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ABSTRACT In this paper, we analyze the performance of relay-assisted, single-stage (SS) non-orthogonal
multiple access (NOMA) and dual-stage (DS) NOMA power line communication systems. Specifically, we
derive closed form expressions for the outage probabilities of the SS NOMA and DS NOMA schemes.
Subsequently, we formulate optimization problems and obtain closed-form solutions for the optimal power
allocation coefficients of the SS NOMA and DS NOMA schemes, such that the probability of overall outage
is minimized. The accuracy of our analysis and the tightness of the approximations employed are validated
throughMonte Carlo simulations and numerical techniques. Moreover, we show that the DS NOMA scheme
outperforms the SS NOMA scheme, in terms of the overall outage probability.

INDEX TERMS Cooperative relaying, outage probability analysis, non-orthogonal multiple access
(NOMA), power line communication (PLC), single- and dual-stage NOMA.

I. INTRODUCTION
A. BACKGROUND
The simplicity of utilizing pre-existing wired infrastruc-
ture makes power-line communications (PLC) a promising
technology for broadband and narrowband communications,
especially for applications such as smart grids and home
automation. This efficient utilization of the existing infras-
tructure reduces the deployment cost significantly. The nar-
rowband PLC technology is useful, where an arrangement
of bidirectional correspondence interconnecting hubs, is a
requirement, in applications such as smart grids [2]. In par-
ticular, PLC is envisioned over the low voltage (LV) and
medium voltage (MV) lines, which carry power and data
simultaneously, with little/negligible interference. On the
other hand, wideband PLC provides solutions to applications
such as home-networking, internet-of-things, and also some
use cases in smart grids. Another attractive feature of PLC
networks is the high data rate due to the wired commu-
nication, where the information does not undergo signifi-
cant degradation, in contrast to wireless communications.
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Additionally, PLC also helps in achieving a ubiquitous cov-
erage – e.g., as a backhaul communication link in wireless
networks – as an alternative to complement existing technolo-
gies. Moreover, thanks to the recent advancements in signal
processing for communications techniques, secure communi-
cation over PLC can also be achieved, even though PLC does
not exhibit a favorable communication medium in contrast
to optical fiber and the wireless medium [3]–[5]. Aspects
such as security, robustness and high-data rates makes PLC
as an attractive technology for design of smart grid, in con-
trast to wireless technologies [6]. Reliability is an additional
advantage in PLC for indoor communications, since Wi-Fi
signals experience degradation due to concrete and metal
walls [7]–[9]. The reliability can be further enhanced by
ensuring an electromagnetic compatible design [10], which
also boosts the data rates further [1], [11], [12].

However, attenuation, channel impedance, frequency-
selective multipath propagation and receiver noise in PLC
systems introduce random fluctuations in the transmitted
signals over time and frequency [11], [13], [14]. Additional
impairments are due to discontinuities, unmatched load and
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receiver location [15]. Moreover, the presence of surround-
ing wireless communication systems create electromagnetic
interference to PLC systems, which is another major chal-
lenge [16]. These impairments introduce several challenges
in modeling PLC channels [17]. Performance losses due to
the presence of frequency-selective fading and non-Gaussian
noise [18] can be mitigated by employing multi-carrier mod-
ulation schemes such as orthogonal frequency division mul-
tiplexing (OFDM) [11], [19]–[21]. Additionally, relay-based
schemes such as the amplify-and-forward (AF) and decode-
and-forward (DF) techniques are employed to alleviate the
aforementioned issues, under transmit power constraints [22],
[23]. In the conventional relay-based cooperative PLC sys-
tems based on orthogonal multiple access (OMA) techniques
such as time division multiplexing access (TDMA) and
OFDM, the receiver combines the signal from the transmitter
with a copy from the relay over two time slots [24]–[27]. This
leads to a degradation of the overall spectral efficiency, even
though the improved performance at the receiver is enhanced
in terms of the bit error rate.

Non-orthogonal multiple access (NOMA) is a promising
technology that overcomes the disadvantages due to OMA
at the expense of extra computational complexity [28], [29].
A growing body of research shows that NOMA is suitable
for the fifth generation and beyond (5G+) communication
systems, since it offers a higher data rate and system capac-
ity in contrast to the preceding OMA technologies such
as TDMA and OFDM [30], [31]. An attractive feature of
NOMA is that every user is allowed to occupy the same
time/frequency/space resource, and users are multiplexed in
either the power-domain (PD) or code-domain (CD). In PD
NOMA (simply called NOMA hereon), the source transmits
employs the principle of superposition to combine the infor-
mation corresponding to different users, with an appropri-
ately designed power allocation policy [32], [33]. In other
words, a NOMA transmitter can simultaneously transmit
multiple user signals with different power levels, using the
entire frequency at the same time. At the receiver, each
user employs a non-linear decoding technique, known as
the successive interference cancellation (SIC), to separate
the information from the multiplexed signal and to decode
its own signal [34]. A considerable difference in power
levels across the users is maintained at the transmitter to
establish a low error demultiplexing of user signals at the
receiver using SIC [30], [34]. It is known that the NOMA
offers greater achievable rate regions compared to OMA
techniques such as TDMA and OFDMA, as long as users
are assigned with different power levels [33], [35], [36].
Theoretically, employing NOMA is optimal in terms of
achieving the boundaries of multi-user capacity [22], [37].
The main idea in cooperative NOMA is to utilize the near
user as a relay to enhance the performance of the far
user. As opposed to the co-operative relaying considering
energy efficiency issues, simultaneous wireless information
and power transfer (SWIPT) was employed at the near user
in [38] for a wireless scenario, which was equivalent to DF

relaying. Cooperative NOMAwith full-duplex relaying helps
in enhancing the performance gain of the far user, as shown
in [39]. It is also expected that the users with better channel
conditions naturally benefit more NOMA as opposed to the
users with worse channel conditions due to high interfer-
ence. This attractive feature enables NOMA to be compatible
with several other existing technologies. Overall, NOMA-
based cooperative relaying offers the following advantages,
compared to a OMA-based relaying system. First, it offers a
higher system throughput, due to simultaneous transmission
of data to different users. Second, it ensures better fairness
among users by serving multiple users for each channel use.
Moreover, it helps in mitigating the impact of harshness and
hostility in a PLC environment on its performance, and offers
considerable improvements in spectral efficiency and range
extension [40]. Furthermore, it also helps in the relaxing the
electromagnetic compatibility constraints, which results in a
better coexistence with other wireless networks [41].

B. MOTIVATION
Given the aforementioned advantages of NOMA, the idea
of non-orthogonal transmission can be employed in a relay-
aided PLC network, with a combination of superposition
coding (SC) at the transmitter PLC modem and SIC at the
relay and receiver PLC modems [12]. Employing SC at a
NOMA PLC transmitter allows multiple users with varying
power levels to be served simultaneously in the same time,
frequency, and space resource block, which increases the
system throughput. Since the superimposed signal from the
transmitter modem contains information corresponding to
different users, the overall transmit power reduces, which
helps in mitigating the electromagnetic compatibility prob-
lem in PLC, particularly, in applications such as smart grids
where different users communicate with different data rates,
relay-aided NOMA PLC provides high spectral efficiency
and fairness across users. Motivated by these advantages,
the performance of NOMA in relay-based PLC was recently
proposed and studied in [12], [32], where the authors showed
that the NOMA-based PLC network improves the achievable
capacity, as compared to conventional OMA-based coopera-
tive communication. However, the analysis in [32] is limited
to the achievable capacity, and does not provide a closed-form
expression for the derived capacity. Additionally, the reported
results do not provide theoretical insights into the optimal
power allocation at the transmittermodem,which is an impor-
tant design metric in NOMA.

In this work, we consider a NOMA-based PLC system sim-
ilar to the setup described in [32] with two different schemes,
namely the single-stage NOMA and dual-stage NOMA [41].
In the single-stage scheme, the relay employs a DF approach
and forwards the decoded signal to the receiver which com-
bines the two copies of by employing the maximal ratio
combining [22], [23]. On the other hand, in contrast to the
single-stage scheme, the destination modem in a dual-stage
scheme does not decode the received signal from the source
until it receives the signals from the two time slots and then
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jointly decodes the two symbols with equal gain combining,
which enhances the performance of the PLC network [41].
There are two main advantages with this scheme. First, using
the principle of SC in NOMA allows for a better utilization
of transmit power at the relay. Second, this scheme reduces
the outage probability due to user ordering, and enhances the
overall spectral efficiency of the PLC network, which enables
accommodation of more number of users. As opposed to the
works in [32] and [41], we consider the probability of outage
as a the performance metric, and provide a detailed analysis
on the power allocation policy at the transmitter modem for
the single-stage scheme and the power allocation policies at
the transmitter and relay modems for the dual-stage scheme.
Moreover, we consider the performance of single- and dual-
stage relay-based PLC systems in this work, as opposed to
[38] and [39].

C. CONTRIBUTIONS
We consider a relay-assisted PLC system with a source,
a relay and a destination with two schemes namely (a) single-
stage (SS) NOMA, where the principle of superposition
is employed at the source to convey information to both
relay and destination, and (b) dual-stage (DS) NOMA, where
superposition coding is also employed at the relay along
with the source to enhance the decoding performance at the
destination. In particular, we study the outage probability
performance of the considered system, and derive approxi-
mate closed form solutions. Next, we find the optimal power
allocation policy at the (a) source for SS NOMA and (b)
source and relay for DS NOMA, such that the corresponding
overall outage probability is minimized, in contrast to the
works reported in [32], [38], [39] and [41]. We present an
extensive set of Monte Carlo and numerical techniques-based
results to validate our analysis, and to establish that the DS
NOMA offers a better performance than SS NOMA in terms
of outage probability. The main contributions of this paper
can be summarized as below.

• We consider the SS NOMA and DS NOMA schemes
for a relay-assisted PLC, and derive the expressions
for the probabilities of overall outage at the relay and
destination.

• For both SS NOMA and DS NOMA schemes, we for-
mulate optimization problems to find the optimal power
allocation at the source and relay, such that the overall
outage probabilities are minimized.

• Wederive closed form expressions for the optimal power
allocation coefficients at the source for SS NOMA and
at source and relay for DS NOMA. We show that these
optimal power allocation coefficients are independent of
the system parameters such as the operating frequency
and distance between the PLC modems.

• Through numerical results and Monte Carlo simula-
tions, we validate the tightness of some approxima-
tions used in our analysis for the derivation of outage
probability. Additionally, we provide insights into the
impact of the PLC system parameters such as the dis-

tance and fading parameters on the outage performance.
Furthermore, we show that the DS NOMA scheme,
as expected, gives a better performance compared to the
SS NOMA scheme.

D. ORGANIZATION
The remainder of the paper is organized as follows.
We describe the system model, and SS NOMA and DS
NOMA schemes in Section II. We derive expressions for
the outage probabilities at the relay and the destination for
both SS NOMA and DS NOMA schemes in Section III.
In Section IV, we formulate optimization problems to find
optimal power coefficients at the source modem for SS
NOMA and DS NOMA schemes, such that the overall outage
probabilities at the relay and destination are minimized. Our
analysis is validated through Monte Carlo simulations and
numerical technique in Section V, which also provides more
insights into the considered NOMA-PLC networks. Finally,
we provide concluding remarks in Section VI.

II. SYSTEM MODEL
Fig. 1 illustrates our system model, which consists of one
source (S) PLC modem and two receiver PLC modems. The
receiver modem nearer to S also acts as a relay (R) and the
other one is the destination (D), which is farther from S
compared to R. It is assumed that channel state information
is perfectly known at both the receiver modems. The channel
gains between S-R, S-D and R-D, denoted by gSR, gSD, and
gRD, respectively, are modeled as independent and identically
distributed (i.i.d.) lognormal random variables [42], [43].
The lognormal fading model in PLC systems characterizes
the statistical effects introduced by the load mismatch in the
PLC network topology and the signal propagation through the
network branches [44]. The PDFs of these channel gains are
given by

f (gi) =
1

√
2πσigi

exp

[
−
(log gi − µ)2

2σ 2

]
, (1)

for i ∈ {SR,SD,RD}. Here µ and σ 2 denote the mean and
the variance of 10log10 (gi), i ∈ {SR,SD,RD} respectively.
We denote the distribution of gi as gi ∼ LN (µi, σ 2

i ), i ∈
{SR,SD,RD}. Additionally, we also consider the distance-
and frequency-dependent channel attenuation, which are
denoted byGi(vi, f ) for i ∈ {SR,SD,RD}, respectively, where
vSR, vSD and vRD are the distances between the S-R, S-D and
R-D, and f is the frequency of communication. Let P denote
the total power available at S. The communication from S
to R and D is accomplished over two time slots, with the
goal to transmit two symbols s1 and s2 to both receivers, that
is, to both R and D. The transmission scheme employed by
S uses the superposition coding principle following power-
domain NOMA [45]. We consider two different transmission
schemes for the communication from S to R and D. First,
we consider the SS NOMA, where the superposed signal is
transmitted only in the first time slot. Secondly, we consider
DS NOMA, wherein the superposition coding is also used
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FIGURE 1. System model and time slots description for (a) SS NOMA, and (b) DS NOMA.

in the second time slot, along with the first time slot. The
operation of the network in the two time slots with SS NOMA
and DS NOMA is explained next.

A. FIRST TIME SLOT
In the first time slot, the signal transmitted from S is the same
under both SS NOMA and DS NOMA schemes. During this
time slot, S sends the superimposed signal

x1 ,
(√

b1Ps1 +
√
b2Ps2

)
(2)

to R and D simultaneously, where b1 and b2 are the power
allocation coefficients for the D and R, respectively. Note that
b1 + b2 = 1, and we assume that b1 > b2 ≥ 0, since D is
farther away from S as compared to R. The choice of {b1, b2}
will be discussed later. The received signals at R and D are
given by

zR = x1GSR (vSR, f ) gSR + wR, and (3)

zD = x1GSD (vSD, f ) gSD + wD, (4)

respectively. Here, wR and wD denote the noise samples at
the R and D, respectively, which are modeled as indepen-
dent, zero-mean Gaussian random variables with variances
σ 2
R and σ 2

D, respectively. That is, wR ∼ N (0, σ 2
R) and

wD ∼ N (0, σ 2
D), independent of each other.

At the end of the first time slot, the signals s1 and s2 are
decoded at R as follows. Signal s1 is decoded directly by
considering the interference due to s2 as noise, and the signal
s2 is decoded using the successive interference cancellation
(SIC). To calculate the SINR values at R, we assume perfect
SIC, i.e., the interference due to s1 is completely removed
before decoding s2.1 Therefore, the SINR at R from the S-R
link for decoding s1 and s2 are given by

ζ
(s1)
S ,

b1P[GSR (vSR, f )]2g2SR
b2P[GSR (vSR, f )]2g2SR + σ

2
R

, and (5)

ζ
(s2)
S ,

b2P[GSR (vSR, f )]2g2SR
σ 2
R

, (6)

respectively.

1This assumption simplifies our analysis. The implication of relaxing this
assumption is discussed in detail in Section III.

Decoding at D differs for SS NOMA and DS NOMA
schemes. In SS NOMA, the signal s1 is decoded at D directly
by treating the interference due to s2 as noise. Therefore,
the SINR at D for decoding s1 is given by

ζ
(s1)
D =

b1P[GSD (vSD, f )]2g2SD
b2P[GSD (vSD, f )]2g2SD + σ

2
D

. (7)

We assume that D decodes s1 perfectly, since b1 > b2 [32].
In the case of DS NOMA, D jointly decodes the two sym-

bols over two time slots, which is explained in Section II-B2.

B. SECOND TIME SLOT
1) SS NOMA
In SS NOMA, R forwards the decoded signal s2 to D during
the second time slot. Let PR be the power available at R for
the transmission. Then, the relay transmits

x2 =
√
PRs2 (8)

to D. Depending on whether R was able to decode s2 or not in
the first time slot, the following two cases (C1 and C2) occur
in the second time slot.

C1. If s2 was not successfully decoded by R, the informa-
tion at D is available only from the received signal zD
from the first time slot. Therefore, D tries to decode s2
directly from (4). In this case, the received SINR at D
is given by

ζ
(s2,1)
D =

b2P[GSD (vSD, f )]2g2SD
b1P[GSD (vSD, f )]2g2SD + σ

2
D

. (9)

C2. If s2 was successfully decoded by R, then the received
signal at D is given by

zRD = x2GRD (vRD, f ) gRD + w′D, (10)

where w′D ∼ N (0, σ 2
D). Now, D uses the maximum

ratio combining (MRC) to combine the received signals
from both time slots with coefficientsω1 andω2, which
yields the total signal

zc = ω1zD + ω2zRD. (11)
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In this case, the SINR at D is given by

ζ
(s2,2)
D =

b2P[GSD (vSD, f )]2g2SD
b1P[GSD (vSD, f )]2g2SD + σ

2
D

+
PR[GRD (vRD, f )]2g2RD

σ 2
D

. (12)

2) DS NOMA
The SS NOMA scheme uses the principle of NOMA only
during the first time slot, and employs the MRC at the D.
The usage of MRC requires the symbol s2 to be decoded
successfully at the relay, which is allocated with lower power.
The probability of decoding the symbol s2 directly affects
the outage probability of the network. In order to overcome
this problem and to improve the performance of the system,
DS NOMA approach is considered, where the superposition
coding is also employed in the second time slot. In DS
NOMA, the signal which was sent from S to D during the first
time slot is not individually decoded, but it jointly decodes the
signals after the second time slot. In the second slot, the relay
forwards the superposed signal,

x3 ,
(√

b3Ps1 −
√
b4Ps2

)
(13)

to D, using the power allocation coefficients b3 and b4, where
b3 + b4 = 1. It should be noted that the minus sign in (13) is
necessary, which – as will be shown in the sequel – can help
us perfectly cancel the interference signals at D. With (13),
the received signal at D in the second time slot is given by

z(II )D = x3GRD (vRD, f ) gRD + wD. (14)

Now, for DS NOMA, two signals zD and z(II )D are avail-
able at D vide (4) and (14), from which the signals s1 and
s2 are jointly decoded by employing the following linear
combinations

s(1)D = zD
√
b4gRD + z

(II )
D

√
b2gSD (15)

s(2)D = zD
√
b3gRD − z

(II )
D

√
b1gSD. (16)

Substituting for zD and z(II )D , the signals s1 and s2 decoded
at the D can be obtained from

s(1)D = (
√
b1b4Ps1 +

√
b2b4Ps2)GSDgSDGRDgRD

+ (
√
b3b2PRs1 −

√
b4b2PRs2)GSDgSDGRDgRD

+

√
b4GRDgRDwD +

√
b2GSDgSDwD. (17)

s(2)D = (
√
b1b3Ps1 +

√
b2b3Ps2)GSDgSDGRDgRD

− (
√
b3b1PRs1 −

√
b4b1PRs2)GSDgSDGRDgRD

+

√
b3GRDgRDwD +

√
b1GSDgSDwD. (18)

For the ease of analysis, we assume that P = PR, σ 2
R =

σ 2
D = σ

2 and let ρ = P/σ 2. Substituting these, we get

s(1)D = GSDgSDGRDgRDη
√
Ps1

+

√
b4GRDgRDwD +

√
b2GSDgSDwD, (19)

s(2)D = GSDgSDGRDgRDη
√
Ps2

+

√
b3GRDgRDwD +

√
b1GSDgSDwD, (20)

where η =
√
b1b4+

√
b2b3. Following this, one can perform

symbol-by-symbol detection to decode s1 and sb, and the
corresponding SINR values at D can be expressed as

ζ
(I )
D =

∏
i∈{SD,RD}

G2
i g

2
i η

2ρ

b4G2
RDg

2
RD + b2G

2
SDg

2
SD

, (21)

ζ
(II )
D =

∏
i∈{SD,RD}

G2
i g

2
i η

2ρ

b3G2
RDg

2
RD + b1G

2
SDg

2
SD

. (22)

It should be noted that while the SINR values at R for
both SS NOMA and DS NOMA schemes are equal, the cor-
responding SINR values at D are different. As mentioned
earlier, employing NOMA for PLC allows the transmission of
two symbols s1 and s2 over two time slots, and, hence, offers
better spectral efficiency than any other OMA scheme. In the
next section, we provide an analysis on the overall outage
probability for the considered systemmodel, with SS NOMA
and DS NOMA.

III. OUTAGE ANALYSIS
Let the thresholds on SINRs for a given requirements on the
data rate at both R and D for symbols s1 and s2 be denoted
by γ1 and γ2, respectively. First, the outage probability at R
is expressed as

P(R)out , Pr{ζ (s1)S ≤ γ1 or ζ
(s2)
S ≤ γ2}, (23)

= Pr{P[GSR (vSR, f )]2g2SR ≤ 0}, (24)

where 0 , max
(

γ1σ
2
R

b1−b2γ1
,
γ2σ

2
R

b2

)
. From the properties of the

lognormal distribution,

if gSR ∼ LN (µ, σ 2), (25)

then g2SR ∼ LN (2µ, 4σ 2), (26)

and agSR ∼ LN (µ+ log a, σ 2), ∀a ∈ R+. (27)

Following these properties, it is straight forward that the
outage probability at R can be shown as

P(R)out =
1
2
erfc

(
−
log(0)− (2µ+ log(P[GSR(vSR, f )]2))

√
8σ

)
,

(28)

where erfc(·) is the complementary error function [32]. Next,
we consider the outage analysis at D for SS NOMA and DS
NOMA separately.

A. SS NOMA
1) PERFECT DECODING OF s1 AT D
First, we continue with our assumption that D perfectly
decodes s1 in the first time slot [32]. Therefore, the outage
probability at D for the two cases C1 and C2 are defined as

C1. : P(D)out , Pr
{
ζ
(s2,1)
D ≤ γ2

}
, (29)
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C2. : P(D)out , Pr
{
ζ
(s2,2)
D ≤ γ2

}
. (30)

For C1, recall that the SINR at D is given by ζ (1)D in (9).
Therefore, the outage probability in this case is given as

P(D,1)out = Pr{ζ (s2,1)D ≤ γ2} (31)

= Pr{KP[GSD (vSD, f )]2g2SD ≤ γ2σ
2
D}, (32)

where K , (b2 − b1γ2). Following the properties of log-
normal distribution discussed in (25)–(27) that lead to (28),
we get

P(D,1)out =
1
2
erfc

(
−
log(γ2σ 2

d )
√
8σ

+
(2µ+log(P[GSD(vSD, f )]2K))

√
8σ

)
. (33)

Next, for C2, wherein the symbol s2 is successfully
detected by R, the SINR at D is given by ζ (s2,2)D in (12).
Therefore,

P(D,2)out = Pr{ζ (s2,2)D ≤ γ2} (34)

= Pr{X + Y ≤ γ2}, (35)

where

X ,
b2P[GSD (vSD, f )]2g2SD
b1P[GSD (vSD, f )]2g2SDσ

2
D

, (36)

Y ,
PR[GRD (vRD, f )]2g2RD

σ 2
D

. (37)

Obtaining a closed form solution for the CDF in (35)
is hard. Towards this end, we consider the following two-
tier approximation on the distribution of random vari-
ables. We show the tightness of this approximation later in
Section V. Following the two approximations, (35) can be
written as

P(D)out = Pr{X + Y ≤ γ2} (38)
(a)
≈ Pr{X ′ + Y ≤ γ2}, (39)
(b)
≈ Pr{Z ≤ γ2}, (40)

where, in the first approximation denoted by (a) in (39),
the new random variable X ′ is obtained by replacing g2SD
in the denominator of (36) by its expected value, that is
Eg2SD = e2µ+2σ

2
. That is,

X ′ ,
b2P[GSD (f , vSD)]2g2SD

b1P[GSD (vSD, f )]2(e2µ+2σ
2 )σ 2

D

. (41)

As the second approximation, denoted by (b) in (40),
we note that both X ′ and Y are independent and non-
identically distributed lognormal random variables, and
approximate the distribution of X ′ + Y by another log-
normal distribution, denoted by Z [46]. That is, we let
Z ∼ LN (µz, σ 2

z ). Following the method discussed in [46],
the parameters µz and σ 2

z are calculated as

µz =
1
2
logE[Z−1]− 2 logE[Z−2], (42)

σ 2
z = logE[Z−2]− 2 logE[Z−1]. (43)

where the moments E[Z−1] and E[Z−2] are either obtained
through simulations, or numerically estimated as

E[Z−1] =
∫
∞

0

∫
∞

0
(x + y)−1fX ′ (x)fY (y) dx dy, (44)

E[Z−2] =
∫
∞

0

∫
∞

0
(x + y)−2fX ′ (x)fY (y) dx dy, (45)

where fX ′ (x) and fY (y) are the PDFs of the lognormal random
variables X ′ and Y . Following these approximations, the out-
age probability at D is given as

P(D,2)out =
1
2
erfc

(
−
log(γ2)− µz
√
2σz

)
. (46)

As mentioned earlier, we establish the tightness of the
derived expression (46) later in Sec. V.

Now, we define the probability of overall outage at D.
Recall that we assume that D decodes s1 in the first time
slot successfully. For case C1, the overall outage covers the
scenario when D fails to decode s2 either over the RD or SD
links, and is defined as

P(1)out , P(R)outP
(D,1)
out . (47)

Similarly, it is easy to see that the overall outage probability
in case C2 is governed by the scenario that D fails to decode
s2 if either R fails to decode s1 over the SR link or D fails to
decode s2 over the RD link, and is given by

P(2)out , P(R)out + (1− P(R)out)P
(D,2)
out . (48)

2) IMPERFECT DECODING OF s1 AT D
Next, we relax the assumption of perfect decoding of s1 at D.
If D does not decode s1 in the first time slot, then the overall
outage probability is given by

P(SS)out = Pr {U < γ1,V < γ2} , (49)

where

U , min
{
ζ
(s1)
S , ζ

(s1)
D

}
, and (50)

V , min
{
ζ
(s2)
S , ζ

(s2,1)
D

}
. (51)

In order to obtain the closed form solution for the CDF
in (49), we consider the following approximation. Since the
end-to-end capacity of a decode and forward-based relay-
ing network is determined by the weakest link capacity,
we assume that min

{
ζ
(s1)
S , ζ

(s1)
D

}
≈ ζ

(s1)
D , which corre-

sponds to the link between the S-D as D is always placed
far from S compared to R. Similarly, we assume that
min

{
ζ
(s2)
S , ζ

(s2,1)
D

}
≈ ζ

(s2,1)
D , which implies that U = ζ

(s1)
D

and V = ζ
(s2,1)
D . In Section V, we show that this approxi-

mation is tight, through Monte Carlo simulations. Therefore,
the outage probability at D when s1 is not decoded perfectly
is given by

P(SS)out =
1
2
erfc

(
−
log(υ)− 2µ
√
8σ

)
, (52)
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FIGURE 2. Outage probability at the relay for different SNRs.

where υ = max
(

γ1
(b1−γ1b2)GSD ρ

,
γ2

(b2−γ2b1)GSD ρ

)
. Next,

we study the outage probability analysis for DS NOMA.

B. DS NOMA
The overall outage probability for the DS NOMA is given by

P(DS)out = Pr{A < γ1,B < γ2}, (53)

where

A = min
{
ζ
(s1)
S , ζ

(I )
D

}
, and (54)

B = min
{
ζ
(s2)
S , ζ

(II )
D

}
. (55)

Obtaining the closed-form expression for (53) is hard, as it
involves correlated random variables A and B. Towards this
end, we employ an approximation similar to what was used
in Section III-A2. Since the end-to-end capacity of a decode
and forward relay-based system is determined by the weakest
link capacity, we assume that min

{
ζ
(s1)
S , ζ

(I )
D

}
≈ ζ

(I )
D , which

corresponds to the link between S-D as D is always placed far
from S in comparison with R. Similarly, min

{
ζ
(s2)
S , ζ

(II )
D

}
≈

ζ
(II )
D . ThereforeA = ζ (I )D andB = ζ (II )D . Once again, the tight-
ness of this approximation is validated through Monte Carlo
simulations in Section V. Next, we consider the problem of
optimal power allocation for both SS NOMA and DS NOMA
schemes, formulate the corresponding optimization problems
and discuss their solutions.

IV. OPTIMAL POWER ALLOCATION
In this section, we consider the problem of optimal power
allocation at S, such that the probability of overall outage is
minimized.

A. SS NOMA
We formulate the following optimization problems for both
cases C1 and C2 as

min
b1

P(R)outP
(D,1)
out

s.t. 0 < b1 < 1, (56)

FIGURE 3. Outage probability at the destination for different SNRs.

and

min
b1

P(R)out + (1− P(R)out)P
(D,2)
out

s.t. 0 < b1 < 1, (57)

respectively. The solution of the above optimization problems
for both cases is described in the following proposition; this
interestingly shows that both cases have the same solution.
Proposition 1: The solution to the optimization problem

given in (56) for both cases C1 and C2 is

b∗1 =
γ1(1+ γ2)

γ1(1+ γ1)+ γ2
. (58)

Proof: See Appendix A.

B. DS NOMA
In case of DSNOMA, the optimizationwill be jointly over the
power allocation coefficients {b1, b2} and {b3, b4}. Therefore,
the optimization problem in this case is formulated as

min
b1,b4

P(DS)out

s.t. 0 < b1 < 1, (59)

0 < b4 < 1. (60)

The solution of the above optimization problems is
described in the following proposition.
Proposition 2: The solution to the optimization problem

given in (60) for DS NOMA is

b∗1 = b∗4 =

(
γ2G2

RD − γ1G
2
SD

)(
γ1G2

RD − γ1G
2
SD − γ2G

2
SD + γ2G

2
RD

) . (61)

Proof: See Appendix B.

V. RESULTS AND DISCUSSION
In this section, we validate our analysis on outage probability
through Monte Carlo simulations and numerical techniques.
The set of parameters chosen for our study are as follows. The
PLC cable attenuation model is considered to be Gi(vi, f ) =
exp(−βvi), for i ∈ {SD, SR, RD}, where β = d0+d1 f m is the
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FIGURE 4. Outage probability for different b1 at different SNRs, without
MRC.

FIGURE 5. Outage probability for different b1 at different SNRs, with MRC.

attenuation factor, f = 30 MHz is the center frequency, m =
0.7 is the exponent of the attenuation factor, and d0 and d1 are
constants determined frommeasurements as d0 = 9.4×10−3,
d1 = 4.2× 10−7 [41]. Unless specified otherwise, b1 = 0.8,
µ = 1.5 dB, σ = 5 dB [32], and vSR = 1

4vSD. Additionally,
γ1 = 1/30, and γ2 = 1/20.

Figure 2 shows the variation of the outage probability at
R, that is, P(R)out as a function of the distance from S. First,
the plots establish the perfect match between our analysis and
Monte Carlo simulations. Next, observe that for a given SNR,
P(R)out increases with an increase in the distance between S-R,
as expected. Variation of the outage probability at D with
the distance between S-D for the two cases C1 and C2 are
shown in Fig. 3. As expected, the loss in outage for C1 is
significantly severe as compared to that for C2, especially at
high SNRs. Moreover, the excellent agreement between our
analysis and Monte Carlo simulations establishes the high
accuracy of our simple two-tier approximation.

Figure 4 shows the variation of overall probability of out-
age, Pout, as a function of the power allocation coefficient
b1, for different SNR values in case C1, without MRC.

FIGURE 6. Overall outage probability of the SS NOMA for different SNRs
and end-to-end distances. Here, µ = 3 dB.

FIGURE 7. Overall outage probability of the DS NOMA for different SNRs
and end-to-end distances. Here, µ = 3 dB.

As expected,Pout is convex in the range of b1 ∈ (0, 1), and the
optimal occurs at b∗1 given in (58). Additionally, note that b∗1
depends only on the values of γ1 and γ2. Moreover, the plots
obtained through numerical techniques and simulations are in
close agreement, thereby validating our analysis. A similar set
of conclusions can be drawn from Fig. 5, where the variation
of Pout is given for case C2, for the same set of parameters
chosen for Fig. 4. Note that although employing MRC at the
destination for C2 significantly improves the performance
in terms of the outage probability, the optimal b1 does not
change. Therefore, the design of optimal b1 for the considered
system model does not depend on whether R decodes s2
successfully or not.

Figures 6 and 7 show the variation of optimal outage proba-
bilities of SS NOMA and DSNOMAwith SNR, respectively.
First, the perfectmatch between our analysis andMonte Carlo
simulations establish the validity of our derived theoretical
expressions, and the accuracy of our approximations consid-
ered in Sections III-A2 and III-B. Second, following these
plots, it is obvious that the SNR required for DS NOMA
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FIGURE 8. Comparison of overall outage probabilities of DS NOMA,
SS NOMA and OMA schemes, for different SNRs and end-to-end
distances. It is assumed that µ = 3 dB.

scheme to achieve a given outage probability will be con-
siderably lower compared to that of the SS NOMA scheme.
Moreover, it was observed that the performance of both relay-
based schemes improves with an increase in parameter µ
[1]. However, the performances of both schemes deteriorate
with an increase in σ 2, and as the distance between S and D
increases [47].

Figure 8 shows the comparison of the overall outage prob-
abilities for SS NOMA, DS NOMA and OMA schemes.
As expected, it is seen that the DS NOMA scheme outper-
forms the SS NOMA scheme for all the considered system
configurations. Additionally, note that as the SNR increases,
the overall outage probability decreases and more so when
the channel variances are relatively small. A NOMA-based
PLC system is also known to outperform anOMA-based PLC
system in terms of spectral efficiency, as noted in [32].

VI. CONCLUSION AND FUTURE WORK
We presented a detailed study on the performance of
NOMA-aided, relay-based cooperative communication in
PLC networks, in terms of the overall probability of outage.
We derived closed form expressions for the outage probabil-
ities at the relay and the destination, for SS and DS NOMA
schemes. In particular, the outage probabilities at the desti-
nation for SS-NOMA and DS-NOMA were found out using
approximations, which were shown to be tight using numeri-
cal techniques. Next, we formulated optimization problems
to find optimal power allocation coefficients at the source
for SS NOMA and at the relay for DS NOMA, and derived
closed form solutions for the corresponding optimal power
allocation coefficients. Between the two, we showed that DS
NOMA outperforms SS NOMA, in terms of outage proba-
bility. Further, we established the accuracy of our analysis
through Monte Carlo simulations.

Some of the key assumptions in this work include per-
formance analysis under Gaussian noise – which is an

information-theoretic worst-case scenario, and perfect SIC
at both R and D. However, the impulsive noise has been
observed to be prominent component that severely affects the
performance of a PLC system, which can be mitigated by the
use of techniques such as nulling andwaveform clipping [18].
Additionally, a study on the impact of imperfect SIC on the
performance of the systemwould be interesting to investigate.
Moreover, we have not considered a MIMO setup, which
is known to improve the performance of a PLC system.
A detailed study of these topics are reserved for our future
work in this direction.

APPENDIX A
PROOF OF PROPOSITION 1
First, consider case C1.We provide an outline of the proof and
exclude some algebraic details that lead to lengthy expres-
sions for brevity. Note that b∗1 is obtained by equating the
terms inside the max(·, ·) term in the definition of 0. From
(56), it can be shown that the derivative of the cost function

dPout
db1

=
1

2σ
√
8π

{
erfc

(
KSR
√
8σ

)
exp

(
−

(
KSD
√
8σ

)2
)

×

(
−1− γ2

(γ2 + 1)b1 − 1

)
+

(
−1− γ1

b1(γ1 + 1)− γ1

)
× erfc

(
KSD
√
8σ

)
exp

(
−

(
KSR
√
8σ

)2
)}

< 0, (62)

where

KSR , − log(0)− (2µ+ log(P[GSR(vSR, f )]2)), and

KSD , log(γ2σ 2
d )− (2µ+ log(P[GSD(vSD, f )]2K)), (63)

and monotone for all b1 ∈
(

γ1(1+γ2)
γ1(1+γ2)+γ2

, 1
]
. Similarly,

the derivative for all b1 ∈
[
0, γ1(1+γ2)

γ1(1+γ2)+γ2

)
can be shown to

be

dPout
db1

=
1

2σ
√
8π

{
erfc

(
KSR
√
8σ

)
exp

(
−

(
KSD
√
8σ

)2
)

×

(
−1− γ2

(γ2 + 1)b1 − 1

)
+

(
1

1− b1

)
× erfc

(
KSD
√
8σ

)
exp

(
−

(
KSR
√
8σ

)2
)}

> 0, (64)

which is monotone for b1 ∈
[
0, γ1(1+γ2)

γ1(1+γ2)+γ2

)
. Therefore,

the solution for optimal b1 is when both the derivatives are
equal, which gives the required b∗1.
The proof for case C2 is similar. From (56), it can be shown

that the derivative of the cost functions are

dPout
db1

=
1

√
8πσ

exp

(
−

(
KSR
√
8σ

)2
)(

−1− γ1
b1(γ1 + 1)− γ1

)

+
1

√
8πσ

exp

(
−

(
KSD
√
8σ

)2
)(

−1− γ2
(γ2 + 1)b1 − 1

)
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−
1

2σ
√
8π

{
erfc

(
KSR
√
8σ

)
exp

(
−

(
KSD
√
8σ

)2
)

×

(
−1− γ2

(γ2 + 1)b1 − 1

)
+

(
−1− γ1

b1(γ1 + 1)− γ1

)
× erfc

(
KSD
√
8σ

)
exp

(
−

(
KSR
√
8σ

)2
)}

< 0, (65)

and monotone for all b1 ∈
(

γ1(1+γ2)
γ1(1+γ2)+γ2

, 1
]
. Similarly,

the derivative for all b1 ∈
[
0, γ1(1+γ2)

γ1(1+γ2)+γ2

)
dPout
db1

=
1

√
8πσ

exp

(
−

(
KSR
√
8σ

)2
)(

1
1− b1

)

+
1

√
8πσ

exp

(
−

(
KSD
√
8σ

)2
)(

−1− γ2
(γ2 + 1)b1 − 1

)

−
1

2σ
√
8π

{
erfc

(
KSR
√
8σ

)
exp

(
−

(
KSD
√
8σ

)2
)

×

(
−1− γ2

(γ2 + 1)b1 − 1

)
+

(
1

1− b1

)
× erfc

(
KSD
√
8σ

)
exp

(
−

(
KSR
√
8σ

)2
)}

> 0, (66)

and monotone for b1 ∈
[
0, γ1(1+γ2)

γ1(1+γ2)+γ2

)
.

APPENDIX B
PROOF OF PROPOSITION 2
We follow an approach similar to that used in the proof of
Proposition 1, discussed in Appendix VI. The proof involves
in first finding the first partial derivative of the cost func-
tion in (60) with respect to b4 to establish the convexity
of the cost in (60) through monotonicity arguments similar
to the development in Appendix VI. Later, it is shown that
the minimum is obtained at the corner point, given by b∗4
given in (61). These steps are repeated by evaluating partial
derivatives with respect to b1 to obtain b∗1 The corresponding
analysis, although straightforward, leads to lengthy mathe-
matical expressions, which are omitted for brevity.
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