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RESUMO

Essa dissertacdo tem por objetivo mostrar os beneficios em termos de desempenho e
confiabilidade de um modelo de canal hibrido de baixa taxa de dados que pode ser apli-
cado a smart grids e internet das coisas. Esse modelo é chamado de hybrid power line
communication-wireless single-relay channel (HSRC), que consiste do uso paralelo e mi-
tuo dos modelos single-relay channel baseado em transmissao de dados via rede elétrica
e sem fio. Para mostrar os beneficios do mesmo, foi considerado que a posicdo do né de
retransmissao é variavel, também foi assumida alocacao de poténcia uniforme e étima sob
restricdo de poténcia, bem como o uso de dois protocolos de cooperacao: amplify-and-
forward (AF) e decode-and-forward (DF). Além disso, essa dissertagao discute o modelo
HSRC incompleto, que é caracterizado pela perda de um enlace de comunicagao de dados
ou uma interface de comunicacao de um né no modelo HSRC. Primeiramente, foi apre-
sentada a formulacdo matematica no que tange a taxa de dados ergddica e probabilidade
de outage dos dois modelos mencionados. Em seguida, foi realizada a andlise numérica
dos mesmos. Por fim, os resultados numéricos foram analisados e mostraram que tanto o
HSRC quanto o HSRC incompleto tém performance melhores do que o single-relay chan-
nel baseado em transmissdo de dados via rede elétrica ou sem fio para todas as posi¢oes
do né de retransmissao e protocolos de cooperacao considerados. Também, os resulta-
dos mostraram que a posicao relativa entre os nés de fonte, destino e de retransmissao
impactam significativamente na taxa de dados ergdédica bem como na probabilidade de
outage. Ainda, foi mostrado o impacto da perda de cada enlace de comunicacdo de dados
ou interface de comunica¢ao de um né (HSRC incompleto) quando a posigao relativa do
no de retransmissao muda. Por tltimo, é mostrado que a diferenca de desempenho entre
os protocolos de cooperagdo AF e DF reduz quando o modelo HSRC é utilizado e que a
melhor posi¢do para o nd de retransmissao é entre os nés fonte e destino em termos de

taxa de dados ergddica.

Palavras-chave: Comunicagao via rede de energia elétrica. Comunicacao sem fio. Modelo

de canal hibrido. Taxa de dados ergddica. Probabilidade de outage.



ABSTRACT

This dissertation aims at discussing improvements of performance and reliability of low-
bit rate data communication technologies applied to smart grids and internet of things. In
this regard, a comprehensive analysis of the ergodic achievable data rate and the outage
probability of the so-called low-bit rate hybrid power line communication-wireless single-
relay channel (HSRC) model, which jointly and in parallel uses power line and wireless
channels for data transmission, is presented. In order to highlight the benefits of such
hybrid channel model for the target applications when the relative position of relay node
changes, optimal and uniform power allocations under sum power constraint, amplify-
and-forward (AF) and decode-and-forward (DF) cooperative protocols are taken into
account. Moreover, this dissertation discusses the so-called incomplete HSRC which is
characterized by the loss of one data communication link or node communication interface
in a HSRC. Numerical results show that the HSRC and incomplete HSRC remarkably
outperform power line or wireless single-relay channels for all considered positions of the
relay node and the chosen cooperative protocols. Furthermore, these results show that
the relative distances among source, relay and destination nodes significantly impact the
achievable data rate and outage probabilities. In addition, the impact of each missing
data communication link or node communication interface (incomplete HSRC) when the
relay position, relative to source and destination nodes, changes is quantified. Finally, but
not the least, it is shown that the performance difference between AF and DF protocols
reduces when the HSRC model is taken into account and that the best relay position is

in the middle between source and destination nodes.

Key-words: power line communication, wireless communication, hybrid channel model,

achievable data rate, outage probability.
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1 Introduction

The recent worldwide interest in turning the electric power grids into a smart
grid (SG) has been leading investigations to improve the performance of power line com-
munication (PLC) systems, which are one of the main data communications technology
for accomplishing this aim [1]. On the other hand, one may say that the wireless com-
munications are a more established alternative for this purpose. However, it is widely
recognized that the SG will be supported by a heterogeneous set of networking technolo-
gies, as no single solution fits all scenarios [2]. As PLC technology is the only one that
has deployment cost comparable to that of wireless since no new infrastructure is needed,
narrowband, or low-bit rate, PLC (NB-PLC) and unlicensed wireless communications are
considered as the two leading data communication technologies for SG applications [3] as

well as internet of things (IoT) [4].

Regarding PLC, it can be stated that electric power grids are a challenging data
communication media because they were designed to maximize energy delivery [5]. As
a consequence, the propagation of signal carrying information can be severely degraded
due to dynamic of loads, impedance mismatching, signal attenuation, power line breaks,
unshielded power lines, and high power impulsive noise presence [6-9]. Therefore, to avoid
these issues the PLC data communication is preferably realized using orthogonal frequency
division multiplexing (OFDM) technique [10]. To characterize the impact of such medium
over transmitted information, several measurement setups and methodologies are being
developed to estimate time and frequency behavior of PLC channels and to statistically

characterize the additive noise [11-17].

On the other hand, it is well-known that in the wireless communication the trans-
mitted signal suffers three different propagation effects: reflection, scattering, and diffrac-
tion [18]. The first effect appears when the propagation wave meets a very large object in
comparison to its wavelength. On the contrary, scattering happens when the propagation
wave meets a very small object in comparison to its wavelength. Lastly, diffraction occurs
when the signal passes through a sharpened object and it is responsible for making possi-
ble the non-line-of-sight (NLOS) communications. Besides the distortions introduced by
the aforementioned propagation, the transmitted signal through wireless channel suffers

interference, which is primarily generated from uncoordinated transmissions [19].

In order to overcome the problems experienced in the wireless communication
and to fulfill the increasing demand for higher data rate, coverage, and reliability, the
investigation of advanced techniques that remarkably increase the efficient use of the
available bandwidths is a challenging issue to be pursued. In this regard, cooperative
communication was introduced [20]. Initially, cooperative communication was addressed

in the wireless communication field to achieve diversity and to improve reliability [21-
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23]. Currently, cooperative communication is being investigated to improve PLC system
performance, in which the focus is more related to the physical layer [24-27] than the
link layer [28]. In relation to cooperative communication, some main advantages of using
it are the performance gains, infrastructure-less deployment, and reduced costs. On the
opposite, the main disadvantages of cooperation are related to complex synchronization
process between the nodes of the system, extra relay traffic, increased interference and
channel estimations [29]. Although reliability improvement on the power line and wireless
communications is attained with the use of cooperative protocols, the exploitation of the
existing diversity between both power line and wireless channels [3,19,30] can benefits

SG and IoT applications.

Concerning the exploitation of the existing diversity between both power line and
wireless channels, [31] briefly discussed advantages and disadvantages of NB-PLC and low-
power radio frequency (LP-RF) wireless for the European, American, and Latin-American
electric power grids. Moreover, it showed that, unlike European and American electric
power grids, the Latin-American one has a number of consumers connected to a distri-
bution transformer that is economically reasonable considering the number of equipment
(e.g., electricity meters) on the field and consumers served. Also, it concluded that the
hybrid point-to-point transmission can have either a lower bit error rate (BER) while main-
taining the same total transmission power or a lower total transmission power while main-
taining the same BER in comparison to not hybrid systems. Furthermore, [32] showed
that PLC enhances the capacity of wireless networks even using very low transmission
power. Additionally, [33] stated that PLC is a promising candidate to enhance wireless
relaying schemes. In addition, [34] considered an ideal multi-channel (PLC and wireless)
receiver to show that relevant performance improvement may be achieved by mutually
using these two data communication channels. Moreover, [35] and [36] used link through-
put analysis to show that existing diversity between PLC and wireless can be useful to
minimize the likelihood of low throughput links and that coding diversity has the poten-
tial to offer very high throughput over PLC-wireless links, respectively. Furthermore, [37]
showed that the parallel use of PLC and wireless with multihop relaying enhances per-
formance in comparison to the separate use of relays in the PLC and wireless channels.
Additionally, [38] briefly discussed that the hybrid PLC-wireless scheme can improve the
achievable data rate for a point-to-point data communication in comparison to the sole
use of PLC or wireless medium. Finally, [18] showed an extensive study of the power line
and wireless channels for smart grid applications and [39,40] studied the characteristics

of a hybrid PLC-wireless channel.

After a careful review of the literature related to the hybrid PLC-wireless channel,
it could be noticed that there is a scarcity of works which treat the hybrid channel model
composed of PLC and wireless channels, in parallel, for low-bit rate data communication

and their performance analysis in theoretical terms. In this regard, this dissertation tries
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to cover this gap in this promising area and to expand the knowledge on this issue for
extracting the benefits and defining limitations of the parallel use of PLC and wireless

channels.

1.1  Objectives

Aiming to increase the understanding of hybrid PLC-wireless channels and their
usefulness for improving data communication, this work discusses the so-called hybrid
PLC-wireless single-relay channel (HSRC) model. Also, in order to analyze the HSRC
behavior in terms of achievable data rate, when it misses a data communication link
(power line is broken or the wireless path is physically limited, for example, due to the
growth of a tree or the construction of a building) or node communication interface
(hardware failure, i.e., the communication node only uses PLC or wireless interface in
the region between the source and destination nodes), the so-called incomplete HSRC is
introduced and analyzed. Note that, the term incomplete refers to the HSRC without a
(PLC or wireless) data communication link or a node communication interface. Moreover,
the investigation is carried out at the frequency bandwidth which covers low-bit rate
applications, such as IoT, machine-to-machine, and smart metering. To be precise, the

dissertation objectives are as follows:

e To present mathematical formulation of the so-called HSRC and incomplete HSRC
together with their ergodic achievable data rates and outage probabilities. In this
regard, amplify-and-forward (AF) and decode-and-forward (DF) cooperative proto-
cols are taken into account, the relay (R) node is located in the midway between
source (S) and destination (D) nodes (case #1), closer to the S than D node (case
#2), closer to the D than S node (case #3), and far from both S and D nodes (case
#4). All analyses takes into account NB-PLC channel models and LP-RF wireless

ones.

e To show comparative results among HSRC, incomplete HSRC, PLC single-relay
channel (SRC), and wireless SRC in terms of ergodic achievable data rates and
outage probabilities when the R node is located in the midway between S and D
nodes (case #1), closer to the S than D node (case #2), closer to the D than S
node (case #3), and far from both S and D nodes (case #4). All analyses takes into

account NB-PLC channel models and LP-RF wireless ones.

1.2 Dissertation outline

The rest of the document is organized as follows:
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e Chapter 2 covers the mathematical formulation of the HSRC and incomplete HSRC
ergodic achievable data rates and outage probabilities assuming AF and DF coope-

rative protocols.

e Chapter 3 discusses the adopted channels and additive noises models as well as nu-
merical results and analyses of the HSRC and incomplete HSRC ergodic achievable

data rates and outage probabilities.

e Chapter 4 states the concluding remarks of this dissertation.
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2 Hybrid PLC-Wireless Single-Relay Channel Model

The HSRC model is composed of three hybrid nodes (source - S, relay - R and
destination - D). The term hybrid refers to the use of PLC and wireless data communica-
tion interfaces by a node. It means that each node makes use of two data communication
links to communicate with other node within the model, resulting that it contains two
communication interfaces in each node, labeled as S¥, R, and D¥ for PLC just as SV,
RY, and D" for wireless. In this model, there are six data communication links: PLC
SD, SR, and RD links (namely SDF, SRF and RDT| respectively) as well as wireless
SD, SR, and RD links (namely SDW, SRW and RDY, respectively). Moreover, the
loss of one data communication link (for short, link) or one node communication interface
characterizes the so-called incompleteness of the HSRC. Furthermore, the R node is used
in order to support the data transmission between S and D nodes which is accomplished
with a cooperative protocol. The considered cooperative protocols at this dissertation are
AF and DF. Therefore, in order to increase the knowledge and understanding of useful-
ness of HSRC regarding achievable data rate and outage probability metrics for low-bit

rate applications, this chapter introduces the HSRC and incomplete HSRC models.

This chapter is organized as follows: Section 2.1 focused on the mathematical for-
mulation of the HSRC model. More specifically, Subsection 2.1.1 demonstrates the ergodic
achievable data rate calculation of the HSRC model assuming AF and DF cooperative
protocols, respectively, while Subsection 2.1.2 addresses the adopted assumptions about
the channel energy, power allocation, power of the additive noise, and limit analyses of
HSRC. Furthermore, Subsection 2.1.3 shows the outage probability of HSRC. In the se-
quel, Section 2.2 addresses the mathematical formulation of the incomplete HSRC model.
More precisely, Subsections 2.2.1 and 2.1.2 express the way to get the ergodic achievable
data rate and the limit analyses of the incomplete HSRC, respectively, with AF and DF
cooperative protocols. Finally, the outage probability calculation of the incomplete HSRC

is shown in Subsection 2.2.3.

2.1  The Hybrid Single-Relay Channel

In this section, closed-form expressions of ergodic achievable data rates and outage
probabilities of the HSRC are derived. Two cooperative protocols are considered in this
work: AF and DF [20-25]. Also, it is demonstrated the limit analyses concerning the
achievable data rate of HSRC.

The HSRC model is shown in Figure 1. It is constituted by PLC and wireless SRC
models operating in parallel. In this model, each node makes use of PLC and wireless
communication interfaces to transmit signals among the S, R and D nodes. The R node

operates in half-duplex mode and does not apply any combining technique over the signals
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received through the PLC and wireless interfaces of R node.

-

PLC ———> Time slot #1
— ] — Wireless - -----> Timeslot #2

Figure 1: Hybrid PLC-wireless single-relay channel model.

According to Figure 1, in HSRC, the S node broadcasts the same copy of the
source information to R and D nodes through the wireless and power line channels during
the first time slot. In the second time slot, the R node forwards the detected information
to the D node. It is assumed that P/ is the transmission power allocated to the ¢
communication medium in the ¢ time slot, where q € {P, W} refers to PLC or wireless
medium and ¢ € {0,1} denotes the first and second time slots, respectively. Note that
P = Ps+ Py is the total transmission power allocated to HSRC during the two time slots,
in which Ps = P{ + P}V and Pg = P}’ + P}V are the transmission powers allocated to

the S and R nodes, respectively.

In this model, PLC and wireless channels are linear and time varying (LTV) and
both of them are invariant during one symbol period. In this regard, let {z[n]} and
{2%[n]} be the symbols sequence which is transmitted by node S during the first time slot
and an estimate of the detected symbol sequence by the R node that is associated with
the ¢ medium, respectively. Additionally, the discrete-time representations of channel
impulse responses (CIRs) are denoted by {h{[m, n|}, in which ¢ € {SD, SR, RD} denotes
SD, SR and RD links, respectively. Also, {vf[n]} refers to the additive noise for the (%"
link associated with the ¢ communication medium. Therefore, the discrete-time signals
received by the M node from the M node, through the ¢'* medium and ¢*" link, are
given by

Yitrae = D hilm,n)z[m] + vf[n], (2.1)

m=—0oQ

where { My, Mg} € {{S,D},{S,R},{R,D}} and

#n] = 2%[n|, if {My, Mg} = {R,D} (2.2)

x[n],  otherwise.
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The PLC and wireless channels are considered to be LTV. However, both of them remain
constant during one time slot and completely independent and changed between two
different time slots. In other words, the discrete-time representations of CIRs for a given
time slot are denoted by {hg[n]}igl, in which L] are their lengths. Therefore, for a
given common memory length for the PL.C channel, m?X{Lf } < Lpax, V¢, the PLC SRC
is assumed to be a linear Gaussian relay channel (LGRC) with finite memory (Lyax €
N) during one symbol period (see [41]). As the same assumption can be made for the
wireless SRC, we propose to model the HSRC as two parallel LGRC. In this regard
and similar to [42], the N-block memoryless channel is defined as the channel in which
the outputs over any N-block transmission are independent of channel inputs and noise
samples from previous or subsequent N-block transmissions, for N > L.... Finally,
the N-block memoryless circular Gaussian relay channel (N-CGRC) is defined as the N-
block LGRC (N-LGRC) switching the linear convolution operation in (2.1) to the circular
convolution. Now, and most important, as [41] states, the direct computation of the
channel capacity of the N-LGRC is challenged by the presence of inter-block interference
due to the fact that the CIRs have memory and noises are correlated. As addressed in [42],
the capacity of the N-LGRC can be computed as the same of the N-CGRC, as N — oo.
Dealing with the N-CGRC model avoids inter-block interference by converting the linear

convolution of an N-LGRC into a circular convolution.

Based on the aforementioned adoptions, let the discrete-time vectorial representa-
tion of the CIR of the ¢ channel associated with the ¢/ link during one symbol period
be hi = [h[0], R{[1],..., hI[L] — 1]]7, then H] = [H][0], H}[1],..., H][N — 1}]T is the
N-length discrete Fourier transform (DFT) of the CIR of PLC or wireless channels such
that H} = F[h{, ON_LZ]T, in which F is N-size DFT matrix, Oy is an N-length column
vector constituted by zeros, and N is the number of subchannels. Also, diagonal matrices

are defined as

and

A gy 2 diag {|H{[0), | H{ (1], ..., [HE[N = 1]}, (2.4)
for further use. Moreover, the joint probability p(|HZ[0]?, |HZ[1]|?, ..., |HN — 1]]?) =
p(|HZ[O]®)p(|HI[1]?) - . . p(|HF[N —1]|?) because it is assumed that H{[i] and H{[j], Vi # 7,
are independent random variables (r.v.s).

The vectorial representation of a symbol, after digital modulation in the frequency
domain, is given by X € C¥*! while V' € CN¥*! and V)V € CV*! are the vectorial
representation of the additive noise in the frequency domain for PL.C and wireless channels,
respectively. Moreover, it is considered that E{X} = 0, E{XXT} = A,z = Iy, in which
Iy denotes the N x N identity matrix, E{-} is the expectation operator and f is the
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conjugate transpose operator. Also, E{V{} =0 and E{VZVZT} = A,z , where
v

L
. 2 2 2
AC,@Z = diag {03s[0], 01, ..., 0% [N = 1]} . (2.5)

In addition, let us assume that the diagonal matrix,
Ay = diag { Py, Py, Fly 1}, (2.6)

is the matrix representation of the transmission power allocated to the ¢** medium and

during the ¢ time slot, so that Tr(Aps) = P}, where Tr(-) denotes the trace operator.

Therefore,
A@:diag{\/ﬁ%, VPh P ) (2.7)

denotes the amplitude, in the frequency domain, of the symbol that is transmitted through

tth

the ¢ medium at the t"* time slot.

Now, it can be stated that the frequency domain vectorial representation of a
symbol at the output of the ¢ medium, which is associated with the ¢** link during one

symbol period, is given by

Y!=A ﬁagx + Vi (2.8)
where
- X%, ift=1
X = (2.9)
X, otherwise,

and X% € CNV*! is the frequency domain vectorial representation of the estimated symbol

that is received at the output of the ¢** medium at the R node.

2.1.1 The Achievable Data Rate

Amplify-and-Forward: The AF protocol retransmits the received symbol on node
R using a scale factor, which is related to the power allocated to the R node at the second
time slot. Essentially, when the AF protocol is applied, the R node simply forwards
an amplified version of its received symbol to the D node. Mathematically, the vectorial
frequency domain representation of the symbol at the output of the ¢"* medium associated

with the SRD link, using AF protocol, is given by

Y%RD,AF - A\/ID_{IH(]]{DX% + V?%Da (2~10)
in which X% = AZ2, Y% is the symbol transmitted to the D node by the R node
SR

and [24,25]

Apz = E{Y%‘RY%‘RT}
v4
Sn (2.11)
= APGZAI'H%RPAU%( + Agz/q .

SR



22

From (2.8) and (2.10), the received symbol at the output of HSRC when AF is used, can
be expressed by

- p T P T w T 1774 7T
Y = {YSD 7YSRD,AF ’YSD 7YSRD,AF

HE, 0 0 0 Arp
-1
| 0 HGHE, O 0 AV POPA\/PlpAUYISDR X+

0 0 HY, 0 A s
0 0 0 HYHY, A \/p—wA 1
] v, ]

\/P_PHP A 1 —|—V£D

V
ﬁ’H%VDA 1 V RtV
_- (2.12)
'”SDAﬁ
P 4P -1
I e N e
Hsoh

_%gVR%EQVDA A ALy |
1y 0 0 0 0 0
0 A\/?%ZDA;\I(E)R Iy O 0 0 v
0 0 0 Iy 0 0
0 0 0 0 A ~HV I
L \/P_W RD SR N_

— AX + BV,
T T T T T 7T
where V = [VE,"VE S VE VI VIR IV T
Now, let f(Z) be the entropy of a random vector Z and Y € C**! the represen-

tation of the received symbol in the D node after the two time slots occurs. Then, the

mutual information between the transmitted and received symbols is [22,24, 25]
I(X,Y) = f(Y) = f(Y|X)
= /(Y) = (f(AX]X) + f(BV|X)) (2.13)
= [(Y) = f(BV).
Based on the adopted assumptions, the entropy of Y is given by [43]
f(Y) = log,[(me)* det(Ryy)], (2.14)

and, due to the Gaussianity of the additive noise, it is obtained that

f(BV) = log,[(me)* det(BRyvB')], (2.15)



23

where RYY = E{YYT} = ARXXA.T + BR,V\/BT, RXX = E{XXT} = IN, and RVV =
E{VVT}. Making Cor = ARxxA" and D, = BRyyBT, in which C,r and Dy are
given by (2.18) and (2.19), respectively. From (2.13), the mutual information is

I(X,Y) = log, |det(Liy + CarDyp)| - (2.16)
As a result, the ergodic achievable data rate of an HSRC using AF is given by
B
CE}%RC — EH;’:HXV {n}‘ax WW log2 [det(I4N + CAFDZ};)]} (2.17)
g P

subject to Tr(Ap) < P, where Ap = diag {APOI-"7AP3/[/,AP113,AP1V[/}, By and EHngV{}
are the frequency bandwidth and the expectation operation related to both power line

and wireless channels, respectively.

APGDA\’HgD\Z 0 0 0
-1
APOPAplPAUiP A|H§R|2A‘H§D‘2 0 0
Cur = SR . (218)
0 0 ApwA w2 0
For TR .
0 0 0 Arp ey B oagr
A,z 0 0 0
v, ]
0 AL p zAPPA_: AUQ + Agz 0 0
D = R A T (2.19)
AF 0 0 A 0 . .
v
-1
0 0 0 A\’H‘I’{V'L,\ZAPl” Agiw;%Af,z w + AU?’}‘{D_

Decode-and-Forward (DF): In this protocol, the received information on the R
node is decoded and retransmitted to the D node only if the information was correctly
decoded at the R node, i.e., the relay decodes the information received at first time slot
and retransmits an amplified version of x[n] only when it is correctly decoded. Therefore,
X% = X. After the decoding process, the retransmission is accomplished by allocating
power to the R node. In other words, the vectorial frequency domain representation of

the symbol at the output of the channel associated with the SRD link, using DF protocol,

is given by
Similar to AF, the ergodic achievable data rate of HSRC using DF is given by
B _

CISRC — By o {%X T log, [det(Lyy + CDFDD;)]} (2.21)

subject to Tr(Ap) < P, in which
0 Acps 0 0
Cpr = or (2.22)
0 "HSD|

0 0 0 Apw-
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and _ -
A 0 0 0
P
SD
0  Ape 0 0
Dpr = , 9.93
br 0 0 A 0 (2.23)
w
SD
0 0 0 Apw.

where Ace« and Apqe are given by

; q __ 3 q q
Ao — APgAngﬁa if Cgp = min{Cgg, Cp}, (2.24)
Aplqu%D 2 otherwise,

and
AO.Q q lf Cng — Inln{Cng, C%D}’
Ape-=1{ Vsr (2.25)
A, otherwise,
D
respectively, in which
2B
Cl = NW log, [det(Iy + ApgA g4 3 )], (2.26)
vy

in which t = 0 for SR link and t = 1 for RD link. Also, the minimum operator guarantees
that the data transmission on the RD link only occurs when X% = X and the achievable
data rate of the SRD link depends on the worst channels between SR and RD links.

2.1.2  Limit Analyses of HSRC, PSRC, and WSRC

For carrying out these analyses, it is assumed that the complete channel state
information (CSI) is available at the transmitter and OA is applied by using the water
filling (WF) technique [44] at the S and R nodes. This technique optimally allocates
the total transmission power among subcarriers on basis of the knowledge of the norma-
-1
2

lized signal-to-noise ratio (nSNR) matrix, which is expressed by Ag = A\HZIQA
14 VZ

diag {CT?[O],CT?[I], . ClIN — 1]} for the ¢'" channel associated with the ¢** link, in which,
for a given ¢ and /¢, (/[k] is the k" subchannel nSNR with k € {0,1,..., N — 1} corres-
ponding to the frequencies fp = kAf and Af = By /N is the subchannel bandwidth.
At the S node, due to the broadcast propagation of the transmitted signal through each
medium, WF is accomplished based on AEI = diag {@[0],@[1], ., CIN — 1]}, where
k] = max{C&p[k], Ciglk]}, Yk. Although the WF is used, there are other resource allo-
cation techniques with reduced computational complexity that could be used in a real-time

application [45-47]. Furthermore, the achievable data rate gain, given by

c*

b a
Pa = Fp > (2.27)
CgD

is used as a metric of gain in relation to the achievable data rate associated with the direct
SD? link. In (2.27), a € {AF, DF} denotes AF or DF and b € {PSRC, WSRC, HSRC}
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denotes PLC SRC (PSRC), wireless SRC (WSRC) or HSRC, respectively. The choice of
the SDT link as a reference was made in order to quantify the gain or loss of achievable
data rate associated with a not hybrid and non-cooperative PLC system. Moreover, the
most important information is not the absolute value of achievable data rate itself, but

the gain/loss associated with the use of HSRC in various different conditions. Also, to

guarantee fairness in the discussed analyses, it is assumed that |hY||*> = ||h}V||* and
P}, = PP, in which ||.|| denotes 2-norm, ||hj||* is the ¢ channel energy for the ¢ link,

and P, denotes the power of the ¢" communication medium additive noise associated
with the ¢*" link. In practice, the PLC and wireless additive noise powers and link energies
are not equal. However, if these conditions are not adopted, a PL.C or wireless link would
have a great advantage against each other, resulting that this link would be dominant and
it would not be possible to clearly demonstrate the benefits of a hybrid channel model.
Furthermore, if there are gains when these conditions are considered, it would also appear

in the situations where they are not adopted.

Past works showed that changing the R node position has a significative influence
on the achievable data rate of a cooperative PLC system [24-26]. Aiming at extending
this analysis to HSRC and incomplete HSRC models, the following definition applies:

s o L2 e o g
[T, 2 B, 2

and [(?

(2.28)

where 8 € Ry. Also, it is assumed that p? = o?||h,||? and « € R,. It is important to
point out that the S DY link energy remains constant and, as o grows, more energy is being
given to the SR? and RD? links as well as the opposite occurs if a decreases. Moreover,
growing [ means that more energy is being offered to the SR? link and, proportionally,
less to the RD? link and vice-versa if § reduces. Note that these relations are taken
into account to ensure that a balanced link energy scenario occurs when o = § =1 (i.e.,
SR, RD? and SD? links have the same channel energy). In practice, this scenario is
similar to a situation in which the nodes are equidistant to each other. Additionally, if
8 =1and 0 < a < 1, then the R node is located at a place in the virtual line which
is perpendicular to the central point of the line between S and D nodes, but far from
both of them. Furthermore, when a < 1, it is allowed to simulate situations in which
the cooperation tends to preferably use (PLC and wireless) SD instead of the SRD link
because the former will have a greater channel energy than the latter, resulting in better
nSNR in its subchannels. On the opposite, if a > 1, situations in which the cooperative
scheme tends to use the SRD link instead of the SD one occur. Based on some calculation,

limit analyses of (2.27) yield the following situations:

(i) P — oo: The ergodic achievable data rate of SDT is given by

P
Ve

2B )
CEy = Eyr {rﬁix NW log, [det(Iy + APAH_Lf‘zAUQ1 )]} . (2.29)
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Moreover, for a given HL ), the achievable data rate is obtained with

2B
ch = TW max log, [det(Ly + ApA Y. el (2.30)

P
Vsp

Making Ky = ApA e 2A o2 and for high value of P, it implies that Tr(Ap) >

VP

Tr(Iy), thus Tr(K;) > Tr(IN) “and the value of Iy is negligible in (2.30). Note that
the use of trace operator only makes sense for extremely high or low value of P. As
a consequence, Ky = log, [det(diag{K;})] and

Bw
N
when Tr(K;) > Tr(Ix). On the other hand, the ergodic achievable data rate of

PSRC, for a given cooperative protocol a, is expressed by

CLp = 2K, (2.31)

B
CPSRC — Ry, {max PW 10g, [det(Loy + caDgl)]} | (2.32)
Ap N
Moreover, for a given HY V¢, the achievable data rate is obtained with
B
CPSRC — ZW hax log, [det(Loy + CoD; Y], (2.33)
N Ap
in which
K 0
c,D;! = | T . (2.34)
0 K\ srpr

Also for high value of P, it is had that Tr(Apr) > Tr(Ly) and Tr(Apr) > Tr(Iy),
therefore Tr(K; gpr) > Tr(Iy) as well as Tr(K; ggpr o) > Tr(Iy). Again, the
value of Iy is negligible in (2.33). Then, K3 = log, [det(diag{ K} spr, K1 srpP.a})l:
resulting that

B B
CPSRC — g, =W < op, =W 2.35
o N 2y (2.35)

when Tr(K; spr) > Tr(Iy) and Tr(K; sppr,) > Tr(Iy). Also, the same results
are achieved for WSRC.

Finally, for HSRC and given H},V/, ¢, the achievable data rate is given by

B
CHSRC — ZW 1hax log, [det (Lyy + C,D; )], (2.36)
N Ap
in which
Ky spr 0 0 0
c.p;'=| 0 faswora 0 ! (2.37)
e 0 0 Ky spw 0
0 0 0 KI,SRDW,a

If P is very high, then Tr(Ap) > Tr(Iyy). Also Tr(K; gpr) > Tr(In) as well as
Tr(Ky srpr o), Tr(K spw), and Tr(K srpw o) > Tr(Iy). Here, the value of Iy is
negligible in (2.36). Furthermore,

K, = log, [det(diag{Kl,SDP7 K, srpP a; Ki,spw, KI,SRDW,a})]a
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resulting that

B B

CHSRC — g, =W < 4, = 2.38

a 4 N ~ 2 N ) ( )

when Tr(Ap) > Tr(I4y). Now, using the upper bound, the gain when P — oo is
given by

CPSRC 2K,Bw /N
. PSRC __ 1: a BERT 2DPW
A = e = BBy /N 239

as well as Plim pWSRC = 1. For HSRC,
—00

HSRC : C{?SRC = lim 4KQBW/N
P—oo P%oo CSD P~>oo QKZBW/N

=2, (2.40)

In other words, if P — oo, the HSRC offers twice the achievable data rate of PSRC
or WSRC, which are equal to the one of the SD? link.

P — 0: It is assumed that P is a extremely low value. As a consequence, a very
low value of C&}, will be experienced. Furthermore, a half of this value of achievable
data rate will be obtained with PSRC due to the use of two time slots. This is
explained due to the fact that any SRC tends to, preferably, use the SD link in
order to transmit data when P — 0 because, if it uses the SRD link, then this
extremely low and available total transmission power will be shared between S and

R nodes and no data transmission will be possible under this condition. Therefore,

B
C§p = 2Ky ]\I;V (2.41)

and B
CPSRC — K, WW (2.42)

when P is very low, in which K = log, [det(diag{Ix + K; ¢pr})| and the division
by two in (2.42) occurs due to the use of two time slots by PSRC. As a result,

CPSRC KoBy /N
PSRC _ a _ obw _
™ = e = B ok By v 0 (243)

This result shows that the achievable data rate of PSRC is reduced to a half of the
achievable data rate obtained with the SD¥ link (direct link) when P — 0. Further-
more, for WSRC, the wireless links are not so good in terms of achievable data rate
as the PLC ones when P reduces. This occurs due to the PLC channel frequency
selectivity, channel energy, additive power noise constraints, and OA adoption. In
other words, WF can take advantage of the highest nSNR subchannels which are,
in the majority, the PLC channel ones because it is known to be highly frequency
selective. Also, CVSRC — 1CU,, in which C}, is the achievable data rate attai-
ned with the sole use of the SDW link. As mentioned before, the C¥,, terms will
have lower contribution than the C%}, ones, as P — 0. As it is inside a log, opera-

tion, a non-linear relation will coordinate the relationship between CYSRC and CZ,.
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As a result, when P decreases, CVSRC

WSRC __ = 0.

reduces in higher rate than C&p,, therefore

f !

Finally, the HSRC achievable data rate is a consequence of both PSRC and WSRC
tendencies. As the dominant contribution of HSRC will be from the SD? link, it is

also evident that CHSRC = OPSRC{hen hm pHUSRC — hm pPSRC — (.5,

(ili) @ — oo: In this situation, as a grows, more energy is being given to the (PLC
and wireless) SRD links. On the opposite, the SD links (including the referential
SDF) remain with the same energy. Therefore, it is not difficult to conclude that

lim pPSRC — oo, hm pWSRC s 50, and hm pHSRC s o0,

a—00

(iv) a — 0: As «v decreases, any SRC tends to use solely the SD link as well as the HSRC
tends to use both PLC and wireless SD links. As a consequence, CL58¢ — 2CL),
CWSRC 5 1CY),, and CHSRC — 1OTBRC "in which CIERC is the achievable data
rate attained with HSRC when it does not use the R node. Also, the division by
two is due to the use of two time slots by PSRC, WSRC, and HSRC. As a result,

PSRC WSRC _ 1CSD/OSD> and hm pHSRC HSRC/CSD Fmally,

for the same aforementloned relation between PLC and Wireless links, it is had that
0< hrnpa WSRC < 0.5 and 0.5 < hmpHSRC<1

hmp = 0.5, hmp

(v) 8 — 0and  — oo: In this situation, the R node is very close to the S (5 — oo) or
D (B — 0) node resulting that the SRD link is not useful for data communication
due to the bad condition of RD (3 — oo0) or SR (8 — 0) link, respectively. Thus,
any SRC tends to use only the SD link and the same conclusion for situation (iv)

can be assumed as true in this situation.

2.1.3 The Outage Probability

The power line and wireless channels are random process. Therefore, the diagonal
matrices Cap and Cppr are random process as well, resulting that the achievable data
rate is also not deterministic. In this sense, outage probability is analyzed to show the

probability that a target data rate is not supported by HSRC.

Basically, the outage event for a two time-slots communication system is defined
as I(X,Y)/2N < R, in which R € R, is a given spectral efficiency value. Thus, the
corresponding outage probability for the AF protocol, given realizations of the channels

frequency responses HY,, HEY . HE ), HY ), HY, and HY )| is expressed by

1
Par(R) = P{ 5 log, [det(Luy + CarD3})] < R}
(2.44)
- P{det(Lw 4+ CapDh) < 22RN},
where P{a < b} denotes the probability that a € R is less than or equal to b € R and Cp
and D 4p are given by (2.18) and (2.19), respectively. Moreover, the outage probability
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for the DF protocol, given a spectral efficiency value R € R, and realizations of the
channels frequency responses HY,, HE ., HE ), HY,), HY, and H}Y), is given by

1
Ppp(R) = P{ﬁ log, [det(Lyy + CppDyk)] < R}

(2.45)
= P{det(LW + CprDph) < 22RN},

in which Cpp and Dpp are given by (2.22) and (2.23), respectively.

2.2 The Incomplete Hybrid Single-Relay Channel

In this section, closed-form expressions of the incomplete HSRC ergodic achievable
data rates and outage probabilities assuming AF and DF cooperative protocols are derived
as well as limit analyses concerning the achievable data rate. The incomplete HSRC is
characterized by the loss of one link or one node communication interface which can
happen due to natural causes or human being influence. A summary of the most common

of these issues are as follows:

e Wireless communication path interruption due to the growth of tree or construction

of building.
e Wireless signal attenuation due to rain and snow events.

e The mutual interference among wireless or PLC signals from distinct users operating

in the same frequency bandwidth.

e Interruption of the power line due to an automotive accident, the fall of a tree or

natural events such as intense rain or wind.

e The connection/disconnection of load and a change in the electric power grid circuit

design.

e A hardware failure of either power line or wireless data communication interface of

any node.

2.2.1 The Incomplete HSRC: Achievable Data Rate

Subsection 2.2.1.1 outlines the directions to the ergodic achievable data rate for
the HSRC when a link is lost, while Subsection 2.2.1.2 shows how to derive the expressions
of the ergodic achievable data rate when the HSRC experiences a node communication

interface loss.
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2.2.1.1 The HSRC without a link

Figures 2 to 4 show the HSRC without SD?, SR?, and RD?, respectively, where
the lost link is highlighted in the red color. The removal of a link of HSRC represents
situations in which the power line is broken or the wireless channel link faces strong
signal attenuation. When the ¢** link associated with the ¢* medium is missing (SDY,
SR? or RDY), it is assumed that Agéq — oo and performed (2.17) and (2.21) using I3x

instead of I,y. These modified diagénal matrices will be labeled as C'yp, Dy, Chp
and D', . Furthermore, by assuming that the respective link is a harsh medium to data
communication, it will not contribute to the achievable data rate of the incomplete HSRC
at all. Overall, it is not counterintuitive to assume that this link, affected by one of the
issues mentioned at the beginning of this section, experiences extremely high attenuation

or extremely high power noise. See Appendix A, B, and C for more details.

PLC —> Time slot #1 PLC —> Time slot #1
—_ /V— Wireless — ====== > Time slot #2 —_ w— Wireless — =eme=== > Time slot #2

(a) (b)
Figure 2: The HSRC without SD?, for (a) ¢ = P and (b) ¢ = W.

PLC ——> Time slot #1 PLC ——> Time slot #1
— 1 — Wircless ~ eemeee3 > Time slot #2 — 1 — Wireless ~ ==eeee3 > Time slot #2

(a) (b)
Figure 3: The HSRC without SR?, for (a) ¢ = P and (b) ¢ = W.
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PLC —> Time slot #1 PLC —> Time slot #1
— A — Wireless ~ ==e==e3 > Time slot #2 — L — Wireless ~ =meees > Time slot #2

(a) (b)
Figure 4: The HSRC without RDY, for (a) ¢ = P and (b) ¢ = W.

2.2.1.2 The HSRC without one node communication interface

The HSRC without a node communication interface mimics situations in which
one of the nodes is not hybrid. In other words, the node does not have a PLC or wireless
communication interface. In this regard, a briefly explanation of how to compute the
achievable data rate of such HSRC (see (2.17) and (2.21)) is presented when a PLC or
wireless communication interface is missing at a given node (S?, R? or D?). For the sake
of simplicity, it is defined § £ P,if ¢ = Wand § 2 W, if ¢ = P, for further use. Here again,

/

the modified diagonal matrices will be labeled as C'; 5, D'y, C)yr and D, . Deductions

of this kind of incomplete HSRC are as follows:

S? s lost: If the ¢'" medium communication interface of the S node is lost, then
the SD? and SR links are lost (see Figure 5, the links and node communication interface
lost are highlighted in red). Using the AF protocol, the achievable data rate of the
incomplete HSRC can be calculated replacing AP(;IA;%(] A\H%R\z and A;%q Aa2q by

SR

SR VSR

A A A__ o2and A A, respectively, in the second (if removing S”) or the
Bye q ‘HSR‘ 7,7 v
Ysr Yor SR
fourth (if removing S"') element of the diagonal matrices in (2.18) and (2.19). Also, it
is necessary to remove the first (if removing S”) or the third (if removing S"') element
in the diagonal matrices expressed in (2.18) and (2.19), and, to use Iy instead of I,y in

(2.17).

Regarding the DF protocol, when a ¢'* medium communication interface of the
S node is lost, the calculation of the achievable data rate is made by introducing the
following changes at the second (if removing S”) or the fourth (if removing S"') element
in (2.22) and (2.23), respectively,

AA - 2, if Chp = min{C%y, CY
Apa = PN SR {CSr, Chi} (2.46)

ApdA o 2, otherwise,
1 |HRD‘
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PLC —> Time slot #1 PLC —> Time slot #1
— A — Wireless ~ ==e==e3 > Time slot #2 — L — Wireless ~ =meees > Time slot #2

(a) (b)
Figure 5: The HSRC without S, for (a) ¢ = P and (b) ¢ = W.

and
A‘UQ_ 5 lf Cng - mln{Cng, C%D}
Api =3 Vir (2.47)
A,2 , otherwise.
v
RD

Also, it is necessary to remove the first (if removing S¥) or the third (if removing S"')
element in (2.22) and (2.23), and to make use of Iyy in (2.21). See Appendix D for more

details.

RY is lost: If the ¢ medium communication interface of the R node is missed, then
it results in the loss of SR? and RD? links (see Figure 6, the links and node communication
interface lost are highlighted in red). Adopting the AF protocol, the achievable data rate
is calculated by removing the second (if removing R”) or the fourth (if removing R")
element in the diagonal of matrices given by (2.18) and (2.19) and using Iy in (2.17).
Regarding the DF protocol, the achievable data rate is attained by removing the second
(if removing RY) or the fourth (if removing R"Y) element in the diagonal of matrices

expressed by (2.22) and (2.23) and using I3y in (2.21). See Appendix E for more details.

PLC ——> Time slot #1 PLC —> Time slot #1
— A — Wireless ~ ==e==e3 > Time slot #2 — L — Wireless ~ =eeees > Time slot #2

(a) (b)
Figure 6: The HSRC without RY, for (a) ¢ = P and (b) ¢ = W.
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DY is lost: When DY is missed (see Figure 7, the links and node communication
interface lost are highlighted in red), HSRC turns into a PLC SRC or wireless SRC since
the SD? and RD? links are lost and no combining technique is used at the R node to
take advantage of the remaining SR links. Thus, if the D9 link is lost, the achievable data
rate of the incomplete HSRC with the AF protocol is calculated by removing the first and
second (if removing DY) or the third and fourth (if removing D") elements in the diagonal
of matrices given by (2.18) and (2.19) and using Isy in (2.17). For the DF protocol, the
achievable data rate is obtained by removing the first and second (if removing D”) or
the third and fourth (if removing D) elements in the diagonal of matrices expressed by
(2.22) and (2.23) and using Ioy in (2.21). See Appendix F for more details.

PLC —> Time slot #1 PLC —> Time slot #1
—_ /V— Wireless ~ ====== > Time slot #2 —_ w— Wireless — =ee=== > Time slot #2

(a) (b)
Figure 7: The HSRC without DY, for (a) ¢ = P and (b) ¢ = W.

2.2.2  Limit Analyses of the Incomplete HSRC

Similar to Subsection 2.1.2, it is assumed that the complete CSI is available at the
transmitter side and the use of OA based on the WF technique [44] at the S and R nodes.
Furthermore, it is assumed that when HSRC loses the SR? link, P{ is allocated only to
the SD? link and that Pj is allocated only to SR? if a loss of SD? link is experienced.
Additionally, when the RD? link is lost, it is made that P? = Pg.

Here, the achievable data rate ratio, given by

b *
b Ca

0o = (CHSRC” (2.48)

is used as a metric to quantify the gain or loss in relation to the achievable data rate
associated with HSRC, in which a € {AF, DF} denotes AF or DF protocol and b €
{H, P,W} denotes incomplete HSRC, PSRC, and WSRC models, respectively. Also, C*
denotes the achievable data rate of HSRC if it loses a link or a node communication
interface (the incomplete HSRC), or either one of PSRC or WSRC achievable data rate.

Concerning (2.48), the following limit analyses deserve attention:
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P — oo: From (2.38), it is known that the achievable data rate of HSRC, when P
is very high, is given by

B B
CHSRC — o, W <y, = 2.49
W, (2.49)
Now, for the incomplete HSRC (except for the HSRC without D?) and given Hf, V¢, ¢,

the achievable data rate is obtained by

* B
Cf = W max log, [det(Isy + C;D;_l)]a (2.50)
N Ap
in which
KLSDE 0 0
C.D,'=| 0 Kigppra 0 |- (2.51)
0 0 Kiw

where K7 4 is the remaining ¢'* channel associated with the ¢ link. Making P an
extremely high value, it implies that Tr(Ap) > Tr(Isx), thus Tr(K, gp7) > Tr(Iy)
as well as Tr(K| sgppz,) and Tr(K sa) > Tr(Iy). Then, the value of Iy is negligible
n (2.50). Furthermore, K5 = log, [det(diag{ K sps, K| sppr.q, K1,ea})], resulting
that

cH = K5BTW < 3KfjV
when P is very high. Concerning PSRC (similar to the HSRC without DV), it is

had that, from (2.35),

(2.52)

. B B
P i, 2V <9k
Ca N N

when P is very high and for WSRC (and the HSRC without D”) the same result is
obtained. Consequently, using the upper bound, the ratio when P — oo is given by

(2.53)

CH' 3KyByw/N
A o =l rge = Jm ye g N~ 0T (2.54)
and o
2KyBy /N
lim ¢of = lim —%— = lim 283 Bw /N _ =0.5 (2.55)

P—oo @ P—o0 OHSRC P—oo 4K2BW/N

as well as lim o}V = 0.5.
P—oo

P — 0: Making P very low, it results that the HSRC achievable data rate will be
very dependent on the SD¥ link. Furthermore, the half of this value of achievable
data rate will be obtained for PSRC. This is explained due to the fact that any
SRC tends to, preferably, use the SD link in order to transmit data when P — 0
because, if it uses the SRD link, this extremely low available transmission power
will be shared between S and R nodes. Also, as stated before, the PLC links attains
higher achievable data rate for low values of P than the wireless ones, given the

adopted constraints. Thus,
B
chy = 2KOWW, (2.56)
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while
cr = Koil;/, (2.57)
and
Cot¢ = KOBWWa (2.58)

when P is extremely low, in which Ky = log, [det(diag{Ix + K spr})]. This results
in .
Lo CF L KoBw/N
pho% = PO CHSRC — P50 KBy /N
Again, the loss of the SD? link is crucial. Therefore, HSRC without SD, S* or DY,

results in lim ¢ = 0 and for the same reason lim 0" = 0. Any other incomplete
P—0 P—0

1. (2.59)

HSRC that contains the SD? link will use only it for data communication. As a

. H
consequence, lim =1.
q ' B OQa

(III) a — oo: In this situation, as « grows, more energy is given to (PLC and wireless)
SRD links. Therefore, CT" — C’gRD,a, cv C’gfwﬂ, and CH" — C’ggaa as well
as CMSRC — CHREC | in which Clyp o, C¥hp.ar Cérp.qs and ngsz%,ca are, respectively,
the values of achievable data rate attained with the sole use of PLC SRD, wireless
SRD, the incomplete HSRC using only the SRD link(s), and the HSRC using both
PLC and wireless SRD links. As a result, ah_)ngo of =05, 031—{20 oV = 0.5, while
C}g]go ol = 1 (for HSRC without SDY or S% Vq) and Jim. ol = 0.5 (for HSRCs
without SR?, RD? R4, or D4,Vq).

(IV) a — 0: On the other hand, as o decreases, the SRC tends to use solely the SD link
as well as HSRC tends to use both PLC and wireless SD links. As a consequence,
Ccl — 1ty OV — 3CY,, and CF" — 1O as well as CSRC — JCOYRRC in
which C#} is the value of achievable data rate attained with the incomplete HSRC
using the disposable(s) SD link(s). Also, the division by two is due to the use
of two time slots by PSRC, WSRC, and HSRC. As a result, 0.5 < gg}) of <1,
0< (IXILI(I) o < 0.5, while iig(l] ol =1 (for the HSRC without SRY, RD?, or RY,Vq),
as well as 0 < lim ol < 0.5 (for the HSRC without SD?, S¥ or D) and 0.5 <
lim ol <1 (for the HSRC without SD" SV or DW).

(V) B — 0and 8 — oo: In this situation, the R node is very close to the S (§ — o0) or
D (8 — 0) node, resulting that the SRD link is not good due to the bad condition
of RD (8 — o0) or SR (8 — 0) link, respectively. Thus, any SRC tends to use only
the SD link and the same conclusion for situation (IV) can be assumed as true in

this situation.

2.2.3 The Outage Probability

Again, the outage probability will be also used as a evaluation metric to the

incomplete HSRC. The diagonal matrices C4r and Cpp are random, thus C';, and
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C/,r are as well. In this regard, an analysis between the probabilities of a specific data
rate which is not supported by the incomplete HSRC can be performed. Furthermore,
Subsection 2.2.3.1 shows the outage probability associated with HSRC when it loses a link,
while Subsection 2.2.3.2 describes the outage probability of HSRC when it experiences a

node communication interface loss.

2.2.3.1 The HSRC without a link

For situations in which HSRC loses a link, the outage probability of such incom-

plete HSRC with AF protocol is expressed as

1
Par(R) = P{ | log, [det(lay + Cy D) < R} e
2.60
= P{det(ISN + CLyDp) < 227”},
and, for the DF protocol, the outage probability is expressed by
1
Por(R) = P{ 5 log, [det(Tay + Cp D)) < R -
2.61

- ]P’{det(Ig,N + ChpDpt) < 22RN}.

in which Cy, D'y, Ch and D, are the modified diagonal matrices (see Appendix A,

B, and C for more details about these matrices).

2.2.3.2 The HSRC without one communication interface

To compute the outage probability when HSRC loses a communication interface,
the same changes outlined in Subsection 2.2.1.2 for the achievable data rate equations are
made in (2.44) and (2.45), for AF and DF protocols, respectively. As a result, outage

probabilities are evaluated as follows:

S? is lost: In this case, the outage probability for the AF protocol is given by

1
Par(R) = P{ - log, [det(Tox + C, D)) < R

(2.62)
_ P{det(IgN LD < 22RN},
and, for the DF protocol, the outage probability is expressed by
1
Ppp(R) = P{ﬁ log, [det(Isy + CprDipp)] < R} 2.63)
2.63

— P{det(lgN + CppDpp) < 22N }

in which Cy, D'y, Cpp and D', are the modified diagonal matrices (see Appendix D

for more details about these matrices).
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R? is lost: When RY is lost, the outage probability for the AF protocol is given by

1
PAF<R) = P{ﬁ 10g2 [det(IgN + CQFDZ;)] S R} ( )
2.64
= P{det(I?,N + CpDip) < QQRN},
and, for the DF protocol, it is expressed by
1
Por(R) = P{ . log, [det(Toy + Cp D)) < R} e
2.65

_ P{det(IgN + D) < zm},

in which Cy, Dy, Chr and D/, are the modified diagonal matrices (see Appendix E

for more details about these matrices)).

D? is lost: For the AF protocol, the D? loss results the outage probability given

by
Par(R) = B log, [det(Ty + C, D) < R} -
— P{det(lgN + C, D) < 227N } '
and, for the DF protocol, it is expressed by
Por(R) = ]P’{in log, [det(Lyy + CppDlsd)] < R} e

_ IP’{det(IgN + D) < 227“},

in which C;p, D'yr, Chr and D/ are the modified diagonal matrices (see Appendix F

for more details about these matrices)).
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3 Numerical Results

In order to carry out numerical simulations regarding HSRC and incomplete HSRC
models, the signal transmission is assumed to occur in the industrial, scientific, and me-
dical (ISM) frequency band (915-915.5 MHz) for wireless communication and the low-
frequency band (0-500 kHz) for PLC. The occupied frequency bandwidth is 500 kHz
in both media. The NB-PLC is standardized to operate in the frequencies above 500
kHz [48]. Thus, to have equality and fairness, the LP-RF wireless data transmission will
occur with the same bandwidth as the one of the NB-PLC. Moreover, the choice of the
center frequency of the LP-RF wireless transmission could be any of the unlicensed wi-
reless frequencies (2.45 GHz, 5.8 GHz, etc). However, in this work, it is assumed to be
at the frequency of 915.25 MHz. Furthermore, a large value of N is used such that the
subchannels gains and power spectral density (PSD) of the additive noise are flat within

each subchannel. This choice is useful to accomplish numerical simulations.

Brief descriptions of the adopted NB-PLC and LP-RF wireless channels models

are presented as follows:

NB-PLC' channel model: The well-known Zimmerman and Dostert [9] channel
model is used, employing the parameters taken from IEEE 1901.2 standard [48, Annex D].

The frequency response of a power line channel is given by

H(f) = % grel ot f i = (3.1)
i=1

where N, is the number of propagation paths between transmitter and receiver; g; is a
weighting factor that summarizes the reflection and transmission loss along a propagation
path. It is a Gaussian r.v. with zero mean and variance 1, which is scaled by 10000; ag
and a; are attenuation parameters that depend on the characteristics of the transmission
line, such as impedance; k is the slope of attenuation with respect to frequency; d; is a
Gaussian r.v. representing the length of propagation paths from transmitter to receiver
(in meters) with mean d, and standard deviation d, such that ds < d,,; and v, is the
wave propagation speed in the power line in meters/second. In accord with [48, Annex D],

the values of adopted parameters for this NB-PLC channel are listed in Table 1.

The additive noise in this NB-PLC channel is modeled as a zero mean colored

Gaussian random process. Adopted from [49], its PSD is expressed by

S”(f) = 3 exp(=v]f]). (3:2)

where v, € R, are constants equal to 1.2 x 107 and 1.0 x 1071, respectively, and f is
the frequency in Hertz (Hz). Given the subchannel bandwidth, Af = By, /N, thus

Ay, = Afdiag {87(0),S"(Af), ..., SP(IN = 1]Af)} . (3.3)
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Table 1: Adopted values of the parameters used in the NB-PLC channel model.

Parameter Value
N, 50
ap ].0_3
as 2.5 x 107
k 1
dg 1000
ds 400
dm 100
g 3x107%/4

LP-RF wireless channel model: The LP-RF wireless channel is obtained from a
wideband wireless one by adopting the procedure suggested in the 802.15.4a IEEE wireless
channel model report [50]. Basically, it is accomplished by filtering the wideband wireless
channel model. The wideband wireless channel model is adopted from [50] and its power

delay profile (PDP) is given by
PDP(t) = >3 Bue’™d(n —T; — 1), (3.4)
1=0 k=0

where [y is a Rayleigh distribution r.v. modeling the path gains, #; is a r.v. with uniform
distribution from 0 to 27 modeling the randomness of phases, and, T; and 73, are Poisson
distribution r.v. modeling the cluster (with rate I') and ray (with rate 7) arrival times,

respectively.

In accord with [51], for the first cluster, 7o = 0, and for the first ray within the
Ith cluster, 7o = 0. Moreover, T; and 73, are described by the independent interarrival

exponential probability density functions (pdfs)
p(Ti|Timy) = Ael= AT, (3.5)

and
p(Tkl|7'(k—1)l) — )\e[_A(Tkl_T(kfl)l)L (3.6)

respectively. Also, the path gains, i, are modeled as a Rayleigh r.v. such that its pdf is
given by

P(Bra) = (2Bht/ Q) e~/ 0 (3.7)

where its mean-square value is

and
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in which 5%(0,0) is the average power gain of the first ray of the cluster and G(1m) is the

path loss at 1 meter distance,

G(1m) = G,G, (ﬁ) , (3.10)

where ¢ denotes the speed of light in meters/second, while G; and G, are the transmitter

and receiver antenna gains, respectively.

Finally, but not the least, for each component of the cluster the small-scale reali-
zation of the amplitude, z, is computed as a Nakagami-distributed r.v.. Thus, its pdf is

given by

_ 2 m A" om_1 Jg’;zQ
plew) = wos (sm) w e (3.11)

where m > 1/2 is the Nakagami m-factor, I'(m) is the gamma function, and Qy; is the
mean-square value of the amplitude. The parameter m is modeled by Gaussian r.v. with

mean and variance given by [50]
() = 3.5 — 14t /73, (3.12)
and
o?(r) = 1.84 — 73,/160, (3.13)

respectively, in which 73, is the k' ray delay of the I cluster measured in nanoseconds.

Therefore, the wideband wireless channel continuous-time domain CIR is given by

L

h(t) = Z kZi)Iklejgkl(S(t - ,Tl - Tkl)- (314)

=0

According to [50] and [51], the adopted values for all parameters are displayed in
Table 2. Note that L and K denote the maximum number of clusters and rays, respectively.
It is important to emphasize that these values are given for a wideband wireless channel
and, after the wideband channel is generated, it is filtered and its filtered CIR is of our

interest.

The zero mean circularly symmetric complex Gaussian assumption is made for
the wireless additive noise. Based on [37], the PSD of the additive noise in the wireless

channel is considered to be
SW(f)=—173.8+ NF dBm/Hz, (3.15)
where the receiver noise figure NF' is equal to 7 dB. As a result,

Ay = Af.diag {87(0), SM(Af),...,S™(IN = 1]Aaf)}. (3.16)

14
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Table 2: Adopted values of the parameters used in LP-RF wireless channel model.

Parameter Value
y 20 x 1077
r 60 x 107
A 1/(5x 107%)
A 1/(300 x 107?)
Gy, G, 1.4
o 2.4
L 1
K

3.1 The HSRC model

The regions of the R node position concerning the relation between parameters a
and [ are shown in Figure 8. In the following are derived the R node position restrictions

concerning these parameters.

p=a' B>1 ‘ B<1 B-a
[7 S I, D
7 N
pi?t%fifn é p>o p=a x I;(;E[iiii(]))n

7, \

B=a=1

p>u

] node S partition inner region
node D partition inner region

Figure 8: The R node position regions varying o and f.

e [ =« (node D partition): From (2.28), it is had that

s IgnPIbl? e Sl
[Ih > hgp
Therefore,
s I
[hp |2
or

I g]|* = o?[|hp I, (3.17)
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and
12 hGp > = |[hég[* by 2

using p? = o?||h%,||?, thus
o?[[hp||* = [l [hfp[I*. (3.18)
Substituting (3.17) in (3.18),

o’ [[hp|* = o®||hp ||

W5pl = bk |-

f > a (node D partition outer region) and 5 < « (node D partition inner region):
Now, suppose that « is decreasing as [ remains constant (8 > «). Thus, the SRY
and RD? links are having their energies reduced as SDY remains with constant
energy. As the link energy and the distance between two nodes are inversely pro-
portional factors in this model, it means that the R node is getting far away from
S and D nodes, resulting that this region is outside the node D partition. As the
same region is defined for 3 increasing and « fixed, it is clear that « and 8 show
almost opposite behavior to one another. In other words, as a decreases, the R
node distances from S and D nodes, as well as the increase in § causes the R node
to approach the S node (also the decrease in  makes the R node to come closer
to the D node). As a consequence, the node D partition is a semicircle with ra-
dius proportional to SD? energy (||h%,[|?). On the other hand, it is not difficult
to assume that the 5 < « region is inside this semicircle. Furthermore, suppose
that there is a value of Bmax > 1 that follows 5 = a~! and makes the R node to
be in the same line as S and D nodes. Now, if there is a value greater than (.
while maintaining the relation 3 = a~!, then the R node will be positioned above
this previous line with same radius as the semicircle. As a result, it is maintained
the same SRY link energy while the RDY link energy grows which is not true for 3
increasing. Therefore, it is not practical to assume values of § greater than (5., as

well as for apma, and the regions are defined by semicircles.

= a"! (node S partition): Also from (2.28), it is had that

A e |
b | Ihp |12
Therefore,
L |l
[hfp 2
or

o’ |[hp|* = [hp ™ (3.19)
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Substituting (3.19) in (3.18),

o?|[hp||* = o[ |*

[h5pll = iz

e 3 < a~!(nodeS partition outer region) and 3 > a~! (node S partition inner region):
Here, suppose that o < 1 and it is increasing as  remains constant (8 < ofl).
Thus, the R node is getting close to S and D nodes. At a given value of « that
makes 3 = o', the R node touches the node S partition, as a result the 3 < o~ !
region is outside the node S partition. On the opposite, it is not difficult to assume
that the 8 > a~! region is inside the node S partition. As well as node D partition,
the inner and outer regions of the node S partition are separate by a semicircle with

radius proportional to ||h% 2.

e 3 =a"! = a (intersection point): Now, the only possible solution to 3 = a™! = «a

is § = a = 1. This is an important intersection point to the R node positioning, in

which all links have same energy (||h%,|| = ||hiz| = [h%pl).

The rest of this section focuses on the analyses about the ergodic achievable data
rates and outage probabilities associated with HSRC. More specifically, Subsection 3.1.1
shows the achievable data rate discussion, while Subsection 3.1.2 does the same to the

outage probability.

3.1.1 The Achievable Data Rate

In order to numerically show the behavior of HSRC, the same assumptions made
in Subsection 2.1.2 with regard to link energy relation, additive noise power, and power
allocation will be considered here. Additionally, it is considered the case when complete
CSI is not available to the transmitter and P is uniformly allocated (UA) among all
subcarriers. Note that P € {1,100} mW is adopted in order to emphasize scenarios
in which the data communication faces bad and good situations. Furthermore, o €
{0.1,0.5,1,2,10} is chosen because these values can bring a lot of information as they
cover all cooperation cases. More specifically, a = 0.1, simulates the case in which the R
node is very far from both S and D nodes. On the other hand, & = 10, means that the R
node is very close to the S and D nodes. Moreover, a = 1 state that the R node is neither
far nor close to the S and D nodes. Furthermore, o = 0.5 and o« = 2 are intermediate
cases among the aforementioned ones. Also, varying the parameter /3, the analysis of four

cases are introduced [24,25]:

e case #1 (f = 1): this case simulates the R node located in the middle between S

and D nodes because ||h%y||? = ||h%p %
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e case #2 (8 > 1): this case simulates when the R node is closer to the S than the D
node because ||h%z||? > ||h%p |1 It is used B € {2,10} due to the fact that 8 = 10
makes the R node very close to the S node and 5 = 2 results in the R node located

closer, but not so much, to the S node than the D node.

e case #3 (8 < 1): this case simulates when the R node is closer to the D than the
S node because ||h%pg||? < [[h%p|/?. It is used 8 € {1/10,1/2} due to the fact that
£ = 1/10 makes the R node extremely close to the D node and = 1/2 results in
the R node located closer, but not very, to the D node than the S node.

o case #4 (a < B < aland 0 < a < 1): this case simulates when the R node is
far from S and D nodes because ||h%||?||h%p 1> < [[hp]|%. Also, [[hp||? > ||h&gl?
and [|h§p[|* > [[hgp|*.

A summary of position variation of the R node in function of parameters o and 3 is shown
in Figure 9. It is important to point out that, in practice, amayx = 1/[|h%p|| in terms of R

node location, but theoretically it is possible to assume that a — oo.

Figure 9: The R node position varying parameters . and £3.

Figure 10 shows achievable data rate gains for the case #1 when AF and DF
protocols are applied. Regarding both protocols and P = 1 mW, it is noticed that PSRC
has a better performance than the WSRC for all adopted values of a. As the WSRC has
a low value of pVSRC it implies that PSRC will perform close to the HSRC. It can be
seen that the frequency selectivity of PLC benefits PSRC and, consequently, HSRC when
OA applies. As a result, if OA is adopted and complete CSI is available, then the WF
technique will allocate, most of PF to the PLC subchannels with the highest nSNRs, in
most cases, than the wireless subchannels nSNR for the same considered link. In other
words, PSRC performs better than the WSRC when P is low, ||hj’||* = [[h)|]?, P}, = P},
and OA is adopted. As P grows, the WF technique will distribute the power not only to
the subcarriers where these peaks of nSNR are located, but also to the ones next to them.

Based on that, as P — oo, OA tends to uniformly allocate power among the subcarriers.
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Moreover, as |[h’||* = ||h}"||> and P}, = P}, it will result in similar achievable data rate
for both PLC and wireless SRCs, which is the best scenario for HSRC as it uses both

media for data communication.

For instance, if P = 100 mW, WSRC performs close to PSRC, looking at o = 1,
22% (plBRC & 1.22) and 32% (pBERC ~ 1.32) of achievable data rate gains are obtained
by HSRC in relation to SD? using AF and DF protocols, respectively. Finally, with
a = 10, PSRC with DF achieves greater pb3RC for P = 1 mW than for P = 100 mW.

This behavior is explained reminding the situation (i), in which pP5R¢ — 1 as P — oo.

O (DF)PSRC
O (DF)WSRC
@ (DF)HSRC

0.5 1 2 10

Figure 10: case #1: p® vs «, in which a and b are (a)b in the legend, P =1 mW (--) and
P =100 mW (—).

For the case #2 (Figure 11), when § = 2, the conclusions are almost the same as
those of the case #1, showing no relevant difference between both of them, except that
the values of p° are slightly smaller than those of the case #1. On the other hand, when
£ =10, it is clearly noticed that the achievable data rate gains decrease for all values of P.
Disregarding both protocols, retransmitting noisy information from the R node through
the RD link (8 < 1, the SR link is noisy but the RD link is good) or retransmitting
almost noiseless information from R node through a noisy RD link (6 > 1, the SR link
is good and the RD link is noisy) are situations in which the resulting SRD link is not
good at all. Therefore, varying parameter § will result in more energy to one of SR or

RD links, obtaining a lower achievable data rate for the SRD link. Consequently, the
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losses are expected for values of § # 1. Furthermore, as the R node remains closer to
the S node as § grows (case #2), it implies that SRC (PSRC, WSRC, and HSRC) will
lose cooperation gains since it is in favor of the SR link in exchange of the RD one. As
a consequence, if AF, a = 1, and P = 100 mW are considered, then 11% (pl5RC ~ 1.11)
gain and 9% (piERC ~ 0.91) loss of achievable data rate are obtained for HSRC in relation
to SD¥ when 3 = 2 and 3 = 10, respectively. Similarly, for the DF protocol and under
same considerations, a 15% (pHPRC &~ 1.15) gain and 8% (pHERC ~ 0.92) loss of achievable

data rate are obtained by HSRC in relation to SD? when 3 = 2 and 3 = 10, respectively.

2 . . . 2 . . ;
A (AF)PSRC, g =2 A (DF)PSRC, =2

1.8F | A (AF)WSRC, 8 =2 18+ | A (DF)WSRC, =2
A (AF)HSRC, 572 A (DF)HSRC, g =2

16| © (AF)PSRC, 3= 1.6 | © (DF)PSRC, =10

O (AF)WSRC, /3_10 O (DF)WSRC, 8 =10

O (AF)HSRC, 8 =10 O (DF)HSRC, =10

0.1 0.5 1 2 10 0.1 0.5 1 2 10

Figure 11: case #2: p’ vs a, in which a and b are (a)b in the legend, P =1 mW (--) and
P =100 mW (—).

Now, for the case #3 (Figure 12), when § = 1/2, the behaviors are almost those
of the case #1, showing no relevant difference between both of them, except for the small
reduction on values of p® for all values of P. Differently, when 3 = 1/10 and for all values
of P, it is clearly noticed that the achievable data rate gains face more reduction. As stated
before, this is an expected behavior since the SR link offers more signal attenuation than
the RD one, resulting in a worse SRD link and, as a consequence, a worse SRC achievable
data rate. Note that, if AF applies, a = 1 and P = 100 mW, then a 18% (pi3RC ~ 1.18)
and 9% (pH3RC ~ 1.09) gains of achievable data rate are reached with HSRC in relation to
the SDT when 3 = 1/2 and 3 = 1/10, respectively. Similarly, for the DF protocol, a = 1,
and P = 100 mW, a 30% (pESRC ~ 1.30) and 13% (pHPRC ~ 1.13) gains of achievable
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data rate are obtained with HSRC in relation to the SD¥ when 8 = 1/2 and 3 = 1/10,

respectively.
2 : . : 2 : : :
A (AF)PSRC, 8 =1/2 A (DF)PSRC, 5 =1/2
18l A (AF)WSRC, 3 =1/2 18l A (DF)WSRC, g =1/2
1 A (AF)HSRC, 8=1/2 ‘ A (DF)HSRC, §=1/2
O (AF)PSRC, f=1/10 O (DF)PSRC, 8 =1/10
16§ @ (AF)WSRC, 8 =1/10 1.64 © (DF)WSRC, 8=1/10
O (AF)HSRC, g =1/10 O (DF)HSRC, 8 =1/10
1.4 1.4
1.2} /
/
o3 1 ,
0.8
7.
-
0.6 -
/
0.4 .A, -
- -
0 O Il Il Il
0.1 0.5 1 2 10 0.1 0.5 1 2 10
« «

Figure 12: case #3: p’ vs a, in which a and b are (a)b in the legend, P =1 mW (--) and
P =100 mW (—).

Finally, it can be seen that for the case #4 (for example, see Figure 10 at aw = 0.1),
the three SRCs have low values of p° because the achievable data rate gain reduces as a
decreases. Therefore, the case #4 is the worst scenario for cooperation, resulting in low
values of achievable data rate gain for both AF and DF protocols. This behavior agrees
with [24,25].

In general, the SRCs using DF performs better than its counterpart using AF.
Also, it can be seen that HSRC outperforms PSRC and WSRC for all chosen values of
P and cooperative protocols. Furthermore, based on the presented results, it is pointed
out that the best performance in terms of achievable data rate gain, for the situation in
which the R node is neither far nor close to S and D nodes (o = 1), is observed in case
#1 (8 = 1), where the R node is located in the middle between S and D nodes, agreeing
with [24,25]. Furthermore, HSRC achieves a higher achievable data rate gain in the case
#3 than in the case #2 for both considered cooperative protocols. It occurs because, in
case #2, the R node is close to the S node, making the cooperative protocols retransmit
a good estimation of X through a noisy RD link. On the other hand, for case #3, most

of the subchannels saw by the R node are quite noisy, but the ones who are not, receive
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a greater portion of Pg (due to the OA), which results in a better use of the SRD link.

Finally, Figure 13 shows, for all cases, the achievable data rate gain comparisons
between HSRC and the two LP-RF wireless SRC (2WSRC) in parallel (with acronym
2W) operating at center frequencies of f.; = 905 MHz and f., = 915 MHz, respectively.
To obtain these curves, ||hf||> = ||h;"*||? = ||h}"?||? is assumed, where ||h;""||> and ||h}"? ||
denote the channel energy of 2WSRC with center frequencies of f.; and f.o associated
with the £' link, respectively. Also, P, = PX‘? = PUV’[?, in which va,‘? and PJ/}? denote the
power of the additive noises of 2WSRC with center frequencies of f,.; and f., associated
with the ¢ link, respectively. In addition, for the sake of fair comparison, it is adopted
P2V = C2W /CL,, where C?W is the achievable data rate for 2WSRC. Furthermore, P =
{1,10,100,1000} mW, OA, AF and DF protocols are considered. Here, P = 1000 mW is
adopted in order to give a more comprehensive view on the HSRC and 2WSRC behaviors
because it was stated that as P grows, the wireless and PLC links performances come
close to each other due to the fact that OA tends to uniform power allocation (UA). Also,
Figure 13 shows performance curves for cases #1 (a« = = 1), #2 (o« = 1,8 = 10), #3
(=1, =1/10), and #4 (o = 0.1,5 = 1). These values of a and (3 are chosen to show
HSRC and 2WSRC performances in a balanced link energy scenario (case #1) and highly

non-balanced link energy scenarios (cases #2, #3, and #4).

Concerning Figure 13, it can be seen that HSRC outperforms 2WSRC for all values
of P and for all cases. Also, it confirms that 2WSRC tends to perform similar to HSRC
as P — oco. Moreover, HSRC attains higher achievable data rate gain than 2WSRC for
low values of P because the PLC portion of HSRC achieves higher data rates than the
wireless ones of 2WSRC. Furthermore, in cases #1 and #4, 2WSRC using DF protocol
almost achieves the same value of p° in comparison to HSRC using AF and P = 1000 mW,
which is not true for cases #2 and #3. These behaviors are explained due to the fact that,
in cases #1 and #4, the PLC and wireless SR and RD links have same link energy, which
offers a better performance on the SRD link usage than in the other cases. Although in
case #4 the R node is far from both S and D nodes, the high value of P makes the use of
the SRD link to be realizable. As the difference between the two cooperative protocols
are only observed when the SRD link is used for data communication, the curves of p?
for the both cooperative protocols separate from each other as P grows (and SRD link
is usable) because DF acts better in the SRD link than AF. Again, the highest values
of pb are attained in case #1, followed by cases #3, #2, and #4, respectively. Moreover,
it shows that for very low or very high P, this behavior can be changed because there is
a balance between «, § and P, which can make the difference between links energy less
notice. For example, HSRC in case #4 with P — oo can act similar to in case #1 because
the high and available P does not make the distance between the S-R and R-D nodes an

impediment to reliable perform communication among them.
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Figure 13: p® vs P, in which a and b are (a)b in the legend, when assuming OA.

3.1.2 The Outage Probability

Figures 14 to 16 show the outage probability of HSRC when UA and OA are used
for cases #1 (B =1and a =1), #2 (8 =10 and a = 1) and #3 (f = 1/10 and o = 1),
respectively. For case #1 (see Figure 14), it can be noticed that the outage probability
gap between AF and DF protocols is slightly smaller when using OA than UA. It occurs
because the difference between both protocols is that the DF retransmits the correctly
decoded information received by the R node, eliminating the residual noise from the SR
link, whereas AF does not. Thus, AF and DF protocols perform close to each other
when adopting OA. For instance, if P = 10 mW, then the use of UA in HSRC results
in 2.4 and 3.1 bps/Hz of spectral efficiencies for AF and DF protocols, respectively, if
Pyr(R) = Ppr(R) = 0.1. Under the same outage probability, OA achieves R = 2.8 and
3.3 bps/Hz for AF and DF protocols, respectively.

In case #2 (see Figure 15), for a given spectral efficiency threshold (Ry,), the
outage probability is slightly smaller when OA is assumed than UA for all values of P.
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Figure 14: Outage probability for the HSRC when o = 1, case #1 (5 = 1). UA (top)
and OA (bottom) are adopted. Also, the values of total transmission power (P) are
highlighted.

Actually, there is a very small difference between both of them. Also, AF and DF protocols
perform similarly to each other when using both OA and UA. For instance, if g = 10,
then the R node is close to the S node. Therefore, SR is a good link as it has a high
link energy, causing the R node to retransmit an almost noiseless version of the received
information from the S node with AF protocol, which is similar to the use of DF protocol
that correctly decodes X%, to obtain X at the R node. For instance, for P = 10 mW and
Psr(R) = Ppr(R) = 0.1, HSRC offers 2.0 and 2.4 bps/Hz of spectral efficiencies for both
AF and DF protocols assuming UA and OA, respectively.

Addressing case #3 (see Figure 16) and UA, AF and DF protocols perform simi-
larly to each other. This behavior is caused by the proximity of the R node to the D
node. In fact, in this circumstance, the R node does not provide a gain of achievable
data rate on the SRD link. On the other hand, when OA applies, transmission power
allocated at the R node is quite efficient to exploit the high nSNR subchannels, resulting
that an identical copy of X (when it can correctly decode X%, for DF protocol) or a less
noisy X% (for AF protocol) is detected at the R node. Therefore, for the DF protocol,
an almost noiseless retransmission (the RD link has a high energy) of X from R to D

node is accomplished, which is not true for the AF protocol. As a result, DF outperforms
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Figure 15: Outage probability for the HSRC when o = 1, case #2 (8 = 10). UA (top)
and OA (bottom) are adopted. Also, the values of total transmission power (P) are
highlighted.

AF. Simulations with P = 10 mW, UA and for values of outage probability equal to 0.1,
shows that HSRC achieves around 2.0 bps/Hz of spectral efficiency for both AF and DF
protocols. On the other hand, for the same values of outage probability, P and using OA,
2.7 and 2.9 bps/Hz are achieved for AF and DF protocols, respectively.

Overall, the outage probability for OA is lower than for UA for any value of Ry,
and P. Also, DF performs better than or almost equal to AF in all cases. Furthermore,
when UA is adopted, cases #2 and #3 show very similar outage probability behavior,
which is not true regarding OA.

3.2 The Incomplete HSRC

This section is organized as follows: Subsection 3.2.1 addresses the power alloca-
tion assumptions when HSRC loses a link or node communication interface as well as
the achievable data rate analyses; Subsection 3.2.2 offers a discussion about the outage

probability curves of the incomplete HSRC.
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3.2.1 The Achievable Data Rate

In the numerical simulations and analyses, if a link is lost, the achievable data rate

ratio, see (2.48), is labeled using the following acronyms:

e The HSRC without ¢'* channel associated with the SD link - w/o(SDY).
e The HSRC without ¢** channel associated with the SR link - w/o(SR).

e The HSRC without ¢" channel associated with the RD link - w/o(RDY).
Also, when one node communication interface is lost, it is used:

e The HSRC without ¢ channel communication interface on the S node - w/o(S9).
e The HSRC without ¢* channel communication interface on the R node - w/o(R9).

e The HSRC without ¢'* channel communication interface on the D node - w/o(D?).

Moreover, for comparison purposes, the achievable data rate ratio associated with PSRC
and WSRC makes use of the acronyms PSRC and WSRC, respectively. Furthermore,
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B =1{1,10,1/10} is assumed for cases #1, #2 and #3, respectively, while case #4 occurs
for § =1 and o = 0.1. These values of 3 are chosen to quantify the incomplete HSRC
gain/loss in relation to the HSRC when a balanced links energy scenario (case #1) and
highly unbalanced links energy scenario (cases #2, #3, and #4) occur. Furthermore, the

intermediate values of § will result in a performance between the chosen values of 5.

3.2.1.1 The Incomplete HSRC: The HSRC without a link

Adopting OA together with AF and DF protocols, Figures 17 and 18 show the
achievable data rate ratio for cases #1, #2 and #3, respectively. Looking at Figure 17(a)
to 17(c) and Vo, it is noticed that the incomplete HSRC has off > 0.9 when the missed
link is wireless and lower than or equal to the values of of, when the missed link is
PLC. As the magnitude of the PLC channel frequency response shows more intense
the highest values of nSNR will

be experienced in the PLC subchannels in comparison to the wireless ones and, since

peaks and valleys than the wireless ones and P = PJ,
OA is adopted, P is allocated to the subcarriers in which their respective subchannel
nSNRs are the highest, which explains the greater loss of ¢/, when a PLC link is lost.
Remember that the gap between PLC and wireless performance decays as P grows, as
previously discussed in situation (I). Furthermore, it is stated that PSRC acts as a lower
bound for the HSRC without any wireless link as well as the HSRC without any PLC link
is lower bounded by the WSRC.

Without loss of generality, as the HSRC misses a wireless link, the performance
curves overlap each other for P = 1 mW, therefore the focus of our discussion will be
on the HSRC without PLC link. Looking at Figure 17(a), it can be noticed that, as «
grows from 1, off; increases when the missed link is SD? and decreases when the SR”
or RDF link is missed. It occurs due to the fact that the resulting SRD link is being
favored (for both PSRC and WSRC) in relation to the SD link, if & > 1. On the other
hand, if @ < 1, then the SD (PLC and wireless) link has a higher link energy than the
SRD one, resulting in the opposite behavior of off,.; however, this behavior is not noted
in the HSRC without SD* and o < 1, see Figure 17(a), because WSRC yields the most
significant contribution and ignores the remaining SR” and RD? links availability. More
specifically, case #1 shows that the wireless links contribution is lower than the PLC
ones when there is a balance between the links energy (see WSRC curve with o = 1).
Moreover, the WSRC contribution increases as a moves away from 1. As P = 1 mW,
vafg = Pf s, and OA are considered, the wireless links are not as good as the PLC ones,
but when there is a substantial increase or decrease of o away from 1, the wireless SRD

or SD link can offers more contribution to increase achievable data rate ratio.

Now, for case #2 and P = 1 mW (see Figure 17(b)), the R node is closer to the
S than the D node. Therefore, the SR (PLC and wireless) link has higher energy in case
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#2 than in case #1 and the opposite occurs with respect to the RD link, because the
SRD link has the same link energy in both cases. Moreover, it can be seen that a loss of
the SD? link is worse in case #2 than in case #1 due to the fact that is better to have a
balance in the energy of SR and RD links (i.e., similar achievable data rate) than a SRD
link composed of the cascade of low and high energy links, which limits the SRD link
achievable data rate to the worse of SR and RD links. Thus, the SD (PLC and wireless)
link contribution is more relevant when SRD link is not so good (case #2). Similarly,
the (PLC and wireless) SR or RD link loss is worse in case #1 than in case #2, for the
same aforementioned reason. Furthermore, as case #2 has a good SR” link, the P is
well shared between SD? and SRY links, but the RD? link has low energy and, as a
consequence, the transmission power spent with the SR” link data communication is not

well used, which explains the gap of performance when losing SRY or RD? link.

Looking at case #3 and P = 1 mW, see Figure 17(c), it can be seen a similar
performance to case #2 for the HSRC without the SD? link, i.e., the (PLC and wireless)
SRD link is not so good because = 1/10 makes the SR link to be worse in case #3
than in case #1. Moreover, in case #3, the HSRC without SR” or RD?” link performs
similar to the case #1 and worse than in the case #2. Since OA is adopted, the remaining
wireless SRD link performs better when the R node is closer to the D than to the S node
(case #3) because the retransmitted information from the R node can take advantage of
high subchannel nSNRs, which is not true for case #2. Regarding case #2, the (PLC and
wireless) SR link is good but it does not make the information travel a long path from S
node to R node without remarkable signal degradation. As a result, for case #2 (5 = 10),
the PSRC and WSRC behave similar to a system that transmits the same information
from two nearby nodes direct to the D node. Therefore, it is more prejudicial to lose a
(PLC or wireless) SR or RD link at case #3 than at case #2. Additionally, the gap of
performance experienced in case #2 by using the HSRC without the SRY or RD? link
is not seen in case #3. This occurs because, in case #3, the SR link is already a bad
link and, as a consequence, a low portion of P} is allocated to it. It means that losing
SRP or RDY link does not result in relevant performance differences among them. Also,
for P =1 mW, it is slightly better to lose the SR than the RD¥ link in case #2, which
is not true for other cases or P = 100 mW. In fact, for high values of P, the WSRC
contribution yields significative and positive impact on the achievable data rate, resulting
that the HSRC without the RDY link has a better performance than the HSRC without
SR” link due to the fact that P}¥ = Py is considered in the former and Py is allocated
only to the SDF link in the latter. In other words, it is better to the transmission power
of R node to be totally allocated to transmit information through RDY link than to
allocate PY solely to the SDF link, except for case #2 and P = 1 mW whereas, at the
same time, the RD" link is bad and the total available transmission power is low (SD?
is much better than SD").



56

In general, with the increase of P (see Figures 17(d)-17(f)), the achievable data
rate ratios tend to the values previously discussed in situations (I), (III), (IV), and (V).
It is important to emphasize that, with P = 100 mW, PSRC and WSRC perform close to
each other. Again, for all cases, it is seen that greater off. is experienced when HSRC loses
a wireless link rather than a PLC one. Furthermore, the PSRC performance keeps acting
as a lower bound for the HSRC without a wireless link as well as the WSRC performance
works as a lower bound for the HSRC without a PLC link. Overall, it is showed that the
HSRC without a link has a higher ¢/f;. than individual PSRC or WSRC. Finally, but not
the least, when o < 1, the loss of a (PLC or wireless) SD link shows more significant
losses than the lost of SR or RD link and the opposite occurs for a > 1.

For case #4 and VP (see Figures 17(a) and 17(d), at a = 0.1), the incomplete
HSRC yields the highest achievable data rate ratio (0% > 0.87) when the SR” or RDY
link is missed and the lowest o/f;. when the SDF link is lost. These are expected behaviors

since the R node is far from both S and D nodes, resulting that o remarkably depends
on both PLC and wireless SD links.

Figure 18 shows, for all cases, the achievable data rate ratio of the incomplete
HSRC when a link is missed and DF protocol is applied. In general, the curves in Figu-
res 18(a) to 18(f) show some similarities with those curves associated with the incomplete
HSRC using AF protocol, which have already been discussed. In fact, these similarities
are addressed to the HSRC flexibility to deal with the loss of one link due to its multiple
available data communication paths. It means that losing a link, out of six, is not so pre-
judicial as the HSRC can keep a reliable communicating through the other five remaining
links. Also, the curves in Figure 17 are normalized by the HSRC using AF as well as
the curves in Figure 18 are normalized by the HSRC using DF. Thus, the focus of our

analyses will be on the ¢! differences among cooperative protocols curves.

In this regard, looking at Figures 18(a) to 18(c) and a = 10, it can be notice
that the incomplete HSRC yields greater values of g for DF protocol than AF protocol
(Figures 17(a) to 17(c)) when the SD* link is lost. This happens due to the fact that the
DF protocol performs better in the SRD (PLC and wireless) link than the AF protocol.
Thus, losing the SR or RD link is more significant when using DF than AF. On the other
hand, removing a SD link is less meaningful as the SRD link has a greater impact on
the achievable data rate ratio for the use of the DF protocol. More specifically, the case
#1 with P =1 mW (see Figure 18(a)) shows that the lowest WSRC contribution occurs
at a = 0.5 (see WSRC curve) due to the fact that, using the DF protocol, the (PLC
and wireless) SRD link performs better than using the AF protocol and the minimum
WSRC contribution occurs when o = 1. Also, the small difference between the use of
AF and DF protocols is addressed to the fact that HSRC with OA offers high robustness

against frequency selectivity due to its multiplicity of available links and also because WF
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avoid high attenuation subchannels, i.e., the HSRC model with OA offers flexibility to

compensate differences between both protocols.

For all cases, considering P = 100 mW and the DF protocol (Figures 18(d) to
18(f)), it can be seen similar behavior of o to the AF protocol (Figures 17(d) to 17(f))
for the same aforementioned reason, except for the small differences of achievable data

rate ratio mentioned in the previous paragraph.

3.2.1.2 The Incomplete HSRC: The HSRC without one node communication interface

From now on, the HSRC without a node communication interface will be analy-
zed, for both AF (see Figure 19) and DF (see Figure 20) protocols. Overall, looking at
Figure 19, the first thing to note is that the curves associated with the HSRC without
one D node communication interface, whether PLC or wireless, performs similar to the
opposite SRC, i.e., the HSRC without D? performs equal to the WSRC as well as the
HSRC without D" performs equal to the PSRC. This holds true for all considered cases
and cooperative protocols since a loss of the D? node communication interface results in
losing both SD? and RD? links and, as a consequence, the remaining SRY link is not use-
ful as no combining technique is applied at the R node. Furthermore, similar to previous
subsection, the loss of any PLC node communication interface is lower bounded by the
WSRC and the loss of any wireless node communication interface is lower bounded by
the PSRC.

Again and without loss of generality, as the HSRC without a wireless node com-
munication interface curves overlap each other due to its low contribution to the HSRC
in relation to the PLC one for P = 1 mW, the focus of our discussion will be on the
HSRC without PLC node communication interface. Regarding the case #1 with P = 1
mW and o = 0.1, see Figure 19(a), it is showed that the (PLC and wireless) SD link
yields the most significant contribution (the lowest values of off, occurs when S is lost).
Thus, removing S node communication interface results in removing SR and SD links as
well and, as a consequence, a greater loss of off,. is experienced. On the other hand, for
a = 10, removing the SR or RD link has a greater impact on of., whereas a loss of R

node communication interface introduces a loss of both SR and RD links.

For case #2, see Figure 19(b), and a = 10, it is seen that losing the S* is worse
in case #2 than in case #1. This happens due to the fact that the remaining RD* link
contribution is greater in case #1 than in case #2. In fact, RD* link is not good in case
#2, as mentioned before. On the other hand, for a = 10, the opposite occurs (off in

case #1 is lower than in case #2) when removing the R for the same reason.

Now, for case #3 with P = 1 mW, see Figure 19(c), the removal of S”" acts similar
to case #2 in terms of achievable data rate ratio. However, removing the R” in case #3

results in greater performance degradation than in case #2 and it is similar to case #1.
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It occurs because, in case #2, the R node is close to the S node, making the cooperative
protocols to retransmit a good estimate of X through a low energy (PLC and wireless)
RD link. On the other hand, for case #3, most of the SR link subchannels have low
nSNR, but the ones with high values of nSNR can be exploited by applying OA, resulting
in a better usage of the SRD link.

Figures 19(d) to 19(f) show, for all cases, the achievable data rate ratio when

= 100 mW and the AF protocol are adopted. Overall, for Vo, the worst is to lose

a D node communication interface. Also, for o < 1, the loss of a (PLC or wireless) S
node communication interface has similar ¢ to the loss of the D node communication
interface. On the other hand, for o > 1, the best achievable data rate ratio occurs when
the HSRC loses one S node communication interface. Although, a loss of PLC node
communication interface is still worse, the performance difference due to the loss of PLC

or wireless node communication interface decreases when P increases.

Finally, but not the least, case #4 (see Figures 19(a) and 19(d), at a = 0.1) shows
higher off. values when a (PLC or wireless) R node communication interface is missed
because, in this case, the R node is far from both S and D nodes (SRD link is not useful).
On the other hand, losing a S or D node communication interface significantly impacts
performance as it will make the incomplete HSRC to work with a single S'D link — the loss
of S node communication interface is still better than the lost of D node communication
interface for P = 100 mW, because, in the former situation, the HSRC can take advantage

of the remaining RD link to retransmit the information of the R node to the D node.

One important point is that the HSRC without the SD link (PLC or wireless)
performs similar to the HSRC without one S node communication interface. Also, the
HSRC without SR or RD link performs similar to the HSRC without one R node com-
munication interface. Furthermore, the performance of the HSRC without one D node

communication interface is the same as the ones obtained with independent PSRC or

WSRC.

The performance of the HSRC without one node communication interface when
the DF protocol applies is shown in Figure 20. As it can be seen, o is similar to those
ones obtained with the AF protocol (see Figure 19). The difference noticed between
AF and DF performance curves is that the HSRC without any S node communication
interface, for all cases and VP, offers o, > ofl,..Va. For instance, the HSRC without
a ST case #1, a = 1, and P = 1 mW, results in o, = 0.58 and off, = 0.41 (see
Figures 19(a) and 20(a)). This is expected due to the fact that the remaining RD” link
is still cooperating with the incomplete HSRC, whereas DF acts better at the (PLC and
wireless) SRD link than AF. Also, the opposite occurs when HSRC misses any R node

communication interface.
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Figure 20: 0%, vs a for the HSRC without a node communication interface, PSRC, and WSRC.
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3.2.2 The Outage Probability

This subsection discusses the outage probability of the HSRC without one link or a
node communication interface. This analysis is carried for cases #1, #2 and #3, assuming
a =1and 8 = 1,10 and 1/10, respectively. The analysis of case #4 is not carried out
because, from now on, it is clear that no relevant information can be extracted in this
case as it will be the worst one when HSRC loses a S? or DY node communication interface
and the best one when HSRC loses a R? node communication interface due to its high
dependency of both PLC and wireless SD links.

3.2.2.1 The Incomplete HSRC: The HSRC without a link

Figure 21 shows outage probability curves of the HSRC without a link, PSRC and
WSRC, with & = 1 and P = 100 mW, for cases: (a) #1, (b) #2, and (c) #3. In this plot
and for any given Ry, it can be seen that the DF protocol always achieves a lower outage
probability than the AF protocol. Moreover, for a given link loss, case #1 shows the lowest
outage probabilities at any Ry, followed by cases #3 and #2, which is explained due to
the fact that in case #3 the (PLC and wireless) SRD link usage is better than in case
#2 as mentioned in the previous section. Furthermore, the loss of any link in case #1 is
less prejudicial than in other cases because, in case #1, the balanced link energy scenario
(v = p = 1) occurs, resulting that all links can have a significant contribution to HSRC,
for both cooperative protocols. Therefore, a loss of any of these links will be well covered
by the other links. For example, given R;, = 6 bps/Hz, a Pap(Ry,) = 0.2 is obtained
for the HSRC without SDW in case #1, whereas the same Ry, results in Pyp(Ry,) = 0.8
and Pap(Ryn) = 0.5 for cases #2 and #3, respectively. Also, these results reaffirm that
even when HSRC loses any link, it remains better than or equal to the PSRC or WSRC.

3.2.2.2 The Incomplete HSRC: The HSRC without one node communication interface

Figure 22(a) to (c) show outage probability curves of the HSRC without a node
communication interface, PSRC, and WSRC with a = 1 and P = 100 mW, for cases
#1, #2, and #3, respectively. Regarding these figures and the AF protocol, it is shown
that the highest outage probabilities are attained by the WSRC and HSRC without D¥.
On the other hand, the lowest outage probabilities are obtained by the HSRC without
RY. Furthermore, for the AF protocol, the HSRC without S almost achieves the lowest
outage probabilities in cases #1 and #3. This occurs because, at these cases, the loss
of SV does not results in substantial losses as the remaining RD" link can alleviate
the loss of S". For the DF protocol and cases #1 and #3, the S" communication
interface loss achieves the lowest outage probabilities in comparison to the HSRC without
any other node communication interface, PSRC and WSRC. In fact, the loss of any S

communication interface is less significant when assuming DF rather than AF because
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Figure 21: Outage probability for the HSRC without a link when o = 1.

the former protocol can attain a better performance at the remaining RD link. Finally,
in case #2, the HSRC without (PLC or wireless) S communication interface has higher
values of outage probability than in the other cases, for a given Ry, due to the summed
effect of the loss of a (PLC or wireless) SD and SR links, in which the impact is most
significative and negative in this case than in the others (check Figure 21, HSRC without
SD? and SR? curves).
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4 Conclusion

In this work, the HSRC and the incomplete HSRC models were formulated and
their achievable data rates and outage probabilities analyzed. Numerical results based on
achievable data rate gain in relation to SD? and comparison to PSRC and WSRC was
investigated for the cases where the R node is located in the middle between the S and
D nodes (case #1), closer to the S than the D node (case #2), closer to the D than the S
node (case #3), and far from both S and D nodes (case #4). In the sequel, it showed that
HSRC offers higher achievable data rate gains than PSRC and WSRC for all variation of
P, a and . Additionally, for a = 1, the highest achievable data rate gain of HSRC is
obtained in case #1 (8 = 1, the R node is in the middle between S and D nodes). On the
other hand, HSRC performs worst for case #4 (o = 0.1, f < o~ ! and 8 > «), in which
the R node is far from both S and D nodes.

Furthermore, it was discussed the outage probabilities related to HSRC. Based on
the numerical results and a given spectral efficiency threshold Ry, the attained results
show that the HSRC with OA always yields lower outage probabilities than the HSRC
with UA. Regarding the cooperative protocols, DF achieves lower outage probability than
AF. Moreover, the case #1 results in the lowest outage probabilities and DF outperforms
AF in all cases. Additionally, it was shown, for all cases, that HSRC performs better than
2WSRC when OA together with the chosen cooperative protocols, constraints on channel

energy, and additive noise power apply.

In general, the HSRC without a wireless link (or node communication interface)
performs better than or, at least, equal to the HSRC missing a PLC link (or node commu-
nication interface) for both AF and DF protocols, if P); = Pf,, |[hj’||> = [|h"||?, and OA
is adopted, VP, «, 5. Overall, for all cases, the incomplete HSRC performs better than
or equal to PSRC or WSRC. Also, the limit analysis when P — oo (I) and P — 0 (II)
confirmed this behavior. Moreover, PSRC acts as a lower bound for the HSRC when a
wireless link (or node communication interface) is missed as well as the HSRC missing a
PLC link (or node communication interface) is lower bounded by the WSRC. Additio-
nally, the importance on the achievable data rate ratio of (PLC and wireless) SD link (or
S node communication interface) when a < 1 (R node is far from both S and D nodes)
and SR and RD links (or R node communication interface) if & > 1 (R node is close to

the S and D nodes) was shown.

Moreover, HSRC is similar to the single SRC (PSRC or WSRC) when it misses one
D node communication interface. Besides, the wireless links contribution to HSRC are
low when P = 1 mW, therefore when a wireless link (or node communication interface)
is missed, high values of achievable data rate ratio are observed and the opposite occurs

when a PLC link (or node communication interface) is lost. As P increases, the gap of
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performance between PLC and wireless links reduces and the aforementioned behavior
is less noticed. Finally, but not the least, when HSRC misses a SR or RD link (or R
node communication interface) more significant losses are experienced with the use of DF
than AF because the former has a better performance on the SRD link. The opposite
situation occurs for the SD link (or S node communication interface) loss due to the
lower contribution of the SD link when applying DF rather than AF. Now, and most
important, HSRC presents a small difference of performance between the use of AF and
DF protocols due to the fact that HSRC is more flexible to compensate differences between

both protocols.

Concerning case #1 and P = 1 mW, it was shown that the wireless contribution
is lower as « is closer to 1 or 0.5 for AF and DF protocols, respectively, because the
wireless links do not have a significant impact on the achievable data rate ratio. Further-
more, case #2 has a greater loss than case #1 when HSRC misses a SD link (or S node
communication interface). On the other hand, case #2 has a lower loss than case #1
when misses the SR or RD link (or R node communication interface). Also, case #3 has
similar performance to case #2 when HSRC misses a SD link (or S node communication
interface) and it is similar to case #1 when a SR or RD link (or R node interface) is lost.
Also, in comparison to the other cases, case #4 showed high achievable data rate ratios
for the incomplete HSRC when a SR or RD link (or R node communication interface) is
lost and low values of such ratio when a SD link (or S/D node communication interface)

is missed due to its great dependence on the PLC and wireless SD links.

Finally, the outage probability curves related to the incomplete HSRC showed that
the loss of any link or node communication interface results in less significant losses in
case #1, followed by cases #3 and #2, respectively, if « = 1, P = 100 mW, and one of the
cooperative protocol is adopted because, in case #1, the balanced link energy scenario
occurs and, as a consequence, all links can offer a significant contribution to the spectral
efficiency. As a result, HSRC becomes more robust against a link or node communication

interface loss in case #1 than in cases #2 and #3.

4.1 Future Works

A list of future works are as follows:

e To consider the wireless frequency band of transmission occurs in other unlicensed
wireless bandwidths (e.g., 2.4-2.5 GHz or 5.725-5.875 GHz).

e To analyze the same metrics to HSRC and 2WSRC based on measured channels

and noises instead of mathematical models.
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To analyze the HSRC achievable data rates and outage probabilities for different
system compositions, e.g., multiple relay [23] and multi-hop [52] models.

To discuss the bit error rate performance of HSRC and aforementioned models in

comparison to the not hybrid ones.

To introduce and to check the energy harvesting technique [53] benefits on the HSRC

model.

To expand these analyses to the hybrid system composed of PLC-wireless commu-

nication and visible light communication (VLC) [54].
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Appendix A — Achievable Data Rate: The HSRC without SD*

Figure 23 shows the HSRC without SD? in which the missed link is highlighted
in the red color. The D,p matrix is the denominator term in (2.17) and it contains

the matrix A,2 ~ which tends to infinity when the SD? link is lost. As a consequence,
v

this change is irftDroduced by the removal of the first element (if removing SD?) or third
element (if removing SD") of the diagonal matrices Car and D4 given by (2.18) and
(2.19), respectively. As a result, the new matrices C'yn and D, will be given by (A.1)
and (A.2). Furthermore, the loss of the SDY link implies that By is allocated only to the
SR? link.

PLC —> Time slot #1 PLC ——> Time slot #1
— A — Wireless ~ ==e==e3 > Time slot #2 — L — Wireless ~ =meees > Time slot #2

(a) (b)
Figure 23: The HSRC without SDY, for (a) ¢ = P and (b) ¢ = W.
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Thus, if the AF protocol is adopted, then the achievable data rate of this incomplete
HSRC is expressed as

B
Car = Egzp sy {H}\ax ¥ log, [det Ty + C;‘FD;})}} (A.3)
P
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subject to Tr(Ap) < P. Similarly, for the DF protocol, the achievable data rate of the
HSRC without SD? is given by

B
Cor = Bxp g {H}‘ax ¥ log, [det(Tyy + C’DFD'[;;)]} (A4)
P

subject to Tr(Ap) < P, in which

 [Mapge 00
CDF = 0 ACE* O ) (A5)
0 0 Acax
and
Ao 0 0
VD
IDF - 0 ADE* 0 ) (A6)
0 0 Ape

where A z. and Acq- are given by (2.24) as well as A pz. and Ape are given by (2.25).
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Appendix B — Achievable Data Rate: The HSRC without SR?

Figure 24 shows the HSRC without SR? in which the missed link is highlighted in
red. The D4r matrix is the denominator term in (2.17) and it contains the term Aaéq
which tends to infinity when the SRY link is lost. Similarly, to the same end, it can ffé
removed the second element (if removing SRY) or fourth element (if removing SRY) of
the diagonal matrices Cp and D 4p given by (2.18) and (2.19), respectively, resulting in
the new matrices C'; and D/, given by (B.1) and (B.2). Furthermore, it is considered
that Py is allocated only to the SD? link when the SRY link is lost.

PLC ——> Time slot #1 PLC ——> Time slot #1
—_ 4/— Wireless — ====ee > Time slot #2 —_ /k— Wireless ~— ====e= > Time slot #2

(a) (b)
Figure 24: The HSRC without SRY, for (a) ¢ = P and (b) ¢ = W.
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_ A1
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Thus, if the AF protocol is adopted, then the achievable data rate of this kind of incom-
plete HSRC is expressed as

B
CAF = ]EHf:HXV {Hjl\aX WW 10g2 [det(IgN + C;‘FD/A};)}} (BB)
g P

subject to Tr(Ap) < P. Similarly, for the DF protocol, the achievable data rate of the
incomplete HSRC is given by

B
Cor = Exp sy {r%ax I Jog, [det(Tyy + c’DFDg;)]} (B.4)
g P



subject to Tr(Ap) < P, in which

A PgAszlz 0 0
0 0 AprApy
and
A 0 0
/ Vi
DDF = 0 ADa* 0 )
0 0 A,
Vq

SD

where Aqg. and Apg. are given by (2.24) and (2.25), respectively.
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Appendix C — Achievable Data Rate: The HSRC without RD‘

Figure 25 shows the HSRC without RDY in which the missed link is highlighted
in the red color. The Dp matrix is the denominator term in (2.17) and it contains the

matrix A2~ which tends to infinity when the RD? link is lost. Therefore, it can be,
VRD
similarly, removed the second element (if removing RDY’) or fourth element (if removing

RDWY) of the diagonal matrices Car and Dp given by (2.18) and (2.19), respectively.
As a result, the new matrices C/; and D', are given by (C.1) and (C.2). Furthermore,
it is considered that the power available to the R node transmission is allocated only to
the RDY link (P = Pg). Note that, for the HSRC without RDY, the same matrices C',
and D', are obtained as for the HSRC without SR? because the matrices A"fz , and

SR
A0'2q appear at the same positions in D p. Thus, the difference among them is the
VRD
power allocation.

PLC —> Time slot #1 PLC —> Time slot #1
—_ /V— Wireless ~— ====== > Time slot #2 —_ w— Wireless —~ =eme=== > Time slot #2

(a) (b)
Figure 25: The HSRC without RDY, for (a) ¢ = P and (b) ¢ = W.
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Thus, if the AF protocol is adopted, then the achievable data rate of this incomplete
HSRC is expressed as

B
Car = Eaap sy {max =% log, [det (Tox + €, D'y | (C3)
g P



7

subject to Tr(Aps) + Tr(A 7) + Tr(A 7)< P. Similarly, for the DF protocol, the achie-
0 1
vable data rate of the incomplete HSRC is given by

B
CDF = EH{,HZV {Hjlan WW logg [det(IgN + C/DFD,[;I%"')]} (C4)
P

subject to Tr(Aps) + Tr(Apz) + Tr(A 7)< P, in which
0 1

APUEAWESDIZ 0 0
DF = 0 Aca 0 : (C.5)
and
A2 0 0
, Vi,
Dpr = 0 A s 0 , (C.6)
0 0 Ao
$p

where Az and A pz. are given by (2.24) and (2.25), respectively.
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Appendix D — Achievable Data Rate: The HSRC without S¢

Figure 26 shows the HSRC without the S? link in which the missed links due
to the S? loss are highlighted in red as well as the respective communication interface.
Using (2.8) and (2.10), the received symbol of this incomplete HSRC assuming AF is
expressed as (D.1). Furthermore, it is considered that Pg is allocated solely to the g

communication medium transmission by the S node (P = Ps).

PLC —> Time slot #1 PLC —> Time slot #1
— 71— Wireless ~ =emeee3 > Time slot #2 — 7l — Wireless  memee=3 > Time slot #2

(a) (b)
Figure 26: The HSRC without S?, for (a) ¢ = P and (b) ¢ = W.

Yi,
Y = Y%RDAF
Y%RD,AF
) A X 7
HI, 0 0 Vi B
T 4 A —A —A-L X| A SHEASL Vig+Vip
=| 0 HLHR, 0 Jr et e
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= SRTLRD \/T o | X+ \/71 - Y
B 0 1 SR 1 0 I
A A A—l 0 A HRDA _ N
FonFanh pah e, Ve
= A’X + B'V,
(D.1)

_ _ _ T
where V — [VgDTngTv;QDTngT} . Making €', — ARxx A’ and D', = BRyvB'".
Thus, from (2.13), it results that

[(X,Y) = log, |det(Tsy + CxD/yi)]| (D.2)
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in which
Ar 0 0
A AL _ B
Clur = ! APgAPfA”igRA|H%RI2A\%%DI2 0 (D.3)
_ —1
Ao 0 0 |
Vip )
A A GA 5 A A
Dip=| O Apg,rhephe, Az, TA2, " (D-4)
0 0 Al’HL’ |2quA;21 Ay + Ay
" ' YzR Vir V(II?'D_

Finally, for the AF protocol, the achievable data rate of this incomplete HSRC is

expressed as
Bw / —1
Car = Egp pw {H}&x N log, [det(I3n + CAFDAF)}} (D.5)

subject to Tr(Ap7) + Tr(Aps) + Tr(Apz)< P. Similarly, for the DF protocol, the achie-
0 1

vable data rate is given by
Bw Fyel

subject to Tr(Az) + Tr(Aps) + Tr(A 7)< P, in which
0 1

, Arghpg,r 00
Cor = 0 Aca- 0 |> (D.7)
0 0 Aca
and
A 0 0
, Vi,
DDF - 0 ADE* 0 ) (D-8)
0 0 ADé*

where Acg., Apae, Acas, and Aps are given by (2.24), (2.25), (2.46), and (2.47), respec-
tively.
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Appendix E — Achievable Data Rate: The HSRC without R

Figure 27 shows the HSRC without R? in which the missed links due to the R?
loss are highlighted in red as well as the respective communication interface. Using (2.8)
and (2.10), the received symbol of this kind of incomplete HSRC assuming AF can be
expressed as (E.1). Furthermore, it is considered that Py is allocated only to the SD?
link and P! = Pg.

PLC ——> Time slot #1 PLC ——> Time slot #1
—_ 4/— Wireless — ===eee > Time slot #2 —_ /k— Wireless ~— ====ee > Time slot #2

(a) (b)
Figure 27: The HSRC without RY, for (a) ¢ = P and (b) ¢ = W.

Yi,
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U HEHE LA A A 0 A ~HLAZL Iy 0
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=A'X+B'V,
(E.1)

_ _ _ T
where V = [V%DTV%RTV‘}%DTV‘JSDT} . Making ',y — ARxx A" and D', = BRyyB'".

Thus, from (2.13), it results that

I[(X,Y) = log, |det(Tsy + CxD/yi)]| (E.2)



81

in which
APgAlﬂzD\2 0 0
-~ A1
o 0 Ay A oA 0 (E.3)
5
A,z 0 0
Vip X
— 0 A - A A A A 2 0
AF HEpl UzgR JVZ‘R * O-V%D (E.4)
0 A,
Vip

It is important to point out that for the HSRC without SR? and RD?, the same matrices

C'yr and D/, are obtained as for the HSRC without R? because the matrices Ag2
VSR
and A,2 ~ appear at the same positions in Dy, canceling the same elements. Thus,
v

the diﬁer%%ce among the loss of R? and the loss of SR? and RDY is the power allocation

assumption.

Finally, for the AF protocol, the achievable data rate of this incomplete HSRC is

expressed as
BW / —1
Car = Egr gw {njl\zlljx ~ log, [det(Izn + CAFDAF)}} (E.5)

subject to Tr(Aps) + Tr(Apz) + Tr(Apz)< P. Similarly, for the DF protocol, the achie-
0 1

vable data rate is given by
By / —1

subject to Tr(Aps) + Tr(Apz) + Tr(A 7)< P, in which
0 1

Apghipg 2 0 0
Chr = 0 Aga 0 : (E.7)
and
Az 0 0
) Vi
Dpr=1| 0 Aps 0 |, (E.8)
0 0 A,

Vsp

where Agg. and A . are given by (2.24) and (2.25), respectively.
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Appendix F — Achievable Data Rate: The HSRC without DY

Figure 28 shows the HSRC without D? in which the missed links due to the DY
loss are highlighted as well as the respective communication interface. Using (2.8) and
(2.10), the received symbol of this incomplete HSRC assuming the AF protocol can be
expressed as (F.1).

PLC ——> Time slot #1 PLC ——> Time slot #1
— 71— Wireless ~ eemeee3 > Time slot #2 — L — Wireless ~ =meees > Time slot #2

(a) (b)
Figure 28: The HSRC without D, for (a) ¢ = P and (b) ¢ = W.
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(F.1)
T T

whereV — {V%DTV?;RTVZD

Thus, from (2.13), it results that

Making Cr = A'RxxA’" and D, = B'RyyB'".

I(X,Y) =log, {det(IQN + CAFDZI})} , (F.2)
in which
A A - o 0
I _ 5 |’H'g'D‘ (F 3)
AF 0 ApaApgAizl A 7 2 A 7 2 ’
0 1 UYZ‘R "HSR‘ "HRDI
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A, 0
= e (F.4)
r 0 Az oAgAl Ap o +A

# k] ! YqSR quR leI%D

Finally, for the AF protocol, the achievable data rate of this incomplete HSRC is

expressed as
BW / —1
CAF = ]EH? HJ{?DX W 10g2 [det(IgN + CAFDAF)} (F5)

subject to Tr(A ,z) + Tr(A ;7)< P. On the other hand, for the DF protocol, the achievable
0 1

data rate is given by
By / —1

subject to Tr(A ,7) + Tr(A 7)< P, in which
0 1

- APOEAIHgD‘Q 0 ’ (F.7)
0 ACE*
and
A2 0
Dy = Vip , (F.8)
0 A

where Agg. and Apg. are given by (2.24) and (2.25), respectively.
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behavior,” IEEE Transactions on Communications, 2016, under review.

e V. Fernandes, H. Vincent Poor, and M. V. Ribeiro, “Incomplete low-bit rate hybrid
PLC-wireless single-relay channel: Achievable data rate,” IFEE Transactions on

Communications, 2016, under review.

e L. M. B. A. Dib, V. Fernandes, M. L. Filomeno and M. V. Ribeiro, “Hybrid PLC-
wireless communication for smart grids and internet of things applications,” IFEE

Internet of Things Journal, 2016, under review.
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