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RESUMO

Este trabalho aborda a análise de protocolos de cooperação para melhorar o desempenho de
sistemas powerline communication (PLC). O estudo se baseia em um conjunto de dados
de canais PLC in-home. As análises discutidas abordam a capacidade teórica do canal
quando protocolos amplify-and-forward (AF) e decode-and-forward (DF) são considera-
dos. Estudos similares são realizados a respeito da taxa máxima de dados adquirida quando
Hermitian− symmetric orthogonal frequency division multiplexing (HS-OFDM) jun-
tamente com as técnicas equal gain combining (EGC), selection combining (SC) and
maximal ratio combining (MRC) são considerados. Além disso, são analisadas as in-
fluências da largura de banda de freqüência e da alocação ótima e uniforme da potência
de transmissão. Os resultados obtidos mostram que a distância relativa entre os nós da
fonte, relay e destino impactam severamente no desempenho do sistema. Os resultados
numéricos revelam uma gama de potência de transmissão ótima e de frequência em que
a melhoria pode ser verificada. TambÃ c©m observa-se que a vantagem do protocolo DF
relacionada com a do protocolo AF termina quando o erro de detecção de símbolo no
relay atinge um limiar. Adicionalmente, mostra-se que as técnicas de combinação, MRC e
SC apresentam resultados semelhantes. Embora MRC ofereça desempenho ligeiramente
melhor, considerando a complexidade computacional, recomenda-se a técnica SC. Final-
mente, uma análise de máxima taxa de dados adquirida, considerando HS-OFDM com
equalização baseada nos critérios zero forcing e minimum mean square error, mostra
que o primeiro oferece quase o mesmo desempenho que o último.

Palavras-chave: Canal PLC in-home cooperativo, capacidade teórica do canal, máxima
taxa de dados, protocolos AF e DF, técnicas de combinação.



ABSTRACT

This work focuses on analyses of cooperative protocols to enhance the performance of
in-home power line communication (PLC) systems based on a data set consisting of
measurements of in-home PLC channels. The discussed analyses address theoretical
channel capacity when amplify-and-forward (AF) and decode-and-forward (DF) protocols
are considered. Similar investigations are performed for the maximum data rate attained
by using Hermitian-symmetric orthogonal frequency division multiplexing (HS-OFDM)
together with equal gain combining (EGC), selection combining (SC) and maximal ratio
combining (MRC) techniques. Also, the influences of optimally and uniformly allocated
transmission power and frequency bandwidth are analyzed. The attained results show
that the relative distance among source, relay, and destination nodes severely impacts the
system performance. Also, numerical results reveal a range of optimal transmission power
and frequency bandwidth in which improvement can be verified. Moreover, it is observed
that the advantage of the DF protocol related to AF one ends, when the symbol detection
error achieves a threshold. Additionally, it is shown that among the combining techniques,
MRC and SC present similar results with MRC offering slightly better performance, but
considering computational complexity, a decision in favor of SC is recommended. Finally,
a maximum data rate analysis of HS-OFDM with frequency domain equalizer based on
zero forcing and minimum mean square error shows that the former scheme offers almost
the same performance as the latter.

Key-words: In-home cooperative and in-home PLC channel, theoretical channel capacity,
maximum data rate, AF and DF protocols, combining techniques.
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1 INTRODUCTION

Power line communication (PLC) is the technology that makes use of existing
infrastructure of power systems to perform data communication. Recently, this technology
has received considerable attention because of their low installation costs and ubiquitous-
ness. On the other hand, as the electric power grids were not designed to this end, they
are a challenging medium for data communication. For example, electric power cables are
not shielded, being characterized by the presence of impulsive noise with high power. In
addition to that, the channel is time-varying and the signal attenuation increases with
frequency and distance. Also, there are regulatory rules that impose severe restrictions on
the use of PLC technology to avoid interference in other communication service primary
users operating in the same frequency band [1].

To improve PLC system performance under these constraints, several techniques
have been investigated. Among them, it can be mentioned orthogonal frequency divi-
sion multiplexing (OFDM), single-carrier with cyclic prefix (SC-CP), resource allocation,
impulsive noise mitigation and powerful channel coding [5]. More recently, the investi-
gation of cooperative communication has attracted more attention in order to introduce
improvement in the performance of PLC systems.

The idea of cooperation is not new, it has been the focus of research for wireless
networks, covering, among others, mobile, ad-hoc and wireless local area [6]. Thus, users
can cooperate with each other in order to obtain mutual gains in environments where
the data communication conditions are unfavorable. Cooperation among users does not
only lead to higher data rates, but also increases the flexibility and reliability of data
communication systems.

Due to the broadcast nature of channel, the power electric grids became a very
attractive candidate to receive cooperative communication. Therefore, there is a growing
effort to investigate the suitability of cooperative concepts for improving PLC systems
on in-home electric power grids. Although the attained results appeal in favor of this
technique, they are based on the use of theoretical models and computational simulations
for the PLC channel corrupted by additive noises.

Although the attained results obtained with the theoretical models of PLC channels
motivate more investigations of the benefits of cooperative communication for PLC systems,
there is a lack of analyses based on measured data that could offer additional information
to verify the suitability of cooperative communication for this challenging channel.

1.1 Objectives

In this context, this dissertation has the following main contributions:
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• To a present comprehensive analyses in terms of theoretical channel capacity of
cooperative communications on in-home PLC systems by using a data set composed of
measured in-home PLC channels which was obtained from a measurement campaign
addressing typical residences in a Brazilian city.

• To perform the maximum data rate analyses of hermitian symmetric orthogonal
frequency division multiplexing (HS-OFDM) scheme [7] with frequency domain
equalizer (FDE) based on zero-forcing (ZF) and maximum mean square error (MMSE)
criteria, together with equal gain combining (EGC), selection combining (SC) and
maximal ratio combining (MRC) techniques [6] for data communication through the
cooperative and in-home PLC channels.

1.2 Dissertation Outline

This work is organized as follows: Chapter 2 reviews some concepts about coo-
perative in-home PLC channels; Chapter 3 presents the adopted assumptions related to
the theoretical channel capacities and maximum data rates when HS-OFDM scheme with
frequency domain equalization (FDE)-zero-forcing (ZF) and FDE-minimum mean square
error (MMSE) are taken into account. Chapter 4 describes the measurement campaign.
Chapter 5 presents numerical analyses of measured data. Finally, concluding remarks are
given in Chapter 6.

1.3 Summary

This chapter presented a brief introduction of this dissertation. Also, the main
objectives and the organization of this work were summarized.
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2 LITERATURE REVIEW

A growing interest in the use of electric power grids for data communication
purposes is notorious. Indeed, PLC systems and their applications have been widely
investigated by academic and business sectors [1] . However, as electric power grids were
not originally designed for communication purposes, they constitute a challenging data
communication medium, in which the transmitted signals suffer severe attenuations and
are strongly corrupted by colored and impulsive noise. The diversity of topologies of
electric power grids and the dynamic operation of the connected loads make these grids
hard to characterize and model.

A promising approach that has been studied to overcome these limitations is the use
of cooperative communication concepts. This technique addresses cooperative protocols
and strategies applied at the physical layer, offering benefits related to channel capacity
and coverage to the PLC systems. Thereby, for a deep knowledge of this subject, it is
critical to understand the behavior of PLC channels and tools utilized for their analysis.

To this end, this chapter is organized as follows: Section 2.1 discusses the commu-
nication channel via indoor electric power grids. A review of cooperative communication,
exploring its origin and addressing the motivation of its use in PLC systems is presented
in Section 2.2, while some concepts on HS-OFDM scheme are discussed in Section 2.3.

2.1 Indoor PLC Channels

The idea of data transmission over power line dates back to 1920, when the first
proposals to use carriers to perform communication networks in high voltage were used.
In the 80s, some electric utilities of United States and Europe began to analyze the main
characteristics of this technology as a communication channel. The tests revealed that
the frequencies between 5 and 500 kHz had the greatest potential, mainly due to the
signal-to-noise ratio (SNR) and signal attenuation [8]

In 1991, some tests were initiated with high-speed communication in England. In
1997, it was announced by the Norweb and Nortel, two electric utilities in England, that
the problems caused by noise and interference had been solved.

Since then, the data transmission over the electric power grids have been the
subject of several studies in the data communication sector due to the feasibility of its
implementation for smart grid communication and broadband access network applications.

PLC is a technology classified as without new wires because it is characterized
by the use of the electric power grids as data transmission medium, which significantly
reduces the costs related to implementation of a new infrastructure of communication.
According to [3], the investments involved in the implementation and maintenance of
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Figure 1: Structure PLC network.

access networks represent about 50% of the total cost and, therefore, the PLC technology
has a strong economic viability in environments without communications infrastructure,
but with electric power infrastructure. In addition, this technology also enables digital
inclusion since about 98% of population in the world is served by the electric power service.

On the other hand, the electric power grids were designed to the power transmission
considering low frequency (50 or 60 Hz) and high power. Therefore, the technical challenges
for transmission data at high frequencies and low power are significant. Indeed, as the
power cables are not ideal conductors, the signal attenuation increases as the frequency
and distance increase, which impose limits on the use of PLC technology. Furthermore, the
presence of time varying loads changes, over time, the behavior of the electric power grids.
Usually, the following phenomena are observed: impedance mismatch, temporal variation
of the channel impulse response, impulsive noise with high power, either synchronous
or not with the main frequency. Furthermore, since power cables are unshielded, they
interfere and suffer interference of other communications systems operating in the same
frequency range, such as digital subscriber line (DSL), amateur radio, cable TV, amplitude
modulation (AM) and frequency modulation (FM) stations.

According to the environment in which this technology is employed, the PLC
systems can be classified as indoor and outdoor as indicated in Figure 1. While indoor
refers to the use of electric low voltage circuit in buildings, residences and vehicles;
the term outdoor refers to the underground/aerial transmission and distribution power
system infrastructure. As the outdoor networks of medium and high voltage present few
connections in relation to low voltage networks and, beyond that, the transformers operate
as open circuits at high frequencies, the outdoor environment is characterized by less
hostile conditions compared those in the indoor environment.

Concerning the technical challenges that this new technology must overcome on
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Figure 2: Magnitude of the frequency response of seven measured PLC channels [1].

indoor environments, the topology of electric power grids has several branches, favoring
the signal reflections. Those echoes, also known by the multipath phenomenon, often
occur due to impedance mismatches in the connection points among power cables and
electrical equipment because the value of load impedance can vary over time, frequency,
location and the connection among power cables deteriorates with time. Thereby, the
resultant impulse response of the channel consists of several delayed echoes of the main
impulse, which means a frequency response with deep notches of high attenuation. All
these properties can be observed in Figure 2, where some channel responses are plotted.

A simplified and widely used model addresses a linear time invariant (LTI) PLC
channel, when the load connected to the electric power grid does not change over time.
This type of modeling can be considered when there is not impedance variation. To model
this channel, two strategies are adopted; the first, top-down, sets the multi-propagation
model for the channel behavior from measurement campaigns, characterizing it by the
existence of a finite number of paths. Another strategy also adopted is the bottom-up in
which, a priori, the channel parameters are defined from physical characteristics of the
electric power grid and then, it is constituted the behavioral parametric model [9].

Unlike other data communication medium, the electric power grids are not cha-
racterized by the existence of an additive white Gaussian noise (AWGN), in which the
power spectral density (PSD) is constant over the considered frequency spectrum. On
further analysis, according to [8], the PLC noise is the composition of other three types
of different noises classified according to its origin, duration time, occupation and PSD.
They are:

• Background noise is the total sum of various noise sources with low power and its
PSD is usually around − 145 dBm/Hz;
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Figure 3: Measurements of indoor background noise PSD: a) in an apartment; b) in a
university laboratory [2].

• Narrow band noise is caused by induction from radio station signals in medium and
short waves bands;

• The impulsive noise is caused by transients due to switching phenomena within
the electric power grids and it has maximum amplitude of 40 dBm/Hz higher than
background and/or narrow band noise.

These three types of noise described above are arranged in two groups. The general
background noise, whose PSD is shown in Figure 3, comprises less severe noisy distortions.
This is considered as the superposition of colored noise and narrow band disturbances. On
the other hand, the impulsive noise, represented by the Figure 4, is strongly dominated by
the aperiodic noise which varies in a few period of time, and so, it is the main cause of
transmission errors in PLC channels.

Currently, there is a reasonable understanding of the communication medium
defined by indoor electric power grids. For example, [10] demonstrates the technical
viability of PLC systems on medium and low-voltage grids from the continued operation
for more than ten months in the United States. [11] mentions that although broadband
PLC is an excellent home networking technology to complement the WiFi service and
several industry alliances were formed with a charter to set technology specification mostly
for in-home PLC, none of the technologies are inter operable with each other. This problem
was later addressed with PLC standards [12,13] and technologies [14–17] offering up to 1
Gbps at the physical layer.

The characterization of additive noise, access impedance and overall channel
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Figure 4: Example of impulsive noise in time domain [3].

behavior in the frequency bandwidth up to 300 MHz of these grids is being better reported
in the literature. For example, while [18] proposes a channel parametric model for
broadband indoor PLC based on the physical structure of the electric power grids inside
homes and small offices, [19] models, deterministically and in the frequency domain, the
PLC transfer function. Additionally, [1] is the first thesis of our research group that
addresses a methodology applied to characterize indoor electric power grids for data
communication purposes in underdeveloped countries. This methodology covers all the
procedures and details of the signal processing tools for a reliable estimation of important
features for the evaluation of communication channels.

A common aspect of all aforementioned contributions is that they agreed that the
PLC channels are highly impaired and advances need to be introduced to improve the
system performance.

2.2 Cooperation

The idea of cooperation is relatively recent and strongly related to wireless techno-
logy. The classical relay channel introduced by Van der Meulen in 1971 was constituted
by three-terminal communication channel. Soon after, Cover and El Gamal developed
in 1979 the lower and upper bounds on the channel capacity for specific non-faded relay
channel models. Later, several works have studied the capacity of the relay channels and
developed coding strategies that can achieve the ergodic channel capacity under certain
scenarios. Laneman, around 2000, proposed different cooperative diversity protocols and
analyzed their performance in terms of outage behavior [4].

The cooperative communications consists of independent paths generated via the
introduction of a relay channel. The relay channel is an auxiliary path to the direct link
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Figure 5: Example of wireless cooperative network [4].

between the source and destination, as the example shown in Figure 5 for a wireless
network. The main aspect of the cooperative communication is the processing of the
signal received at the relay node. Some different processing schemes result in different
cooperative communication protocols.

Cooperative communications protocols can be categorized into several kinds, among
them amplify-and-forward (AF) and decode-and-forward (DF) are the most basic and
widely adopted. In the AF protocol, the relay simply amplifies the received version and
transmits it to the destination node and so this protocol is classified as non regenerative.
On the other hand, the DF protocol is regenerative because the relay decodes the received
signal, re-encodes it and then retransmits it to the destination [6].

In this way, two copies from the transmitted signal by the source arrive at the
receiver, one coming through the direct link and another coming through the cooperative
link. To deal with these signals, there are four principal types of combining techniques
depending essentially on the complexity restrictions put on the data communication system
and amount of perfect channel state information (CSI) available, as it is listed below:

• In the EGC combining technique, the signals received are each one multiplied by a
complex weighting factor that compensates the phase rotation of channel. It achieves
phase coherence at the receiver and, thus, increases considerably the resultant signal
strength. On the other hand, it is often difficult to implement in practice since
the phase of channel varies rapidly over time. When the signal phases cannot be
perfectly identified, the combination may result in a destructive interference;

• The MRC combining technique maximizes the overall SNR, so it requires a coherent
detector. In the absence of interference, MRC is the optimal combining scheme.
Since it requires knowledge of all channel fading parameters, this scheme demands
some computational complexity.
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• Unlike the EGC and MRC combining techniques that require some or all CSI (fading
amplitude, phase, and delay) of the received signals, adding to the overall receiver
complexity, the SC is the simplest technique. Specifically, it processes only one
of the diversity branches because it chooses the branch with the highest SNR. In
addition, since the output of the SC combiner is equal to the signal on only one of
the branches, the coherent sum of the individual branch signals is not required;

Regarding the PLC technology, to deal with the limitations of channels, some
additional tools have been investigated and among them is the cooperative communication.
For example, [5] mentions that the spatial dimension of the PLC network becomes infeasible
the direct communication between the central node and all other connected devices and,
therefore, to achieve complete coverage, messages need to be repeated, which is also known
as multi hop transmission or relaying. This way, such a repeater concept makes optimal
use of the available communication nodes in the network and is flexible enough to also
ensure network coverage and communication reliability under changing topologies and
channel conditions.

In [20], a particular coding for multi hop transmission without the need for complex
routing protocols was addressed. When no further signal processing is applied at the
transmitter, simultaneous retransmissions often deteriorate the performance compared
to the single-node retransmission. The work [21] considers the effect of self-interference
generated by relay nodes and tries to suppress it. It is also shown that the multiple-input
multiple-output (MIMO) architecture can strongly improve the PLC performance and
reliability of links. According to it, the spatial multiplexing is a powerful tool to maximize
the good-put network. An opportunistic cooperative system to provide power saving,
quality of service, coverage and range extension is discussed in [22] and [23]. In this case,
the relay only acts in certain situations when the channel capacity with the DF protocol
is higher than that achievable through the direct link.

On the other hand, an investigation of cooperative channel coding for PLC system,
covering narrow band application, was addressed in [24]. Considering such multihop PLC
as a bus system, the authors demonstrate, in this work, the benefits in terms of achievable
data rate derived from the application of cooperative coding. Moreover, the analysis of
the AF protocol for improving PLC system in medium-voltage electric power grids was
discussed in [25] where it was shown that the channel capacity of the proposed protocol
increases as the number of relay nodes increases.

Furthermore, a theoretical channel capacity analysis of the improvement offered
by the AF protocol was presented in [26] and numerical results showed that, through the
optimal power allocation, this protocol can provide higher capacity than the direct link.
According to [27], some improvements can be offered by network coding when the relay
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is centrally located between the source and destination nodes to assist the users in their
data communication. Finally, [28] analyzes the channel capacity of OFDM-based two-hop
relaying systems over medium voltage electric power grids and concludes that the DF
protocol is superior to the AF one.

A common aspect of some of the aforementioned contributions is the fact that
they do not address the low voltage power electric grids, specifically. The remaining ones
are based on the use of models for the indoor PLC channel corrupted by additive noise.
Although the attained results are appealing in favor of cooperative communication, it is of
interest to provide analyses based on measured data to confirm the veracity and usefulness
of the results provided so far in the literature.

2.3 HS-OFDM Scheme

The OFDM scheme is a discrete type of modulation in multiple tones consisting of
a transmission technique in which the frequency spectrum is divided into a set of parallel
sub-channels that are transmitted simultaneously to minimize the effects of frequency
selective fading in the channel [3]. Its conception occurred around the 60s, when Chang
presented its proposal on the synthesis of orthogonal signals to multiple data transmission
channels without causing interference between carriers and inter symbol interference (ISI).
After in 1971, Weinstein and Ebert used the discrete Fourier transform (DFT) to reduce
the complexity of implementation [29].

However, when the signal passes through a dispersive channel, ISI and inter carrier
interference (ICI) appear. These effects can he avoided by inserting a cyclic prefix (CP)
between all symbols. The CP is a sort of guard time, removed at the receiver, that consists
of the repetition of the last part of the following symbol. Besides using a guard interval in
the time domain, it was also necessary to ensure the existence of a perfect orthogonality
between the sub-carriers. This scheme only became popular in the 90s with the advent
of digital processors. Today, it is adopted in different standards of digital transmission,
such as digital audio standards (Digital Audio Broadcasting, Digital Video Broadcasting
Terrestrial) together with to the Wi-Fi standards and WiMax wireless networks. In
addition to this scheme, the equalization is then easily performed at the frequency domain
to compensate the channel attenuation [30].

Usually the term OFDM names the scheme in which a passband data communication
is established, while HS-OFDM applies to a baseband data communication. A block
diagram of a HS-OFDM scheme is shown in Figure 6, in which Xa and Ya ∈ C2N×1 are
frequency domain representation of the transmitted and received signals, respectively.

If the scheme is OFDM, Xa = X and the mapping matrix Map(·), represented by
Map block, is the identity matrix IN of length N , in which N is the number of subcarriers.
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Figure 6: Block diagram of a HS-OFDM scheme.

On the other hand, if the scheme is HS-OFDM then, the mapping process is given by

X[k] =



R{Xa[N − 1]}, k = 0
Xa[k], k = 1, . . . , N − 2
I{Xa[N − 1]}, k = N − 1
X∗a [2N − 2− k], k = N,N + 1, . . . , 2N − 1

(2.1)

in which ∗ is the conjugate operator, while R{X[k]} and I{X[k]} refer to real and imaginary
part of X[k], respectively. Given F = (1/

√
2N)W and W ∈ C2N×2N , in which W denotes

2N × 2N DFT matrix, then the vector representation of the transmitted symbol in time
domain is given by

x = F †X, (2.2)

in which † is the conjugate transpose operator. The vector representation of the cyclic
prefix is defined by xd , [x2N−1−Lcp x2N−1−Lcp+1 . . . x2N−1]T , in which T denotes the
transpose matrix, Lcp is the length of cyclic prefix and xi is the ith element of vector x.
Then xcp = [xTd xT ]T and, due to perfect synchronization at the receiver,

y = x ? h + v

= Cx + v (2.3)

is the output vector resulting from the convolution operation, represented by ?, between
the HS-OFDM symbol xcp (transmitted symbol x extended with the insertion of cyclic
prefix) and the vector representation of channel impulse response h = [h0 h1 . . . hLh−1]T ,
plus the additive noise v. It is considered that LCP ≥ Lh−1, then the channel convolution
matrix is circulant and given by

C =



h0 . . . 0 hLh−1 . . . h1

h1 h0 . . . . . . hLh−1 h2

h2
. . . . . . . . . . . . ...

hLh−1
. . . . . . . . . . . . ...

0 hLh−1
. . . . . . . . . ...

0 . . . hLh−1 h2 h1 h0


. (2.4)
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Removing the cyclic prefix, it results in

y = [0 I] ycp, (2.5)

in which I2N is the identity matrix 2N × 2N and 0 is matrix 2N × LCP constituted by
zeros. Finally,

Fy = F(CF †X + v)

Y = FCF †X + Fv

= HX + V, (2.6)

in which H = diag{H[0]H[1] . . . H[2N − 1]}, H[k] is the k-th coefficient of H =
F [hT 0T2N−Lh ]T and 02N−Lh is a column vector constituted by 2N − Lh zeros.

2.4 Summary

This chapter reviewed some concepts available in the literature about cooperative
indoor PLC systems and HS-OFDM scheme.
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3 COOPERATIVE INDOOR PLC

This chapter presents some assumptions and a complete mathematical formulation
related to the performance of cooperative in-home PLC systems. The presented methodo-
logy discusses a comprehensive description of theoretical channel capacity and maximum
data rate. The effectiveness of this methodology is validated by using measured power
line channels.

To introduce all technical contributions, this chapter is organized as follows: Section
3.1 deals with the calculation of the theoretical channel capacity while Section 3.2 focuses
on the maximum data rate when the HS-OFDM scheme is considered.

3.1 Achievable Data Rate

Let TC >> 2TS, in which TC and TS denote the coherence time of a linear PLC
channel and the symbol period, respectively. Then the single relay model in which there are
a source node (S), a relay node (R) and a destination node (D) is depicted in Figure 7, where
{hSD[n]}LSD−1

n=0 , {hSR[n]}LSR−1
n=0 , and {hRD[n]}LRD−1

n=0 denote the discrete time representation
of the LTI impulse responses for the source-destination (SD), source-relay (SR), and
relay-destination (RD) links, respectively. Moreover, an equivalent source-relay-destination
(SRD) channel impulse response can be represented as hSRD[n] = hSR[n] ? hRD[n], where
LSRD = LSR + LRD − 1. The data communication is performed in the baseband. We
assume that the frequency response of each sub-channel is flat as well as PSD of additive
noise.

Figure 7: Single relay cooperative model.

The time domain vector representation of the channel impulse responses for SD, SR
and RD links can be written as hSD = [h0h1 . . . hLSD−1]T , hSR = [h0h1 . . . hLSR−1]T , and
hRD = [h0h1 . . . hLRD−1]T , respectively. Therefore, the vector representation of frequency
responses of these channels are HSD = F [hTSD 0T2N−LSD ]T , HSR = F [hTSR 0T2N−LSR ]T ,
HRD = F [hTRD 0T2N−LRD ]T , in which F = (1/

√
2N)W. 2N is the length of the DFT

matrix W and 0L is a L-length column vector constituted by zeros. We define HSD ,

diag{HSD[0]HSD[1] . . . HSD[N − 1]}, HSR , diag{HSR[0]HSR[1] . . . HSR[N − 1]}, and
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HRD , diag{HRD[0]HRD[1] . . . HRD[N − 1]}, in which HSD[k], HSR[k] and HRD[k] de-
note the kth coefficient of HSD, HSR, and HRD, respectively. Due to the fact that
the PLC channel is considered LTI, HSRD = HSRHRD. It is defined Λ|HSD

|2 ,

diag{|HSD[0]|2 |HSD[1]|2 . . . |HSD[N−1]|2}, Λ|HSR
|2 , diag{|HSR[0]|2 |HSR[1]|2 . . . |HSR[

N − 1]|2}, and Λ|HRD
|2 , diag{|HRD[0]|2 |HRD[1]|2 . . . |HRD[N − 1]|2}.

The frequency domain representation of a symbol at the S node and the resultant one
after the mapping block are Xa ∈ C2N×1 and X ∈ CN×1, respectively, such that E{X} = 0,
E{XX†} = Λσ2

X
= σ2

XIN , where σ2
X is the variance of X[k] (the kth coefficient of the vector

X) and IN is a N -size identity matrix, E{·} is the expectation operator. Additionally, the
frequency domain representation of N -length vectors for the additive noise for SD, SR,
RD and SRD links are VSD, VSR, VRD and VSRD = VRD + HRDVSR. Assume that
E{Vi �Vj} = E{Vi} � E{Vj}, ∀i 6= j, in which � denotes the Hadamard product and
E{Vi} = 0, i, j ∈ {SD,SR,RD} and E{ViV†i} = Λσ2

Vi
= diag{σ2

Vi
[0]σ2

Vi
[1] . . . σ2

Vi
[N−1]}.

Then E{VSRDVT
SRD} = Λσ2

VSRD
= ΛσVRD

2 + Λσ2
VSR

Λ|HRD|2 .

Assume that the total power is P = P0 + P1, where P0 and P1 are the powers
allocated to the S node and R node to transmit data during the first and the second time
slots, respectively. Each slot occupies the same time interval, in other words T0 = T1, in
which T0 and T1 are the time intervals allocated to time slot #1 and #2, respectively. The
symbol is transmitted by the S node in the first time slot and by the R node in the second
time slot, respectively. Perfect synchronization and CSI at the receiver side are considered.

Moreover, it is considered the theoretical channel capacity of the degraded relay
channel with ISI and additive colored Gaussian noise as the decomposition into parallel
degraded relay channels with individual capacities. Consider that the single relay channel
is l-block circular Gaussian relay channel (CGRC) as discussed in [31] (additive noise is a
colored Gaussian random process and the LTI PLC channel is frequency selective).

For a single relay channel modeled by a l-CGRC [31] and X ∈ CN×1 by a zero
mean complex Gaussian vector, such that RXX = E{XX†} = I, then Y ∈ C2N×1 is the
vectorial frequency domain representation of the received symbol, which is constituted by
symbols transmitted through SD and SRD links, given by
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Y =
 YSD

YSRD


=
 HSD 0

0 HSRHRD

  Λ√P0X
Λ√P0Λ√P1X

+
 VSD

Λ√P1HRDVSR + VRD


=
 Λ√P0HSD 0

0 Λ√P0Λ√P1HSRHRD

 X
X

+
 I 0 0

0 Λ√P1HRD I

V

= AX1 + BV, (3.1)

in which YSD refers the received symbol through SD link while YSRD denotes the
received symbol through SRD link; V = [VT

SDVT
SRVT

RD]T , X1 = [XT XT ]T , Λ√P0 =
diag{√p0,0

√
p0,1 . . .

√
p0,N−1}, Λ√P1 = diag{√p1,0

√
p1,1 . . .

√
p1,N−1}, ΛP0 = diag{p0,0 p0,1

. . . p0,N−1}, ΛP1 = diag{p1,0 p1,1 . . . p1,N−1}, Tr(ΛP0) = P0,Tr(ΛP1) = P1 and P0 +P1 = P .

Thus, the mutual information between the transmitted and received signals is

I(X; Y) = h(Y)− h(Y|X)

= h(Y)− (h(AX|X) + h(BV|X))

= h(Y)− h(BV), (3.2)

in which h(ρ) refers to the entropy of random variable ρ. Due to the aforementioned
assumptions, the received signal Y is a complex Gaussian vector. Then

h(Y) = log2[(πe)2N det(RYY)], (3.3)

where the autocorrelation matrix of the received signal is given by

RYY = E{YY†}

= ARXXA† + BRVVB† (3.4)

where,

ARXXA† =
 ΛP0Λ|HSD|2 0

0 ΛP0ΛP1Λ|HSRD|2


and

BRVVB† =
 ΛσVSD2 0

0 ΛP1Λ|HRD|2Λσ2
VSR

+ Λσ2
VRD

 .
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Due to the nature of the additive noise (it is an additive colored Gaussian random process),
we have

h(BV) = log2[(πe)2N det(BRVVB†)].

Next,

I(X; Y) = log2[(πe)2N det(ARXXA† + BRVVB†)]−

log2[(πe)2N det(BRVVB†)]

= log2

[
det

[
I + (ARXXA†)(BRVVB†

)−1
]
. (3.5)

Finally, the theoretical channel capacity of the cooperative channel when AF protocol is
applied in the R node is given by

CAF = max
Tr(ΛP )≤P

Bw

2N log2[det(I + CD−1)], (3.6)

subject to Tr(ΛP0) = P0, Tr(ΛP1) = P1 and P0 + P1 ≤ P , where C = ARXXA†,
D = BRVVB† and Bw is the frequency bandwidth.

On the other hand, according to [31], the theoretical channel capacity of the
cooperative channel for the DF protocol is given by

CDF = max
ΛP ,Λα

min{C1,DF , C2,DF}, (3.7)

in which
C1,DF = Bw

2N log2[det(IN + ΛαΛP0Λ|HSR|2Λ
−1
σ2
SR

)] (3.8)

and
C2,DF = Bw

2N log2[det(IN + G)], (3.9)

where

G = Λ−1
σ2
SD

(
Λ|HSD|2ΛP0 + Λ|HRD|2ΛP1 +

2
√

ΛᾱΛ|HSDHRD|2ΛP0ΛP1

)
, (3.10)

Λᾱ = IN −Λα and Λα is the cross-correlation matrix between the signals sent by the S
and R nodes.

3.2 Maximum Data Rate of a HS-OFDM Scheme

To evaluate the maximum data rate of a HS-OFDM scheme it is assumed perfect
synchronization and CSI available at all nodes. Concerning the HS-OFDM scheme and
the combining techniques, if the AF protocol is considered, then the length of the CP
of the transmitted symbol is LCP ≥ max{LSD − 1, LSR + LRD − 2}. On the other hand,
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for the DF protocol, in the first time slot, the source broadcasts data to the relay and
destination and, then, the relay transmits the detected data to the destination in the
second time slot [32]. In this case, LCP ≥ max{LSD − 1, LSR − 1} in the first time slot
and LCP ≥ LRD − 1 for the second time slot.

For the combining techniques, the coefficients of the weighting factor matrix
Da,b,c = diag{|αa,b,c[0]|, |αa,b,c[1]|, . . . , |αa,b,c[N −1]|}, a ∈ {EGC,SC,MRC}, b ∈ {AF,DF}
and c ∈{SD,SRD} can be represented, for the EGC technique, by

αEGC,b,c[k] = 1
2 ,

(3.11)

in which φc[k] = arg{Hc[k]}. By applying the SC technique, we may write

αSC,b,SD[k] =

 1, if ΛγSD [k, k] ≥ Λγb,SRD [k, k]
0, otherwise

(3.12)

αSC,b,SRD[k] =

 1, if Λγb,SRD [k, k] > ΛγSD [k, k]
0, otherwise.

(3.13)

in which ΛγSD [k, k] and Λγb,SRD [k, k] denote the (k, k) element of the normalized SNR
matrices ΛγSD and Λγb,SRD , respectively. Finally, the use of the MRC technique assumes
that

αMRC,b,SD[k] = ΛγSD(k, k)
ΛγSD(k, k) + Λγb,SRD(k, k) , (3.14)

and

αMRC,b,SRD[k] =
Λγb,SRD(k, k)

ΛγSD(k, k) + Λγb,SRD(k, k) , (3.15)

where ΛγSD(k, k) and Λγb,SRD(k, k) are,respectively the (k, k) element of ΛγSD and Λγb,SRD ,
which are normalized SNR matrices defined according to the HS-OFDM schemes; see
Sections 3.3 and 3.4. Note that all SNR matrices are diagonal, therefore, Λnum

Λden
= ΛnumΛ−1

den,
in which Λnum and Λden represent the numerator and denominator matrices, respectively.

Due to the fact that the in-home PLC channels are frequency selective, the additive
noise is a colored Gaussian random process and the transmitted signal is assumed to be a
Gaussian random process; thus, the maximum data rate can be evaluated by using

Cβ = max
ΛP

Bw

2(N + LCP )

N−1∑
k=0

log2

[
1 + Λγβ(k, k)

]
, (3.16)

subject to Tr(ΛP0) = P0, Tr(ΛP1) = P1 and P0 + P1 ≤ P , in which β ∈ {SD,AF-SRD,DF-
SRD,AF-EGC,DF-EGC,AF-SC,DF-SC,AF-MRC,DF-MRC} for the HS-OFDM scheme.
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3.3 HS-OFDM with FDE-ZF

In this section, it is described the maximum data rate of an HS-OFDM scheme
that makes use of FDE based on ZF, AF/DF protocols and EGC/SC/MRC techniques,
when the single relay model is considered.

The FDE-ZF applies the inverse of the channel frequency response to the received
signal, and so, the expression for the d link is H−1

d . Regarding the vectorial representation
of the channel output at the time domain is given by

ySD = Λ√P0CSDx + vSD. (3.17)

The vector frequency domain representation of (3.17) is given by

YSD = FySD
= Λ√P0HSDX + VSD. (3.18)

Finally the estimate of the transmitted symbol is given by

X̂SD = H−1
SDYSD

= Λ√P0X + H−1
SDVSD

= Z + VSD. (3.19)

Evaluating,
E{ZZ†} = ΛP0Λσ2

X
(3.20)

and

E{VSDV†SD} = Λ−1
|HSD|2Λσ2

VSD
. (3.21)

So, we obtain a SNR matrix, which is given by

ΛγSD = E{ZZ†}
E{VSDV†SD}

=
ΛP0Λσ2

X

Λ−1
|HSD|2Λσ2

VSD

, (3.22)

which is equal to the normalized SNR matrix because Λσ2
X

= I. Note that E{ZZ†} and
E{VSDV†SD} are diagonal matrices.
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For the AF protocol, the channel output at the frequency domain through the relay
node is given by

YAF,SRD = Λ√P0Λ√P1HSRDX + Λ√P1HRDVSR + VRD. (3.23)

Then, an estimate of the transmitted symbol is given by

X̂AF,SRD = H−1
SRDYAF,SRD

= Λ√P0Λ√P1X + Λ√P1H−1
SRVSR + H−1

SRDVRD

= Z + VSRD. (3.24)

Finally, the SNR matrix for the SRD link when the AF protocol is applied is expressed by

ΛγAF,SRD = E{ZZ†}
E{VSRDV†SRD}

=
ΛP0ΛP1Λσ2

X

ΛP1Λ
−1
|HSR|2Λσ2

VSR
+ Λ−1

|HSRD|2Λσ2
VRD

. (3.25)

On the other hand, the use of the DF protocol results in a vectorial representation of the
channel output and an estimate of the transmitted symbol through the SRD link given
by, respectively,

YDF,SRD = Λ√P1HRDX + Λ√P1HRDE + VRD (3.26)

where E denotes the error introduced by the erroneous symbol detection performed at the
R node and

X̂DF,SRD = H−1
RDYDF,SRD

= Λ√P1X + Λ√P1E + H−1
RDVRD

= Z + VSRD. (3.27)

So, the SNR matrix is expressed by

ΛγDF,SRD = E{ZZ†}
E{VSRDV†SRD}

=
ΛP1Λσ2

X

ΛP1Λσ2
E

+ Λ−1
|HRD|2Λσ2

VRD

. (3.28)

The use of EGC, SC, and MRC techniques together with the AF protocol results in a final
estimate of the transmitted symbol and the SNR matrix, which are given by, respectively
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X̂a,AF = Da,b,SDX̂SD + Da,b,SRDX̂AF,SRD

=
(
Λ√P0Da,b,SD + Λ√P0Λ√P1Da,b,SRD

)
X + Da,b,SDH−1

SDVSD +

Da,b,SRD(Λ√P1H−1
SRVSR + H−1

SRDVRD)

= Z + VSRD (3.29)

and

Λγa,AF = E{ZZ†}
E{VSRDV†SRD}

(3.30)

=

∣∣∣Λ√P0Da,b,SD + Λ√P0Λ√P1Da,b,SRD

∣∣∣2 Λσ2
X

Λ−1
|HSD|2Λσ2

VSD
D2
a,b,SD + (ΛP1Λ|HSR|2Λσ2

VSR
+ Λ−1

|HSRD|2Λσ2
VRD

)D2
a,b,SRD

The use of EGC, SC, and MRC techniques together with the DF protocol results
in a final estimate of the transmitted symbol and the correspondent SNR matrix, which
are given by

X̂a,DF = Da,b,SDX̂SD + Da,b,SRDX̂DF,SRD

=
(
Λ√P0Da,b,SD + Λ√P1Da,b,SRD

)
X + Da,b,SDH−1

SDVSD +

Da,b,SRD(Λ√P1E + H−1
RDVRD)

= Z + VSRD (3.31)

and

Λγa,DF = E{ZZ†}
E{VSRDV†SRD}

=

∣∣∣Λ√P0Da,b,SD
+ Λ√P1Da,b,SRD

∣∣∣2 Λσ2
X

Λ−1
|HSD|2Λσ2

VSD
D2
a,b,SD +

(
Λ√P1Λσ2

E
+ Λ−1

|HRD|2Λσ2
VRD

)
D2
a,b,SRD

(3.32)

3.4 HS-OFDM with FDE-MMSE

In this section, it is described the maximum data rate of an HS-OFDM scheme that
makes use of FDE based on MMSE, AF/DF protocols and EGC/SC/MRC techniques,
when the single relay model is considered.

For the FDE-MMSE, applied to the d link, the equalizer expression is H†
d/(H

†
dHd+

Λ
σ2

Vd
PxΛ

σ2
X

), in which Px is the power allocation matrix applied to the subcarriers of the

HS-OFDM symbol
(
Px ∈ {Λ√P0 ,Λ√P1}

)
. Regarding the vectorial representation of the

channel output at the frequency domain is given by

YSD = Λ√P0HSDX + VSD. (3.33)
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A estimate of the transmitted symbol is given by

X̂SD = H†
SD

Λ|HSD|2 +
Λ
σ2

VSD
ΛP0Λ

σ2
X

YSD

=
Λ√P0Λ|HSD|2X

Λ|HSD|2 +
Λ
σ2

VSD
ΛP0Λ

σ2
X

+ H†
SDVSD

Λ|HSD|2 +
Λ
σ2

VSD
ΛP0Λ

σ2
X

= Z + VSD. (3.34)

Finally, we obtain a SNR matrix, which is given by

ΛγSD = E{ZZ†}
E{VSDV†SD}

=
ΛP0Λ|HSD|2

Λσ2
VSD

Λσ2
X
. (3.35)

For the AF protocol, an estimate of the transmitted symbol through the relay node is
given by

X̂AF,SRD =
Λ√P0Λ√P1Λ|HSRD|2X

Λ|HSRD|2 +
Λ
σ2

VSRD
ΛP0ΛP1Λ

σ2
X

+
Λ√P1H†

SRDH†
RDVSR

Λ|HSRD|2 +
Λ
σ2

VSRD
ΛP0ΛP1Λ

σ2
X

+

H†
SRDVRD

Λ|HSRD|2 +
Λ
σ2

VSRD
ΛP0ΛP1Λ

σ2
X

= Z + VSRD. (3.36)

Finally, the SNR matrix for the SRD link when the AF protocol is applied is expressed by

ΛγAF,SRD = E{ZZ†}
E{VSRDV†SRD}

=
ΛP0ΛP1Λ|HSRD|2Λσ2

X

ΛP1Λ|HRD|2Λ
2
σVSR

+ Λσ2
VRD

(3.37)

On the other hand, the use of the DF protocol results in an estimate of the
transmitted symbol and the SNR matrix through the SRD link given by, respectively,

X̂DF,SRD =
Λ√P1Λ|HRD|2

Λ|HRD|2 +
Λ
σ2

VRD
ΛP1Λ

σ2
X

X +
Λ√P1Λ|HRD|2

Λ|HRD|2 +
Λ
σ2

VRD
ΛP1Λ

σ2
X

E + (3.38)

H†
RD

Λ|HRD|2 +
Λ
σ2

VRD
ΛP1Λ

σ2
X

VRD

= Z + VSRD (3.39)
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and

ΛγDF,SRD = E{ZZ†}
E{VSRDV†SRD}

=
ΛP1Λ|HRD|2Λσ2

X

ΛP1Λ|HRD|2Λ
2
σE

+ Λσ2
VRD

. (3.40)

The use of EGC, SC, and MRC techniques together with the AF protocol results
in a final estimate of the transmitted symbol and its correspondent SNR matrix, which
are given by

X̂a,AF = Da,b,SDX̂SD + Da,b,SRDX̂AF,SRD

=

Λ√P0Da,b,SDΛ|HSD|2

Λ|HSD|2 +
Λ
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σ2
X
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)
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= Z + VSRD (3.41)

and

Λγa,AF = E{ZZ†}
E{VSRDV†SRD}

(3.42)

=
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.

For the DF protocol, the final estimate of the transmitted symbol and its corres-
pondent SNR matrix are given by
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X̂a,DF = Da,b,SDX̂SD + Da,b,SRDX̂DF,SRD

=
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Λγa,DF
= E{ZZ†}
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(3.44)
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respectively.

3.5 Summary

This chapter presented mathematical formulation about cooperative in-home PLC
systems. The theoretical channel capacities and maximum data rates were obtained
from the diagonal matrix of SNR for SD, SR and RD links, considering the AF and DF
cooperative protocols and combining techniques such as EGC, SC and MRC.
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4 MEASUREMENT CAMPAIGN

To experimentally analyze the benefits of a single relay model, a measurement
campaign to acquire estimates of cooperative and in-home PLC channels was carried out
in Brazil and details about such campaign are presented in the current chapter.

This chapter is organized as follows: Section 4.1 covers the equipment and measu-
rement setup used and Section 4.2 discussed about some features of the PLC system as
frequency response of links and PSD of additive noise.

4.1 Measurement Setup

For the characterization of such PLC channels, seven middle class residences in a
typical urban area in the city of Juiz de Fora, Brazil, were considered. Some features of
these places are listed in Table 1. More details about the residences are in Appendix B.
These residences are representative of a large percentage of Brazilian residences. The used
measurement setup is composed of two rugged personal computers equipped with data
acquisition and generation boards connected to the power cable by a coupling circuit [33],
as Fig. 8. The coupler is constituted by a high pass filter that blocks the main voltages (50
or 60 Hz) in order to avoid equipment damage. As it can be seen in Fig. 9, its frequency
response is the most flat possible to not interfere in the system performance. With this
equipment, it is constructed the setup of Figure 10. Firstly, the signal is generated in the
waveform generation board (Tx) and injected into the power cable through the electrical
outlet. On the other side of the electric power grids, the extracted signal is digitized by a
data acquisition board (Rx).

Table 1: Main features of the measured places.

Construction type Age (years) Constructed area (m2)
Residence #1 30 78
Residence #2 10 69
Residence #3 9 54
Residence #4 9 42
Residence #5 18 65
Residence #6 3 62
Residence #7 2 54

Also, a sounding-based method was applied to estimate the frequency response
of the measured channels. This technique uses the knowledge of the generated and
injected signal and its corresponding in the communication channel output [34]. As the
focused scheme was the HS-OFDM, the output signal coefficients are real, suitable for
data transmission in the baseband. The set of parameters used in the methodology to
estimate the frequency response of in-home PLC channels is summarized in Table 2. In
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(a) (b)

(c) (d)

Figure 8: Equipment.

this measurement campaign, more than 36, 000 estimates of in-home PLC channels, whose
physical electric circuits cover distances from 2 to 10 m, were obtained from the measured
data and classified as SD, SR or RD links. The frequency band from 1.7 MHz up 100
MHz was covered.

Table 2: Main parameters adopted by the technique applied to estimate the PLC channel
frequency responses.

Description Value
Sampling frequency fs = 200 MHz

Number of sub-carriers N = 2048
Modulation BPSK

Cyclic prefix length Lcp = 512
Frequency resolution 48.83 kHz
Symbol duration 23.04 µs

4.2 Measures of Cooperative and In-home PLC Channels

Figure 11 shows the adopted locations for the R node during the measurement
campaign. Basically, the R node was located in the middle between the S and D nodes
(case #1); near the D node (case #2); near the S node (case #3); and far from both S
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Figure 9: Coupler frequency response.

Figure 10: An example of the use of the measurement setup.

and D nodes (case #4). These cases cope with different settings that are found in a home,
where the relay, the source and the destination nodes belong to the same electrical circuit.
The analysis of these cases can reveal in which locations the R node can benefit in-home
PLC systems.

Figure 12 shows the mean values of amplitude spectra of measured PLC channel
frequency responses for SD, SR, RD, and SRD links for case #1, case #2, case #3 and
case #4, respectively. Regarding case #1 (Fig. 12a), it can be seen that the attenuation
profiles for SR and RD links are lower than that noted in the SD link (distances involving
the SD link are longer), which is in accordance with the theory related to the wave
propagation in a non-ideal conductor (attenuation increases with frequency and distance).
A carefully analysis of this plot indicates that the use of the DF protocol at the R node
may result in improved performance if the errored symbol detection probability at the
R node tends to zero. On the other hand, the attenuation profiles of channel frequency
responses for the SRD link show that attenuation is extremely high and, as a consequence,
the AF protocol may not offer improvement. In the Chapter 5, this statement is validated
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Figure 11: Relay locations based on electrical wiring distances.

with numerical results.

Following the same reasoning, in Figure 12b, it can be observed that the RD link
has the lowest attenuation, as expected, since the R node is closest to the destination. On
the other hand, in case #3, as the R node is near the source, then the SR link shows the
lowest attenuation, see Figure 12c. Finally, in Figure 12d, there is a strong attenuation for
SR, RD and SRD links. Thus, when the R node is away from the S and the D nodes,
cooperation may not be advantageous.

Last, but not least, Figure 13 depicts estimates of the PSD of the measured additive
noise for the SD, SR, and RD links, respectively, for cases #1, #2, #3 and #4. As
expected, their profiles are almost the same. The reason for this is the fact that the electric
circuit works as a bus, therefore, a significant change of the PSD of the noise, in the same
electric circuit, is not expected. Due to the fact that the PSDs of SD and RD links refer
to the additive noise at the D node measured during time slots #1 and #2, the mean
value of the PSD of both SD and RD links is assumed for obtaining the numerical results.

4.3 Summary

This chapter presented in detail the measurement setup used through the figures
of equipment and connection between it. In addition, frequency response and PSDs of
measured additive noise were shown for the four cases.
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(a) case #1: midway.

(b) case #2: near D node.

(c) case #3: near S node.

(d) case #4: far from S and D nodes.

Figure 12: Attenuation profiles of the frequency response of SD, SR, RD, and SRD links.
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(a) case #1: midway.

(b) case #2: near D node.

(c) case #3: near S node.

(d) case #4: far from S and D nodes.

Figure 13: PSD of measured additive noises in the SD, SR, and RD links.



44

5 NUMERICAL RESULTS

This chapter presents theoretical channel capacity and maximum data rate (HS-
OFDM scheme) analyses of the measured cooperative and in-home PLC channels. All
results are obtained when average gains of the channel frequency responses of the measured
in-home PLC channels and PSDs for SD, SR, RD and SRD links in the four cases are
considered. This choice offers a good picture of what kind of performance, on average, can
be expected by applying cooperative protocol at the physical layer and analyses are based
on measured data.

By considering a measured data set consisting of in-home PLC channels and
additive noises, analyses based on numerical results for three different frequency bands:
1.7-30 MHz, 1.7-50 MHz and 1.7-100 MHz are presented and represented as B30, B50 and
B100, respectively. The first and the second frequency bands comply with European and
Brazilian regulations for PLC systems, respectively, while the latter is a possibility for
future regulation and standardization. The values of theoretical channel capacities are
evaluated according to Chapter 3 as well as the value of maximum data rates obtained by
the use of HS-OFDM together with the cooperative protocols and combining techniques.

The remainder of this chapter is organized as follows: Section 5.1 discusses the
attained results when the total power is optimally allocated to all subcarriers and the
CSI is available at the transmitter and Section 5.2 shows the normalized channel capacity
and maximum data rate when CSI is not available at the transmitter and the total power
is uniformly allocated to all subcarriers. In all these analyses, it is assumed E = 0 (the
relay correctly detects the received symbols). On the other hand, Section 5.3 numerically
evaluates the cooperative and in-home PLC system performance when E 6= 0.

5.1 Optimal Total Power Allocation (OA)

In order to verify the influence of total power and frequency bandwidth on the
performance of cooperative and in-home PLC systems, the theoretical channel capacity
was evaluated when P ∈ {−20,−10, 0, 10, 20, 30} dBm and the choice of P0 and P1 and
their distribution among the subcarriers are those that maximize the mutual information
between the transmitted and received signals and are obtained using the water-filling
algorithm. Tables 3-6 list the normalized theoretical channel capacity for the AF and DF
protocols for each case where

C̄β = Cβ
Cmax

, (5.1)

in which β ∈ {AF,DF} and Cmax = maxP0 CSD subject to P0 + P1 ≤ P is the theoretical
channel capacity associated with the SD link. These tables show that the DF protocol can
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Table 3: Normalized theoretical channel capacities C̄β for case #1 and OA.

AF DF
P (dBm) B30 B50 B100 B30 B50 B100

-20 1.00 1.00 1.00 2.07 2.59 3.98
-10 1.00 1.00 1.00 1.68 1.98 2.92
0 1.00 1.00 1.00 1.48 1.66 2.28
10 1.06 1.03 1.01 1.37 1.50 1.87
20 1.18 1.12 1.06 1.30 1.39 1.63
30 1.35 1.30 1.16 1.26 1.33 1.49

Table 4: Normalized theoretical channel capacities C̄β for case #2 and OA.

AF DF
P (dBm) B30 B50 B100 B30 B50 B100

-20 1.00 1.00 1.00 1.18 1.28 1.44
-10 1.00 1.00 1.00 1.14 1.21 1.32
0 1.01 1.00 1.00 1.11 1.16 1.24
10 1.12 1.06 1.02 1.10 1.13 1.19
20 1.29 1.19 1.09 1.08 1.11 1.15
30 1.46 1.36 1.22 1.07 1.10 1.13

Table 5: Normalized theoretical channel capacities C̄β for case #3 and OA.

AF DF
P (dBm) B30 B50 B100 B30 B50 B100

-20 1.00 1.00 1.00 1.07 1.02 1.13
-10 1.00 1.00 1.00 1.05 1.01 1.08
0 1.01 1.00 1.00 1.05 1.01 1.06
10 1.12 1.06 1.02 1.04 1.01 1.05
20 1.29 1.19 1.09 1.04 1.01 1.04
30 1.46 1.36 1.22 1.03 1.01 1.03

improve the PLC system performance if zero symbol error probability is assumed at the R
node. These improvements can be observed in case #1, case #2 and case #3 for P ≤ 30
dBm. Moreover, the case #1 is the situation in which the improvement is more evident,
for any value of P . Furthermore, these tables emphasize that cooperative communication
through the DF protocol increasingly improves in-home PLC system performance if P
decreases and/or the frequency range increases. It is worth noting that the AF protocol
offers improvements in all cases, although these are more significant if P increases and/or
the frequency range decreases. Last, but not least, the frequency band from 1.7 up to 100
MHz offers the best results when the DF protocol is considered. On the other hand, for the
AF protocol, the highest normalized theoretical capacities occur when the frequency band
is from 1.7 up to 30 MHz because the attenuation profile in the SRD link is the lowest in
comparison with other frequency bands. In other words, the attenuation associated with
the increase of frequency bandwidth severely degrade AF protocol.
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Table 6: Normalized theoretical channel capacities C̄β for case #4 and OA.

AF DF
P (dBm) B30 B50 B100 B30 B50 B100

-20 1.00 1.00 1.00 0.85 0.78 0.73
-10 1.00 1.00 1.00 0.87 0.82 0.78
0 1.01 1.00 1.00 0.89 0.85 0.82
10 1.07 1.04 1.01 0.90 0.87 0.85
20 1.18 1.10 1.04 0.92 0.88 0.87
30 1.31 1.19 1.09 0.92 0.90 0.88

A normalized maximum data rate comparison was carried out when the HS-OFDM
scheme with FDE-ZF and FDE-MMSE and in-home PLC channel corrupted by additive
colored Gaussian noises are considered and evaluated by (5.1). In this situation, β ∈
{SD,AF-SRD,DF-SRD,AF-EGC,DF-EGC,AF-SC,DF-SC,AF-MRC,DF-MRC}, Cmax =
maxP0 CSD subject to P0 + P1 ≤ P is the maximum data rate associated with SD link
and Cβ is the maximum data rate related to the β link for a given total power.

The attained values for the normalized maximum data rates are presented in Tables
7-10, by assuming P = 20 dBm, P0 and P1 optimally allocated at the subcarriers. In
these tables, AF-EGC, DF-EGC, AF-SC, DF-SC, AF-MRC and DF-MRC denote the
protocol and the combining technique used in each analysis; FDE-ZF and FDE-MMSE
refer to the HS-OFDM scheme associated with use of FDE based on the ZF and MMSE
criteria, respectively. By representing a new frequency band under study for PLC systems,
the frequency band 1.7-100 MHz was utilized to evaluate the normalized maximum data
rates for the AF and DF protocols. As previously discussed, the DF protocol can improve
the performance of HS-OFDM scheme if case #1, case #2 and case #3 are considered.
Additionally, the MRC protocol results in the best performance and the EGC in the
worst one. Due to the small difference observed between the performance attained by the
MRC and SC, a choice in favor of SC is reasonable because it demands lower hardware
complexity than the MRC. This improvement can be confirmed by analyzing Table
7 (case #1) together with the plot in Figure 15b when, for instance, P = 20 dBm.
As we can see, the use of the HS-OFDM scheme together with FDE-MMSE achieves
CSD = 428.7 Mbps, the maximum data rate of SD link and CDF−MRC = 749.6 Mbps
is the maximum data rate when the DF protocol, MRC technique and optimal power
allocation (OA) are considered, resulting in C̄DF−MRC = 1.75. For other cases these
values are: CSD = 709.2 Mbps, CDF−MRC = 795 and C̄DF−MRC = 1.12 (case #2);
CSD = 709.2 Mbps, CDF−MRC = 758 and C̄DF−MRC = 1.07 (case #3); CSD = 488.4
Mbps, CDF−MRC = 489.9 and C̄DF−MRC = 1.00 (case #4), it can be seen in Tables 8-10,
respectively. Regarding the adopted criterion in the FDE, we noted that the FDE-MMSE
attains almost the same performance of FDE-ZF.
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Table 7: Normalized maximum data rates C̄β for case #1, considering P = 20 dBm, B100
and OA.

AF DF
FDE-ZF FDE-MMSE FDE-ZF FDE-MMSE

SD 1.00 1.00 1.00 1.00
SRD 0.06 0.06 1.75 1.75
EGC 0.69 1.00 1.09 1.11
SC 1.00 1.00 1.75 1.75

MRC 1.00 1.00 1.75 1.75

Table 8: Normalized maximum data rates C̄β for case #2, considering P = 20 dBm, B100
and OA.

AF DF
FDE-ZF FDE-MMSE FDE-ZF FDE-MMSE

SD 1.00 1.00 1.00 1.00
SRD 0.09 0.09 1.05 1.05
EGC 0.70 0.99 1.03 1.03
SC 1.00 1.00 1.07 1.07

MRC 1.00 1.00 1.12 1.12

Table 9: Normalized maximum data rate C̄β for case #3, considering P = 20 dBm, B100
and OA.

AF DF
FDE-ZF FDE-MMSE FDE-ZF FDE-MMSE

SD 1.00 1.00 1.00 1.00
SRD 0.09 0.09 1.05 1.05
EGC 0.70 0.99 0.98 0.98
SC 1.00 1.00 1.05 1.05

MRC 1.00 1.00 1.07 1.07

Table 10: Normalized maximum data rate C̄β for case #4, considering P = 20 dBm, B100
and OA.

AF DF
FDE-ZF FDE-MMSE FDE-ZF FDE-MMSE

SD 1.00 1.00 1.00 1.00
SRD 0.04 0.04 0.76 0.76
EGC 0.35 0.98 0.82 0.82
SC 1.00 1.00 0.99 0.99

MRC 1.00 1.00 1.00 1.00
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Table 11: Normalized theoretical channel capacities C̄β for case #1 and UA.

AF DF
P (dBm) B30 B50 B100 B30 B50 B100

-20 1.00 1.00 1.00 2.11 2.74 5.30
-10 1.00 1.00 1.00 1.69 2.00 3.25
0 1.00 1.00 1.00 1.49 1.67 2.34
10 1.03 1.01 1.00 1.38 1.50 1.88
20 1.16 1.09 1.03 1.31 1.40 1.63
30 1.34 1.29 1.13 1.26 1.33 1.49

Table 12: Normalized theoretical channel capacities C̄β for case #2 and UA.

AF DF
P (dBm) B30 B50 B100 B30 B50 B100

-20 1.00 1.00 1.00 1.21 1.30 1.46
-10 1.00 1.00 1.00 1.16 1.22 1.32
0 1.00 1.00 1.00 1.13 1.17 1.24
10 1.09 1.04 1.00 1.11 1.14 1.19
20 1.30 1.18 1.07 1.10 1.12 1.15
30 1.50 1.38 1.21 1.09 1.10 1.13

Table 13: Normalized theoretical channel capacities C̄β for case #3 and UA.

AF DF
P (dBm) B30 B50 B100 B30 B50 B100

-20 1.00 1.00 1.00 1.14 1.08 1.05
-10 1.00 1.00 1.00 1.10 1.06 1.02
0 1.00 1.00 1.00 1.08 1.04 1.00
10 1.09 1.04 1.04 1.07 1.04 1.00
20 1.30 1.18 1.17 1.06 1.03 1.00
30 1.50 1.38 1.35 1.05 1.03 1.00

5.2 Uniform Power Allocation (UA)

When the CSI is not available at the transmitter, the uniform power allocation (UA)
is the most recommended strategy to perform power allocation in the subcarriers. To verify
the influence of total power and frequency bandwidth on the performance of cooperative
protocol on the in-home PLC system under this situation (lack of CSI at the transmitter),
the theoretical channel capacity was evaluated when P ∈ {−20,−10, 0, 10, 20, 30} dBm.
Tables 11-14 list the normalized theoretical channel capacity for the case #1 when (5.1)
and cooperative protocols are considered, in which β ∈ {AF,DF} and Cmax = maxP0 CSD

subject to P0 +P1 ≤ P . This table shows the DF protocol advantage over the AF protocol
occurs, mainly when P decreases and the bandwidth increases. Furthermore, the highest
normalized theoretical channel capacities occur in the 1.7-30 MHz frequency band for the
AF protocol and in the 1.7-100 MHz frequency band for the DF protocol.
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Table 14: Normalized theoretical channel capacities C̄β for case #4 and UA.

AF DF
P (dBm) B30 B50 B100 B30 B50 B100

-20 1.00 1.00 1.00 1.03 1.05 1.46
-10 1.00 1.00 1.00 1.02 1.04 0.72
0 1.00 1.00 1.00 1.02 1.04 0.78
10 1.03 1.04 1.00 1.01 1.04 0.82
20 1.19 1.10 1.03 1.01 1.02 0.85
30 1.37 1.25 1.08 1.00 1.02 0.88

Table 15: Normalized maximum data rate C̄β for case #1, considering P = 20 dBm, B100
and UA.

AF DF
FDE-ZF FDE-MMSE FDE-ZF FDE-MMSE

SD 1.00 1.00 1.00 1.00
SRD 0.06 0.06 1.75 1.75
EGC 0.68 1.00 1.09 1.10
SC 1.00 1.00 1.75 1.75

MRC 1.00 1.00 1.75 1.75

Table 16: Normalized maximum data rate C̄β for case #2, considering P = 20 dBm, B100
and UA.

AF DF
FDE-ZF FDE-MMSE FDE-ZF FDE-MMSE

SD 1.00 1.00 1.00 1.00
SRD 0.09 0.09 1.05 1.05
EGC 0.70 0.99 1.03 1.03
SC 1.00 1.00 1.07 1.07

MRC 1.00 1.00 1.12 1.12

The attained values for the normalized maximum data rates are presented in Tables
15-18, by assuming P = 20 dBm and P0 and P1 uniformly allocated at subcarriers. As
previously discussed, the DF protocol is more beneficial for cases #1, #2 and #3, mainly
if P decreases. This improvement is observed through Table 15 (case #1) and the plot in
Figure 15b when, for instance, P = 20 dBm. In this situation, CSD = 427.7 Mbps and
CDF−MRC = 749.5 Mbps are the maximum data rate for SD link and DF-MRC technique,
respectively, resulting in C̄DF−MRC = 1.75 when UA is considered. The MRC combining
technique results in the best result and the EGC in the worst one and there is a small
difference between the performance attained by the MRC and SC techniques.

Looking at the plots of Figures 14-21, it is clear that if the OA is adopted, the
AF protocol can provide gains when the total power increases and/or the frequency band
decreases (cases #1, #2 and #3). On the other hand, the DF protocol always provides
gain which decreases as the frequency band decreases and/or the total power increases
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Table 17: Normalized maximum data rate C̄β for case #3, considering P = 20 dBm, B100
and UA.

AF DF
FDE-ZF FDE-MMSE FDE-ZF FDE-MMSE

SD 1,00 1,00 1,00 1,00
SRD 0,09 0,09 1,05 1,05
EGC 0,70 0,99 0,98 0,98
SC 1,00 1,00 1,05 1,05

MRC 1,00 1,00 1,07 1,07

Table 18: Normalized maximum data rate C̄β for case #4, considering P = 20 dBm, B100
and UA.

AF DF
FDE-ZF FDE-MMSE FDE-ZF FDE-MMSE

SD 1.00 1.00 1.00 1.00
SRD 0.04 0.04 0.76 0.76
EGC 0.35 0.98 0.82 0.82
SC 1.00 1.00 0.99 0.99

MRC 1.00 1.00 1.00 1.00

(cases #1, #2 and #3). In case #4, the DF protocol does not improve performance, since
in this scenario, the R node is very distant from the S and D nodes. Regarding the UA, it
has similar behavior for both protocols, although the gains obtained by the AF protocol
are the lowest or nonexistent.

5.3 Data Rate Degradation due to E 6= 0

In order to evaluate the cooperative and in-home PLC system performance when
E 6= 0, it is presented the maximum data rates for all cases when HS-OFDM scheme,
FDE with MMSE, MRC, P = 20 dBm are considered and the transmission power is
optimally allocated by using the water-filling algorithm. Also, it is assumed that E is
modeled as circular complex Gaussian such that E{E} = 0 and E{EE†} = Λσ2

E
. It is

introduced the parameter k which, although not having physical meaning, it assists the
visualization of maximum data rate behavior when E 6= 0. The value of k is given by

k = 10 × log10

Tr
(

ΛP1Λ|HRD |2
Λ
σ2

E

)
Tr
(

Λ
σ2

VRD

)
, which is formed from the relationship between the

variances related to the error symbol detection and noise of RD link, see (3.32) and (3.44).
Figures 22 and 23 show the degradation as k increases for all cases. In this scenario, E
is assumed constant and the noise of RD link is varied. To better represent the plots of
figures, the maximum data rate was normalized by the following factors: 5 Mbps (case
#1), 8.75 Mbps (cases #2 and #3) and 5.6 Mbps (case #4). In general, it can observed
that the FDE-MMSE is more robust than the FDE-ZF when the error symbol detection at
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(a) FDE-ZF

(b) FDE-MMSE

Figure 14: Maximum data rates and theoretical channel capacities for case #1 and B100,
using AF protocol and HS-OFDM scheme.

the relay node increases. It can be observed that, as k increases, the maximum data rate
related to the DF protocol decreases. In Figure 22a, it can be noted that the DF protocol
is not advantageous for k ≥ 40 dB and k ≥ 30 dB when FDE-MMSE and FDE-ZF are,
respectively, considered for case #1. On the other hand, Figure 22b shows that for k > 60
dB (FDE-MMSE) and k ≥ 48 dB (FDE-ZF), the DF protocol is not better than the AF
one for case #2. For case #3 (Figure 23a, when k > 60 dB (FDE-MMSE) and k ≥ 38 dB
(FDE-ZF) there is not advantage in using the DF protocol. Finally, for case #4 (Figure
23b, both protocols show similar performances. The rationale for high values of k is the
fact that the symbol error detection variance is multiplied by the gain of the PLC channel
in the RD link as well as the amplification matrix (ΛP1) at the R node.
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(a) FDE-ZF

(b) FDE-MMSE

Figure 15: Maximum data rates and theoretical channel capacities for case #1 and B100,
using DF protocol and HS-OFDM scheme.

5.4 Summary

This chapter presented in detail the numerical results about theoretical channel
capacity and maximum data rate of cooperative in-home PLC systems when the transmitted
power is optimally and uniformly allocated. The influence of symbol detection errors at
the R node in the DF protocol performance was also considered.
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(a) FDE-ZF

(b) FDE-MMSE

Figure 16: Maximum data rates and theoretical channel capacities for case #2 and B100,
using AF protocol and HS-OFDM scheme.



54

(a) FDE-ZF

(b) FDE-MMSE

Figure 17: Maximum data rates and theoretical channel capacities for case #2 and B100,
using DF protocol and HS-OFDM scheme.



55

(a) FDE-ZF

(b) FDE-MMSE

Figure 18: Maximum data rates and theoretical channel capacities for case #3 and B100,
using AF protocol and HS-OFDM scheme.
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(a) FDE-ZF

(b) FDE-MMSE

Figure 19: Maximum data rates and theoretical channel capacities for case #3 and B100,
using DF protocol and HS-OFDM scheme.



57

(a) FDE-ZF

(b) FDE-MMSE

Figure 20: Maximum data rates and theoretical channel capacities for case #4 and B100,
using AF protocol and HS-OFDM scheme.
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(a) FDE-ZF

(b) FDE-MMSE

Figure 21: Maximum data rates and theoretical channel capacities for case #4 and B100,
using DF protocol and HS-OFDM scheme.
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(a) case #1

(b) case #2

Figure 22: Maximum data rates when E 6= 0, P = 20 dBm and HS-OFDM are considered
for case #1 and case #2.
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(a) case #3

(b) case #4

Figure 23: Maximum data rates when E 6= 0, P = 20 dBm and HS-OFDM are considered
for case #3 and case #4.
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6 CONCLUSIONS

This dissertation presented several analyses based on the data set obtained from a
measurement campaign of cooperative and in-home PLC channels by considering a single
relay model and the frequency bands 1.7-30 MHz, 1.7-50 MHz and 1.7-100 MHz. As
the relay was located in different positions, it was possible to identify the scenarios and
conditions under which cooperation is advantageous. In this regard, a comparison between
theoretical channel capacities and maximum data rates (HS-OFDM scheme) of the relaying
channel related to direct channel was discussed in detail. Besides, the performances of
optimal and uniform power allocation were compared. While the first one requires the
CSI of channel to optimally allocated the resource, the second adopts the same power for
all subcarriers and disregards or ignores the use of such information.

Regarding the power allocation in all subcarriers, OA and UA have shown almost
the same performance, although OA presented the best results, mainly if the transmission
power decreases (efficient power allocation becomes more relevant when the channel
conditions are difficult for data communications).

Considering the optimal allocated total power, we have established that the MRC
technique presents the best performance and the EGC, the worst one on in-home and
cooperative PLC channels. Furthermore, the HS-OFDM scheme together with FDE-
MMSE attains performance similar to that of FDE-ZF. With respect to protocols, the AF
protocol is not beneficial for low values of transmission power. The DF protocol presents
gains in scenarios where the relay node is approximately at the midpoint between the S
and D nodes and also when it is near to the S node or the D node, mainly for low values
of transmission power. The 1.7-100 MHz frequency band offers the best results for the DF
protocol while the 1.7-30 MHz frequency band attains the best results for the AF protocol.

The DF protocol ceases being advantageous in relation to the AF protocol as
the symbol error probability at the relay node and/or the transmission power increases
considerably. This result depends on what FDE technique is employed. For the MMSE,
the DF protocol advantage is higher than that obtained for ZF.

For the uniformly allocated power, we can conclude that the MRC technique is
more advantageous and HS-OFDM scheme together with FDE-MMSE attains almost the
same performance as the FDE-ZF. Additionally, the AF protocol is beneficial for high
values of transmission power, mainly for the 1.7-30 MHz frequency band. The DF protocol
offers the highest gains only when low values of transmission power and the cases #1, #2
and #3 are considered, mainly for the 1.7-100 MHz frequency band.

Summarizing, based on a measured data set, it work described the conditions and
scenarios under which the cooperative PLC system may be of interest for application in
in-home electric power grids.
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6.1 Future Works

Below, it is a list of topics to be examined in the future. The idea of them arose in
the course of this dissertation.

1. To expand this measurement campaign to increase the number of residences.

2. To compare the performance of the HS-OFDM scheme with other data transmission
schemes.

3. To consider multiple relays.

4. To take into account multihop scenario.

5. To evaluate the outage probability.
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Appendix B – Electric Plants

B.1 Residence #1

This place comprises a house of 78 m2, the disposal of power outlets can be seen in
Figure 24.

Figure 24: Layout of residence #1.



68

B.2 Residence #2

This place is a house of 69 m2. The power outlets considered are shown in Figure
25.

Figure 25: Layout of residence #2.
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B.3 Residence #3

This place is an apartment of 54 m2. The power outlets considered are shown in
Figure 26.

Figure 26: Layout of residence #3.
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B.4 Residence #4

This place is an apartment of 42 m2. The power outlets considered are shown in
Figure 27.

Figure 27: Layout of residence #4.
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B.5 Residence #5

This place is an apartment of 65 m2. The power outlets considered are shown in
Figure 28.

Figure 28: Layout of residence #5.
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B.6 Residence #6

This place is an apartment of 62 m2. The power outlets considered are shown in
Figure 29.

Figure 29: Layout of residence #6.
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B.7 Residence #7

This place is an apartment of 54 m2. The power outlets considered are shown in
Figure 30.

Figure 30: Layout of residence #7.
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