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ABSTRACT This paper studies the performance of a half-duplex (HD) two-way relay (TWR) in power line
communication (PLC) over a log-normal fading channel with impulsive noise. We consider the two common
relaying protocols: amplify-and-forward (AF) and decode-and-forward (DF). For the DF relaying, we apply
physical-layer network coding (PNC) and analog-network coding (ANC) to the PLC TWR. We derive
analytic expressions for the average sum capacity and the outage probability of the system. The Monte
Carlo simulations are provided throughout to validate our analysis. The analytical results show a tight
approximation to the simulation results. We compare the one-way relay (OWR) to the TWR and show that the
HD spectral efficiency loss incurred by the OWR can be sufficiently mitigated in PLC. However, the outage
probability of the TWR is inferior to that of the OWR. To enhance the outage performance of the PLC TWR,
we implement a hybrid PLC/wireless (HPW) system, where all nodes are equipped with the PLC and wireless
capabilities. Data transmission occurs over the two parallel links. The diversity in the transmission allows
the TWR to improve its outage performance in the AF and DF protocols. The impact of the impulsive noise,
inherent to the PLC channels, is also highlighted in the simulation results. It is shown that the impulsive
noise severely impairs system performance.

INDEX TERMS Two-way relaying, average capacity, outage probability, power line communication (PLC),

PLC/wireless diversity.

I. INTRODUCTION

Smart grid (SG) technology is considered an integral part
of next-generation electric power grids to improve upon the
quality of service (QoS). SGs allow a bidirectional exchange
of data that gives utilities the ability to provide a wide range of
essential services such as smart metering, load management,
data privacy, and security [1]. Although there are several
candidates for communication in the SG, power line com-
munication (PLC) has gained a preeminent spotlight since it
uses the existing power lines [1]. Thus, there is no need to
build new infrastructure. To transmit a data signal in PLC,
a coupling circuit injects a modulated carrier signal onto the
power line. At the receiving end, another coupler is utilized
to separate the transmitted data signal and decoding ensues.
Depending on the operating frequency, PLC technology can
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be broadly grouped as narrowband (NB) or broadband (BB)
[2]. NB PLC typically operates in the 3-500kHz range and is
accompanied by low data rates. NB PLC is appropriate for
smart metering, smart homes, monitoring, and control appli-
cations [2]. To meet the high data demands in multimedia
services, BB PLC which operates in the 1.8-250MHz range
offers high data rates and typically employed in in-home
applications (e.g., high-speed internet access) [2]. In view
of this, several PLC standards have been proposed for
SG applications [3]-[5].

However, the data rates and the reliability of the PLC
network are affected by increased impulsive noise, inter-
ference, multipath effects, and signal fading over long
cable lengths. To overcome these challenges, multiple-
input multiple-output (MIMO), orthogonal frequency divi-
sion multiplexing (OFDM), non-orthogonal multiple access
(NOMA), and relaying have been proposed for the
PLC network [6]-[9]. In [6], by combining MIMO and
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OFDM with a power allocation algorithm, precoded spatial
multiplexing increases the PLC channel capacity and link
reliability for different levels of quantized channel state infor-
mation (CSI). Compared to conventional PLC systems that
utilize orthogonal multiple access (OMA) schemes, NOMA
PLC has been recently proposed for DF cooperative PLC
networks to increase the system capacity, reduce electromag-
netic emissions, and improve the fairness between different
users [7].

With hybrid PLC/wireless (HPW) diversity, PLC nodes
are equipped with additional wireless capabilities to offer
performance enhancements [10], [11]. Results show an HPW
system guarantees reliable transmission even when the link
quality of either medium deteriorates. Owing to its versatility,
the application of other PLC performance-enhancing tech-
niques to HPW systems follows directly. The achievable rate
performance of an HPW energy harvesting relay is analyzed
in [12]. The physical layer security issue in OFDM based
HPW is highlighted in [13], where artificial noise is used
to compromise eavesdropper attacks. The design of a dual-
interface relay for HPW applications is the main focus of [14].
Here, the relay selects an interface (PLC or wireless) accord-
ing to the CSI to enhance system performance in terms of the
bit-error rate (BER), average capacity, and outage probability.

In cooperative networks, relaying is shown to increase
link reliability and extend coverage, especially when there is
no direct link between a transmitting node and a receiving
node [15]. Compared to a one-way relay (OWR), a two-
way relay (TWR) has the potential to increase the spectrum
efficiency (SE) as duplex communication can be achieved
in two time slots by employing physical-layer network
coding (PNC) or analog network coding (ANC) at the
relay [16]-[22]. Considering the data exchange in the SG,
next-generation electric power grids with two-way
communications are expected to increase the data rate, system
reliability, and security [23]. The two common relaying pro-
tocols are the amplify-and-forward (AF) and the decode-and-
forward (DF) protocols. An AF relay simply amplifies the
received signal and retransmits, whereas the DF relay decodes
the received signal before retransmission to the destination.
Comparing the two protocols, the AF relay suffers from noise
amplification, while the DF relay has a higher processing
cost [24]-[28].

In PLC, the AF and DF protocols for the OWR have
been studied to a great extent. More specifically in [8],
the authors analyzed the performance of cooperative schemes
for a dual-hop single relay based on in-home PLC channel
measurements. The achievable rates for the AF and the
DF protocols are derived for different diversity combining
techniques. It is shown that the DF protocol can improve
the performance of in-home PLC networks compared to the
AF protocol. To improve the energy efficiency of coop-
erative PLC, the outage probability of an AF and a DF
OWR with energy harvesting is derived in [29] and [30],
respectively. The work in [31] presents an analog full-duplex
AF relay, where optimizing the analog circuit parameters
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leads to an increase in the communication rate. The authors
of [32] analyzed multihop DF relaying to include the
effects of Rayleigh fading and Bernoulli-Laplacian noise in
PLC networks. The spectral efficiency and outage probability
of incremental relaying in PLC networks are significantly
improved by optimizing relay usage and power allocation
in [33].

Considering the inherent spectral efficiency loss associated
with OWR, it is imperative to study the performance of TWRs
in PLC. However, few works have studied the TWR in PLC
systems [34]—-[37]. Performance analysis of an AF TWR in
PLC is carried out in [34], where the authors derived closed-
form expressions for the outage probability, the symbol error
rate, and the average capacity. However, the DF relaying
protocol and the effect of PLC channel attenuation are not
accounted for. The authors of [35] studied the capacity per-
formance of an OWR and a TWR by considering both AF
and DF schemes in a bottom-up channel model. Here, the
DF protocol is shown to provide more robust performance in
terms of SE. Relay power optimization for an AF TWR in an
indoor broadband PLC setting is investigated in [36]. The pro-
posed alternating optimization algorithm reduces the power
consumption associated with a TWR. In [37], the authors
presented a PLC network with PNC to boost the capacity of
TWRs. However, performance analysis of the protocols was
not considered in [36] and [37].

Motivated by this, we analyze the performance of a half-
duplex PLC TWR for both relaying protocols and networking
coding schemes in realistic channel environments, and we
further propose a technical solution leveraging channel diver-
sity. Based on the result that the PLC channel characteristics
can be approximated by log-normal fading, we consider the
PLC channel with log-normal distribution [38]-[40]. The
power line induced noise is modeled as a combination of
background and impulsive noise [41]. Moreover, unlike the
work in [34], we account for the distance-dependent sig-
nal attenuation. We analyze the average sum capacity and
the outage probability of an AF and a DF TWR in PLC.
In particular, for the DF protocol, we apply the two network
coding schemes, ANC and PNC to increase the average sum
capacity. The derived analytic expressions are shown to be
tight in comparison with Monte Carlo simulations. Since the
PLC channel suffers from impulsive noise, its impact is
accounted for in the analysis. The results show that higher
impulsive noise probability leads to lower average capacity
and a higher outage probability across all protocols. In addi-
tion, a comparison is performed to ascertain the gain of
the PLC TWR over the PLC OWR. The numerical results
also reveal that the outage probability of the DF protocol is
severely limited by the decoding strategy at the relay. Based
on the analytic results, we propose an HPW diversity tech-
nique where all nodes are equipped with PLC and wireless
capabilities to enhance the reliability of the TWR. Data trans-
mission occurs over the two parallel links where the wireless
link is modeled as a Rayleigh fading channel. Compared to a
single transmission medium (i.e., PLC only or wireless only),
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TABLE 1. Summary of abbreviations.

Acronym H Definition
AF Amplify-and-Forward
ANC Analog Network Coding
BC Broadcast
CCDF Complementary Cumulative Distribution Function
CDF Cumulative Distribution Function
DF Decode-and-Forward
HD Half-Duplex
HPW Hybrid PLC/Wireless
MAC Mutiple Access
MGF Moment Generating Function
OWR One-Way Relay
PDF Probability Density Function
PLC Power Line Communication
PNC Physical-layer Network Coding
SI Self-Interference
SIC Successive Interference Cancellation
SINR Signal-to-Impulsive Noise Ratio
SNR Signal-to-background Noise Ratio
TDD Time Division Duplex
TWR Two-Way Relay

the HPW system performs better in terms of the outage
probability.

The rest of the paper is organized as follows: Section II
describes the system model for the PLC TWR network.
Analytic expressions for the average sum capacity and the
outage probability for the AF and DF protocols are derived in
Section III. In Section IV, we propose a hybrid PLC/wireless
system and analyze the outage probability for the AF and
the DF TWR. The simulation results are discussed in
Section V. Conclusions follow in Section VI.

Notation: fx(-), Fx(-), and Fx(-) denote the probability
density function (PDF), the cumulative distribution function
(CDF), and the complementary CDF (CCDF) of the random
variable (RV) X, respectively. Fx(-) and Fx(-) are related
by Fx() = 1 — Fx(). Mx(), E[-], Pr(-), Q(-), and min(-)
denote the moment generating function (MGF) of a RV X,
the expectation, the probability, the Q function, and the mini-
mum operators, respectively. Some of the major abbreviations
used in this paper are predefined in Table 1.

Il. SYSTEM MODEL

Consider a three-node TWR system model which consists of
two source nodes and a relay node as illustrated in Fig. 1.
The source nodes .4 and B transmit their data to each other
through the intermediate relay R due to the absence of a
direct link. All nodes operate in the half-duplex mode. Data
transmission occurs in two phases, i.e., the multiple access
(MAC) phase and the broadcast (BC) phase. In the MAC
phase, the source nodes A and B transmit their data to the
relay R simultaneously. After receiving the transmitted data,
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FIGURE 1. System model of a half-duplex PLC TWR.

the relay employs the AF or DF protocol with PNC (or ANC).
In the BC phase, the relay retransmits the received data to
the destination nodes .4 and B. Since nodes A and 55 know
their own transmitted signals, they can subtract the back-
propagating self-interference (SI) signal before decoding.

The node A to relay, node B to relay, relay to node A,
and relay to node B channel coefficients are denoted as figg,
hpr, hra, and hgp, respectively. We assume that the MAC
channels and BC channels are reciprocal in a time division
duplex (TDD) protocol [42]". It is also assumed that the CSI
is perfectly known at the destination nodes for SI cancellation
in the BC phase [46]. The amplitude of the channel coefficient
hi, Vi € {AR, BR, RA, RB} is subjected to the log-normal
distribution with PDF

§ (101og;o(z) — i)
(7)) = ——exp| — ., z2>0,
U V2moiz P 201.2
(1)
where £ = 10/1In(10) is a scaling constant, w;, and o;

(both in decibels) are the mean and standard deviation of
10log;q h;, respectively [30]. To account for the signal atten-
uation, we introduce a distance-dependent cable attenuation
which is modeled by a; = exp(—(by + blfk)d,-), where
d; is the distance between the nodes, f represents the oper-
ating frequency in MHz, k is the exponent of the attenuation
factor, by, and b are the attenuation constants obtained from
measurements [47].

In practical PLC networks, the channel is affected by a
combination of background and impulsive noise. In decoding
the received signal, all noise samples have to be consid-
ered. In this paper, we adopt the Bernoulli-Gaussian random
process model which captures the combined effect of the
background noise and the impulsive noise. Considering the
independence of the background noise and impulsive noise,
the total noise sample for any node has a PDF that is written
as [48]

fom) = (1 = pN(n,0,02) +pN 1,0, 0% + o), (2

where N'(n, 0, aé) represents a Gaussian PDF of a RV n with
mean zero and variance o, N'(n, 0, 04 + o}) represents a
Gaussian PDF of a RV n with mean zero and variance 0(2;+012,
and p is the impulsive noise parameter that determines its

'In TWRs, the channels are estimated through various training based
designs namely linear minimum mean square error estimation (LMMSE),
maximum likelihood (ML) estimation, and Bayesian estimation [43]-[45].
With perfect synchronization between nodes, pilot sequences are transmitted
and the transmit CSI can be acquired by assuming channel reciprocity in
TDD operation.
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probability of occurrence. The variances 0(2; and 012 denote
the input signal-to-background noise ratio (SNR) and the
signal-to-impulsive noise ratio (SINR), respectively.

In the MAC phase, both nodes A and B transmit their own
signals to the relay simultaneously. Let P4, Pp, and Pg denote
the transmit powers of node A, node B, and the relay R,
respectively. The received signal at the relay is expressed as

Y& = v/Padaarharxa + /Psasrhsrxg + ng. @)

where x4 and xp are the messages of node .4 and node B,
respectively, with E[|x4|?] = E[|xg|?] = 1. Also, ng is the
noise at the relay with zero mean and variance a,%.

In the BC phase, the relay retransmits to nodes .4 and B
after applying the AF or DF protocol. Finally, the signals
received at the two nodes A and B, are respectively, given
by

YA = arahrRaXR + na, 4

and
YB = arBhrBXR + np, (5)

where xg is the transmitted signal of the relay. n4 and np
denote the noise components at nodes .4 and B with zero
mean and variances Uf and al%, respectively. In the next
subsections, we look at the signal processing at the relay with
the AF and the DF relaying strategies.

A. AMPLIFY-AND-FORWARD RELAYING

In the MAC phase, the relay receives the transmitted signals
from the source nodes A and 5, amplifies the received signals
and then retransmits to the nodes .4 and B. At the destination
nodes, since the nodes A and B know their own transmit-
ted signals, they can perfectly subtract the back-propagating
SI signal from the received signals before decoding. In the
BC phase, by employing the AF protocol, the relay transmits
the signal xp = PByg, where B is the constant relay gain
defined as [35], [49]°

B = Pr (6)
(PAE[d}ph2R] + PR E[ak h3p] + o)

If ya, represents the instantaneous SNR under only back-
ground noise and y,, represents the instantaneous SNR under
both background and impulsive noises, the resulting instan-
taneous SNRs of the AF TWR at nodes A and B are, respec-
tively, written as

22 2 12 12
_ P BB agraraligahipr
— p2.2 32 2
B aRAhRAaRj + oy,

VA; . Ve, 1), (N

and
22 2 12 12
_P AB~aspagghirhgp
~ p22 32 2 2
B aRBhRBGRj + Op,

VB; vj € (0, 1. ®)

2In [50], the performance of fixed gain AF relays is comparable to the
more complex variable gain AF relays. In this paper, we consider a fixed
relay gain for simplicity.
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B. DECODE-AND-FORWARD RELAYING

Here, we consider the network coding schemes, i.e., PNC and
ANC. We consider an ideal case where the relay successfully
decodes the received signals in the MAC phase [16]. With
PNC, the relay applies a linear combination usually a bit-level
exclusive OR (XOR) operation to the two received symbols
to generate a new symbol [18]. The network coded symbol is
transmitted to the nodes .4 and B. In other words, after the
relay decodes the signals received from the source nodes A
and B, it implements PNC and forwards the XOR-based re-
encoded data to nodes A and B (now destination nodes). The
signal transmitted by the relay in the BC phase is expressed as

xg = /Prxc, ©))

where xc = x4 @ xp and @ is the XOR operator. After
decoding x¢ from the received signals, the nodes A and B
can perform the XOR operation of x¢ with x4 and xp, respec-
tively, to obtain the desired signals, i.e., xp = x¢c @ x4 for the
node A and x4 = x¢c @ xp for the node B. The instantaneous
SNR of the signals received at the relay R, nodes A, and 5 for
both the MAC and BC phases are written as [18], [51], [52]

YR; = YAR; + VBR;» (10)
PAa2 h2 Plga2 h2
VAR, = —Ag AR YBR, = —B§ BR (11
o%, o%,
and
2 12 2 12
_ P RARANRA P RARpNRE 12
YRA; = —5 > VYRB = — 5 (12)
04 Op;
J J

where VR; denotes the sum SNR of the signals from the
node A and node B to the relay. VAR; and VBR; indicate the
SNR of the links from node A to the relay and node B to
the relay, respectively. yra; and ygrp; represent the SNR of
the links from the relay to node A and the relay to node 55,
respectively.

Similar to the PNC, in the ANC, the relay first decodes
the signals received from the source nodes A and B. How-
ever, unlike PNC, the relay applies a power allocation fac-
tor 6, where 6 € (0, 1) [18]. The relay sends its data with
power allocation 6P and (1 — 6)Pg, to the nodes A and
B, respectively. Subsequently, the relay transmits the signal
xg = «/Prxc, where xc = /1 —60x4 & +6Oxp. At the
destination nodes, the nodes subtract their previous transmit-
ted data before decoding. For the PLC DF TWR with ANC,
the instantaneous SNRs of the signals received at the relay,
nodes A, and B are, respectively, expressed as

YR; = YAR; + VBR;» (13)
P Aa/%hazaR P BalzsRhlzsR

VARj - —2’ )/BRj - —27 (14)

O’Rj O’Rj

and
0Pga%,h%, (1 — O)Praxgh3y

YVRAj = —— > > VRB, = —— 5 - 15)

O'Aj GBj
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In the next section, we analyze the average sum capacity and
the outage probability for the PLC TWR network.

Ill. PERFORMANCE ANALYSIS

In this section, we analyze the average sum capacity and the
outage probability for the AF and DF schemes of the PLC
TWR network in subsections III-A and III-B, respectively.
We derive the analytic results by utilizing the properties of
the log-normal distribution [53], [54]. The channels h/% g and
hlzgR are represented by the RVs, X and Y, respectively.

A. AVERAGE SUM CAPACITY
The average sum capacity of an AF TWR configuration is
determined as the sum of the individual capacity of each
source-relay link. By using (7) and (8), the average sum
capacity of the PLC AF TWR is given by
1 o 1 o
Car=3 ijE [logy(1+ya)]+ 3 ZP;‘E [logy(1+¥8))] .
j=0 j=0
(16)

where pg = 1 — p, and p; = p. The pre-log factor % exists as
the communication is completed in two phases.

Theorem I: By using the AF TWR, and under the assump-
tion of a log-normal fading channel in the presence of impul-
sive noise, the average sum capacity of the PLC network is

approximated using the Gauss-Laguerre quadrature as

1 M
1 Om
Cpr ~ T(Z) E E_ pj; (1 - My(5mj)) MXj(Smj)

2111(2)22 ]_M’C(gmj )MZJ(Sm,) a7

j=0m=1

where Sm_]. = /1) Em; = tm/wj. om and i, denote
the weights and zeros of the M-order Laguerre polynomial,

respectively, tabulated in [55, Table 25.9]. The terms
nj, Mx;j(-), My(-), wj, Mg(-), and Mzi(-) are defined

in (60), (65), (66), (68), (70), and (71), respectively,
in Appendix A.
Proof: Please refer to Appendix A [ ]

Next, we derive the average sum capacity of the PLC DF
TWR with PNC which is defined as [16]

Cpr.pnc = E[min(Cyac, Ca + Cp)l, (18)
where
1 1
Cuac = 5 3 pjlogy(l + g, (19)
j=0
1 1
Ca =5 ) _pjmin (logo(14y8r,). logy(1+yra,)) » (20)
j=0
and
1
1 .
Cp =5 ) pjmin(logy(1 + yar), logy(1 + yes)). 1)

j=0
As can be seen from the equations above, the average
capacity is constrained by both the MAC and the BC stages.
Theorem 2: Under the assumption of a log-normal fading
channel in the presence of impulsive noise and by using the
DF TWR with PNC, the average capacity of the PLC network
is given by

Cpr,pnc = min (E[Cyacl, E[Ca] + E[C3]),

where E[Cyac], E[C4l, and E[Cp] are approximated in (23),
(24), and (25), as shown at the bottom of this page, respec-
tively. The RVs YAR; and YBR; are respectively distributed
as yar, ~ NQux + éln(PAaf‘R/oI%j), 40%) and VBR; ™~
N@py + & In(Pgagg /o ). 407). The RVs yga; and ygp, are

(22)

E[Cmacl = 1 + exp

1 K
Z p'ﬁln
j
21n(2)] —
1

1 2
~ @ 273 [, (s

1
+ 6 I:q)lj ('U“VBR \/_O—)/BR

1
2111(2) pr% [ (“VAR

E[C4] + &y,

E[Cp] ~

)
)
) + @y,
)/w

M YRB;

o fen()e( 22
o

o)
=i (1en(g)) o ()

Oyrp
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/SG%fSk + 24ty
s (e ) +

+ q)z; ('U“ VRA; fo—VRA)iI

1IN

[q)3/ ('U’VAR \/_O'J/AR + q)4/ (lu’VRBj - \/go.VRB)iI )

@y,(x) = In

Dy;(x) =

: (23)

I:(bl (l‘l’)/BR + ‘/—UVBR) + © (I‘L)/RA + ‘/—GVRA)]
(24)
[¢3 (MVAR + IUVAR) + CI)4 (MVRB + IUVRB)]

(25)

(1 +exp (f)) 0 (M) , (26)
§ Oypg
X X = Myag;
In (1 + exp (—)) 0 (—’) .
& Oyar

27)
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distributed as yga; ~ N (2ux + & In(Prag, /aj) 40}), and
vre; ~ NQ2uy + & In(Pragy /O’B ), 402), respectlvely
Proof: Please refer to Appendlx B ]
Corollary 1: From Theorem 2 and by combining (13), (14),
and (15), the average sum capacity of the PLC DF TWR with
ANC is found as

Cpr.anc = min (E[Cyacl, E[Ca]l + E[Cg]),  (28)

where E[Cyacl, E[Ca], and E[Cp] are approximated in
(23), (24), and (25), respectively. For calculating the aver-
age sum capacity of the PLC DF TWR with ANC,
the RVs VAR and yBR are distributed as VAR, ™
NQux + éln(PAaAR/oR) 402) and YBR, ~ ./\/(Z,uy +
Sln(PBaBR/aR) 40Y) respecnvely Also, the RVs ypy;
and g, are distributed as yra;  ~ NQux + &
ln(QPRaIzeA/ajj ).40%), and ygg, ~ NQuy + &In((1 —
2 2 2 :
0)Pragg /aBj), 4oy ), respectively.

B. OUTAGE PROBABILITY
For the TWR, both data symbols must be successfully
decoded at both the destination nodes otherwise an outage
occurs. Let yy, = 22Rm _ 1, where v and Ry, are the target
SNR and rate thresholds, respectively. To correctly decode
the received signal in the MAC phase for the DF protocol,
the relay applies successive interference cancellation (SIC)
[46]. The decoding process occurs iteratively, where one data
symbol is considered as an interference to the other. For
instance, to decode the signal from node .4, the signal from
node B is considered as noise. After successfully decoding x4,
it is subtracted from the received signal and xp can now be
decoded.

The outage probability of the PLC AF TWR in the presence
of impulsive noise is defined as

Pyl = po - Pr(min(ya,. v8,) < ¥in)
+ p1- Pr (mln(VAl s VBI) < yth) . (29)

Theorem 3: Considering the PLC with log-normal fading
channels in the presence of impulsive noise, the outage prob-
ability of the AF TWR is determined as

1

P = ZP;(IA + 1, — IaB)), (30)
Jj=0

where IA_/., IB_/., and IABj are expressed in (31) - (38) shown at
the bottom of the next page where €] = PBa%;R, € = :32"12%’
H = PAaf‘R, and th = ﬂzaRB Ayx., and ij, are defined
in (101), and (102), respectively, in Appendix C. For (31),
as shown at the bottom of the next page, the RVs )V and X
are distributed as Y ~ N(Zuy + & In(e1€2), 403), and X ~
N(—2ux+E& ln(oA) 40X) respectively. For (32), as shown at
the bottom of the next page, the RVs K and Z; are distributed
as K ~ NQux + & In(992), 402), and Z; ~ N(—2uy +
& ln(aéj ), 40%), respectively.

Proof: The proof is given in Appendix C [ |
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Next, we derive the outage probability of the PLC DF TWR
system. With SIC decoding, the instantaneous SNRs of the
PLC DF TWR with PNC are determined as [18]

2 12 2 12
yDF _ Ppazphyg sic _ P Ay phag
AR; — 2 12 2 AR; — 2 ’
Ppagphpe + OR; OR;
2 12 2
yDF — Ppagghye sic _ Ppagphpg
BR; — 2 12 BR; — 2 ’
Paazphip + OR; OR;
2 12 2 o
pr _ Pragahia pr _ Pragghig 39
YRA; = — 2 YRB;, T T 3 - (39)
' o ' o
A B

The outage probability of the DF TWR with PNC is obtained
as [46]
1

Pl[))ul;" ,PNC Z PDF PNC (40)

out;
j=0

where

Pouy, ™ =1— Pr({{y&f = yu) N {vgr, = vm)
Ny, = v 0 ks, = van))
Ultysr, = va) 0 vig = vin)
Nrvia, = v N {veg, = vad)). (D)
Theorem 4: For PLC log-normal channels in the presence

of impulsive noise, the outage probability of the DF TWR
with PNC is written as

DF ,PNC
Pout =1-

Z / £ |- (42)

The terms A]j., Ao, f1, 12, Q1j, and sz are expressed, respec-
tively, as

2
C"B.J/lh
Ay = 2, (43)
PRaRB
Ujjl’th
By = o (44)
RURA
§ _ EIn@y) —2ux)” 2ux)*
i = ——=exp (45)
y\/8mo} 8og
3 _(Elnw) —2uy)
fo = ——=¢exp (46)
X 8710% 8UY
vinPpagpy+vimo,
Sln(th B;R thR _2MY
AaA
Q=0 2o y, (47)
and
VinPaas px+yimo
£1n (% —2ux
B“BR
2, =0 2o (48)
Proof: The proof is given in Appendix D [ ]
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Corollary 2: By utilizing Theorem 4, the outage probability
of the PLC DF TWR with ANC in the presence of impulsive
noise is obtained as

1 2 %
POLAYC =13 "pi [ / f . @9
j=0 CZIA;,

For the PLC TWR with ANC, the terms f, f>, 1> and sz
are the same as the PNC case. However, Aj; and Ay; are
defined as

o 1_%. Yth

Ay =—20 50
VT (1= 0)Prady °0)

It is worth mentioning that the derived outage probability
expressions for the AF and DF TWR contain integrals that
are difficult to be expressed in closed-form because of the
intractable form of the Q function expressions in (35), (37),
(47), and (48).3

IV. HYBRID PLC/WIRELESS PERFORMANCE ANALYSIS

To improve the reliability of the PLC network, we investigate
the performance of an HPW network in the TWR where the
source nodes transmit their signals through two independent
communication links, i.e., PLC and wireless communica-
tions. For the wireless link, we assume the Rayleigh fading,

and 3In [33], [56], integrals involving the product of an exponential and
Q function are solved by the use of an appropriate change of variable and
U,Z.Vth approximating either the exponential function or the Q function. However,
Ay, = J . (5]) in (35), (37), (47), and (48), the Q function in the integrals is difficult to
J 0P, RaIZQA approximate due to the complicated form of the embedded (In) expression.
2 (Ps(nx) — my 1 @5y, +3ox) — py 1 ®s,(ux; —3ox) =y
Iy=1-Z0(———=)-20 - -0 , 31)
3 oy 6 oy 6 oy
2 (Pe(z) — mx 1 @6z +~30z) — ux 1 [ Pe(nz, —30z) — px
=1-Zo(———=)-=0 - -0 , (32)
3 oK 6 oK 6 oK
X X
®s;(x) = &In | ymexp 3 + yimnj ) » Pe;(x) = & In | v exp 3 + Vinw; |, (33)
Iap; = 1, + I, (34)

2 (CI>7,(2MX) - 2uy> 1 < ®7,(2ux + 2+/30x) — 2uy> 1 <<I>7,-(2,ux —2V/30x) — 2m)
hy =0 ——— )+ ¢ +-0
/ 3 ZGY 6 2(Ty 6 20’Y
2 (P (2ux) —2py 1 ¢8,(2Mx+2\/§0x)—2uy 1 <I>8,-(2Mx—2x/§0x)—2,uy
T )6 “6”
oy 6 20y 6 20y
2
Y —
1 |:Q<¢9,(AX)—2MY):| / ( (éln(x)—zux)2> 0 gln<ﬂh ( % +€2">) 2y d
- — - X.
2 2 x\/@ 802 20y
(35)
2
Ay, Vih O4; Ay,
®7,(x) = &In (A_X, exp(x/é)) , @g,(x) =& In ( : ( 1%]. + o (/D) exp(x/&))) , @g;(x) =& In (A_ij) , (36)
2 (®1;2uy) —2ux 1 ®1,uy +2v/30v) — 2ux 1 ®1,Quy —24/30v) — 2ux
12/' = _Q + _Q + -
3 20‘X 6 20‘X 6 20‘X

3 20’X

®13.(Ay)—2 2 7
—1[Q< 13;(Ay;) MX>i| +/ £ exp
2 ZO'X 2

Ay, ¥/ 8moy

Ax.
1y,(x) = £ In (ﬁ eXp(x/§)> D) =& 1n (V’h (01%- +

th
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20‘X

2
Vi 2 3 _
_(Eln(y)—ZMY)2> 0 51“( ?("Rf”ﬂ)) iy

6

B zQ (‘1>12,-(2MY)—2MX>_1Q (q)lzj(zﬂY+2\/§UY)_2HX) 1 (®12j(2MY—2x/§GY)—2MX>
6

20’X

802 20x Y
(37
2
s, _ Ax;
m)) 5 @]3/(x) = E In (A_ij) . (38)
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where the channel gain |h,'|2 has the PDF given as [49]

1 b4

f|hi\2(z) = Z exp <_)\4_1) ) < Z Oa (52)
where the mean X; is modeled as A; = , /dl._“ and « is the
pathloss exponent. Consequently, the outage probability of

the HPW AF TWR and the HPW DF TWR are expressed,
respectively, as

F _ pAF F
Pz\ut,HPW - Pﬁut,P ! Pgut,W’ (53)
and
F _ pDF F
P(?ut,HPW - P(?ut,P “Lout,Wo (54)
F AF DF DF  : -
where Pﬁ‘m’P, Pomqw, an’P, and P, | w indicate the outage

probability of the AF PLC link, AF wireless link, DF PLC
link, and DF wireless links, respectively.
For the AF TWR, the gain of the wireless link is given as

Pg
= . 55
‘ \/ (PAEI) + PRl + o2 )

In the BC phase, the resultant SNRs at the nodes .4 and B are,
respectively, given by

AT 2 o2 + 1
RA®R, 1
and
Pahigh3
yp = ——ARED (57)

2 2 J
hRBaRO + Y

where | = 020/K2 and Y, = O'L%O/I{2.
The outage probability of the AF TWR in the wireless link
is given by [57]

Xo Yo
ourw = 1+ exp <_A_ - —)

(58)

where Xo, Yo, Hx,y(-), Vx, vx, Hy x(-), Vy, and vy are
defined in [57, eq. (11)] and Kj(-) is the modified Bessel
function of the second kind.
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FIGURE 2. Average capacity versus input SNR for PLC AF relays
([LAR = ULBR = 0dB and OAR =OBR = ldB).

For the DF TWR, we consider only the PNC case, for
brevity. For the wireless link, the outage probability of DF
TWR in a Rayleigh fading is expressed as [18]

DF
Pout,W
_ Parx
Psrx + PpAyYm
Yih (PA)»XGI%O + Prryog + Phyog, Vth)
xexp | —
PsPrAx Ay
Ppiy
Py + Pakx v
Vih (PB)LYO’XO + PR)LXo'I%O + PAA.XO;%O Vth)
xexp | —

PpPrAxAy
(59)

In the next section, we provide numerical results to corrobo-
rate our analysis.

V. SIMULATION RESULTS

This section presents the numerical results to validate our
analysis through Monte Carlo simulations averaged over 10°
channel realizations. Here, we set the power of the nodes as
P4 = Pgp = Pr = 1W and the node noise variances as
o; = oj = of. The SINR is set as —10dB where SNR
= 10log o(1/02) and SINR = 10log,o(1/07) [30]. The
power line attenuation model has the following parameters:
bop=9.4x1073,b; =4.2%x1077, k = 0.7, andf = 30MHz
[30]. Unless otherwise stated, the distance between node A
and the relay R, and the relay R and node B are set to be
equidistant, that is, dag = dpgr = 50m. For the AF TWR,
the relay gains, 8 and «, are chosen to be 1.

Fig. 2 shows the average capacity of the AF scheme versus
the input SNR for different values of impulsive noise prob-
ability p. For all channels, we use uag = upg = 0dB,
oar = opr = 1dB. It can be observed that our analytic
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PLC DF TWR-PNC analytic
6r|——— PLC DF TWR-ANC analytic
— — — PLC DF OWR analytic

O  Simulation

Average capacity [bps/Hz]

SNR [dB]

FIGURE 3. Average capacity versus input SNR for PLC DF relays
(ILAR = LBR = 0dB and OAR =OBR = ]dB).

results obtained by (17) are highly accurate compared to the
Monte Carlo simulations. Also, p has a debilitating effect on
the average capacity of the system. Higher p leads to lower
average capacity since more of the received data is corrupted
by the impulsive noise. Comparing the OWR and the TWR,
significant gains can be obtained by the bidirectional com-
munication used in our system. For example, at SNR = 30
dB and p = 0.01, the TWR achieves a rate gain of about
3.5bps/Hz over its OWR counterpart.

Next, Fig. 3 compares the average capacity for the PLC
DF TWR and OWR. In particular, we compare PNC and
ANC for the DF protocol using (22) and (28), respectively.
Due to the symmetric nature of the proposed PLC TWR,
we set the ANC power allocation factor as § = 0.5. We use
the following parameters: usrg = wupr = 0dB, oarp =
opr = 1dB. We observe that, in the low SNR region,
i.e., 0-15dB, the PNC scheme outperforms ANC since the
data symbols are transmitted with full power at the relay.
However, the performance gap reduces as the SNR increases
and the two schemes subsequently achieve the same per-
formance. This is because, at low SNR, the average capac-
ity is limited by the BC phase where the power allocation
occurs. However, as the SNR increases, the average capacity
is limited by the MAC phase. Since the power allocation is
not implemented in the MAC phase, the average capacity
achieved by the PNC and ANC schemes becomes equal.
As expected, the PLC DF TWR outperforms the PLC DF
OWR in terms of the average capacity.

Fig. 4 depicts the average capacity comparison between
the OWR and the TWR for the various protocols. For all
channels, we have uag = upg = 3dB and oagp = o =
2dB and dagp = dpr = 100m. It can be observed from
the figure that, in the low SNR region, the PLC DF TWR
outperforms the PLC AF TWR. This is, however, not the
case in the high SNR regime where the AF TWR achieves a
higher average capacity than the DF TWR. This is because
the joint decoding of both data symbols transmitted in the
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FIGURE 4. Average capacity versus input SNR for various PLC relays
(rar = rpr = 3dB and oz = ogg = 2dB).

MAC phase for the DF TWR limits the achievable capacity
in the high SNR regime. Due to the fact that the average
capacity of the DF protocol is always limited by one of the
two phases, the DF TWR only shows a marginal gain over its
OWR counterpart. However, the average capacity of the AF
TWR is two times the average capacity of the AF OWR since
it is not subjected to this limitation. Also, there exists a cross-
over point where the AF protocol begins to outperforms the
DF protocol, i.e. 12dB for p = 0.01. It is therefore vital to
design relays that employ a hybrid AF/DF protocol in PLC
networks.

The outage probability of the AF protocol versus the input
SNR for different values of p is demonstrated in Fig. 5. Here,
the rate threshold for the OWR and TWR is set as Ry, =
lbpS/HZ and MAR = MBR = 3dB and OAR — OBR = 5dB.
It is shown that the analytic results obtained by using (30)
are tight compared with the Monte Carlo simulations. We can
observe that the outage probability performance of the PLC
AF TWR is inferior to its OWR counterpart. This is because,
in the TWR, either y4 < yy, or yp < s, Will cause an outage.
However, the performance gap reduces as the SNR increases.

Fig. 6 illustrates the outage probability performance of the
PLC DF OWR and TWR with PNC and ANC as a function
of the input SNR. Also, we set the outage rate threshold as
R, = 1bps/Hz. Here, we set the mean and variance as (tag =
upr = 3dB and o4r = opr = 5dB, respectively. Using (42)
and (49), the results show that the outage probability of the
TWR is degraded and severely interference limited. This is
due to the SIC decoding strategy in the MAC phase where
one data symbol is considered as interference to decode the
other data symbol as shown in (39). The outage probability
for both ANC and PNC, therefore, hits a high error floor
as the SNR increases. Consequently, for all values of p,
the outage probability performance of the OWR is superior to
the TWR. Compared to ANC, PNC can improve the outage
performance of the PLC DF TWR. This is because the relay
transmits at maximum power with PNC. It is also worth
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FIGURE 5. Outage probability versus input SNR for PLC AF relays
([LAR = LBR = 3dB, OAR =OBR = 5dB and th = IbpS/Hl).
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FIGURE 6. Outage probability versus input SNR for PLC DF relays
(ar = 1Br = 3dB, OAR =OBR = 5dB and Rep = 1bps/Hz).

noting that a higher p will result in higher outage probability
for both the OWR and the TWR.

Fig. 7 compares the outage probabilities of AF and DF
in PLC TWRs. We use the following parameters: pusgr =
upr = 1dB, oug = opr = 5dB and R;;, = 1 bps/Hz.
From the figure, the PLC DF OWR has the best outage
probability while the PLC DF TWR with ANC has the worst
outage probability. Again, the power allocation impacts the
overall outage probability of the PLC DF TWR with ANC.
Therefore, to achieve lower outage probability in the PLC
DF TWR, PNC is preferred to ANC. In addition, the outage
probability performance of the AF TWR is generally superior
to the DF TWR especially at high SNR where the outage
probability of the DF TWR hits an error floor.

In the following, we investigate the outage probability per-
formance of the HPW TWR. For Fig. 8, we use the following
parameters: p = 0.01, dar = dpr = 10m, usr = upr =
3dB, 04 = opr = 5dB, o = 2, and Ry, = 1bps/Hz. Fig. 8
shows the outage probability comparison of the TWR for
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FIGURE 7. Outage probability versus input SNR for various relays
(ar = ngr = 1dB, o4g = ogg = 5dB and Ry, = 1bps/Hz).
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FIGURE 8. Outage probability versus input SNR (14z = 1gg = 3dB,
oar = ogg = 5dB and Ry, = 1bps/Hz).

PLC/wireless diversity. The outage probability of the HPW
AF TWR is plotted using (53). As can be observed, the AF
PLC TWR has a lower outage probability than its wire-
less counterpart. This is consistent with the results reported
in [10]. Furthermore, the outage performance is enhanced in
the AF TWR by the introduction of the additional wireless
link. For example at an outage probability of 1072, the HPW
AF TWR shows a 10dB gain over the PLC only system. The
quality of the HPW TWR is determined by the link with a
lower outage probability, .i.e. the PLC link. We can observe
from the figure that it is convenient to use the HPW TWR
when the input SNR > 20dB since it possesses the best
outage probability performance. The outage probability of
the HPW DF TWR is plotted using (54). Here, the outage
probability performance achieved by the HPW DF TWR is
superior to both the PLC only and wireless only transmission
links. Diversity is achieved by employing the HPW system.
From the results, HPW diversity proves useful in designing
and meeting new QoS requirements in applications where
PLC only systems cannot meet set targets. HPW diversity
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is also a potential solution in the interconnected Internet of
Things (IoT) applications to increase reliability.

VI. CONCLUSION
In this paper, we have analyzed the performance of a PLC
TWR over log-normal channels. Analytic expressions for
the average capacity and the outage probability for both the
AF and the DF protocols have been derived. Our analytic
results have been shown to be very tight when compared with
Monte Carlo simulations. The comparison of OWR and TWR
showed that the average capacity is improved in TWR. Thus,
the spectral efficiency loss incurred by OWR is effectively
compensated by using the TWR. However, the outage prob-
ability of the TWR is inferior to that of the OWR. In the
DF protocol, DF TWR with PNC is the preferred networking
scheme in terms of average capacity in the low SNR regime
and the outage probability. DF TWR with ANC achieves the
same average capacity as PNC in the high SNR region. From
the analysis, it is shown that the impulsive noise severely lim-
its the performance of the PLC network. To further improve
the outage performance of the TWR, we have analyzed the
outage performance of a hybrid PLC/wireless system where
all the nodes are equipped with PLC and wireless capabilities.
The results have shown that the outage probability of the
HPW TWR shows significant improvements compared to
both the PLC only and the wireless only systems.

Imperfect SIC due to imperfect channel estimation and
energy efficiency analysis can be interesting topics for future
research.

APPENDIX A

PROOF OF THEOREM 1

To find the average capacity E[Cy4], we can write (7) in a form
amenable to analysis. We have

Y
X+

VAj (60)

2 2 2y —
where V) = €1€2Y, € = Ppagy, €2 = ,BZaRA, & = aAjX 1
and n; = eza,%j. Hence, the average capacity at node A can

be reexpressed as
Y ):| . (61)
X+ n;

To evaluate the average capacity in (61), we use the following.
It is shown in [58] that for any RV u, v > 0,

1
1
E[C4] = 3 Z piE |:10g2 (1 +
Jj=0

E[in(1 + )] = / Lo - MyoyMy@de. 62)
v Z
0

Using the defintion in (62), the average capacity at node A,
E[C4], is obtained as

[o,8]

1
1 1 o
BICA = 57 12(; b / ~(1 = My (@)™ May ).
- 0

(63)
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According to [53], the Gauss-Hermite representation of the
MGEF of any log-normally distributed channel % is given as

K
Wk V208 + 1
Mp(z) =~ —= €xp [—ZCXP <—)} , (64
2 :

where wy and s; denote the weights and zeros of the
K-order Hermite polynomial, respectively tabulated in
[55, Table 25.10]. A higher value of K corresponds to
greater computational accuracy. Using the properties of
the log-normal distribution where X! ~ N(—2ux, 40)%)

and ¥ ~ N(Quy,402), the MGFs of A; and
Y are determined, respectively, as
K Wi
My (2) =~ —
x;(2) ]; Nz
242 2
X exp |:—ajl~zexp (—M)} , (65
and
K Wi
M ~ —
y(@) ,; 7
242 2
X exp |:—e1ezzexp (W)} . (66)

Substituting (65) and (66) into (63) yields the average
capacity for node .A. However, the integral in (63) is difficult
to obtain in closed-form. We approximate E[C,4] by applying
the Gauss-Laguerre quadrature [59] as

M

o1 Om
BICAl~ 57 J;;p/; (1 = My () Ma;(6m,).

(67)

where (Smj = tm/Nj» Om, and 1, denote the weights and zeros
of the M-order Laguerre polynomial, respectively, tabulated
in [55, Table 25.9].

From (8), we have
K
S Ete)

VBj (68)

where C = 319X, 9 = PAaf‘R, P = ,325112{3, Z = O’E/Y_l,
and w; = z‘/‘zo,%j. Following a similar analysis, the average
capacity at node B, E[Cp], is expressed as

I [l
E[Cp] = mzpj / E(1—M,c(z))eH”fZU\/tzj(z)dz,
=09
(69)
where
M(2) = i "k
o~ S
=V

242 2
X exp |:—191192z exp (M)} . (70)
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and
K Wi
Mz@ =} NG
k=1
X exp |:—a§jzexp (—MGY;—]{—FM)} . (1

E[Cp] can also be approximated using the Gauss-Laguerre
quadrature as

E[Cg] ~

1 M
2]11(2 Z Z Q_ 1 - MK(Smj)) MZj(gmj),
o (72)

where Emj = lm /wj, om and 1, denote the weights and zeros
of the M-order Laguerre polynomial, respectively, tabulated
in [55, Table 25.9]. This completes the proof.

APPENDIX B
PROOF OF THEOREM 2
To derive the average capacity at node A, we first rewrite (20)
as
1

1 .
Ca =5 D pilogo(l +min (yeg, vra) . (73)
j=0
Now letting Y; = min (ygg,. ¥ra;). the average capacity,
E[C4], is calculated as
o
E[C, In(1 d 74
(Cal = 57— (2) Zp,/ n(l +2fy,(dz. (74)
0

When VBR; and YRA; are considered to be independent,
the PDF of Yj is expressed as

ij (Z) = f)/BRj (Z)FVRAJ- (Z) +fVRAj (Z)FVBR_/' (Z) (75)
From here, we have
E[Cal = —21 (2) ij / In(1 + Z)fVBRj(Z)F)/RAj(Z)dZ
Ci
1 e )
* 21n(2) pr' / In(1 + 2)fypa, (D) F e, 2z, (76)
j:0 0
(&
where
= § (¢ In(z) — Hypr; ) -
T (2) = z\/ﬁ exp | — 27 . a7
S En@ — pyy P\
0= e\ )
2 §10(2) — Lhyg,
FVBR/-(Z) =Q G—J , (79)
' VYBR
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and

— E IH(Z) - M)/RA/-
Fypy, @ = Q| ——— |. (80)
' Oyra

Using the log-normal distribution properties the RVs are
distributed as ygr, ~ NQuy + & ln(PBaBR /oR) 40Y) and
-~ NQux + & In(Pra3, /oA ), 40 ), respectlvely
The integral in (76) is difficult to solve. Therefore, we uti-
lize the approximation proposed in [60], [61] to evaluate
E[C4]. From [61, eq. (4)], C; and C; are calculated as

2
®, (“VBR_/)

1
1
Ci~ —— i—
Y ome) Zp i3
Jj=0
1 1
+ _q>1_i (MVBRj +\/§GVBR) +_®1_; (H’VBR]» _\/56}/31?) >

6 6
81D
1
1 2
G~ ; P ()

1 1
+ 8 q>2.i (MVRAj +\/§GJ/RA) + g q)z.i (NVRA]» - \/gayRA) )
(82)

where
X X = Hypa;
wim=n(isen(()) o 2.
& Oyra
and
®y,(x) = In (1 +exp <’—“>> 0 (M> .84
! § Oypr

By combining (81) and (82), we arrive at E[C4] shown
in (24). By following a similar procedure, the average capac-
ity at node B is derived as (25).

The next step is to calculate the average multiple access
capacity at the relay R. The average capacity, E[Cuacl,
is represented as

oo

ElCuac] = 57— (2) ij / In(1 + 2)fy;dz.  (85)
0

where the PDF f;; represents the PDF of the sum of two log-
normal RVs. The Fenton-Wilkinson approximation is used
to compute the parameters of the approximated log-normal
RV [53], [54]. Following a procedure similar to the one used
in [54], the mean u X and variance O’)% are computed as (86)
and (87) found, as shown at the bottom of the next page,
where TAR, = PAaAR/UR and TBR, = PBaBR/GR The PDF
Jy 18 therefore expressed as

In(z) — 21,,)?
£y = w) )

\/ : (
Z 8710%, 8o
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By letting # = (& In(z) — 2/1,,) /( /80)%/,), (85) is rewritten

as

1 o0

1 H(t)
E - 2dt, (8
[Cumac] zm(z);p, N L exp(—dr,  (89)
where
/80)%11 + 24ty
Ht)=In|1+exp| ———— (90)

3

From here, the average capacity of the MAC phase is attained
in (23) using the Gauss-Hermite quadrature where wy and
s, denote the weights and zeros of the K-order Hermite
polynomial, respectively tabulated in [55, Table 25.10]. This
completes the proof.

APPENDIX C

PROOF OF THEOREM 3

For the PLC AF TWR, the outage probability is written as
[57]

Pﬁm Pr(ya; < vmn) +Pr(ys; < vimn)

and

(¢ In(z) —
2035

)2
fx(2) i ) . 95)

s (
= exp | —
Z,/2m 022(

The RVs Y and X are distributed as Y ~ N (2/Ly +
£In(e1€2), 407), and X~ N(—2ux + é]n(aAj) 40}),
respectively. By using the approximation in [61, eq. (4)],
we evaluate /; as (31). The outage probability at node B, Ip;
can be found in a similar manner using (32) where the RVs
K and Z; are distributed as K ~ N 2ux + & In(®9192), 403),
and Z; ~ N(=2py + & In(o2 ), 402), respectively.

The next step is to calculate the outage probability, /4.
In order to derive I4p;, the outage probability is expanded as

o éj Yth 96)
X |

2 2
0. Vth OR.Vih
J L

€1exX a1

2

OR.Yih

Pr <Y <
€]

From here, we have

/%
Yih o2 J
+L
€ R
AX ! Ea

Iy Iy g, = / | repode
— Pr(ya; < v, v, < vm). 9D AY
]
1aB; AX/'X
From (91), we have h
o2
y g (UZ +B])
I = P p2] R oy
Aj T()(j+nj <}/zh> Ay /
—Pr(Y < v (X4 1)) ©2) [ [ renea, on
Conditioning on Xj, /y; is further expressed as ‘ %(’:y
J
Iy = 1= Pe(Y > v () 1% = 2)
o0
=1- / Fy (va(z + 1) fr(2)dz (93)  Where
0 Ax;
‘7/-%- Y,
where I,= /fx(x) Fy Yih op+—L| | =Fy [ —Lx ]| dx,
£ In(ya(z + ) — iy Lo A%
= 3 i
Fy (G + ) = @ ( - ) .4 08)
§ _
Hy =7 |In Z exp(2& " i + In (twy) + 26 %0p) | — 26 2a§j , (86)
me{AR,BR}
) > exp@E w4+ 2In () 86202 — Y exp(dE T +21n (T,) + 4E%0)2)
2 & me{AR,BR} me{AR,BR}
of = +1|. @87
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and and
v 5 Ax K
" A
b= / r» |:Fx ( tl ( +19_2y>) —Fx (A—Y’y>] dy. L, = / [Fx (Ws;) — Fx (Ws;) | fr )y, (104)
J
0
99
©9) where
(Ax;, Ay;) is a solution of the following equations [57] £ ln(\Il3 ) —2uy
) Fy(V3)=1-0 < (105)

o
Vih B;
— 0_2 )

= In(W. —2
191 R; ﬁzy sn( 4) ny

ooy  Fr(¥a)=1-0 (106)

x o
Yo [ o "fj gln(qf )— 2ux
Y= (“Rj T Q_x) : Fx (Ws) = Q( 5’ ) (107)

§ In(We) — 2ux 111(‘1’6 ) —2ux

After solving (100), the solution points (ij, ij) are given, Fy (W) — 108
respectively, as x (V) -0 (108)
In(x) — 2 2
¢1 + \/d)% + 46201%(01%)229119§Vth fx(x) = L exp <_(€(;—2m) , (109)
Ax; = , 101 \/72 o
% 2620’1%_191 % (101) x,/8mo} X
In(y) — 2uy)?
and fy(y) = L exp <_M> s (110)
5 yy/8mo? 8oy
¢ + \/¢1 + 4625A (GR ) 291192 Vih
Ay = , 102
g 26162(TR_192 ( ) and
2 2 j 242 Yih [ o o Ay,
where ¢1 = €1€205 — o3 D192 + €2(0 ) D2y and ¢y = W, = = \ow + j , Wy, = A—JX,
—61620'1%_ + 63}_1911?2 + 62(01%]_)2192)/”,. From here, /;; and I; ! 22 Xj
are rewritten, respectively, as Vi og. Ay,
\I/szL 7t W ="y (111)
Ax; H Doy Ay,

I, = / [Fy (W3;) — Fy (W) ] fx (x)dx, (103) 1), and I, can be further expressed as (112), and (113)
0 as shown at bottom of this page. Using [61, eq. (4)] and
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§
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J x\/@ 807 20y
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(112)
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[62, eq. (15)], Ilj and 121. are expressed as (35) and (37),
respectively.

Finally, by combining (31), (32), (35), and (37), the outage
probability for the PLC AF TWR is found. This completes
the proof.

APPENDIX D

PROOF OF THEOREM 4

We derive the outage probability of the PLC DF TWR with
PNC in (42). For simplicity, we only consider the high rate
case where yy, > 1 [18]. The outage probability of the PLC
DF TWR with PNC is expressed as

1
DF,PNC DF,PNC
Pou ™ = " piPou (114)
j=0
From (41), we have
o o0
Py € =1~ / / FxCOfy ()dxdy
”l%jyth Vth(PB“%;R)’+"1%j)
PR”IZQB PA“}\R
o0 o
- / / Sx(Ofy (Vdxdy.  (115)

Uf,. Yih Vih(PA a,%, RHU%.)

PR“§A PB”%R

Finally, the outage probability of the PLC DF TWR with PNC
is

PREPNC _ / ()0 (éln(l"é) - 2MY> dy
oy

aéiVﬂ
PR”%B
r In(E;) — 2
n(g;) —
~ f A0 (E(’)—“X) dx, (116)
ZGX
Jf%jyth
PR“%A
where
Vih (PgalzgRy + a,%j)
I = , 117
/ PAa,ZAR (17
and
.V (PAafmx + 0%_)
5 = . (118)

PB(J%R
The PDFs fx(y) and fy(x) are determined using (109) and

(110), respectively. By substituting fx(y) and fy (x) into (116),
we get (42). This completes the proof.
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