starting with a complex vector D €
inputted to the function P(-) that represents, in a condensed form, the digital signal
processing performed at the transmitter side, which is composed by three stages. The
first one is the Hermitian symmetric mapping Map(-) [31] that transforms D into the 2.V-
length vector X € C*V*! that represents the HS-OFDM symbol in the discrete-frequency
domain. Next, the inverse discrete Fourier transform (IDFT) transforms X into the vector
x € R¥Vxlx = ﬁw’; ~X, which represents the HS-OFDM symbol in the discrete-time
domain and is real-valued due to the Hermitian symmetry of X. Finally, an L.,-length

2N+Lep)x1 - Considering that

cyclic prefix is appended to x, resulting in the vector s € R(
the reflection channel impulse response hr(t) has a corresponding Ly, p-length discrete-time
domain sequence {hr[n]} whose vectorial representation is hy € RE#r*! no intersymbol

interference (ISI) is experienced if the constraint L., < Ly, p is satisfied.

Back to Figure 10, the discrete-time vector s undergoes an digital-to-analog con-
version, being converted into the continuous-time signal s(t) that is inputted to the re-
flection channel of impulse response hr(t). It is worth highlighting that, in order for the
LTT assumption of the reflection channel to hold, the duration of s(t), i.e., the HS-OFDM
symbol in the continuous-time domain, Ty, = (2N + L) T, must satisfy the constraint
Tsymp < Te. The first term of the previous expression accounts for the number of samples
of the discrete-time vector s, while Ty = 1/F} is the sampling period. The resulting signal
from the convolution between the transmit signal and the channel is 7(t) = s(t) x hr(t).
To this signal is added the noise v(t), which is a zero-mean WSS random process, resulting
in the received signal r(t) = s(t) * hr(t) + v(t). Note that, due to the noise presence, r(t)
is also a WSS random process.

At the receiver side, where perfect synchronization is assumed, the received signal
r(t) passes through an analog-to-digital converter, originating the vector r € REN+Lep)x1
Next, r is inputted to the function Q(-), which synthesizes the digital processing at the
receiver side of the HS-OFDM-based TDR system. The performed processing by this

function starts with cyclic prefix removal from r, which originates the vector y € R2V*1,

The operations ranging from the transmitter processing on x to ultimately obtain

y can be equivalently expressed as
Y=XOoOHr+V, (4.1)

where Y € CHVXY = ﬁWgNy, is the discrete-frequency domain representation of
y; Hp € C*"*!'[Hp = Wyn[h{ 0on_p, | is the 2N-length zero-padded version of hr €
RErr>Land V € RV = ﬁwwv is a vector composed by 2N Gaussian random

R2N><1

variables and v € is a vector constituted by 2N consecutive samples of the discrete-

time domain version of the additive noise v(t).
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The k' element of V, denoted by V4, is a random variable of mean E{V;} = 0,
k € {0,...,2N — 1}, and variance E{|Vi|’} = ot,, being uncorrelated with the
remaining elements of V in the frequency domain, ie., E{V;V;'} = E{V,}E{V/"} for
ke{0,...,2N —1} and j € {0,...,2N — 1} such that k # j, k # 2N — j. Assuming
that the two-sided additive noise power spectral density (PSD) is flat within each subband,
one can represent it as the vector Sy € R**! with its £ element Sy, = o7, /(2NAf)
denoting the additive noise PSD at the k' subchannel and Af = F,/2N denoting the

subcarrier frequency spacing/bandwidth.

The processing performed by Q(-) is completed with the obtaining of an L ,-length
vector P € C**|L, > L, that represents the reflectogram in the discrete-frequency
domain. This is performed via processing on Y, in such a way that the influence of X
on it is minimized or eliminated. A proper vector P must be a good estimate of Hr and
present a high SNR for noise effect to be negligible. The processing performed by Q(-) is
finally completed with a IDFT on P, resulting in the reflectogram vector p € R¥»*! that
is actually used for analyzing the reflections along the network. Further details on P are

provided in Section 4.2.

After the reflectogram vector p has been obtained, its analog counterpart p(t)
can be yielded to reduce the temporal granularity and, as a consequence, the spatial
granularity of the reflectogram. This can be performed via sinc interpolation in the time
domain by a reconstruction filter [54]. Alternatively, zero-padding can be performed
on the discrete-frequency domain vector P before transforming it to the time domain
[25]. Both these alternatives yield valid reflectograms under the condition that the signal
has been sampled at sampling rate of at least F's = 2B. A third alternative would
be oversampling r(t) at a sampling frequency F's = 2nB [30], which would ultimately
yield a reflectogram vector p € R"»*1|{n € R N 1 > 1}, with finer temporal and spatial
granularities for higher n values. Although this is a valid alternative, it would yield
significantly higher computational complexity, as all processing stages at the receiver

would be performed on longer vectors.

The quality of the obtained reflectogram will ultimately depend not only on the
SNR level, but also on the processing performed on y. Given this context, Section 4.2
carries out a careful description of two approaches for the obtaining of the reflectogram

vector p from y, which is performed by the function Q(-).

4.2 DIGITAL REFLECTOGRAM PROCESSING APPROACHES

A conventional approach for obtaining reflectograms in TDR systems is the pulse
compression, which is based on the correlation between the transmit and received signals
without cyclic prefix, i.e., x and y, and has already been addressed in the literature [30,55].

An alternative processing, usually resorted to in radar systems, consists of obtaining a
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reflectogram vector p that is an adequate estimate of hr by removing the effect of the
transmit signal on y via processing in the frequency domain [56]. These two approaches
are described in Subsections 4.2.1 and 4.2.2, respectively, being the digital implementation

of the former approach considered rather than its analog version from Chapter 3.

4.2.1 Digital pulse compression

Similarly to Chapter 3, the digital pulse compression consists of correlating y with
a copy of x so that the obtained reflectogram vector p is equivalent to the one obtained
via the transmission of a narrower pulse, which corresponds to the autocorrelation of
x [6,30,57].

Such procedure is performed via a linear convolution between the vector y

and a matched filter to x, denoted by g € R2Vx!

Differently from the analog
pulse compression described in Chapter 3, this linear convolution can be implemen-
ted by means of a circular convolution between (4N — 1)-length zero-padded versions
of x and y in the digital pulse compression case, demanding computational comple-
xity of order O(N?) [54,58]. Alternatively, it can be implemented in the discrete-
frequency domain via multiplication of the (4N — 1)-length zero-padded versions of Y
and G € C*V*!|G = ﬁWzNg = (X, X5, ..., Xon )T, where X, is the k' element of
X, preceded by an discrete Fourier transform (DFT) and followed by an IDFT [55,58]. If
fast Fourier transform (FFT) and inverse fast Fourier transform (IFFT) are used, this ap-
proach becomes more efficient and faster than the circular convolution in the discrete-time
domain [58], imposing the constraint that the zero-padded versions of the aforementioned

vectors present length 4N and demanding a reduced computational complexity of order
O(N logy, N).

The 4N-length zero-padded versions of Y and G are, respecively,

YZP c (C4N’YZP = ﬁWM\I[yTOgN]T, and GZP < C4N‘GZP = ﬁWMV[gTOQTN]T.

The resulting reflectogram can therefore be represented in the discrete-frequency domain

as
Ppc = Yzp©Gygp

= Rxxzp OHrzp+Vzp © Gyp, (4.2)

where Ppc  presents length L, = 4N, e, Ppc € CANxL.

Rxxzp € R™WMRxx zp = Xzp © Gzp, represents the autocorrelation of x in the
discrete-frequency - domain; Xzp € C*V[Xzp = = Wan([x"055]" is the 4N-length
zero-padded version of X; Hr zp € C*V|Hr zp = W4N[h1T04TN_Lh’F]T is the 4N-length
zero-padded version of hp; and Vzp € C*¥ |V p = ﬁWW[VTOéFN]T represents the

4N-length zero-padded version of v in the discrete-frequency domain.
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A closer examination of (4.2) reveals that the obtained reflectogram is biased by the
autocorrelation of the transmit signal x. The resulting reconstructed analog reflectogram
p(t) obtained by the digital pulse-compression TDR system will be therefore equivalent to
a reflectogram obtained by a conventional TDR system that performs injection of a pulse
s(t) = Ry, (t) into the network, being R,,(t) the continuous-time domain reconstructed
version of the discrete-frequency domain autocorrelation of x, ie., Rxxzp. If Ry (%)
presents high PSLR and ISLR values [47,57], which are respectively the ratio between the
highest sidelobe and the main lobe and the ratio between the integrated sidelobe level and
the main lobe, there will be significant clutter, therefore compromising the quality of the
reflectogram p(t). Such distortion can be minimized by signal processing techniques such
as windowing, which reduces the level of sidelobes at the cost of main lobe broadening and
consequent resolution loss [30,43,44], or designing pulses with desired autocorrelations.
The latter approach, however, may limit the use of the HS-OFDM signal to reflectometric

sensing, possibly inhibiting its use for communication purposes.

4.2.2 Channel estimation

In this approach, the reflectogram p is obtained by performing a DFT on y, fol-
lowed by a element-wise division of the resulting vector Y by X and an IDFT [56]. The
resulting operation performed by Q(-) is therefore equivalent to a channel estimation pro-
cedure [52]. The obtained reflectogram can be expressed in the discrete-frequency domain

as

Per = YOX
- Hr+VOoX, (4.3)

in which Pcp € Ct*! and L, = 2N.

Finally, the reflectogram vector p is then simply obtained via a IDFT on Pcg.
If DFT and IDFT are performed by their fast counterparts, i.e., FFT and IFFT, the
computational complexity associated with this procedure is of order O(N log, N) due to
the two aforementioned stages plus the Hadamard division, being therefore significantly
smaller than in the digital pulse compression case. Based on the computational com-
plexity of FFT and IFFT in the HS-OFDM scheme presented in [59], Table 1 lists the
computational complexity of digital pulse compression and channel estimation reflecto-
gram processing approaches in terms of basic operations, i.e., multiplications, divisions,

sums, and subtractions.

Unlike the digital pulse compression case, the reflectogram from the channel esti-
mation in (4.3) is only biased by noise. The only factors limiting the reflectogram quality
will therefore be SNR level and system bandwidth. The band limiting of the HS-OFDM-
based TDR system to a bandwidth B results in a reconstructed reflectogram p(t) that is



46

Table 1: Computational complexity of digital pulse compression and chanel estimation
reflectogram processing approaches.

Computational complexity

Operations X[+ +/-
4N-size FFT 8N log, 4N | 12N log, 4N
Digital pulse
Matched filtering
compression 4N -

in frequency domain

4N-size IFFT 8N log, 4N | 12N log, 4N

2N-size FFT 4Nlog, 2N | 6N log, 2N

Channel Channel estimation oN

estimation |in frequency domain

2N-size IFFT 4Nlog, 2N | 6N log, 2N

sin(7t)
wt )

the wired network by a conventional TDR system. Although clutter level may not be as

equivalent to the one obtained by the injection of s(t) = Bsinc(Bt), sinc(t) = into

relevant as in the digital pulse compression case, it can still be reduced by windowing [60].

4.3 SYSTEM PARAMETRIZATION AND LIMITATIONS

For the HS-OFDM-based TDR system described in Section 4.1, which provides
a reflectogram via digital pulse compression or channel estimation as described in Sec-
tion 4.2, a proper parametrization must be performed for the resulting reflectogram to
be representative of the network, besides achieving desired maximum unambiguous range
and range resolution values. This is mainly done by adopting HS-OFDM symbol length
2N, cyclic prefix length L.,, and occupied frequency bandwidth B values that satisfy the

aforementioned constraints, as described in the following subsections.

4.3.1 Channel coherence bandwidth

In order for hr(t) to be appropriately reconstructed from hr, a further constraint
must be satisfied besides the one related to the channel coherence time 7T, mentioned
in Section 4.1. This constraint is that the frequency resolution, or subcarrier frequency
spacing/bandwidth, A f must be smaller than the reflection channel coherence bandwidth
B ., within which the reflection channel frequency response can be considered flat. The

reflection channel coherence bandwidth is defined as [61]

{Af} (4.4)

A
Bem. = max
Ry (Af)|Zel Ry (0)]
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where 0 < o < 1 is a threshold and Ry.(Af) is the frequency correlation function defined
as by

R (Af) 2 [ He(F)H;(f + Af)df. (45)

The frequency resolution, i.e., subcarrier frequency spacing/bandwidth, must therefore
be set such that Af < B.p.. As Af = F,;/(2N) and F's = 2B, it holds the constraint

vz (5], (16)

¢,Hr

in which [x] = min{n € Z|n > x}.

4.3.2 Maximum unambiguous range

The maximum unambiguous range is limited by the length 2N of the received
vector y [62]. This is due to the fact that, in both digital pulse compression and channel
estimation, the reflectogram originates from the removal or minimization of the effect of
x on y. After this is done, the information on the reflection channel impulse response
hr(t) will be contained in a 2N-length vector. One must therefore have 2N > Ly, so
that no ambiguities to occur in the reflectogram. This holds even for the digital pulse

compression case, where the reflectogram length is only longer due to zero padding.

Additionally, if the cyclic prefix is not long enough, there may be ambiguities in
the reflectogram due to ISI [62]. In order to avoid such effect, the cyclic prefix length must
satisty L., > L, r. Due to the aforementioned limitations, the maximum unambiguous

range in both digital pulse compression and channel estimation is given by

T
Qo = “Pz min{2N, Ly}, (4.7)

i.e., the minimum length between 2N and L., multiplied by the sampling period T, and
the phase velocity v, and divided by 2 in order to account for the round trip time of the

reflections [57]. Therefore, for a given maximum unambiguous range dp.x, one has the

constraints 4
N > | =2 4.8
N L}st-‘ (48)
and p
2
L., > max . 4.9
P — ’V Ust -‘ ( )

4.3.3 Range resolution

The range resolution is the capability of resolving close reflections. For an
HS-OFDM-based TDR system occupying a frequency bandwidth of B Hertz in the base-

band, the corresponding range resolution is

Ad = 4”—;, (4.10)
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which, assuming perfect reconstruction of the analog reflectogram p(t), is due to the
fact that such band limiting in the frequency domain is equivalent to a convolution with
a sinc with zero crossings at +1/(2B) in the continuous time domain as discussed in
Subsection 3.3.1. The range resolution from (4.10) holds for both digital pulse compression

[57,63] and channel equalization [56] procedures.

44 MULTIPLE ACCESS SCHEMES

If Nprar PLMs are to operate over a single power distribution network, therefore
constituting a distributed HS-OFDM-based TDR system, multiple access schemes can be
adopted. The most usual ones are TDMA, FDMA, and CDMA [62,63].

For the digital pulse compression approach, TDMA, FDMA, and CDMA schemes
have already been addressed in the literature [53,63]. Out of this reason and due to
the evident advantages of channel estimation over digital pulse compression pointed out
in Section 4.2, the discussion on multiple access schemes for an HS-OFDM-based TDR,
system presented in the following subsections will assume the adoption of the channel

estimation reflectogram processing approach.

Although the u™™ PLM, u € {0,..., Nprys — 1}, is associated with an unique D,
vector and experiences hr, and v, that are different for the remaining PLMs, therefore
yielding an unique reflectogram vector p,, the subindex u will be omitted henceforth for

the sake of simplicity.

4.4.1 Time-division multiple access

TDMA is a widely used multiple-input multiple-output (MIMO) scheme in appli-
cations such as radar [62] and communications [9]. For Nppy PLMs transmitting and
receiving 2N-length HS-OFDM symbols, each one of them accessing the same power dis-
tribution network in different time slots, there will be no interference among reflectograms
of distinct PLMs. Furthermore, each of these reflectograms will have the same maximum
unambiguous range dmax,rpMA = dmax and range resolution Adrpya = Ad exactly as

defined in Section 4.3, being also subject to the channel coherence bandwidth constraint.

In this scheme, there is a number of

1

N - -
NPLMTsymb

p,TDMA = (4.11)

obtained measurements per PLM per second. If intended, the PLMs that are not trans-
mitting in the current time slot can also use the received signal from the transmitting
PLM for obtaining a transferogram (i.e., channel impulse response between two PLMs),
which can be used for data fusion among the PLMs [64]. This would result in a total num-

ber of Nyeasroma = 1/Tsymp measurements per PLM per second, which is constituted by
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the number of reflectograms from (4.11) and

NPLM —1

4.12
NPLMTsymb ( )

Nrrpyva =

transferograms.

4.4.2 Frequency-division multiple access

In the case where different PLMs are to transmit simultaneously, an alternative
is the use of the FDMA principle. For better exploiting information on the network, an
interleaved FDMA scheme can be used rather than a localized one that allocated adja-
cent subcarriers to each PLM [30,65]. In this approach, 2N/Np s interleaved subcarriers
are allocated to each PLM in an HS-OFDM-based TDR system with HS-OFDM symbol
length 2/N. The resulting reflectogram for each PLM is therefore obtained by discarding
the subcarriers allocated to the remaining PLMs and, after obtaining the vector P, which
is the vectorial representation of the reflectogram in the discrete-frequency domain, perfor-
ming a (2N/Nppa)-size IDFT on it in order to obtain the reflectogram vector p. Finally,
the obtained (2N/Nppyr)-length reflectogram p undergoes a reconstruction process that

will originate p(t) as described in Section 4.1.

In the considered FDMA scheme, the vector D € CV*!, from Section 4.1 is genera-
ted via a pre-mapping on a vector D € CIV+D*1 whose k' element Dy, will be ultimately
transmitted at the continuous-frequency bin f, = kA f Hz after all processing and digital-
to-analog conversion has been performed at the transmitter side. This pre-mapping is

expressed as
D1, k=0,...,.N—2
Dy={ " , (4.13)
Do+ jDy, k=N —1
where Dy, is the k" element of D, and j = +/—1. In order for interference-
free operation of the PLMs to take place, a set IC, = {u,u+ Nppar,u+2Npras, - - -},
u€{0,...,Nppy — 1}, of N/Nppy interleaved elements of D are allocated to the u'™
PLM. Also, all PLMs place null values at the elements that have not been allocated to
it.
Once P has been obtained at the receiver side, the PLM performs a channel
estimation processing considering only its elements associated with the ones of D whose
indexes belong to K,. Next, P is transformed into the vector P € RV*+D*1 according to

the mapping

. P., k=0,N
P, = : (4.14)
2P, k=1,..,N—1
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in which P and P, are the k™ elements of P and Py, respectively. Such mapping is
performed in order to map a 2N-length Hermitian symmertric vector P into the N-length

vector P with no loss of spectral content.

Finally, the u PLM obtains an L,length reflectogram vector p € RE»*1

L, =2N/Nppy, whose n'" element is expressed as

S" R{P.} cos (%)

ke,

— Y 3{Py}sin (%)] (4.15)

key

which, for the single-PLM case, is exactly the same result obtained by performing an
IDFT on P.

The obtained reflectograms in the proposed FDMA scheme will have maximum
unambiguous range experienced by each PLM equal t0 dmax porma = dmax/Npray. The
range resolution for each PLM in its turn will be AdFE DM A = v, /(4Bppaa), with Bppasa
being the effective bandwidth experienced by each PLM. As 2N/Npp; subcarriers are
allocated to each PLM, the effective subcarrier separation experienced by the latter will
be Afrpya = (Npry/N)B. Consequently, Brpya = (N/Nppy)Afrpua = B, and it
holds that the range resolution is exactly as defined in Section 4.3 for the single-user case,
ie., AdFDMA = Ad. Although the range resolution is maintained, the information on
the network contained in the subcarriers discarded by the PLM will cause distortion on
the obtained reflectograms. The trade-off between number of PLMs connected to the
network and reflectogram quality must therefore be observed in order for fault detection

and location procedures not to be negatively affected.

As a consequence, one obtains a number of
1

N, rpma = T (4.16)

symb
reflectograms per PLM per second. If transferograms are also to be obtained, one would
have a total number of Nyeas rorvra = Nppar/Tsymy measurements per PLM per second,
encompassing the number of reflectograms from (4.16) and
Nppy — 1

4.17
Tsymb ( )

N:rpma =

transferograms.

4.4.3 Code-division multiple access

Unlike TDMA and FDMA schemes, the use of CDMA allows the PLMs to occupy
the entire bandwidth over all time slots [53,62,63]. The implementation of this scheme

consists of adding an encoding process on the vector D.
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In this context, let us consider an Npj-size Hadamard matrix whose rows are
constituted by codewords that are orthogonal among each other. The codeword of the
u'™ row of this matrix is represented by the vector C, € {—1,1}¥Pea*1 which is, in its
turn, allocated to the u'” PLM. Due to the existing orthogonality among the codewords,

the mutual interference among the PLMs is minimized.

The encoding process performed by the u!* PLM is then performed via a multipli-
cation between the codeword vector by the transpose counterpart of D € CV*!, resulting
in the spread symbol matrix

D¢, = C,D7, (4.18)

for which holds D¢, € CNeev*N —The Nppa rows of this matrix are then sequentially
fed to the Hermitian symmetric mapping and further processing, being finally transmitted
by the u'® PLM. Thus, the necessary time for transmitting the vector D is Npp; times

longer than the Ty, seconds of the single-PLM case.

After cyclic prefix removal and DFT are performed on the Nppjs received sym-
bols at the receiver side, a reception matrix Yo € CVPearx2N g formed, being its rows

associated with the rows of D¢,.
Yo =XcO©Hrc+ Ve + Ve, (4.19)

where X € CNpemx2N g 5 transmission matrix whose rows result from the Hermitian
symmetric mapping on the respective rows of D¢,,; Hr o € CVPEM*2N g an equivalent
reflection channel matrix, expressed as Hrc = 1 NPLMX1H17—:; V € CNremx2N g a noise
matrix whose rows are constituted by 2N consecutive samples of the additive noise v(t)
in the discrete-frequency domain; and V7 is the interference noise matrix, which accounts

for the mutual interference among the PLMs. The u® PLM then performs a decoding

process on Y, which generates the vector Y € C?V*! and is expressed as
T
Y (Ci¥o) 4.20
- card{C,}’ (4.20)

where card{-} is a function that returns the cardinality of an inputted vector. The vector

Y can be alternatively expressed as
Y=XoHr+V+V,, (4.21)

in which V = (CZVC>T /card{C,} is the resulting additive noise from the decoding
process, whose PSD is expressed as Sg € R*V*!, with Sy, = (07,,/v/Npra)/(2NAS)
representing the resulting additive noise PSD at the k" subchannel; and
V= (CZVQI)T / |C.| is the resulting interference noise. The fact that the resulting
additive noise PSD is /Np s times smaller than the one of the original additive noise V
is due to the averaging process that happens at the decoding stage of the CDMA scheme
in (4.20) and ultimately results in an SNR gain [53].
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Instead of the digital pulse compression from [53], channel estimation is performed
on Y after this stage as described in Subsection 4.2.2 for the single-PLM case. The resul-
ting vector P finally undergoes an IDF'T, originating the reflectogram vector p. Although
the effect of the transmit symbol on the reflectogram is properly removed, the use of
CDMA introduces mutual interference among the PLMs, whose reflectograms consist of
the reflections raised by the injected signal by the own PLM plus a term that accounts for
the decoded symbols transmitted by the remaining PLMs as well as additive noise. Des-
pite being significantly attenuated by the decoding process, this interference term might
distort the obtained reflectogram [62].

In spite of the undesired interference, the obtained reflectograms in the CDMA
scheme yield the same maximum unambiguous range dmax,cpma = dmax and range resolu-
tion AdC DM A = Ad as in the single-user case from Section 4.3, whose channel coherence

bandwidth constraint still holds. Due to the extended transmission time, a number

1

—_ 4.22
NPLMTsymb ( )

N, p,CDMA —
of reflectograms are obtained per PLM per second. In the case where transferograms
are also obtained, the total number of measurements per PLM per second would be

Nieas,cpma = 1/Tsymp measurements, which encompasses the number of reflectograms

from (4.22) and
Npry — 1

Nrcpma = (4.23)

NPLMTsymb

transferograms.
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5 ORTHOGONAL CHIRP-DIVISION MULTIPLEXING FOR POWER
LINE SENSING VIA TDR

Multicarrier-based TDR systems allow effective digital reflectogram processing
while also enabling simplified spectrum managing for complying to EMC constraints. A
variation of one of such systems, the OMTDR, which was originally considered for wiring
network scenarios such as aircraft, has been discussed in Chapter 4, where the channel

estimation procedure was introduced as an alternative to pulse compression.

For improved network sensing, such TDR systems based on multicarrier schemes
can constitute a distributed sensing system of the monitored power distribution network.
Aiming such purpose, research efforts have already been done for multicarrier-based TDR
systems [53]. Also, multiple access schemes based on TDMA, FDMA, and CDMA, have
been discussed for TDR systems based on HS-OFDM in Chapter 4. While the use of
TDMA requires a complex clock synchronization scheme among the PLMs that constitute
the distributed sensing system and jeopardizes the sensing of e.g. intermittent changes in
the power line, the use of FDMA may result in loss of spectral content in the obtained
reflectograms and transferograms. Despite having better sensibility to changes in the
power line than TDMA and not losing spectral content of the measurements as in the
FDMA case, the use of CDMA results in the obtaining of a small number of measurements

over time due to the spreading of its transmit signal.

Recently, OCDM, which is a multicarrier scheme based on the DFnT, has been
proposed for wireless systems [66]. Such scheme has shown robustness to multipath pro-
pagation, being an interesting alternative for digital data communication. Furthermore,
four modified versions of DFnT that allow the extension of such scheme for baseband
data transmission in PLC systems have been proposed [34]. One of these four versions,
named Type IIT OCDM in [34], adds Hermitian symmetry to the DFnT matrix in or-
der to produce a real-valued transmit vector in the discrete-time domain demanding low

computational complexity.

Considering the modified DFnT of the Type III OCDM from [34], this chapter
describes an OCDM-based TDR system for power line sensing. Based on the convolution
theorem of the DFnT, which also holds for the modified DFnT, a multiple access scheme
is then introduced for the OCDM-based TDR system. The remainder of this chapter is
organized as follows. The OCDM-based TDR system for sensing of a power distribution
network is described in Section 5.1 considering the single PLM case. Next, Section 5.2
discusses range resolution and maximum unambiguous range aspects of the considered

TDR system and introduces a novel multiple access scheme based on OCDM.
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5.1 PROBLEM STATEMENT

Similarly to Chapter 4, a multicarrier TDR system system occupying a frequency
band denoted by f € [0, B], therefore having frequency bandwidth B, is considered to
perform reflectometric power line sensing of the scenario described in Chapter 2. Also,
a sampling frequency F, = 2B is adopted. In Figure 11, the real-valued vector x &
R2¥*1 that represents the OCDM symbol in the discrete-Fresnel domain is inputted to
the function P(-) that represents, in a condensed form, the twofold digital processing
performed at the transmitter side of the OCDM-based TDR system. Such processing
performed by P(-) starts with a modified inverse discrete Fresnel transform (IDFnT) on
%, resulting in the 2N-length vector x € R?V*1|x = @;NX that represents the OCDM
symbol in the discrete-time domain. Next, an L.,-length cyclic prefix is finally appended

¥ Tf IST is to be avoided, one must satisfy

to x, originating the vector s € RGN +Ler
the constraint L., < Lj r, where Lj, 1 is the length of the discrete-time domain sequence
{hr[n]} associated with the reflection channel impulse response hr(t), whose vectorial

representation is hyp € Rinrx1,

Still at the transmitter side of the OCDM-based TDR system, the vector s is trans-
formed into the continuous-time signal s(t) via digital-to-analog conversion as shown in
Figure 11. The signal s(¢) is then injected into the power distribution network whose reflec-
tion channel of impulse response is hr(t). As in Chapter 4, the reflection channel can only
be assumed to be LTT if the duration Ty of the transmit signal s(¢), which represents the
OCDM symbol in the continuous-time domain, satisfies the constraint 75, < 7¢.. Consi-
dering a sampling period T = 1/F;, the OCDM symbol duration is Tyymp = (2N + L) T.
The outputted signal from the reflection channel is then 7(t) = s(t) x hr(t), to which is
added the noise v(t). Due to the fact that v(t) is a zero-mean WSS random process, the
ultimately received signal r(t) = s(t) = hr(t) + v(t) is also a WSS random process.

The processing performed at the receiver side is preceded by an analog-to-
digital conversion on the received signal r(¢). This ultimately results in the vector
r € REN+Le)x1 which is then inputted to the function Q(-) that synthesizes the digi-
tal signal processing at the receiver side of the OCDM-based TDR system. First, Q(-)

removes the cyclic prefix from r, originating the vector y € R?V*! that is expressed as
y =Hrx+v, (5.1)

where Hp € R2V>*2N s a circulant matrix associated with a zero-padded version of hr, and
v € R?V*1 is a 2N-length vector constituted by 2N consecutive samples of the discrete-
time domain version of the additive noise v(t). Next, a modified DFnT is performed on y,
which results in the vector y € R*¥*1 As the convolution theorem of the DFnT also holds

for the modified DFnT, which is demonstrated in the Appendix A, y can be equivalently



expressed as

being v €

R2N><1

y =Hrx+v,

a 2N-length vector obtained by performing a DFnT on v.
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(5.2)
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The last stage of the digital signal processing performed by Q(-) is the obtaining
of an L,-length reflectogram vector, denoted as p € R&*'[{L, e N*N L, > Ly, r}, from y.
Besides ensuring high SNR in order for noise effect to be negligible, a proper reflectogram
must have the influence of x on it minimized or eliminated so that a good estimate of hr
is obtained. In this study, this is accomplished by simply designing a proper vector X so
that p is directly obtained from y with no additional processing. Also, for covering cases
where multiple PLMs are to perform network sensing simultaneously, this design must
also enable orthogonal multiple access among the PLMs. A discussion on the design of x

is presented in Section 5.2.

As discussed in Chapter 4, temporal and therefore spatial granularity reduction
of the discrete-time domain reflectogram p can be yielded by means of reconstruction
of the continuous-time domain reflectogram p(t). In the case of the OCDM-based TDR
system, an interesting approach would be sinc interpolation in the time domain by a
reconstruction filter [54] as the reflectogram is obtained in the discrete-Fresnel domain

and interpreted as if it were in the discrete-time domain.

5.2 DISTRIBUTED POWER LINE SENSING

As discussed in Section 5.1, for obtaining a proper reflectogram from y, the influ-
ence of X on it, as expressed in (5.2), must be minimized or ideally removed. Considering
that a single PLM performs sensing of the power distribution network, a vector X cons-
tituted of pilots spaced by L, elements can be used [67,68]. Thus, the k" element of %

will be given by
2N/L,—1

b= Y dlk—uL,), (5.3)

in which k£ € {0,...,2N — 1}. Based on the convolution theorem of the modified DFnT,

the k™ element of the resulting vector y can be expressed as

ON/L,~1
Uk = ( > hr,k—uL,,) + U, (5.4)
u=0

where hrj and 7 denote the k™ elements of vectors hr and v, respectively. Note
that hrg_ur, =0 for K —uL, <0 and k —wul,> L,r —1, as hpy is only defined for
ke{0,...,L,r —1}. As a consequence, y will be constituted of concatenated estimates
of the reflection channel impulse response impaired by additive noise, which will not cause
mutual interference on each other if the spacing between consecutive pilots is equal to
or longer than the length of hr, ie., L, > Ly p. Finally, 2N/L, unbiased discrete-time
domain reflectograms are obtained by dividing the vector y into L,-length windows. Con-
sequently, such channel estimation is equivalent to an ideal pulse compression, whose ca-

pability of distinguishing reflections caused by close impedance discontinuities, i.e., range
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resolution, is given by [57,69] .

Ad = ﬁ. (5.5)
The range resolution in the OCDM-based TDR system is therefore the same from (4.10),
being defined by the frequency bandwidth to which the system is constrained. Additi-
onally, the PSLR and ISLR levels of each obtained estimate will only depend upon the
occupied frequency bandwidth B in the baseband by the TDR system as described in

Chapter 4.

In the proposed OCDM-based TDR system, the maximum unambiguous range
is limited by both the measurement window length L, and the cyclic prefix length L.
As previously discussed, L, must be set so that there is no mutual interference among
measurement windows. L., in its turn, must be long enough so that no ISI is experienced.
Based on the discussion carried out in Chapter 4, the maximum unambiguous range for

reflectograms is

Ts .
dinax.p = ”pz min{L,, Lo,} . (5.6)

For transferograms, the maximum unambiguous range is
Amax,r = VpTsmin{L,, L.}, (5.7)

which is twice the value assumed by dax -, in which the round trip time for the transmitted

travelling waves is considered.

Moving to the case where Npr) PLMs perform sensing of a single power distri-
bution network simultaneously, an efficient multiple access strategy must be adopted. In
the case of HS-OFDM-based TDR systems, TDMA, FDMA, and CDMA schemes have
been discussed in Chapter 4. For the case of the OCDM-based TDR system considered
in this study, the orthogonality among the signals associated with the multiple PLMs is

ensured by a proper subchirp allocation among them.

The proposed subchirp allocation scheme for enabling multiple access among PLMs
performing unbiased power line sensing is shown in Fig. 12. In this figure, the sub-
chirp pilot of index k& = uL, of the 2N-length vector x is active for the u'* PLM,
u€{0,...,Nppy — 1}. For the sake of fairness, the distance between the element as-
sociated with the active pilot of the u* PLM and the element associated with the active
pilot of the (u + 1) PLM is set to L, = 2N/Npp.

At the receiver side, the vector y at the u'® PLM will be composed of Npras
measurement windows. The u'™ measurement window starts at the subchirp k = uL, and
ends at the subchirp k = uL, + L, — 1 of y and it is a reflectogram at the u** PLM and
a transferogram at the remaining PLMs. In order to perform effective power line sensing,

data fusion techniques can be applied on the obtained measurement windows [64].
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Figure 12: Subchirp allocation among the PLMs.

In order to avoid interference among measurement windows, the spacing among

pilots must satisfy the constraint L, = 2N/Nppar > Lp, max, Or alternatively

2N > NpryLn max- (5.8)
For this constraint, Lj max is defined as

Lh,max = I%?X{Lh,ij}y (5-9)

where Ly ;; is the length of the channel impulse response h;; € RIniix1 for a signal
injected by the j* PLM into the power distribution network and received by the 7"
PLM, with i € {0,...,Npryy — 1} and 5 €40,..., Nppy — 1}, Altogether, there are
N3, channel impulse responses h;;, with a total of Nppy reflectograms (h;;, ¢ = j)

and Nppy(Nppa — 1) transferograms (hy;, @ # j).

The proposed multiple access scheme and OCDM-based TDR system parametri-

zation result in the obtaining of a number

1

N = 5.10
p,OCDM Tsymb ( )
reflectograms per PLM per second. Additionally,
N, -1
Nrocpm = —P;M (5.11)
symb

transferograms are obtained per PLM per second, resulting in a total number of

Nmeas,OCDM = Np,OCDM + NT,OCDM = NPLM/Tsymb measurements per PLM per second.
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6 NUMERICAL RESULTS

In this chapter, numerical results are presented for supporting the carried out
discussion in Chapters 3, 4, and 5. In the analog reflectogram processing context of Chap-
ter 3, Section 6.1 performs a comparative analysis among the HS-OFDM, UWB (first
and second derivatives of the Gaussian pulse), and CSS PLC pulses, covering typical Eu-
ropean underground low voltage (LV) and US overhead medium voltage (MV) scenarios
and using range resolution, PCR, PSLR, ISLR, and maximum unambiguous range as
performance metrics. Also, results for PLC-based pulse-compression TDR systems com-
plying with narrowband (NB)- and broadband (BB)-PLC regulations are presented and

discussed.

Next, a discussion on the multicarrier TDR systems based on HS-OFDM and
OCDM schemes described in Chapters 4 and 5 is carried out in Section 6.2. After compa-
ring digital pulse compression and channel estimation reflectogram processing approaches
of the HS-OFDM scheme to support the latter, the same LV and MV scenarios from
Section 6.1 are considered for assessing the performance in terms of range resolution
and maximum unambiguous range of both HS-OFDM- and OCDM-based TDR systems.
Finally, TDMA, FDMA, and CDMA multiple access schemes based on HS-OFDM are
compared with the proposed OCDM-based multiple access scheme in terms of number of
measurements over time and SINR, being a Brazilian overhead MV scenario considered

for the latter analysis.

6.1 COMPARISON OF TYPICAL PLC PULSES FOR POWER LINE SENSING VIA
TDR

In order to investigate the characteristics of the four considered PLC pulses for
power line sensing via TDR, this section assesses their performance in terms of the as-
pects of range resolution, PCR, reflectogram distortion, and maximum unambiguous
range. Two scenarios are considered for this purpose, namely an European underground
low-voltage power distribution network and an US overhead medium-voltage power dis-
tribution network in a rural area. For the low-voltage scenario, a power supply cable
NAYY150SE with resistance R/, inductance L', conductance G’, and capacitance C' per
unit length calculated as in [70] is considered, whereas for the medium-voltage cable, the
power supply cable with distributed parameters listed in [71] is adopted. These parame-
ters, as well as their associated phase velocity, which is calculated by v, = 1/vL'C" [5],
are listed in Table 2.

Due to frequency bandwidth occupancy limitations, which belong to EMC cons-
traints imposed by regulations, the influence of the pulse duration 7" on the occupied

frequency bandwidth B is first analyzed. Figures 13a and 13b show B versus 1" curves for



Table 2: Per unit length parameters and phase velocity of the considered cables.

. | Resistance | Inductance | Conductance | Capacitance | Phase velocity
Scenario
R (Q/m) | L'(upH/m) | G (pS/m) | ¢’ (pF/m) vp (m/s)
LV 21.31 x 1076 0.14 9.64 306.95 1.50 x 108
MV 0.03 1.90 1.50 8.00 2.56 x 10%
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the four considered PLC pulses for NB-PLC and BB-PLC, respectively. In these figures,
the curves for the UWB pulses show very similar behavior with much steeper decay than
the curves for HS-OFDM and CSS pulses, which is due to their pulse-shaped nature. For
the carried out analysis in this subsection, a number of N = 512 subcarriers is adopted
for the HS-OFDM scheme and equal duration for HS-OFDM and CSS pulses for a given
frequency bandwidth is considered, which implies in increasing p along with B. This
is justified by the fact that CSS pulses would present far longer T for high B values if
a fixed p value is adopted and it results in increasing implementation complexity along
with B, as larger frequency bandwidths must be swept in shorter time intervals. The
observed p values, however, are up to 0.98 kHz/us for NB-PLC, and up to 28.89 MHz/us
for BB-PLC systems, which is considerably smaller than what is reported for applications

such as radar [72] and therefore indicates the feasibility of the presented p and B pairs.

The second aspect of our analysis is based on range resolution and PCR, being the
former shown in Figures 14a and 14b as a function of 7" for all four PLC pulses for NB- and
BB-PLC systems and the latter in Table 3, respectively. In these figures, the left vertical
axes show the range resolution Adpy for the considered low-voltage power distribution
network, while the vertical axes on the right side shows range resolution Adyyy for the
considered medium-voltage power distribution network. Once again the UWB pulses
present very similar behavior, with the first and second derivatives of the Gaussian pulse
presenting low PCR, i.e., PCRywp_1 = 4.95 and PCRywp_2 = 6.67, respectively. In this
analysis, the finest resolution, i.e., the best capability of resolving two close impedance
discontinuities, is achieved by HS-OFDM and CSS pulses. With the chosen parameters,
these pulses present the highest PCRs, which are PCRys_orpy = PCReogs = 1024. For
NB, the achieved range resolution values range from a few meters for short pulses to tens
of thousands of kilometers for longer pulses, with a ratio of 1.71 between the resolution
in the MV and LV and scenarios due to their different phase velocity. BB pulses, on the
other hand, yield range resolution values from a few millimeters for short pulses to a few
meters for longer pulses with the same ratio between MV and LV cases. As PLC signaling
in LV and MV power distribution networks may cover lengths of hundreds of meters [73]

and units to tens of kilometers [71], respectively, the presented results indicate that NB
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Figure 13: Occupied frequency bandwidth B as a function of the pulse duration 7" for (a)
NB-PLC and (b) BB-PLC systems.

pulses provide a fair capability of resolving close impedance discontinuities in most cases,
being the most suitable option for most distribution network scenarios. The use of BB
pulses is therefore limited to cases where a very fine resolution is desired, such as very

short sections of distribution networks.

A further topic of our analysis is the comparison among the four considered PLC
pulses in terms of PSLR and ISLR, whose values are shown in Table 4. In this table,
one sees that UWB pulses present the worst performances in terms of PSLR, being out-
performed by the HS-OFDM pulse. The CSS pulse yields the best PSLR value, which
is somewhat lower than the 13.2 dB reported in the literature for bandpass chirps in
radar applications. In terms of ISLR, however, the performance ranking is altered. The
first derivative of the Gaussian pulse presents the best ISLR, followed by CSS pulse, the
second derivative of the Gaussian pulse and the HS-OFDM pulse, in this order. Such
result is explained by the fact that, disregarding the sidelobes surrounding the main
lobe, R, uvwp-1(T) presents insignificant sidelobe level, as seen in Figure 6b. This, howe-
ver, does not hold for R, ywp—2(T), as seen in Figure 7b. The relevant ISLR for the
HS-OFDM and CSS pulses in comparison to the obtained value for the second derivative
of the Gaussian pulse is explained by their higher PCR. As a matter of fact, the sidelobe
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Figure 14: Range resolution Adpy and Adyy for respectively LV and MV scenarios as a
function of the pulse duration 7" for (a) NB-PLC and (b) BB-PLC systems.

Table 3: PCR for the considered PLC pulses.

Pulse PCR

HS-OFDM | 1024

UWB-1 4.95
UWB-2 6.67
CSS 1024

level of both R,,orpm(7) and Ry, cs(7) is not negligible even at the extremities and
their main lobes are very narrow and, as a consequence, the ratio between them yields
an expressive value. Finally, it is worth emphasizing that, in the HS-OFDM case, better
results may be achieved via appropriate pulse design with more robust techniques such

as in [47,74].

Next, the maximum unambiguous range values achieved by the four PLC pulses
are shown in Figures 15a and 15b for NB- and BB-PLC, respectively. In these figures, the
left vertical axis shows dyax v for the considered low-voltage power distribution network,
whereas the vertical axis on the right side shows dyax My for the considered medium-

voltage power distribution network. Also, pulse repetition intervals of AT, = 0.0lms,



Table 4: ISLR and PSLR for the considered PLC pulses.

Pulse PSLR ISLR
HS-OFDM | —13.42dB | —0.67dB
UWB-1 —7.01dB | —3.77dB
UWB-2 —4.18dB | —0.94dB
CSS —14.04dB | —1.75dB

64

AT, = 0.1ms, AT, = 1ms, and AT, = 10ms were adopted. In these figures, one sees that
longer pulses result in a shorter maximum unambiguous range for a given pulse interval
rate, as one can easily conclude by analyzing (3.32). In this sense, NB pulses present
shorter maximum unambiguous range values than BB pulses due to their longer duration,
which is clear through a comparison of Figures 15a and 15b. We also see that pulse
repetition intervals of AT, = 1ms and A7, = 0.01ms cover typical MV and LV distances
for NB pulses for T" values associated with great part of the NB frequency range, while

AT, of a few unities of milliseconds are necessary to cover both MV and LV scenarios for

BB pulses.
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Figure 15: Maximum unambiguous range dmax v and dpaxmv for respectively LV and
MYV scenarios as a function of the pulse duration 7" for (a) NB-PLC and (b) BB-PLC
systems.
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6.1.1 Regulatory compliance

Although proper resolution and maximum unambiguous range can be achieved
through an efficient project of the pulse to be injected into the distribution network, re-
gulatory constraints reduce the degree of freedom of this project and therefore limits the
set of possible T', Ad, and d,,.x values. In this sense, an analysis covering the NB regu-
lations European Committee for Electrotechnical Standardization (Comité Européen de
Normalisation Electrotechnique in French) (CENELEC), Association of Radio Industries
and Businesses (ARIB), and Federal Communications Commission (FCC) is carried out,
whereas European and Brazilian regulations [75,76] and the HomePlug AV2 extended
frequency band [77] are considered for the BB case. In this analysis, frequency bands
from zero to the frequency upper bound of each regulation are considered, achieving
B =1412.750 kHz, B = 450 kHz, and B = 490 kHz for CENELEC, ARIB, and FCC, and
B =30 MHz, B =50 MHz, and B = 86 MHz for the European and Brazilian regulations,
and the HomePlug AV2 specification. Based on these considerations, Table 5 presents the
pulse duration for each of the considered regulations. As expected from the analysis from

Figure 13, pulses associated with shorter frequency bandwidths present longer duration.

The resulting range resolution Ad for the considered pulses in the considered LV
and MV scenarios are presented in Table 6. The attained results reinforce the suitability
of BB pulses only for very short sections of distribution networks. In spite of providing
fine resolution, these pulses occupy rather long frequency bandwidths that tend to result
in larger attenuation of the injected signal, which becomes unpractical in long LV distri-
bution networks or MV distribution networks in general. NB pulses that comply with
the considered regulations, in their turn, are appropriate for most scenarios, with the
HS-OFDM and CSS pulses in the FCC band offering the finest resolution in both LV and
MYV scenarios. UWB pulses, however, must be used with care due to their great level of

sidelobes.

Assuming a desired maximum unambiguous range dp,., = 1 km for LV distribution
networks and dy.x = 10 km for LV distribution networks, Table 7 shows the necessary
pulse repetition interval AT for the analyzed PLC pulses with durations presented in
Table 5. As same duration T for the HS-OFDM and CSS pulses is considered, they require
same pulse repetition interval. Such rate is considerably longer than the ones required for
UWB pulses, with the difference between them decreasing as the frequency bandwidth
B increases. This means that, although UWB pulses offer a worse performance in terms
of PSLR, ISLR, and even range resolution Ad, their adoption allows the acquisition of
a very larger number of reflectograms in a given time interval than if HS-OFDM or CSS

pulses are adopted.



Table 5: Pulse duration 7" associated with regulations for NB- and BB-PLC systems.

Pulse duration T (us)

CENELEC | ARIB FCC
HS-OFDM 3447.81 1137.78 1044.90
UWB-1 24.00 7.92 7.27
NB-PLC
UWB-2 26.62 8.78 8.07
CSS 3447.81 1137.78 1044.90
European | Brazilian | HomePlug
HS-OFDM 17.07 10.24 5.95
UWB-1 0.12 0.07 0.04
BB-PLC
UWB-2 0.13 0.08 0.05
CSS 17.07 10.24 5.95

Table 6: Range resolution Ad associated with regulations for NB- and BB-PLC systems.

Range resolution Ad (m)

CENELEC | ARIB FCC
HS-OFDM 504.71 166.56 152.96
v UWB-1 726.81 239.85 220.27
UWB-2 598.07 197.36 181.25
CSS 504.71 166.56 152.96
NB-PLC
HS-OFDM 863.60 284.99 261.72
UWB-1 1243.63 410.40 376.90
MV
UWB-2 1023.34 337.70 310.13
CSS 863.60 284.99 261.72
European | Brazilian | HomePlug
HS-OFDM 2.50 1.50 0.87
UWB-1 3.60 2.16 1.25
LV
UWB-2 2.96 1.78 1.03
CSS 2.50 1.50 0.87
BB-PLC
HS-OFDM 4.27 2.56 1.49
UWB-1 6.16 3.69 2.15
MV
UWB-2 5.07 3.04 1.77
CSS 4.27 2.56 1.49
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Table 7: Pulse repetition interval AT associated with d.x = 1 km for the LV scenario
and dp.x = 10 km for the MV scenario complying with regulations for NB- and BB-PLC

systems.

Pulse repetition interval AT (us)

CENELEC | ARIB FCC
HS-OFDM 3461.15 1151.12 1058.24
UWB-1 37.34 21.26 20.62
LV
UWB-2 39.96 22.13 21.41
CSS 3461.15 1151.12 1058.24
NB-PLC
HS-OFDM 3525.79 1215.75 1122.87
UWB-1 101.98 85.90 85.25
MV
UWB-2 104.59 86.76 86.04
CSS 3525.79 1215.75 1122.87
European | Brazilian | HomePlug
HS-OFDM 30.41 23.58 19.30
UWB-1 13.46 13.41 13.38
LV
UWB-2 13.47 13.42 13.39
CSS 30.41 23.58 19.30
BB-PLC
HS-OFDM 95.04 88.22 83.93
UWB-1 78.09 78.05 78.02
MV
UWB-2 78.11 78.05 78.02
CSS 95.04 88.22 83.93

6.2 ANALYSIS OF MULTICARRIER TDR FOR POWER LINE SENSING BASED
ON HS-OFDM AND OCDM SCHEMES

In this section, the carried out discussion on multicarrier TDR systems based
on HS-OFDM and OCDM schemes in Chapters 4 and 5 is validated via numerical re-
sults. Given this context, Subsection 6.2.1 compares the pulse compression and channel
estimation reflectogram processing approaches for HS-OFDM-based TDR systems, while
Subsection 6.2.2 assesses limitations of both HS-OFDM- and OCDM-based TDR systems
in terms of range resolution and maximum unambiguous range. Finally, the discussed
HS-OFDM- and OCDM-based multiple access schemes are compared in Subsection 6.2.3.

6.2.1 Pulse compression and channel estimation comparison

In order to corroborate with the claim that channel estimation procedure outper-
forms the digital pulse compression for TDR, Figures 16a and 16b present a computational
complexity comparison between both approaches in terms of x/+ operations and +/—

operations, respectively. Based on the information provided in Table 1, a far higher com-
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putational complexity is demanded by the pulse compression approach as it is performed

on a longer vector.
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Figure 16: Computational complexity in terms of (a) X /+ operations and (b) +/— ope-
rations as a function of N for the two reflectogram processing approaches.

Furthermore, the claim that the quality of obtained reflectograms is higher if
channel estimation is adopted is endorsed by the results from Figures 17 and 18. In
these figures, PSLR and ISLR values are respectively shown for the equivalent transmit
pulse s(t) = R,.(t) obtained via pulse compression and the equivalent transmit pulse
s(t) = Bsinc(Bt) for channel estimation. In this figure, typical digital modulations
schemes for PLC systems, namely BPSK, quadrature phase-shift keying (QPSK), and
eight phase-shift keying (8PSK) [71], are considered for pulse compression, being the

results for the channel estimation approach independent of the adopted scheme.
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Figure 17: PSLR as a function of the number of subcarriers N for the digital pulse com-
pression with BPSK, QPSK, and 8PSK digital modulations, and for channel estimation.

The attained results show that the PSLR decreases with the digital modulation

order for the pulse compression approach. As N increases, the difference among the
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Figure 18: ISLR as a function of the number of subcarriers N for the digital pulse com-
pression with BPSK, QPSK, and 8PSK digital modulations, and for channel estimation.

PSLR values yielded by either pulse compression or channel estimation becomes negligible.

Finally, it is observed that PSLR levels decrease inversely along with V.

Regarding ISLR, the attained values also decrease with the digital modulation
order for pulse compression, being the difference between QPSK and 8PSK more subtle.
The best ISLR values are attained by channel estimation, which significantly outperforms
the pulse compression approach by about 6.4 dB if QPSK and 8PSK are assumed for the
latter, and by 8.9 dB if pulse compression is performed on a signal belonging to a BPSK
modulation. Unlike the PSLR case, there is a slight increase of ISLR values along with N.
This is explained by the fact that, given a fixed frequency bandwidth B, the integrated
side lobe level is increased, while the main lobe duration of 1/(2B) seconds and therefore

the main lobe level are maintained for longer HS-OFDM symbols.

6.2.2 Multicarrier TDR system limitations

Although an adequate parametrization of the HS-OFDM-based TDR system can
yield valid reflectograms, regulatory constraints limit PSLR and ISLR, as well as range
resolution and maximum unambiguous range values. The latter two parameters are also
influenced by characteristics of the cable where the injected signal propagates, which
define the phase velocity v,. An awareness of such limitations is therefore paramount
for performing adequate sensing of the power distribution network. In this context, the
considered scenarios are the European underground LV and the US overhead MV power
distribution networks described in Section 6.1, whose per unit length parameters and

associated phase velocity are listed in Table 2.

Figure 19 shows the range resolution Ad as a function of the occupied frequency
bandwidth B for the considered LV and MV scenarios. The achieved Ad values range
from tens of thousands of kilometers for low B values to a few meters for higher B values,

with a ratio of 1.71 between the resolution in the MV and LV and scenarios due to their
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different phase velocity. The presented results indicate that B values in the NB-PLC
frequency range, i.e., B < 500 kHz, result in fair range resolution values, i.e., Ad > 75 m,
and therefore a fair capability of resolving close impedance discontinuities for typical
distances covered by PLC signaling in LV and MV power distribution networks, which

are about 1 km in MV scenarios and shorter in LV scenarios [23,73].
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Figure 19: Range resolution Ad in meters as a function of the occupied frequency band-
width B in the considered LV and MV scenarios.

For typical OFDM-based PLC systems [61,78], one observes 2N > L.,. As a con-
sequence, only L, limits dp,y according to the relation in (4.7). Based on this assumption
and considering typical sampling frequency values for NB-PLC, namely F; = 0.4 MHz
and Fy = 1.2 MHz [71], Figure 20 shows the maximum unambiguous range dp.x as a
function of the cyclic prefix length in the considered LV and MV scenarios. In this figure,
one observes a minimum dp,x value of about 1 km for L., > 16, which is experienced
with Fy = 1.2 MHz in the LV scenario. For L., > 64, it holds dpy.x > 4 km for both
considered sampling frequencies in both LV and MV scenarios. As the typical spacing
between PLMs in a power distribution network is considerably shorter than that, these
results show that typical cyclic prefix lengths for NB-PLC systems, i.e., L., = 32 and

L., = 50, are enough for providing fair maximum unambiguous range values.

Focusing on regulatory constraints, Appendix B assesses the performance of
HS-OFDM-based TDR systems under FCC, ARIB, and CENELEC regulation constraints,
which are addressed in the IEEE 1901.2 Standard [71] for NB-PLC. Such analysis is not
performed for OCDM-based TDR systems since their spread spectrum characteristic pre-
vents the insertion of frequency guard bands as recommended by the aforementioned

regulations.
6.2.3 Comparison of multiple access schemes for enabling distributed power
line sensing

In this subsection, a comparison among the three HS-OFDM-based multiple ac-

cess schemes described in Section 4.4 and the OCDM-based multiple access scheme from
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Figure 20: Maximum unambiguous range dpax as a function of cyclic prefix length L., for
a sampling frequency Fy = 1.2 MHz.

Section 5.2 is carried out. For this purpose, the system parameters listed in Table 8 are
adopted. Additionally, an multiconductor transmission line (MTL)-based model [5,79] of
a real MV power distribution network section in the city of Curitiba, Brazil, depicted in
Figure 21 is considered. This section is consisted by a feeder, which is an high-voltage
(HV)/MV transformer, followed by 2.73 km of line and a delta load. The input impedance
of the HV/MYV transformer at the MV side, as well as the input impedance of the network
after the delta load are assumed to be much higher than the characteristic impedance of
the line, thus behaving as an open circuit. Two PLMs are connected to this network right
after the feeder, being one connected between phases A and B and the other between
phases C and B. After an 1 km line section, other PLMs are connected to the network
between the same pairs of phases. Thus, there is a line section with length of 1.73 km
between the latter PLMs and the delta load. Finally, the adopted additive noise model
is the one reported in [75,80], whose one-sided PSD in the continuous-frequency domain
is Sy (f) = —93 4 52.98¢0-0032/10° By /Hy.

Table 8: Adopted multicarrier TDR system parameters for comparison of multiple access
schemes.

Multicarrier TDR system parameters

Frequency range (kHz) 0 — 500
Frequency bandwidth B (kHz) 500
Sampling frequency F, (MHz) 1

OCDM symbol length 2N 256
Standard 30

Cyclic prefix length L.,

Long 52
Transmit signal PSD (dBm/Hz) | —40
Modulation scheme BPSK
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The number of reflectograms obtained over time N,i,
i € {TDMA,FDMA,CDMA,OCDM}, for the considered multiple access sche-
mes as a function of Nppys is shown in Figure 22a for L., = 30 and in Figure 22b for
L., = 52. In these figures, one observes decreasing number of obtained reflectograms
along with Nppys for both HS-OFDM/TDMA and HS-OFDM/CDMA schemes, while
HS-OFDM/FDMA and the proposed OCDM-based multiple access schemes obtain a
constant number of reflectograms regardless of the number Npy ), of PLMs. This happens
due to the long time interval during which a PLM does not transmit signals in the
HS-OFDM/TDMA scheme. The lower N, values in the HS-OFDM/CDMA scheme are
on the other hand due to the spreading of HS-OFDM symbols, which results in longer
effective transmission time for HS-OFDM symbols in this scheme.It is worth highlighting
that, in the HS-OFDM/FDMA, the obtained reflectograms by each PLM will be
distorted if the number N/Nppys of subcarriers assigned to each of them (128 /Nppy in
the considered case) does not satisfy both the reflection channel coherence bandwidth
constraint from (4.6) and the maximum unambiguous range constraint from (4.8), being
the latter only relevant if 2N/Nppy < L, due to the relationship from (4.7).

OCDM p  HS-OFDM/TDMA 0OCDM ) HS-OFDM/TDMA
m HS-OFDM/FDMA ¢ HS-OFDM/CDMA m HS-OFDM/FDMA ¢ HS-OFDM/CDMA
P —— —8— —8— —L
4 1 ‘b o0—m—o—m—0—u— 41
3r 3
] 32
@) [}
i Al
~ ~
ZQ 2 ZQ 2
1r 1
4
2 4 6 8 10 2 4 6 8 10
Npis Nprm

(a) (b)

Figure 22: Number of obtained reflectograms NN, as a function of the number of PLMs
NPLM for (a) ch = 30, and (b) ch = 52.

The attained number of transferograms over time N is shown Figure 23a for L., =
30 and in Figure 23b for L., = 52. As expected according to (5.11), no transferogram
is obtained for Nppy; = 1. The presented results also show rapidly increasing N, values
along with Nppy, for the proposed OCDM-based scheme and HS-OFDM/FDMA, while
HS-OFDM/TDMA and HS-OFDM/CDMA yield slower increasing N, along with Npy ;.

The reasons for such behavior are the same as in the case of reflectograms.

A further analysis is a comparison of the HS-OFDM-based TDMA, FDMA, and
CDMA multiple access schemes and the proposed OCDM-based multiple access scheme

adopting the SINR of the discrete-frequency domain received vector Y was adopted as
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Figure 23: Number of obtained transferograms N, as a function of the number of PLMs
Nppy for (a) L, = 30, and (b) L., = 52.

N, /103

a metric. The assumption of the system parameters listed in Table 8 results in total
transmission power values of 20 dBm for the proposed OCDM-based multiple access
scheme as well as the HS-OFDM/TDMA and HS-OFDM/CDMA schemes, while the
total transmission power for the HS-OFDM/FDMA scheme is 13.98 dBm due its smaller

number of active subcarriers at each PLM.

For the proposed OCDM-based multiple access scheme, as well as for
HS-OFDM/TDMA and HS-OFDM/FDMA schemes, the SINR for each PLMs is equal
to the ratio between the total received signal power and the total additive noise power,
being equivalent the overall SNR considering the allocated subchirps/subcarriers to them.
The CDMA case, on the other hand, has also an interference noise term resulting from
the decoding process from (4.20) and pointed out in (4.21). As a consequence, the SINR
at the four PLMs is equal to the ratio between their associated total received signal power

and the total additive noise plus interference noise power.

The attained SINR values are listed in Table 9. The lower SINR experienced by the
PLMs in the OCDM and HS-OFDM/TDMA schemes is due to the fact that the whole
additive noise spectral content impairs the captured signal that they receive from the
reflection channel. Meanwhile, the subcarrier hopping in the HS-OFDM/FDMA scheme
results in higher SINR. This is due to the fact that greater part of the additive noise power
is concentrated in lower frequencies as its PSD decreases exponentially. As a consequence,
the subcarrier hopping makes the PLMs experience less effective noise power and therefore
increases the SINR in comparison to the OCDM-based and HS-OFDM/TDMA multiple
access schemes. The increasing SINR along with the PLM index u is due to the fact that
subcarriers belonging to the set K, allocated to the u!* PLM are associated to higher
frequency bins frp = kEAf as wu increases, which is described in Subsection 4.4.2 and

results in lower effective additive noise power for higher w. Finally, the higher average
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SINR among the PLMs in the HS-OFDM/CDMA scheme is due to the SNR gain due to

noise averaging in the decoding process, as described in Subsection 4.4.3.

Table 9: SINR of the reflectograms at the four PLMs for the considered multiple access

schemes.

SINR (dB)
PLM 1 |PLM 2| PLM 3| PLM 4
OCDM 14.85 14.85 14.85 14.85
HS-OFDM/TDMA | 14.85 14.85 14.85 14.85
HS-OFDM/FDMA | 13.83 14.54 15.28 16.04
HS-OFDM /CDMA | 17.87 17.87 17.87 17.87
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7 CONCLUSIONS

This thesis has discussed key aspects of typical PLC pulses for fault sensing in
power lines via pulse-compression TDR. In summary, the fault sensing system has been
described, closed-form expressions for the compressed PLC pulses have been presented,
and performance metrics usually adopted for radar systems have been used for assessing
the suitability of the analyzed signals for TDR purposes. Comparative analysis conside-
ring two scenarios, namely an European underground LV distribution network and an US
overhead MV distribution network, have been carried out for HS-OFDM, impulsive UWB,
and CSS pulses of same time duration in terms of occupied frequency bandwidth, range
resolution, and pulse repetition interval. This analysis is concluded with a discussion

addressing NB and BB PLC regulatory compliance.

Based on the obtained results, one can see that the use of impulsive UWB pulses,
i.e., the first and the second derivatives of the Gaussian pulse, enables the obtaining of
a higher number of reflectograms due to their short time duration for pulse-compression
TDR. However, the pulse compression for this class of signals is not nearly as effective as
for HS-OFDM and CSS pulses, resulting therefore in poorer range resolution enhancement.
It has also been revealed that the best PSLR value is achieved by CSS pulses, followed by
HS-OFDM, first derivative of the Gaussian pulse, and second derivative of the Gaussian
pulse, in this order. With respect to ISLR, the best performance is achieved by HS-OFDM
pulses, followed by the second derivative of the Gaussian pulse, CSS pulses and the first
derivative of the Gaussian pulse, in this order. Based on the PSLR values, one can
conclude that the use of HS-OFDM and CSS pulses results in reflectograms with less
distortion. The relevant ISLR value for HS-OFDM and CSS pulses in comparison with
the second derivative of the Gaussian pulse is explained by the higher PCR achieved
by the former, which makes the integrated sidelobe level higher although the sidelobes
have, individually, lower level than in UWB pulses. Table 10 shows a summary of the
achieved results for typical PLC pulses for pulse-compression TDR. Their performances

are compared in a qualitative manner rather than quantitatively.

Table 10: Performance summary of typical PLC pulses for pulse-compression TDR.

No. of reflectograms Reflectogram
Pulse Ad for fixed B PCR
over time for fixed T distortion
HS-OFDM @O000 00000 00000 00000
UWB-1 00000 ©O000 00000 ®O000
UWB-2 00000 [ Jelelele) 00000 00000
CSS [ Jelelele) 00000 00000 00000

Furthermore, exploitation of multicarrier properties of the HS-OFDM scheme for
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TDR purposes has been investigated. In this context, channel estimation has been intro-
duced as an alternative to the usual pulse compression. Also, the use of TDMA, FDMA,
and CDMA schemes for enabling distributed power line sensing has been investigated.
The carried out discussion has been supported by a comparative analysis between chan-
nel estimation and pulse compresion. Also, the influence of the HS-OFDM-based TDR
system parametrization on sidelobe level, range resolution, and maximum unambiguous
range has been discussed for the aforementioned European LV and US MV scenarios,
and the considered multiple access schemes have been compared considering a Brazilian

overhead MV scenario.

Finally, an OCDM-based TDR system has been introduced for power line sensing
along with a multiple access scheme relying on the convolution theorem of the modified
DFnT from Type-IIT OCDM [34], which overcomes the need for complex synchronization
from HS-OFDM/TDMA, the loss of spectral content from HS-OFDM/FDMA, and the
obtaining of small number of measurements over time from HS-OFDM/CDMA. As in
the HS-OFDM case, the influence of the TDR system parameters on its performance has
been analyzed. The proposed OCDM-based multiple access is then compared with its
HS-OFDM-based counterparts.

The attained results for multicarrier-based TDR systems show that the NB-PLC
frequency range is suitable for sensing of LV and MV power distribution networks, with
the appropriate frequency bandwidth for monitoring a power distribution network sec-
tion being inversely proportional to its length. For this analysis, typical European under-
ground LV and US overhead MV scenarios have been considered and compliance to FCC,
ARIB, and CENELEC NB-PLC regulations has also been addressed. Finally, it has been
shown that the proposed OCDM-based multiple access scheme performs equally to the
HS-OFDM/TDMA scheme in terms of SINR. In comparison to the HS-OFDM/FDMA
scheme, the OCDM-based scheme performs better for 2 PLM and worse for the other 2
PLM due to the combined effect of subcarrier hopping and exponentially decaying PSD
that increases or decreases the SINR for different PLMs in the former scheme. The best
SINR performance, however, is still attained by the HS-OFDM/CDMA scheme due to its
averaging process that reduces the effective additive noise power. Table 11 shows a sum-
mary of the achieved results for multicarrier-based multiple access schemes for distributed

power line sensing via TDR, comparing their performances in a qualitative manner.
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Table 11: Performance summary of multicarrier-based multiple access schemes for distri-
buted power line sensing via TDR.

No. of measurements | Average SINR
Pulse
over time for fixed T performance
HS-OFDM/TDMA [ ] Jelele) 00000
HS-OFDM/FDMA 00000 ( ] 1 oo
HS-OFDM/CDMA [ ] Jelele} 00000
OCDM 00000 00000
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APPENDIX A - Proof of the Convolution Theorem of the Modified DFnT

The introduction of the modified DFnT starts with the diagonal matrix I'sy €
C?N*2N The elements Ty, k= 0,--- ;2N — 1 of Ty are defined as

cITPNE) | < N

i = (A1)

cUm2N) s N

It clearly holds that I's NI‘; ~ = Loy, The diagonal matrix I';y inputs are the eigenvalues

of a circulant matrix @55 € R*V*2V guch that
Fon®onFly = Ty, (A2)

where Fon = (1/ V2N YWyn. The real circulant matrix @,y from (A.2) is the modified
DFnT matrix used for transforming ¢ € R?*V*2¥ into the vector ¢ € R2V*2N via the
operation

¢ = Pyne, (A.3)

The inverse DFnT is achieved therefore by

c=®, ¢ (A.4)

The convolution theorem, as well as the unitary and the similarity transformation
properties of the modified DFnT, on which the former is based, are demonstrated as

follows.

Unitary property of the modified DFnT
For the circulant modified DFnT matrix ®,5 from (A.2), it holds the unitary
property, i.e.,
(I);N(I)ZN = (FENF2NF2N)(F£NF£NF2N)

Due to the Hermitian symmetry of Ty observed in (A.1), one has that ®,y € R?V*2N

which enables baseband applications for the presented DFnT matrix.

Similarity transformation of the modified DFnT

For the given circulant DFn'T matrix, it also holds the similarity transformation
expressed as
(I)2NZ(I)J£N =Z, (A.6)
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in which Z € R**2N ig a circulant matrix. The proof for (A.7) starts by rearranging the

expression as
o ZBhy = (Fo T Fon)Z(FL N TonFan). (A7)
One can next write

B,y Z®) = FI T T ,TonFoy, (A.8)

in which I'; = F2NZF£N is a diagonal matrix whose inputs are the eigenvalues of the
circulant matrix Z. The pre- and post-multiplication of I'; respectively by the diago-
nal matrices I‘JQN and 'y yields I‘ENFZFQN, which, as the three matrices are diagonal,

becomes F;NFQNFZ =T,. (A.8) can then be rewritten as

(I)QNZ(I)EN = F;NFZF2N
= Fiy(FonZFly)Foy
_ 7 (A.9)

which proves (A.6).

Convolution theorem of the modified DFnT

Considering two vectors a € R?V*! and b € R?V*! to which are associated the
circulant matrices A € R*V2N and B € R*2V*2N  respectively, one can write the circular

convolution between a and b as

c = Ab (A.10)
= Ba, (A.11)

where ¢ € R?V*1 By applying the DFnT on c, one obtains the vector ¢ € R2V*! = &, yc,

which can be rewritten as

¢ = ®,5Ab (A.12)

= <I>2NBa. (A13)

Making use of the unitary and similarity transformation properties of the DFnT from

(A.5) and (A.6), respectively, (A.12) and (A.13) can be further rearranged respectively as

& = DyyAD Bonb (A.14)

= &, Bd!, ®,ya. (A.15)

Using the similarity transformation property from (A.6), it is known that ®, NA<I>£ N=A
and ®,yB®), = B. Hence, (A.14) and (A.15) become, respectively,

¢ = Ady,b (A.16)

= B<I>2Na. (Al?)
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The terms ®yya in (A.16) and ®oyb in (A.17) can be alternatively denoted by the vectors

a—=Pyya and b = ®,yb, respectively.

From (A.16) and (A.17), it is seen that the DFnT of the circular convolution
between a and b can be interpreted as the circular convolution between a and b or,

alternatively, as the circular convolution between b and a.
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APPENDIX B — Performance of regulatory-compliant, HS-OFDM-based
TDR systems

The considered regulations for assessing the performance of HS-OFDM-based TDR
systems are FCC, ARIB, and CENELEC, which are addressed in the IEEE 1901.2 Stan-
dard [71] for NB-PLC. The frequency range, occupied frequency bandwidth B, sampling
frequency F;, FFT/IFFT size, range and number of active subcarriers Nyctive, and cyclic
prefix length L., associated with these regulations are listed in Table 12. In this table, the
a number of ative subcarriers Nycive 18 adopted for both FCC and ARIB regulations for
covering the whole frequency band covered by these regulations described in [71]. Also,
the whole CENELEC band is considered, i.e. from the lowest frequency of the CENELEC
A band to the highest frequency of the CENELEC D band, being the adopted number of

active subcarriers equal to the necessary for covering this whole frequency bandwidth.

Table 12: Adopted HS-OFDM-based TDR system parameters according to NB-PLC re-
gulations.

HS-OFDM-based TDR system parameters

FCC ARIB CENELEC
Frequency range (kHz) 10 —490 10 —450 3 —1412.75
Frequency bandwidth B (kHz) 480 440 145.5
Sampling frequency F, (MHz) 1.2 1.2 0.4
FFT/IFFT size 256 256 256
Active subcarriers 3—104 3-96 2-95
Number of active subcarriers N,ctive 102 94 94
Cyclic prefix length L., Standard 30 30 30
Long 52 52 -

For HS-OFDM-based TDR systems parametrized according to these three regu-
lations, Table 13 lists the achieved PSLR and ISLR values, as well as range resolution
and maximum unambiguous range for the LV and MV scenarios from Table 2. Based on
the data of this table, one can conclude that FCC and ARIB regulations allow a more
appropriate sensing of shorter power distribution network sections than CENELEC, pro-
viding finer range resolution and shorter maximum unambiguous range. Also, adopting
the long L, of both FCC and ARIB regulations results in a significant increase of dyax at
the cost of obtaining less reflectograms over time due to the transmission of more cyclic

prefix samples.
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Table 13: Resulting range resolution and maximum unambiguous range in LV and MV
scenarios, PSLR, and ISLR for NB-PLC regulations.

HS-OFDM-based TDR system aspects

FCC | ARIB | CENELEC
. LV 78.07 | 85.17 257.56
Range resolution Ad (m)
MV 133.59 | 145.73 440.70
LV 1.87 1.87 5.62
Std. L,
MV | 3.21 3.21 9.62
Max. unamb. range dp.x (km)
LV | 3.25 3.25 -
Long L.,
MV | 5.56 5.56 -
PSLR (dB) | —13.26 —13.26 —13.26
Sidelobe level
ISLR (dB) —-9.66 | —9.66 —9.66
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