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Abstract: In this paper, we analyze the performance of cooperative power domain non-orthogonal
multiple access (NOMA) in power line communication (PLC) networks. Due to the high signal
attenuation of the source to user links, a relay aids communication from the source to two users.
With half-duplex transmission, the source transmits a superimposed symbol in the first phase.
The relay utilizes amplify-and-forward (AF) and decode-and-forward (DF) protocol on the received
superimposed signal and forwards it to the users in the second phase. We derive analytic expressions
for the outage probability and the system throughput of the proposed system under a PLC log-normal
channel with impulsive noise. Based on the results for AF NOMA relaying case, we analyze the
system performance at high signal-to-noise ratio (SNR) and derive closed-form lower and upper
bounds for the outage probability. Simulation results show an improvement in the outage probability
and the system throughput performance of the AF and DF NOMA schemes compared to the NOMA
without relaying transmission and conventional orthogonal multiple access scheme. Furthermore,
the impact of the channel variance is highlighted in the results. It is shown that the DF NOMA has a
better outage probability than the AF NOMA scheme for low channel variance scenarios (i.e., less
branches and connected loads in the PLC network). However, as the channel variance increases,
AF NOMA scheme has similar outage probability performance as the DF NOMA scheme. In addition,
it is shown that the system throughput is enhanced when the relay employs DF relaying compared to
AF relaying.

Keywords: power line communication; non-orthogonal multiple access; amplify-and-forward
relaying; decode-and-forward relaying; outage probability; system throughput

1. Introduction

There is a growing body of research that shows non-orthogonal multiple access (NOMA) as a
promising multiple access technique for next generation communication systems. The basic idea of
NOMA is to allow multiple users to share the same time/frequency/space resources. Generally, NOMA
can be applied in the power domain or code domain. However, power domain NOMA (PD-NOMA)
has gained more traction since it is easily applicable to current systems [1,2]. In PD-NOMA, a source
transmits a superimposed signal to different users with appropriate power allocation. Each user is able
to recover its desired signal by the application of successive interference cancellation (SIC). Compared
to orthogonal multiple access (OMA) techniques such as time-division multiple access (TDMA) and
frequency-division multiple access (FDMA), NOMA offers higher spectral efficiency and achievable
rate [3]. However, users with better channel conditions naturally benefit more with NOMA than users
with worse channel conditions due to increased multiple access interference at their receivers [4].

The advent of NOMA has enabled research on many conventional techniques, one of which
is cooperative relaying [5-9]. In cooperative communications, the relay usually operates with
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amplify-and-forward (AF) or decode-and-forward (DF) protocols where the advantage of the AF
protocol lies in its low processing cost compared to the DF protocol [9]. However, it is shown that the
two protocols generally achieve very similar performance when the relay to user link is unreliable [10].
Cooperative communication as applied to NOMA comes in two forms. First, there is the user relaying
with DF protocol where a user (typically with strong channel conditions) acts as a relay to forward
information to the user with weak channel conditions [11-13]. On the other hand, there also exists
dedicated relay transmission between the source and the users [14-17]. The capacity of user relaying
NOMA was analyzed in Reference [11]. To improve on the ergodic sum-rate and outage probability
performance in Reference [11], a novel receiver design was introduced in Reference [12], where the
destination jointly decodes the received symbols by using maximum ratio combining (MRC) and SIC.
The authors of Reference [13] studied user relaying with the capability to switch between half-duplex
(HD) and full-duplex (FD) modes to enhance system performance. Under direct and non-direct link
scenarios, FD NOMA is shown to be better than HD NOMA in terms of the outage probability and
the ergodic sum-rate in the low signal-to-noise ratio (SNR) region. While variable gain AF relaying
was studied in Reference [14], the authors of Reference [15] considered a fixed gain AF relay with
direct and non-direct links. In References [14,15], the system performance was analyzed under the
assumption of Nakagami-m channels. Moreover, a comparison of AF and DF relaying with partial
channel state information (CSI) was discussed in Reference [16]. Based on the analysis, it is shown that,
although DF relaying has better outage probability than AF relaying, the performance gap between AF
and DF relaying for the outage probability is negligible as the SNR increases.

As an enabler of smart grid (SG) and Internet of Things (IoT) applications, power line communication
(PLC) is seen as an attractive and promising technique due to the ubiquitous nature of power lines [18].
Naturally, the application of NOMA to PLC can only prove beneficial [19-22]. In Reference [19], user
relaying NOMA with DF protocol was proposed for PLC systems. The average sum capacity was
analyzed and results show NOMA can significantly improve the performance of PLC compared to
OMA and satisfy the electromagnetic compatibility (EMC) requirements [23]. The authors of [20]
studied a two-stage NOMA scheme, where NOMA is applied at both the source and the user relay;,
which is shown to outperform the one-stage system in Reference [19]. An adaptive cooperative NOMA
scheme for PLC was proposed in Reference [21], where a dedicated DF relay establishes communication
between a source modem and two user modems. Depending on the feedback information in the second
phase, a direct or cooperative transmission increases the system throughput performance compared
to TDMA and a conventional cooperative NOMA scheme. A joint power allocation was proposed
for a multi-user NOMA visbile light communication (VLC) network in Reference [22]. Here, VLC
is enabled by a PLC modem. By jointly optimizing the allocated power to the PLC and VLC links,
NOMA performs better than OMA in terms of sum throughput. The aforementioned works [19-21]
have only considered DF relaying with NOMA in cooperative PLC systems.

In this paper, we propose cooperative NOMA for PLC systems. The relay aids communication
between the source and two users (near and far users) due to the high signal attenuation of the
direct link. This is in contrast to the system model studied in References [21,24], where a direct link
exists between the source and the near user. We study the system model under a log-normal fading
assumption with impulsive noise characteristic to PLC networks [25-29]. Data communication is
executed in two equal phases. In the first phase of communication, the source modem transmits a
superimposed signal with appropriate power allocation to the relay modem. The relay utilizes the
AF or DF protocol on the received signal and forwards it to the two users in the second phase. We
derive analytic expressions for the outage probability and the system throughput for the AF and DF
NOMA protocols. By analyzing the results of the AF NOMA scheme in the high SNR region, we obtain
closed-form lower and upper bounds of the outage probability. The derived analytic expressions
are shown to be tight in comparison with Monte Carlo simulations. Furthermore, we show that the
derived closed-form lower bound is able to approximate the outage probability especially at high
SNR. The superiority of the proposed AF and DF NOMA schemes is illustrated by comparing with the
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conventional OMA scheme and direct NOMA transmission without relaying. From the simulation
results, it is revealed that the DF NOMA outperforms AF NOMA in terms of outage probability in
low channel variance settings. However, as the channel variance increases, DF NOMA has similar
performance with the AF NOMA scheme. Furthermore, it is shown that the system throughput is
enhanced when the relay employs DF relaying compared to AF relaying.

The rest of the paper is organized as follows: Section 2 describes the system model for the
AF and DF NOMA schemes in PLC networks. Analysis of the outage probability and the system
throughput is presented in Section 3. In Section 4, we describe two benchmark schemes for comparison.
The simulation results and subsequent discussions are presented in Section 5. Finally, Section 6
concludes the paper.

Notation: fx(-), Fx(-) and Fx(-) denote the probability density function (PDF), cumulative
distribution function (CDF) and the complementary CDF (CCDF) of the random variable (RV) X,
respectively. Q(-), Pr{-}, E[-], min(-) and max(-) denote the Gaussian Q function, the probability,
the expectation, the minimum and the maximum operators, respectively.

2. System Model

Consider the cooperative PLC network shown in Figure 1, where a source modem S communicates
with two users A/ and F through a relay R with AF or DF protocol. It is assumed that the direct link
between the source and the users is highly attenuated compared to the source to relay and the relay
to user links. The two users, N and F, are designated as the near user and the far user, respectively.
In addition, the CSI is assumed to be perfectly known at all receiving modems. The distance-dependent
cable attenuation is modeled as a; = exp (—(bo + b1 f¥)d;),i € {SR, RN, RF} where d; is the distance
between the PLC modems, f represents the operating frequency in MHz, k is the exponent of the
attenuation factor, by and b; are the attenuation constants acquired from measurement data [30].

xs TR X2 x

S R N F

Figure 1. System model of cooperative relaying in power line communication (PLC) networks.

The source-to-relay, relay-to-near user and relay-to-far user channels are denoted by hgg, hrn
and hgF, respectively. We assume all channels experience independent and identically distributed
log-normal fading which is common in the PLC literature [25-27]. The PDF of the PLC log-normal
fading channel is given by

_ ¢ B
fhi(h) - \/EU']’Z eXp [

(CIn() — pi)?

207

1,h>0, (1)

where ¢ = 10/ 1n(10) is a scaling constant and y; and O'iz (in decibels) are the mean and variance
of 10log,,(h), respectively, which follows the Gaussian distribution. In PLC networks, the channel
variance accounts for the branch network topology where its value increases as the number of branches
and connected loads in the network increases [19]. In essence, low channel variance relates to a good
fading scenario while high channel variance relates to a bad fading scenario [31].

The performance of any PLC network is limited by the several sources of noise that can
be broadly categorized as colored background noise, narrowband interference and impulsive
noise [32]. To accurately capture the noise effects, several models have been proposed including
the Bernoulli-Gaussian process, Middleton Class A, Markov-Middleton and Markov-Gaussian
models [28,29]. In this work, we adopt the Bernoulli-Gaussian model due to its mathematical
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tractability [28]. Using the Bernoulli-Gaussian model, the PLC noise is modeled as an aggregate
of background noise and impulsive noise [26]. The impulsive noise is assumed to occur with a
probability of p while the background noise occurs with a probability of 1 — p in a transmission block.

The proposed relaying strategy with NOMA for the cooperative PLC network occurs in two
phases. Let x; and x, denote the messages to be transmitted with E[|x1|?] = E[|x;|?] = 1. During the
first phase, the source modem S sends the superimposed signal expressed as x5 = /a1 Psx1 + /a2 Psx;
to the relay modem R. Here, Ps is the source transmit power, a; and a, are the power allocation
coefficients for x; and xp, respectively. Due to the weak channel conditions of the far user F,
its designated symbol x1, is allocated more power. Therefore, the following conditions hold: a; > ap
and a; + ap = 1. The received signal at R is expressed as

yr = (Va1Psx1 + \/aPsx)asrhsg + ng, 2)

where ny represents the noise at R with variance c3.

In the second phase, the relay forwards a new data signal xy to the two users after applying the
AF or DF protocol. While the AF protocol amplifies the received signal, the DF protocol rebuilds the
superimposed signal of x; and x; upon successful decoding of the received signal [16]. With a relay
transmit power Pg, the transmitted signal xg, is expressed as

B {ﬁ\/PRy R, for AF protocol, 3)

\/a1Prx1 + \/a,Prxy, for DF protocol,

where B is the variable relay gain given by [33]

1
B=]———s. 4)
PSD%Rh%R +0%

Therefore, the received signals at the near user A and the far user F are expressed, respectively,
as

YN = ArRNIRNXR + 1N, 5)

and

Yr = arphRrpXR + 1F, (6)

where ny and np represent the noise at the near user and the far user with variance (712\, and

02, respectively.

2.1. Amplify-and-Forward Relaying

Based on the fact that x; is allocated more power, the far user F decodes its desired signal x4
by treating x, as interference. As a result, the post-detection instantaneous signal-to-interference-
plus-noise ratio (SINR) for x; at the far user is written as

2 2 32 12

,Y?F _ a1 PRPsaspagphgphgp @)

—x; 2 2 12 172 2 12 2 2 12 2., 273"
ayPrPsacgpapphsphip + Psagphsrof + Pragphppog + 0Rog

In order to retrieve its desired signal x,, the near user N decodes x; and removes it through SIC.
Consequently, the post-detection SINRs at the near user for x; and x; are, respectively, given by

2 .2 12 12

VAE = a1PRPsaspansphRN ®)

—x = 3 2 12 32 2 12 2 2 12 24 2.0
ayPrPsagpanhsphry + Psasphspoy + Pragy/iRn O + 0ROy
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and

2 2 12 12
,ﬁ\qlp _ Ay PRPsaspapnhsphRy )
=X T p2 12 2 2 2 2 20
Psasphspoy + PRagnhRnOR + 0ROY

2.2. Decode-and-Forward Relaying

The DF relay decodes the superimposed signal in the first phased based on the NOMA principle
that is, x1 is decoded first since it is allocated more power. After this, x, is obtained by SIC where x; is
reencoded and subtracted from the composite signal. The instantaneous SINRs for detecting x1 and xp
are, respectively, written as

SDE a1Psagphip (10)
R0 T bl i + o
and
2 12
DF ayPsagphsg
TR—x, = o2 . (11)
R

The far and near users can recover their desired signals after relay transmission in the second
phase. Since more power is allocated to the far user, it decodes its intended data symbol x; directly by
treating x; as interference. The instantaneous SINR at the far user, F, for decoding x; is obtained as

2 12

,h_QF _ mPragphyy

—x T 2 12 2
axPras phinp + 0%

(12)

To decode its desired data symbol x;, the near user first decodes x; and applies SIC. The SINR of
detecting x; is expressed as

pr _ mP R“%{Nh%{N
TNox, = 2 2 2 (13)
1 axPra hizn + 08

Finally, the instantaneous SNR at the near user for detecting x; is given by

2 12
DF arPrasnh
TN—x, = UIEN = (14)
N

In the next section, we derive analytic expressions for the outage probability and the system
throughput for the proposed AF and DF NOMA schemes under PLC log-normal channels with
impulsive noise.

3. Outage Probability Analysis

Without loss of generality, we define 0 = 0% = 0%, = 0%, ps = Ps/0? and pg = Pr/0?. ps and

pr denote the source and relay transmit SNR. In this work, we assume erasure decoding, where the
received signals affected by impulsive noise are discarded in the decoding process [19-21]. An outage

occurs when the achievable rate is less than the predefined target rate. Let R; and R, denote the
2Ry Ry
rate thresholds for x; and xp, where the outage SNRs for x; and x; are ) =277 —land ¢ =277 —1,

respectively.

3.1. Amplify-and-Forward NOMA

First, we analyze the outage probability of the far user F, which is defined as
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P(;L:tl;l-" = Pr{r)/?ixl < l[J1},
R TR a5

By defining ¢ = PS"%R/ P = psz%{F, X = héR and Y = h%{F, we have

@112 XY

PoutF 1—Pr{a2¢1¢zxy+¢1X+¢2Y+l >IP1},

= Pp1(1+¢1X) }

=1-"Pr {Y > 471¢2X(a1 = a2¢1) s ’

” Prgox(m —aztn) — Y1
=1- [ P1(1+ ¢1x) ) )
! JF <4)1472X(a1 —ﬂzll)l) 1/’14’2 fX(X) X, (16)
where fx () and Fy(-) are the PDF and CCDF of the RVs X and Y, respectively, where ) = P1¢»

Prp2(a1—az91)
since x > (P1¢2)/ (Pp12(a1 — az1p1)) must be satisfied. Noting that the RVs X and Y are log-normally

distributed with parameters h2; ~ InN (2ugr,402z) and h%p ~ InN(2ugr, 40%p), respectively,
we have

In(x) —2 2
fX(x> — 6 ex _ (6 ( ) 5 VSR) , (17)
XV 8mogR 805
and
P1(1+¢1%) _
E ( ¥1(14 ¢1x) ) _ Gln [4’14’296(!21 —a91)— wm} ZHRF (18)
Prox(a1 — axp1) — P12 20RF
Q(+) denotes the Gaussian Q function defined as
Q(x) / exp dt. (19)
\ﬁ
Substituting (17) and (18) into (16), the outage probability of the far user, F, is given by
oo 1 (1+¢1x)
AF ¢ (G In(x) — 2psr)? Gln [¢1¢2X(;1*ﬂzlljl)*¢1¢z] — 2ure
Paut F— T e &Xp |~ 2 Q dx, (20)
oo X\/%USR 80'SR ZURF
¢1¢2(“11 }“2¥’1)
Due to SIC decoding, the outage probability of the near user N is expressed as [33]
POAME,N = Pr{’)/f]ixl < ll]l, lyﬁijq < lpz}’
=1- Pr{yﬁixl > Y1, ’)/I[\‘Iixz > o} (21)

By defining @1 = psa’y, @2 = praky, X = h3; and Z = h%,;, we have
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PAF 1 _pr 101 X7Z A1 X7 <
out,N = Ay @010 XZ + @1 X +@0yZ + 1 > 1 0 X+ wrZ+1 Yaq
1 X
_ Pr{ P1(1+ @1 X) 7z~ P (14 @1X) }, 22)
(Dlwzx a; — azlpl) ) ap1@2 X — o0y
_ Pr{Z> (1+ @1X) 7> (14 @1X) }
(@102(a1 — a2p1)X)/ (1) — @2 (a201@2X)/ (2) —
1+ (Dlx
—1-Priz -
r{ > Or— @ |X },
where
© — min (601(02(“1 — axy1) , 02@1@2> ' (23)
P 7}
The outage probability of the near user is evaluated as
_ w1Xx
Pin=1- | Fz(®x ; )fx() (24)

(Dz/®

where fx(-) and Fz(-) are the PDF and CCDF of the RVs X and Z, respectively. Noting that the
RVs X and Z are log-normally distributed with parameters h2; ~ InN(2usg,403;) and h%y ~
In NV (2urnN, 40%y, ), respectively, we have

) I I+@ix | 7
P/;fN / 7€ exp [— (¢In() —2]/151{)2] Q (C ! [®x_wz] VRN) dx, (25)

0 x\/8mosg 802y 20RN
(Dz/@

where @x — @, > 0 must be satisfied.

3.2. Asymptotic Outage Probability of AF NOMA

In this section, we analyze the user outage probabilities of the AF NOMA at high SNR. This allows
us to derive closed-form lower and upper bounds of the exact outage probabilities of the far user and
the near user obtained in (20) and (25), respectively. Through simulation results, it will be shown that
the lower bounds are tight particularly at high SNR. First, we assume equal source and relay transmit
SNR such that p = ps = pr. Using (7), (8) and (9), the outage probabilities of the far user and the near
user are, respectively, re-expressed as [14]

XY
PAF L =1 —Pr P23k > 6, (26)
pap X + pakY +1
and
0% XZ
Patny=1-Prd— pSRz > 0N ¢, (27)
pagpr X +pagnZ +1
where
P i E— (28)

pacp(ar — Pra2)
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and

on = "”22 . (29)
A2PXRN

In the high SNR region (i.e., p — ) and from (26), the outage probability of the far user is
given by

XY
ng,f,F@l—Pr{ n >5p}, (30)
where (a) is obtained by substituting X = xpX and kp = a/a%;. X is alog-normal RV distributed
as X ~ In N (2ugg + & In(xf), 403, ). According to Reference [14], the following inequality holds

uo
u-+o

1
3 min(u,v) < < min(u,v), (31)

where 1 and v are RVs. Based on (31), the lower bound (LB) and upper bound (UB) for the outage
probability of the far user are, respectively, found as

PAVEY =1 —Pr{min(X,Y) > o},
= Fx(6F) + Fy(8r) — Fx (3) Fy (6F), (32)

and

Pﬁfjﬁm =1—Pr{min(&Xx,Y) > 2r},
= FX(z(SF) + Py(Zép) - F/\((Zép)Fy(Z(sF), (33)

The CDFs Fy (+) and Fy(-) are, respectively, given by

and
Fe(n)=1-Q (g IH[Z]U;FZV R ) : (35)

where 17 = {JF,26r } for {LB, UB}, respectively. By following a similar procedure as above, the LB and
UB for the outage probability of the near user are, respectively, represented as

PAPLE = By (0n) + Fz(0n) — Fw(0n)Fz(6n), (36)
and
PﬁﬁB = Py (26N) + F£(26N) — By (208 F£ (26N) (37)

The CDFs Fyy(-) and Fz(+) are, respectively, expressed by

SR
and
- (;‘ln[/\] — Z‘uRN
F,(A\)=1-Q (m) , (39)
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where A = {dy,205} for {LB,UB}, respectively. W is a log-normal RV distributed as W ~
InN (2usg + ¢In(ky),402;) and ky = adg /0%y

3.3. Decode-and-Forward NOMA

Based on (10) and (12), the outage probability of the far user, F, is expressed as

Pote=1-Pr{yRf > ¢} Pr{vEr, >y}, (40)
Ji N

J7 is evaluated as

T =Pr{vRh,, > 1}

2 1,2

_pp] MPsfselse o,

- 2 52 41 1
A205&5RM5R

=Pr{ h%, > 1
{ K7 psadg (a1 — praz)

_0 <§1n[4’1] —2tsr — & In [psagg (a1 — P1a2)] ) / 1)
ZO'SR
where a7 — 14, > 0 must be satisfied. Similarly, using (12), J> is calculated as
— _ 2 _
7H=0 (Clrl[#}l] 24RF 5211“ [oraR g (21 lPlﬂz)]> . 42)
ORF

By substituting (41) and (42) into (40), the outage probability of the far user with DF NOMA is
given by

(: n |: 2 1 :| 2]'4513 éhl |: 2 2 :| Z,uRF
) a4 (ap—P1a
ngzF 1 Q PS‘XSR(‘Zl 4]1‘12 Q PR&REp(41 1/11 2)

43
ZO'SR ZU'RF ( )

Based on (10), (11), (13) and (14), the outage probability of the near user, NV, is given by [16]
POEzllt:,N = 1_ Pr{’yllgixl > lpl’ 'YIE{)E)XZ > lpz} Pr{’)’]?]li)xl > lpl/ '71?]1;362 > 171)2} * (44)

T T2

Here, J; is calculated as

T = Pe{oRE, > 1R, > t2),

— Py a1ps0Gp Mg
a20505hg + 1

= Pr{h%R > L2 h%R > ¥2 },

7
psadp(ay — Praz) 20505,

) )

ZU'SR

2 12
> 1, axpsasphsg > ¢2} /
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where

® = max 5 L , ¥2 5 . (46)
psazg(ar — Praz)” azpsagy

Following J1, J> is derived as

B {In(E) — 2#RN>
Jo=Q (2(7RN ’ #7)
where
- P P2 48
- (PR“%w(ﬂl —1a2)’ “ZPR”‘%N) . ()

By substituting (45) and (47) into (44), the outage probability of the far user with DF NOMA is
expressed as

PRy —1- o ({2 2w o (En(E) s ). )

205R 20RN

3.4. System Throughput

Subsequently, we analyze the system throughput performance. When the system transmits
at a fixed data rate, the throughput is an important metric to characterize system performance.
The throughput is the product of the fixed transmission rate and the successful communication
probability [13]. The system throughput, T, of the proposed NOMA PLC network is deduced as

Tgttm = 71]: + T{\]/
= Ri(1— Bl ) + Ra(1— Pl ), (50)
where j € {AF,DF}. TZJ: and TIJ\] are the throughputs of the far user and the near user, respectively.
For AF NOMA, P(f}ﬁf and P(;‘Lf,N are obtained from (20) and (25), respectively. For DF NOMA, PODMIZ F
and P(Puf, y are obtained from (43) and (49), respectively.

Optimum power allocation is essential to maximizing the system throughput of the proposed
cooperative NOMA schemes. However, due to the complicated form of the outage probability
expressions, it is very difficult to obtain closed-from expressions for the power allocation parameters.
In this case, maximum system throughput is derived by performing an exhaustive search over the
range of power allocation coefficients. To maximize the system throughput, the power allocation

problem is formulated as [34]

maximize  Toum (a1, a2,02,07, 4, di, p, 05, OR)
“ (51)
subjectto 0<a; <1

4. Benchmark Schemes

To highlight the performance of the AF and DF NOMA schemes under various settings, this
section presents two different benchmark schemes namely NOMA without relaying and OMA
schemes, respectively.

4.1. NOMA without Relaying (D-NOMA)

The NOMA without relaying scheme is used as a benchmark for comparison. In the D-NOMA
transmission, the source transmits the data signals x; and x, with appropriate power allocation
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directly to the designated users without the help of the relay. In line with the NOMA protocol with
SIC, the users can recover their desired signals.

4.2. OMA Transmission

As a benchmark scheme for comparison, the source sends information to the two users via the
relay using a OMA scheme [35]. The information transfer is completed in four orthogonal phases.
The source transmit their data signals x; and x; to the relay in the first and second phases, respectively.
In the third and fourth phases, the relay forwards the data signals x; and x; to the far user and the
near user, respectively. Each data signal is transmitted at full power.

5. Simulation Results

In this section, we present extensive simulation results to evaluate the performance of the
proposed cooperative NOMA schemes in PLC networks. Our results are validated through Monte
Carlo simulations averaged over 10° channel realizations. To characterize the power line attenuation, we
adopt the following parameters: by = 9.4 x 1073,b; = 4.2 x 1077,k = 0.7 and f = 30 MHz [9]. The power
allocation coefficients of the NOMA transmission are fixed such that a; = 0.75 and a, = 0.25 [19-21].
For simplicity, we consider equal channel mean and variances such that pisg = prn = prr = 3dB and
02g = 0y = 0y = 4dB[36]. The probability of impulsive noise occurrence is set as p = 0.01 and the
target rates are given by R; = 0.5bps/Hz and R, = 1bps/Hz, respectively. Unless otherwise stated,
dsg = 200m, dgy = 100m and drr = 200 m, respectively.

In Figure 2, we plot the outage probability of the AF NOMA scheme versus the source transmit
SNR. We illustrate the performance for a fixed power allocation and equal source and relay transmit
powers that is, ps = pr. From the plot, we can observe that the analytic results show a tight
approximation to the simulation results verifying the accuracy of the derived analytic results in
(20) and (25). Also, the derived closed-form LBs of the outage probability for the far and near users
obtained from (32) and (36), respectively are very tight especially at high SNR. Therefore, they can be
used to approximate the system performance.
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Figure 2. Outage probability versus source transmit SNR for p = 0.01, a; = 0.75, a = 0.25,
Ry = 0.5bps/Hz and Ry = 1bps/Hz.

Figure 3 shows the outage probability performance versus the source transmit SNR for the
different schemes. We compare the DF and AF NOMA schemes to the benchmark schemes presented
in Section 4. From the plot, we can observe that the analytic results show a tight approximation to the
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simulation results verifying the accuracy of the derived analytic results. For the near and far users,
the outage probability of the proposed AF and DF NOMA schemes are enhanced compared to the
OMA and NOMA without relaying schemes as shown in Figure 3a,b, respectively. By allocating more
power to the far user, the AF and DF NOMA schemes are able to ensure user fairness. Therefore,
multiple users can be served concurrently while achieving set quality of service (QoS) requirements.
From Figure 3a, it is seen that the DF NOMA scheme has better outage probability than the AF
NOMA when the channel variance is low (i.e., U%R = (712{ N= (712{ r = 4dB). However, as the channel
variance increases from 4 dB to 10dB, the outage probability is similar for the AF and DF NOMA
schemes across the whole SNR range. In essence, while DF NOMA scheme can be chosen as the
preferred protocol when the channel conditions are good, the AF NOMA scheme can be selected as
more loads are connected to network due to its low computational complexity. For the near user,
the performance of the AF and DF NOMA schemes remains similar in low and high channel variance
settings. As the NOMA without relaying scheme suffers from high signal attenuation, it has the worst
outage probability performance.
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e

2 99
Ogp = Oy = Opp = 4dB

Outage probability

Outage probability
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(@ (b)
Figure 3. Outage probability performance of different schemes for (a) far user and (b) near user where
p =0.01,a; = 0.75,ap = 0.25, R; = 0.5bps/Hz and R, = 1bps/Hz.

Figure 4 shows the system throughput versus the source transmit SNR. The system throughput is
plotted using (50). It is observed that the proposed DF and AF NOMA schemes significantly enhance
the system throughput relative to the benchmark schemes. The system throughput is enhanced
when the relay employs DF instead of AF protocol. This follows directly from the outage probability
performance of the two schemes. The AF and DF NOMA schemes will require less power to achieve
a set target rate compared to the OMA scheme. For example, for a target rate of 0.5bps/Hz and
p = 0.01, the DF and AF NOMA schemes will require 17.5 dB and 18 dB, respectively while the OMA
scheme will require 20 dB. Finally, we observe that when the impulsive noise probability increases
from p = 0.01 to p = 0.2, the outage probability performance is degraded across all schemes. This is
because higher p means more received samples are corrupted by impulsive noise and discarded in the
decoding process.

Figure 5 depicts the maximum system throughput versus the far user target rate, Rj.
The maximum system throughput is obtained from (51). Specifically, we set the following parameters:
ps = 30dB, pr = 20dB and p = 0.01. From the results, it is shown that the DF NOMA scheme has the
best performance while the OMA scheme has the worst performance. The gap between the NOMA
schemes and the OMA scheme increases as R; increases. However, the system throughput of the
DF and AF NOMA schemes is dependent on the given target rates of the users. At R, = 1bps/Hz,
as the target rate of the far user R; increases from 0.2bps/Hz to 0.9bps/Hz, the throughput of the DF
NOMA scheme is enhanced compared to the NOMA without relaying scheme. Beyond 0.9bps/Hz,
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the DF NOMA scheme fails to guarantee the system QoS, hence the system throughput is degraded.
A similar observation is made for the AF NOMA scheme where the NOMA without relaying scheme
begins to outperform the AF NOMA scheme when Ry > 0.6 bps/Hz. Therefore target rates need to be
carefully selected for the AF and DF NOMA schemes to outperform the benchmark schemes.

1.5 T T T T T
— — —DF NOMA
77777 AF NOMA
OMA
.- D-NOMA //
O  Simulation //'

0.5

System throughput [bps/Hz]

06 N | | ‘
0 5 10 15 20 25 30 35 40
Source Transmit SNR [dB]

Figure 4. System throughput versus the source transmit SNR for a; = 0.75, a, = 0.25, Ry = 0.5bps/Hz
and Ry = 1bps/Hz.
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Target Rate of Far User R,

Figure 5. Maximum system throughput versus the far user target rate for p = 0.01, ps = 30dB
and pg = 20dB.

Finally, Figure 6 examines the impact of the relay position on the performance of the proposed
NOMA schemes. Specifically, we plot the maximum system throughput versus the source-to-relay
distance dgg. The maximum system throughput is plotted using (51). We assume the source-to-far user
distance is 500 m and the near user is located 100 m from the far user. From the results, there exists an
optimum relay position that maximizes the system throughput. Although the received signal power
is high when the relay is close to the source, the far distance between the relay and the users means
the forwarded signal in the second phase is highly attenuated, degrading the system throughput.
For a fixed relay power, the system throughput is enhanced when the source transmits with more
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power. In addition, we observe that the DF NOMA scheme is able to enhance the system throughput
compared to the other schemes for all relay positions.
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Figure 6. Maximum system throughput versus source-to-relay distance dgg for for p = 0.01, pr = 20dB
and R; = 0.5bps/Hz and R, = 1bps/Hz.

6. Conclusions

In this paper, we have proposed cooperative NOMA for PLC networks where the relay aids
information transfer between the source and the users. The source uses superposition coding for data
transmission to the relay. The relay uses AF or DF protocol and forwards the received signal to the
users. We derived analytic expressions for the outage probability and the throughput under PLC
log-normal channels with impulsive noise. For AF NOMA scheme, we analyzed the results at high
SNR and derived closed-form lower and upper bounds for the outage probability. Through Monte
Carlo simulations, we have verified the accuracy of the analysis. The simulation results revealed the
superiority of the cooperative NOMA schemes compared to the benchmark schemes in all performance
metrics. Comparing AF and DF NOMA, it was shown that DF NOMA has better outage probability
than AF NOMA especially when the channel variance is low. Furthermore, the DF NOMA scheme
achieves a higher system throughput compared to the AF NOMA scheme. Due to synchronization
and channel estimation issues, imperfect SIC can be considered as an extension to this work.
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