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Abstract: Non-orthogonal multiple access (NOMA) along with cooperative communications have been recognized as promising
candidates for the fifth generation (5G) wireless networks and have attracted many researchers. Every networked device however
has its own limited power supply. To this extent, this paper investigates a power-splitting relaying (PSR) protocol for wireless
energy harvesting and information processing in the NOMA systems to prolong the lifetime of the energy-constrained relay nodes
in wireless networks so as to avail the ambient radio-frequency (RF) signal as well as to simultaneously harvest the energy and
process the information. Decode-and-forward relaying is employed at the relay node where the energy from the received RF
signal is harvested and exploited to forward the information to the destination. Specifically, the outage probability and ergodic rate
of the PSR protocol are derived to realize the impacts of energy harvesting time, energy harvesting efficiency, power splitting ratio,
source data rate, and the distance between nodes. It is also shown that an increased energy harvesting efficiency results in an
enhanced performance and an outperformance in terms of the energy efficiency is achieved with the employment of the NOMA
when compared to the conventional orthogonal multiple access. Numerical results are provided to verify the findings.

1 Introduction

Recently, there have been numerous research works on wireless
energy harvesting (EH) and information processing [1] - [3]. The
EH in the wireless relay and wireless sensor networks is necessary
due to the limited power storage of relays and sensor nodes which
often rely on external charging mechanisms to maintain their oper-
ation [4], [5]. In order to prolong the network lifetime, many EH
techniques and cooperative relay protocols have been integrated into
the devices. The EH circuits can in fact perform simultaneous wire-
less information and power transfer (SWIPT) which can be used in
the various critical environment such as healthcare, disaster, etc.

In [6], a decode-and-forward (DF) relaying protocol was proposed
with the EH function where the relays replenish the energy from
the received RF signals. In [7], time-switching (TS) based protocols
were developed for wireless-powered relay nodes considering both
amplify-and-forward (AF) and DF relaying along with SWIPT and
energy accumulation at the relays. In [8]-[9], the authors investigated
the PS-based SWIPT and proposed to use SWIPT in a full-duplex
relay (FDR) network [8] as well as two relay selection stragies in the
two way FDR system to minimize the outage probability [9].

The maximum transmission rate schemes for power-switching
relaying (PSR) and time-switching relaying (TSR) protocols in the
DF-based relay networks were investigated in [10], where the relay
is assumed to have a rechargeable battery with a certain amount of
remaining energy to harvest the energy from the received RF signal.
In [11], a non-shared power allocation scheme was investigated and
its performance was analysed and compared to that of several shared
power allocation schemes. The EH with a dual-hop half-duplex (HD)
and full-duplex (FD) SWIPT employing both the DF and AF relay-
ing was proposed in [12] for log-normal fading channels. In [13],
a joint non-orthogonal multiple access (NOMA) and partial relay
selection was proposed to employ the AF relaying for enhancing not
only sum rate and user fairness, but also the outage probability with
a proper power allocation to users subject to a minimum signal-to-
noise ratio (SNR). Also, the NOMA has recently been investigated
with different approaches for the 5G networks, such as the works in

[14]-[18]. In [19], both FD and HD transmission modes were con-
sidered for an AF-based NOMA system. However, the cooperative
NOMA systems in general, require the relay to fully cooperate using
its own generated power for helping the source to send data to the
destination.

In order to tackle the power supply issue at the relay for cooper-
ative communications, in this paper, we investigate the employment
of EH and DF-based NOMA in a SWIPT system. A PSR protocol
with a power splitting (PS) receiver architecture is considered. In the
PSR protocol, the energy-constrained relay node uses a portion of the
received power for EH, while the remaining energy is for informa-
tion processing. In particular, this paper considers two transmission
modes at the energy-constrained relay node, including:

i) Delay-limited transmission (DLT): In this mode, the destination
node decodes the received signal block by block.
ii) Delay-tolerant transmission (DTT): In this mode, the destination
node can buffer the received information blocks and thus it accepts
the delay due to the decoding of the received signal, ∗

The main contributions and features of our work are summarized as
follows:

• An HD NOMA scheme is proposed for a SWIPT system to allo-
cate power for two users, among which one is considered as a relay
node to perform both EH and DF the received signal. The proposed
scheme makes use of a PS receiver architecture which enables both
information processing and EH at the relay node.
• The performance of the proposed scheme is analysed in terms of
outage probability, throughput and ergodic rate. Specifically, closed-
form expressions are derived for the outage probability at both
users, while the analytical results of the throughput and ergodic
rate are obtained for DLT and DTT modes, respectively. It is shown
that, with the NOMA adaptation, an enhanced outage performance

∗For the DTT mode, [20] can apply for different code lengths.
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is achieved for a considerably increased throughput and ergodic
rate when compared to the conventional orthogonal multiple access
(OMA).
• The energy efficiency is derived for the proposed HD NOMA sys-
tems. Our numerical results show that the NOMA achieves a higher
EE performance than the conventional OMA.

We structure the rest of the paper as follows. Section II presents
the overall system model of the proposed relay assisted cooperative
NOMA and assumptions. Sections III describes in detail the per-
formance analysis of the proposed PSR protocol. Section IV shows
the simulation results. Finally, Section V concludes this paper and
summarizes the key findings.

2 SYSTEM MODEL
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Fig. 1: System Model.

Figure 1 illustrates the system model under investigation, in which
a source node, S, wants to transfer the information to two users D1
and D2. It is assumed that there is an obstacle between S and D2.
As shown in Figure 1, S sends data to D1 and D1 is exploited
to assist the communications from S to D2. Here, D1 employs
DF relaying protocol using the energy harvested from S. The dis-
tances from S to D1 and from D1 to D2 are denoted by d1 and
d2, respectively. The complex channel coefficients of S → D1 and
D1 → D2 links are denoted by h1 and h2, with respective power
gains of |h1|2 and |h2|2, which are assumed to be exponentially
distributed with E[|h1|2]=Ω−1

1 and E[|h2|2]=Ω−1
2 . Here, E[.]

denotes expectation operation.

2.1 Energy Harvesting at D1

Energy Harvesting at D1
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Fig. 2: PSR Protocol of Energy harvesting system.

Figure.2 presents the communication block diagram using PSR
protocol for EH and information processing at D1 in the total time
block of T . The power of the received signal at D1 is denoted by P .
It is assumed that S transmits information to D1 in the first half of
T , while the remaining time, i.e. T/2, is dedicated for transmitting
the information from D1 to D2.

With the employment of superposition of the transmitted signals
at S as in the NOMA scheme, the observation at D1 is given by

yD1
= h1(

√
a1Psx1 +

√
a2Psx2) + nD1

, (1)

where Ps is transmission power at S, a1 and a2 are power allocation
coefficients for data symbols x1 and x2 that are wished to send from
S to D1 and D2, respectively, and nD1

is additive white Gaussian
noise (AWGN) atD1 with zero mean and variance σ2. It is assumed
thatE[x2

1] = E[x2
2] = 1, and, without loss of generality, a2 > a1 >

0 satisfying a1+a2=1.
Employing PSR protocol, D1 splits the received power into two

parts including: i) harvested energy and ii) information processing
energy. Let β, 0 < β < 1, denote the power splitting ratio. The
energy harvested at D1 can be obtained as

EH = βη|h1|2ρ (T/2) , (2)

where ρ
∆
= Ps/σ

2 represents the transmit signal-to-noise ratio
(SNR) and 0 < η < 1 denotes the energy harvesting efficiency at
the energy receiver which is dependent of the rectifier and the energy
harvesting circuitry. All the energy harvested during energy harvest-
ing phase is consumed atD1 while forwarding the decoded signal to
D2.

From the harvested energyEH , the transmission power atD1 can
be given by

Pr =
EH

(T/2)
=
βη|h1|2ρ (T/2)

(T/2)
= βη|h1|2ρ. (3)

2.2 Information Processing at D1 and D2

Applying the NOMA principle,D2 is allocated more power than that
for D1. After receiving the signal from S, D1 decodes the signal
x2 and decodes its own signal x1 by employing successive inter-
ference cancellation (SIC) [21]. We assume that an ideal setup with
perfect SIC is given in our model system, i.e, the level of residual
interference is zero.

From (1) the received signal to interference plus noise ratio
(SINR) at D1 to detect x2 of D2 is given by

γ2,D1
=

ψI |h1|2a2ρ

ψI |h1|2a1ρ+ 1
, (4)

where ψI = (1− β) denotes the information processing coefficient
in the PSR protocol. After SIC, there is no interference remaining
in the received signal at D1. The received SNR at D1 to detect its
own message x1 is thus given by

γ1,D1
= ψI |h1|2a1ρ. (5)

Meanwhile, the decoded signal x2 at D1 is forwarded to D2. The
received signal at D2 can be expressed as

yD2
=
(√

Prx2

)
h2 + nD2

. (6)

Substituting Eq. (3) into yD2
, we obtain

yD2
=
(√

βηρ
)
|h1|h2x2 + nD2

. (7)

The received SNR at D2 is thus given by

γ2,D2
= |h2|2|h1|2ψEρ, (8)

where ψE = βη denotes the energy harvesting coefficient in the
PSR protocol.
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3 PERFORMANCE ANALYSIS

3.1 Outage Performance

3.1.1 Outage Probability at D1: In the NOMA protocol, D1
is not in outage when it can decode both x1 and x2 received from S.
Therefore, the outage probability at D1 can be expressed by

PHDD1,PSR = 1− Pr
(
γ2,D1

> γHDth2
, γ1,D1

> γHDth1

)
, (9)

where γHDth1
= 22R1 − 1 and γHDth2

= 22R2 − 1. Here, R1 and R2
are the target rates for detecting x1 and x2 at D1, respectively. We
have the following finding of the outage probability at D1.

Theorem 1. The outage probability at D1 is given by

PHDD1,PSR = 1− e−
θ1
Ω1 , (10)

where θ1 = max(τ1, ν1), τ1 =
γHDth2

ρψI(a2−a1γHDth2 )
and ν1 =

γHDth1
a1ψIρ

with a2 > a1γ
HD
th2 .

Proof: The outage probability at D1 can be computed by

PHDD1,PSR = 1− Pr
(
|h1|2 ≥ θ1

)

= 1−
∫∞
θ1
f|h1|2 (y) dy

= 1− e−
θ1
Ω1 .

(11)

The proof is completed. �

3.1.2 Outage Probability atD2: Note that the far-end nodeD2
is in outage when either D1 can not detect x2 or D2 can not recover
the forwarded signal from D1. The outage probability at D2 can be
derived as (see (12)). Deriving J2 and J3, we have the following
finding

Theorem 2. The outage probability at D2 can be given by

PHDD2,PSR = 1− e−
τ1
Ω1 +

∞∫
τ1

(
1− e

−
γHDth2

xψEρΩ2

)
1

Ω1
exp

(
−x
Ω1

)
dx.

(13)

Proof: Considering Rayleigh fading channel, J2 (see (12)) can be
given by

J2 = 1− exp

(−τ1
Ω1

)
. (14)

and J3 can be expressed as (see (15)). The outage probability at D2
is thus given by

PHDD2,PSR = J2 + J3 (16)

�

Corollary 1. In the case of high SNR, the outage probability at
D2 can be derived as (see (17)), where K1(.) denote the first order
modified Bessel function of the second kind [22, Eq.(9.6.22)].

3.2 Throughput for Delay-limited Transmission Mode

In this mode, it is assumed that the source node transmits informa-
tion with a constant rate of R, depending on the performance of
the outage probability due to wireless fading channels. The system

throughput of HD transmission mode in the NOMA system is thus
given by

τHDt,PSR =
(

1− PHDD1,PSR

)
R1 +

(
1− PHDD2,PSR

)
R2, (18)

where PHDD1,PSR and PHDD2,PSR can be obtained from (10) and (16),
respectively.

3.3 Ergodic Rate for Delay-tolerant Transmission Mode

3.3.1 Ergodic Rate at D1: For the case when D1 can detect
x2, the achievable rate at D1 can be written as

RHDD1,PSR =
1

2
log2

(
1 + γ1,D1

)
. (19)

The ergodic rate atD1 for HD transmission mode in the NOMA sys-
tem can be obtained by the following theorem.

Theorem 3. The ergodic rate at D1 is given by

RHDD1,PSR =
− exp

(
1

ψIa1ρΩ1

)

2 ln 2
Ei

( −1

ψIa1ρΩ1

)
. (20)

Ei(x) denotes the exponential integral function [23, Eq.(3.352.4)].

Proof: See Appendix 1.
�

3.3.2 Ergodic Rate at D2: Since x2 needs to be detected at
both D1 and D2, the achievable rate at D2 for HD transmission
mode in the NOMA system can be written as

RHDD2,PSR =
1

2
log2

(
1 + min

(
γ2,D1

, γ2,D2

))
. (21)

Theorem 4. The ergodic rate at D2 is given by

RHDD2,PSR = 1
2 ln 2

a2
a1∫
0

[
e
− x
ψIρ(a2−a1x)Ω1

1+x

+

∫∞
x

ψIρ(a2−a1x)

1
Ω1

(
1−e−

x
yρψEΩ2

)
e
− y

Ω1 dy

1+x


 dx.

(22)

Proof: See Appendix 2. �

Remark 1. Thus the corresponding ergodic rate is given by

RHD,∞D2,PSR
=

1

2 ln 2

∞∫

0

1− FX(x)

1 + x
dx. (23)

From the analytical result in (23), for the high SNR region ρ→∞,
the asymptotic expression for the ergodic rate at D2 can be given by

RHD,∞D2,PSR
=

1

2 ln 2

a2
a1∫

0

2
√

x
ψEρΩ1Ω2

K1

(
2
√

x
ψEρΩ1Ω2

)

1 + x
dx.

(24)

.

Proof: See Appendix 3. �

.
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PHDD2,PSR = Pr
(
γ2,D1

< γHDth2

)

︸ ︷︷ ︸
J2

+ Pr
(
γ2,D2

< γHDth2
, γ2,D1

> γHDth2

)

︸ ︷︷ ︸
J3

.
(12)

J3 = Pr
(
|h2|2|h1|2ψEρ < γHDth2

,
|h1|2ψIa2ρ

ψI |h1|2a1ρ+1
> γHDth2

)
=





Pr

(
|h2|2 <

γHDth2

|h1|2ψEρ , |h1|2 >
γHDth2

ψIρ
(
a2−a1γHDth2

)

)
, a2 > a1γ

HD
th2

0, a2 ≤ a1γ
HD
th2

=
∞∫
γHD
th2

ψIρ

(
a2−a1γ

HD
th2

)

γHDth2
xψEρ∫

0

f|h1|2(x)f|h2|2(y)dxdy =
∞∫
τ1

1
Ω1,PSR

[
1− exp

(
−γHDth2

xψEρΩ2,PSR

)]
exp

(
−x

Ω1,PSR

)
dx.

(15)

PHD,∞D2,PSR
= Pr

(
a2
a1
< γHDth2

)
+ Pr

(
|h2|2 <

γHDth2

ψEρ|h1|2 ,
a2
a1
> γHDth2

)

= Pr

(
|h2|2 <

γHDth2

ψEρ|h1|2 ,
a2
a1
> γHDth2

)
=
∞∫
0

[
1− exp

(
−γHDth2
ψEρΩ2x

)]
1

Ω1
exp

(
−x
Ω1

)
dx = 1− 2

√
γHDth2

ψEρΩ1Ω2
K1

(
2

√
γHDth2

ψEρΩ1Ω2

)
.

(17)

3.3.3 Ergodic rate of the system: The system ergodic rate of
HD transmission mode in the NOMA system is thus given by

τHDr,PSR = RHDD1,PSR +RHDD2,PSR, (25)

where RHDD1,PSR and RHDD2,PSR can be obtained from (20) and
(22), respectively.

3.4 Imperfect SIC

Considering the imperfect SIC symbol x2 received at D1.

The observation at D1 is given by [24]

∧
yD1

= h1

(√
a1PSx1 + κ

√
a2PSx2

)
+ nD1

, (26)

where κ, 0 ≤ κ ≤ 1, denotes the level of residual interference due
to the imperfect SIC at D1 [25]. Specifically, κ = 0 and κ = 1 refer
to the cases of perfect SIC and fully imperfect SIC, respectively.
According to theory, the κ value can vary from 0 to 1 depending
on SIC efficiency. For NOMA, one usually assume that the prob-
lem is solved with perfect SIC, i.e. κ = 0. Thus, the effectiveness
of the NOMA is better than OMA. For the case of imperfect SIC,
a small change of the SIC residual interferene, e.g. κ = 0.15, also
considerably affects on the performance of NOMA system. Even,
this causes a worse performance as compared to the conventional
OMA. Thereby, a SIC design is the key issue in NOMA technique.

The SINR at D1 to detect x1 is given by

∧
γ1,D1

=
ψI |h1|2a1ρ

ψI |h1|2κ2a2ρ+ 1
. (27)

From (27), the outage probability of detecting x1 with imperfect SIC
at D1 can be expressed as

PI_SIC
x1,D1

= Pr
[(

ψI |h1|2a1ρ

ψI |h1|2κ2a2ρ+1

)
< γth1

]

= 1− Pr
[(

ψI |h1|2a1ρ

ψI |h1|2κ2a2ρ+1

)
≥ γth1

]

= 1− Pr

(
|h1|2 ≥

∧
θ1

)
,

where

Pr

(
|h1|2 ≥

∧
θ1

)
=
∞∫
∧
θ1

f|h1|2(y)dy

Then

PI_SIC
x1,D1

= 1−
∞∫

∧
θ1

f|h1|2(y)dy = 1− e−
∧
θ1
Ω1 , (28)

where
∧
θ1 =

γth1

ρψI(a1−a2κ2γth1)
.

3.5 Energy efficiency

From throughput and ergodic rate analysis results, we aim to provide
energy efficiency (EE) considering user relaying for HD NOMA sys-
tems. The EE is defined as the ratio of the total achievable data rate
and the total power consumption in the whole network, which is
given by EE

∆
= R

Ps+Pr
, whereR denotes the total network through-

put, Ps is the power transmission at the source, and Pr is the power
transmission at the relay (see (3)). The energy efficiency of user
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relaying for HD NOMA systems can be expressed as

EEφ =
2τHDφ

ρ (1 + ψEΩ1)
, (29)

where φ ∈ (t, r) .

4 SIMULATION RESULTS

This section verifies the derived analytical results presented in the
preceding sections. The distance between S and D2 is normalized
to unity, i.e. ΩSD2

= 1,ΩSD1
= d−m and ΩD1D2

= (1− d)−m,
where d is the normalized distance between the S and D1 and m is
the pathloss exponent. It is assumed that d = 0.3 and m = 2. The
power allocation coefficients for D1 and D2 are set as a1 = 0.2 and
a2 = 0.8, respectively. The target rates are set as R1 = 3 bps and
R2 = 0.5 bps.

In the simulation, the performance of the conventional OMA
is used as a benchmark for comparison. Specifically, in the OMA
scheme, it needs three time slots to send the information from S to
D2. In the first time slot, S sends the message x1 to user relayD1. In
the second time slot, S sends the message x2 toD1. In the third time
slot, D1 decodes and forwards the message x2 to D2. In particular,
in time slot 1, when S sends the information to D1, there is only x1
term, thus the outage probability is determined without interference
and the message x2. This can be explained for fair comparison to
NOMA in term of power as follows. The power must be decreased a
half at a1 = 0.5 , a2 = 0 at the first time slot and a1 = 0, a1 = 0.5
at the sending time slot of x2 (the second time slot), obviously. In
the third time slot, D1 decodes and forwards the message x2 to D2.
Therefore, the throughput and the ergodic of OMA are equal 1/3
times of the one of NOMA.

The first work we consider is the evaluation of the outage proba-
bility of the system. Figs. 3-6 illustrate the outage probability of two
users for the PSR protocol versus SNR and β, respectively. It can be
observed that User 2 obtains a lower outage probability than that of
User 1 in the HD NOMA scheme as well as in the HD OMA scheme.
Also, the outage probability of two users in the HD NOMA scheme
is shown to be lower than those in the HD OMA scheme.

In Figs. 3 and 4, with β = 0.6, η = 0.8, d = 0.3, m = 2, a1 =
0.2, a2 = 0.8, a1_OMA = 0.5 and a2_OMA = 0.5, the outage
probabilities of the PSR protocol are as a function of SNR (dB)
where the User1-exact is significantly higher than the User2-exact.
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Fig. 3: Outage probability of two users for the PSR protocol versus
transmitting SNR and different coefficients of a1, a2.

For example, the User1-exact has a higher outage probability
than that of the User2-exact about 36% at SNR = 20(dB) in the
HD NOMA scheme. The PSR protocol achieves better performance
when SNR increases. These results can be explained as follows.
When SNR increases, the harvested energy EH in (2) and received
SNRs γ2,D1

and γ1,D1
in (4) and (5) at D1 increase in the PSR

protocol, respectively.
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Fig. 4: Outage probability of two users for the PSR protocol versus
transmitting SNR.

In Fig. 5, the outage probability of the PSR protocol as a function
of the β on the x-axis is set from 0.001 to 1 with 0.08 step.
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Fig. 5: Outage probability of two users for the PSR protocol versus
β and different coefficients of a1, a2.

For instance, with η = 0.8, d = 0.3,m = 2, a1 = 0.2, a2 = 0.8,
a1_OMA = 0.5 and a2_OMA = 0.5, as shown in Fig. 6, the exact
theoretical curves for the outage probability of two users for HD
NOMA are plotted according to (9), (10), (12), (13) and (17),
respectively. The curve representing the outage probability of User
1 gradually increases according to β in (10) while that of User 2
decreases in range of β of about 0 to 0.6 and then rapidly changes
but not be linear in case of β of from 0.6 to 1. This change is caused
by the parameters containing in (13). Resulting in that these curves
intersect each other at some points in the figure. Furthermore, it
can be explained based on the equations that the more ρ increases,

IET Research Journals, pp. 1–10
c© The Institution of Engineering and Technology 2015 5

ReView by River Valley Technologies IET Communications

2019/05/29 16:29:13 IET Review Copy Only 6

This article has been accepted for publication in a future issue of this journal, but has not been fully edited.
Content may change prior to final publication in an issue of the journal. To cite the paper please use the doi provided on the Digital Library page.



the more τ1 decreases. The curves of Analytical-User1-Exact HD-
NOMA and Analytical-User1-High SNR HD-NOMA are overlap
each other. The curve representing of Analytical-User2-Exact HD-
NOMA is plotted based on (13) while Analytical-User2-High SNR
HD-NOMA is based on (17). It can be observed that the red curve
is parallel and approximate with the black dashed curve in range
of ρ from 0 to 0.2. Then, Analytical-User2-High SNR HD-NOMA
raplidly decreases when ρ increasingly varies as shown in Fig. 6.
These explanation can be also employed for Fig. 5 where the simu-
lation scenario of the outage probability is simulated with different
coefficients of a1, a2. The exact outage probability curves precisely
also match with the Monte Carlo simulation results.
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Fig. 6: Outage probability of two users for the PSR protocol versus
β.

Figure 7 plots the comparison of the outage probabilities at D1
versus SNR corresponding with imperfect and perfect SIC symbol
x2 with different values of κ. As shown in Fig. 7, the SIC residual
interference coefficient has a considerable impact on the outage per-
formance at D1. It is noticed that in range of κ of from 0 to 1, the
smaller the κ value, the better the SIC and the smaller the residual
interference, and vice versa.
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Fig. 7: Comparison of the outage probability at D1 versus transmit-
ting SNR for the cases of perfect and imperfect SIC x2 with different
values of κ.

As aslo shown in Fig. 7, the outage probability tends to increase
as the k becomes higher. It can be observed that when κ is large
enough, i.e. κ > 0.15 as shown in the figure, the outage probability
is approximately equal 1 in the SNR region of from −10 to 40 dB.

Considering the system throughput for DLT mode and ergodic
rate for DTT mode, Figs. 8-10 sequentially plot throughput and
ergodic rate of two users for the PSR protocol as a function of the
β, η = 0.8, d = 0.3, m = 2, a1 = 0.2, a2 = 0.8, a1_OMA = 0.5
and a2_OMA = 0.5. Specifically, it can be seen in Fig. 8 that the
throughput of User 1 is significantly higher than that of User 2 in the
HD NOMA scheme. In contrary, the throughput of User 1 is lower
than that of User 2 in the HD OMA scheme. This is due to the fact
that D1 receives both x1 and x2 signals while D2 receives only x2
in the DLT mode.
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Fig. 8: The throughput of two users for the PSR protocol versus β
and different coefficients of a1, a2.

A similar observation can be realised in Figs. 9 and 10 where the
ergodic rate at User 1 is higher than that in both the HD NOMA and
the HD OMA schemes.
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Fig. 9: The ergodic rate of two users for the PSR protocol versus β
and different coefficients of a1, a2.

The ergodic rate at User 1 is shown to be the highest, while the
one at User 2 is the lowest in the HD OMA scheme. This can be
explained that the SNR at D1 used to detect x1 and x2 in (19) and
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(20) is higher than the minimum value of SNR at D1 used to detect
x2 and SNR at D2 used to detect x2 in (21) and (22), respectively.
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Fig. 10: The ergodic rate of two users for the PSR protocol versus
β.

Figure 11 plots the energy efficiency of two users for the PSR
protocol as a function of SNR (dB) with β = 0.3, η = 0.8, d = 0.3,
m = 2, a1 = 0.2, a2 = 0.8, a1_OMA = 0.5 and a2_OMA = 0.5.
It shows that EE performance in the DLT mode is lower than that
in the DTT mode. Thus, NOMA has outperformed EE performance
compared with conventional OMA in low SNR region (SNR < 10
(dB)). The reason is that HD NOMA can achieve larger throughput
and ergodic rate than that of HD OMA. The exact theoretical curves
for the ergodic rate of two users for HD NOMA are plotted according
to (29). About explanation for inflection points, when the value of
SNR is in lower range, EE decreases rapidly. However, the graph
of EE varies towards gradually decreasing as SNR value is towards
increasing according to (29). These lead to existing inflection points
in the simulation result figure.
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Fig. 11: Energy efficiency of two users for the PSR protocol and
different coefficients of a1, a2.

Moreover, it can be seen in Fig. 11 as well as in (29) that
EE versus throughput for DLT mode changes quickly according
to the follow function F (1/exp)) (see (18)) with a1 = 0.2, a2 =
0.8 while the EE of OMA system varies according to function

F (1/exp)) with a1_OMA = 0.5, a2_OMA = 0.5. For instance,
the intersection of the curves of Analytical-Thoughput-HD-NOMA
and Analytical-Thoughput-HD-OMA at SNR = 8.55562295 (dB)
yields the cutting points as shown in Fig. 12.
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Fig. 12: Energy efficiency of two users for the PSR protocol.

Besides, based on (25), we can explained that EE versus ergodic
rate for DTT mode of NOMA system decreases more and more
according to the follow function F (1/(2 ln 2)) while that of OMA
system varies slowly according to function F (1/(3 ln 2)). As a
result, there occur the intersectons at some points as well as inflec-
tion points among the curves as shown in Figs. 11 and 13. For
example, as plotted in Fig. 13, it can be observed that the curves
of Analytical-Ergodic-HD-NOMA also intersect that of Analytical-
Ergodic-HD-OMA at SNR = 9.4261806 (dB).
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Fig. 13: Energy efficiency of two users for the PSR protocol.

Figs. 14 and 15 clearly illustrate the non-intersection of the curves
as asymptotically decreasing to 0 with SNR in region of from 25 to
40 dB.
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Fig. 14: Energy efficiency of two users for the PSR protocol.
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Fig. 15: Energy efficiency of two users for the PSR protocol.

Therefore, we can conclude that the simulation results in Figs.
4-15 match analytic results mentioned in above sections.

5 CONCLUSION

In this paper, an EH scheme has been proposed along with
the adaptation of NOMA for a SWIPT system. A PSR has been
employed for the DF relaying protocol. The closed-form expressions
of outage probability at two users have been derived along with the
expressions of the achievable throughput, ergodic sum rate and EE.
Numerical results have shown that NOMA outperformed the con-
ventional OMA in terms of both throughput and ergodic rate. It has
also shown that the NOMA achieves a lower outage probability at
the far-end user and a better EE performance in the low-SNR regime
compared to the conventional OMA.

For future work, we will investigate the performance of the pro-
posed PSR for EH in cooperative NOMA taking into account the
impacts of the direct link between source and far-end user.
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7 Appendices

7.1 Appendix 1 - Proof of Theorem 1

In this appendix, we present the proof of (20). To obtain this closed-
form expression, the ergodic rate of D1 for HD NOMA can be
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written as

RHDD1,PSR = 1
2E
[
log2

(
1 + ψI |h1|2a1ρ

)]

= 1
2 ln 2

∫∞
0

1−FX(x)
1+x dx, (30)

The cumulative distribution function (CDF) of X is calculated as
follows

FX (x) = Pr
(
|h1|2 < x

ψIa1ρ

)

=
∫ x(zρ+1)
ψIa1ρ

0
1

Ω1
e
− y

Ω1 dy

= 1− e−
x

ψIa1ρΩ1 , (31)

By replacing (30) in (31), the ergodic rate of D1 can be derived as

RHDD1,PSR = 1
2

1
ln 2

∫∞
0

1
1+xe

− x
ψIa1ρΩ1 dx

=
− exp

(
1

ψIa1ρΩ1

)

2 ln 2 Ei
(

−1
ψIa1ρΩ1

)

We can derive (20). The proof is completed.

7.2 Appendix 2 - Proof of Theorem 2

In this appendix, the proof begins by giving the ergodic rate of D2
as follows

RHDD2,PSR = E


 1

2 log2


1 + min

(
γ2,D1

, γ2,D2

)
︸ ︷︷ ︸

J1







J1 = min

(
ψI |h1|2a2ρ

ψI |h1|2a1ρ+ 1
, |h2|2|h1|2ψEρ

)

︸ ︷︷ ︸
X

The CDF of X is calculated as follows (see (32))

I3 and I4 are thus given by (see (33)) and (see (34))

And I41 and I42 are calculated as follows

I41 =
∫∞

0

∫ x
ψIρ(a2−a1x)

0

∫ ψIa2

(ψIya1ρ+1)ψE
0 f|h1|2 (y) f|h2|2 (z) dydz

=
∫ x
ψIρ(a2−a1x)

0
1

Ω1

(
1− e−

ψIa2

(ψIya1ρ+1)ψEΩ2

)
e
− y

Ω1 dy, (35)

And

I42 =
∫∞

x
ψIρ(a2−a1x)

∫ x
yψEρ

0 f|h1|2 (y) f|h2|2 (z) dydz

=
∫∞

x
ψIρ(a2−a1x)

1
Ω1

(
1− e−

y
yρψEΩ2

− y
Ω1

)
dy, (36)

Where U(x) is unit step function as

U (x) =

[
1, x > 0
0, x < 0

From (35) and (36) we have (34). Substituting (33) and (34) into
(32), the CDF of X is thus given by

FX (x) = U
(
a2
a1
− x
) [

1− e−
x

ψIρ(a2−a1x)Ω1

+
∫∞

x
ψIρ(a2−a1x)

1
Ω1

(
1− e−

x
yρψEΩ2

)
e
− y

Ω1 dy

]
, (37)

By replacing (37) in (21), we can obtain (22).
The proof is completed.

7.3 Appendix 3 - Proof of Remark 1

The proof begins by giving the ergodic rate of D2 for the high SNR
region as follows

RHD,∞D2,PSR
= E

[
1
2 log

(
1 + min

(
γ2,D1

, γ2,D2

))]

= 1
2 ln 2

∞∫
0

1−FX(x)
1+x dx, (38)
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)

︸ ︷︷ ︸
X

The CDF of X is calculated as follows
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2
√

x
ψEρΩ1Ω2

))
, (39)

Where U(x) is unit step function as

U (x) =

[
1, x > 0
0, x < 0

Substituting (39) into (38). We can obtain RHD,∞D2,PSR
.

The proof is completed.
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FX (x) = Pr

(
ψI |h1|2a2ρ

ψI |h1|2a1ρ+ 1
< |h2|2|h1|2ψEρ,

ψI |h1|2a2ρ

ψI |h1|2a1ρ+ 1
< x

)

︸ ︷︷ ︸
I3

+ Pr

(
ψI |h1|2a2ρ

ψI |h1|2a1ρ+ 1
> |h2|2|h1|2ψEρ, |h2|2|h1|2ψEρ < x

)

︸ ︷︷ ︸
I4

(32)

I3 = Pr

(
ψIa2

(ψI |h1|2a1ρ+1)ψE
< |h2|2, |h1|2 < x

ψIρ(a2−xa1)
, a2
a1
− x > 0

)

= U
(
a2
a1
− x
)
×

∫ x
ψIρ(a2−a1x)

0

∫∞
ψIa2

(ψIya1ρ+1)ψE

f|h1|2 (y) f|h2|2 (z) dydz

= U
(
a2
a1
− x
) x
ψIρ(a2−a1x)∫

0

exp
(

−ψIa2

(ψIya1ρ+1)ψEΩ2

)
1

Ω1
exp

(
−y
Ω1

)
dy

= U
(
a2
a1
− x
) ∫ x

ψIρ(a2−a1x)

0
1

Ω1
e
− ψIa2

(ψIya1ρ+1)ψEΩ2
− y

Ω1 dy

(33)

I4 = Pr
( |h1|2ψIa2ρ

ψI |h1|2a1ρ+1
> |h2|2|h1|2ψEρ, |h2|2|h1|2ψEρ < x

)

= Pr

(
|h2|2 < ψIa2

(ψI |h1|2a1ρ+1)ψE
, |h2|2 < x

|h1|2ψEρ ,
a2
a1
− x > 0

)

= U
(
a2
a1
− x
)

Pr

(
|h2|2 < ψIa2

(ψI |h1|2a1ρ+1)ψE
, |h2|2 < x

|h1|2ψEρ

)

I4 = U
(
a2
a1
− x
)
×




Pr


|h1|2 <

x

ψIρ (a2 − xa1)
, |h2|2 <

ψIa2(
ψI |h1|2a1ρ+ 1

)
ψE




︸ ︷︷ ︸
I41

Pr

(
|h1|2 >

x

ψIρ (a2 − xa1)
, |h2|2 <

x

|h1|2ψEρ

)

︸ ︷︷ ︸
I42

|h1|2ψIa2 < xψI |h1|2a1 + x
ρ = |h1|2 < x

ψIρ(a2−xa1)

I4 = U
(
a2
a1
− x
)
×




Pr


|h1|2 <

x

ψIρ (a2 − a1x)
, |h2|2 <

ψIa2(
ψI |h1|2a1ρ+ 1

)
ψE




︸ ︷︷ ︸
I41

+

Pr

(
|h1|2 >

x

ψIρ (a2 − a1x)
, |h2|2 <

x

|h1|2ψEρ

)

︸ ︷︷ ︸
I42




(34)

IET Research Journals, pp. 1–10
10 c© The Institution of Engineering and Technology 2015

ReView by River Valley Technologies IET Communications

2019/05/29 16:29:13 IET Review Copy Only 11

This article has been accepted for publication in a future issue of this journal, but has not been fully edited.
Content may change prior to final publication in an issue of the journal. To cite the paper please use the doi provided on the Digital Library page.


