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Abstract—Due to the development of state-of-the-art fifth-
generation communication (5G) and Internet-of-Things (l1oT),
the demands for capacity and throughput of wireless networks
have increased significantly. As a promising solution for this, a
radio access technique, namely, non-orthogonal multiple access
(NOMA) has been investigated. Particularly, in this paper, we
analyse the system performance of a joint time allocation and
power splitting (JTAPS) protocol for NOMA-based energy
harvesting (EH) wireless networks over indoor scenarios,
which we modelled with log-normal fading channels.
Accordingly, for the performance analysis of such networks,
the analytical expression of a metric so-called “ergodic outage
probability” was derived. Then, thanks to Monte Carlo
simulations done in Matlab, we are able to see how different
EH power splitting (PS) and EH time switching (TS) factors
influence the ergodic outage probability. Last, but not least, we
plot the simulation results along with the theoretical results for
comparison studies.
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I. INTRODUCTION

The non-orthogonal multiple access (NOMA) has
attracted a vast amount of research owing to the fact that it
can support massive connectivity with low latency, high
fairness, high reliability, and high throughput [1]-[4]. In
general, there are power and code-domain NOMA. For our
study, we can employ the power domain, which can
superimpose multiple devices in one power domain, then
multiplex them to exploit the channel gain difference [5].
Besides, we can gain benefit from the deployment of
multiple devices by using simultaneous wireless information
and power transfer (SWIPT) technology. Indeed, the
combination NOMA and SWIPT have been investigated
widely in [6]-[11]. According to the works in [6]-[9], the
systems with NOMA and SWIPT significantly outperform
the conventional orthogonal multiple access (OMA)
systems. The data rates in such systems depend on the
transmission resource allocation in the uplink (UL) and the
downlink (DL) [10]. Paper [11] employed the massive
access in the NOMA loT networks and optimized systems.

Furthermore, there are a number of studies related to the
SWIPT cooperative relaying networks [12]-[19] that
employ either TS, PS relaying protocols or a hybrid version
of the two to improve the system performance. From the
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studies, it can be drawn that the hybrid version performs
notably better than the two standalone relaying protocols.
As a step further, the application of NOMA on SWIPT
cooperative relaying networks was considered by the
authors in [19]-[23]. In such networks, device users are
utilized as relays, which help the information transmission
between the source and other distant device users. Being
SWIPT-based, the device users can harvest energy from the
source signal to power themselves, subsequently providing
higher throughput and energy efficiency gains in
comparison with conventional relaying systems. These self-
sustaining systems, indeed, are highly applicable for loT
devices, e.g., in solar panels for power output measuring
purposes [24], or in the applications of emerging intelligent
textiles [25]-[27].

It should be noted that for most of the cooperative
wireless network studies, the fading channels are specified
by popular outdoor fading models, such as Nakagami-m,
Rayleigh, etc. In fact, little attention has been paid on indoor
fading models, such as log-normal. In particular, log-normal
fading is excellent for modelling indoor fading effects
owing to building walls, in-house obstacles, and human
movements [28]-[30], making it more appropriate for 10T
applications. However, the number of studies, which applied
log-normal fading channels in cooperative relaying
networks, is limited [31]-[35].

Inspired by the above studies, we investigate in this paper
the ergodic outage probability of the joint time allocation
and power splitting (JTAPS) scheme in NOMA-based
SWIPT networks. Following the introduction, Section I1 is
dedicated to the system model. In Section 11, we derive the
ergodic outage probability of each user in the JTAPS
protocol for the considered network over log-normal fading
channels. Section 1V presents the results from the
simulation. This paper is concluded in Section V.

Il. SYSTEM MODEL

Figure 1 illustrates the system model with a base station
(BS), one user near to S (UN), and another far from S (UF).
To avoid the obstacle between S and UF, we have data sent
from BS to UN, then forwarded to UF. Thereby, we operate
UN with DF mode and sustain it with the energy harvested
from BS. Additionally, we denote the BS—UN and
UN-UF distances, consecutively, as d, and dg, with
complex channel coefficients of h, and h,. Besides, we
consider two independently and identically distributed
(i.i.d.) random variables (RVs) over the block time

following log-normal model, being |hA|z and |hB|2. They
are respectively specified with parameters LN (/’hA'UhZA)
and LN (,uhB,ofB ) Last, but not least, we have the mean

value of 10Iog(,uhl) and the standard deviation of

10Iog(|o-hl|2), ic{AB}, denoted asy and aﬁl,

respectively.
As shown in Fig. 2, for the hybrid JTAPS scheme, the
transmission time T is split into three blocks, one aT and
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two (1-a)T /2, with time switching factor « €[0,1] [13].
The first (1-a)T /2 block, within which UN receives
signal power P, from BS, is further split into SP, and
(21— B)P;, respectively, for energy harvesting (EH) and data
transmission from BS to UN with the power splitting
factor § <[0,1]. Within the second (1-«)T /2 block, we

use all harvested energy for data transmission from UN to
UF.

s » Energy transmission

— — — » Information transmission (BS-UN)
P [nformation transmission (UN-UF)

Fig. 1. System Model.

Energy Harvesting P
Energy at UN BP, Information transfer
Harvesting from UN to UF
at UN Information transfer ! o
from BS to UN y/(1 —B8) £,
ol (]7(1}'[‘/‘2 {17(1)’1'1[2

Fig. 2. JTAPS scheme.

I1l. PERFORMANCE ANALYSIS

A. From BS to UN: Energy Harvesting and Information
Transmission

Within the first EH block, oT, we can harvest energy
with an amount of

— o))

where 0<7n<1 stands for the EH efficiency at UN,

specified by the rectifier and EH circuitry that we employ at
UN.
Similarly, during the first (1-«)T /2, the harvested

energy at UN is

L-a)P, |h,[*

By, =187 ogn
A

@

Subsequently, the UN transmit power during the second
Q-a)T/2is

_ E..+En, =77[2a+(1—a),3]|35hi
N -a)T /2 1-a)dy '

®)

It should be noted that from a power allocating
perspective, we should assign more power to UF because it
is located further from BS than UN. Thereby, we allocate
the power allocation coefficients a, and a,, (a,>a >0

and a, +a, =1), respectively, for data symbols x, and x,
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that BS sends to UN and UF.
In the context of NOMA, during the first (1—-a)T /2

block, considering the superposition of the BS transmit
signal as in [24], the received signal at UN is formulated as

yUN = hA [\/(l_lealps Xl +\/(1_§Z1azps X2J+n0' (4)

where n, denotes the additive white Gaussian noise
(AWGN) at UN with zero mean and variance N,. We
additionally presume that E[ x’ |=E[ %} |=1.

From (4), we define the received signal-to-interference-
plus-noise ratio (SINR) at UN for detecting x, at UF as

X (l_ﬁ)|hA|2 d;mazp
UN — 2 y_m 1 (5)
(1_,3)|hA| d,"a,p+1

where p :% stands for the transmit signal-to-noise
0
ratio (SNR).
Having obtained the signals that BS sends, which are x,
and X,, UN decodes them using successive interference

cancellation (SIC) [23], [28]. For UN to distinguish its own
signal, x,, we employ the received SNR described below

7 = - P)|h,|" d"a . 6)

B. From UN to UF: Information Transmission

UN consumes some harvested energy for its operation
and the rest to DF the decoded signal x, to UF.

Thereby, during the second (1-a)T/2 block, UF
received the signal of

Yor :(‘/PUNd,;mxz)hB+nO. @)

We substitute (3) into (7) to obtain the received SNR at
UF as follows

w nol2a+@-a)Bl,. 2. 2
e h,|” |hs| . 8
7/UF (l—a)drAndgl | A| | B| ( )

C. Ergodic Outage Probability Performance

We analyse the system performance with a metric,
namely, ergodic outage probability. It stands for the
probability that the instantaneous capacity drops below the
threshold C,, (bps/Hz).

Hence, for the NOMA JTAPS protocol, where UN can
detect x, as described in (6), the instantaneous ergodic,

Cli (bits/s/Hz) at UN, is obtainable from

l-o

Cliy =W (Tj E[log, (1+7 )], ©)

where W is the bandwidth NOMA system.

Proposition 1.
In general, for X protocol at UN, the ergodic outage
probability is expressed as

Pa’, :1_Q[(IntIOO) |n(c/cz)—2ﬂm j/zam} (10)

Cin
where ¢, = 2"« _1 and c, =(1-p)d, "ap.
Proof.
Regarding to (7), we can calculate the cumulative
distribution function (CDF) of the log-normally distributed

RV |h,[" as

% C
P <)
1

)
Il (1_ﬂ)d1ma1p

10 C, a
:1_Q([In(10) In((l—ﬂ)dl'"aip} 2th, J/Zah“ J )

where Pr(.) is denoted as a probability function, and the

. . o 1 t2
Gaussian Q-function Q(x) =| ——=exp| —— |dt.
cnin 29[ on]

The proof ends here.
To formulate the ergodic outage probability during
(l-)T /2, the instantaneous ergodic capacity for the

communication between BS and UN, UN and UF below
must be utilized:

Xy _ 1- X
Cl =W [T"‘j E[log, (L+7%) ], (12)

and

X, l-a X,
Cl =W [T]E[Iogz (1+28)]- (13)
Then we employ the received SNRs, 3%, in (5) and 3z

in (8), to express the ergodic outage probability at UF as
follows

POz :Pr{min( X;Q,CJZF)<Cth}. (14)

Proposition 2.
The ergodic outage probability at UF is obtained from

Polz =1_Q{(In](-](.)0) '”(%)_Zﬂm j/ZO'hAj+

— j 7, (X) x Z, (x)dx,
In(10) 27rofA x:c/

(15)

where:

C, = dl_m (1_18)(3'2 _a1c1)pl
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_n2a+pl-a))p
(1-a)didg

In(x) — 24, j /80; J
In (%X)_ 2u, ]/ZO'hB J
Proof.

The ergodic outage probability requires calculating two
probabilities in (16) with the need of x, to be detected at

both UN and UF as

3

T()=2 po

and Z,(x)=1- Q[(

In(10)

10
In(10)

Polz = Pr{min(CljZN ,Cl

)<

>C

o=
Coj =

o >cm,cx

UN =

Cr Cx2

Wf+Pr{

We can calculate the first probability in (16) from

Pr{C 2C,} =P { >01}=

=1—Pr{|hA|2< — G }:
dl (1_,3)(az_aicl)P

~ e {d A )p}z
Q(( 10 n(%)_zﬂm] /2%].

In(10)
Regarding to two i.i.d. log-normal RVs |h,|" and |hy|*,

=1- Pr{mln(
Ck =C,

=1-Pr{C}; > <Cy}. (16)

@-p)hJ d;"a,p
(@-p)|h.| dy"ap+1
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the second probability in (16) can be obtained from

Pr{CSZN ,Cle < Cm} =

—Pr[|h| >—|h| WJ
I/ i Pl (/XJdX'

Additionally, we have the CDF and PDF of the two RVs
distributed log-normally as follows:

% (C/Caxj =1
_Q( (4, )-2m j /zahB ] (19)

(18)

10
In(10)

and

fwZ (x

10
=X
xIn(10), ,87[6th
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exp{ {[I(m)l() 2th} /whi]. (20)

Subsequently, we substitute (19) and (20) into (18), then
combine the product with (17) to obtain the ergodic outage
probability at UF, which is given in (15).

This is the end proof.

IV. RESULTS AND DISCUSSION

In this section, we study how the power splitting (PS) and
time switching (TS) factors of the JTAPS protocol affect the
system performance of NOMA over log-normal fading
channels. In particular, we employ Monte Carlo simulations
for the derived expressions with the following parameters in
Table I.

Additionally, we assign the NOMA power allocation
coefficients a, =0.2 and a, =0.8 for UN and UF. The
SNR is p=20 (dB). The theoretical and numerical results
are plotted for comparison.

Figure 3 and Figure 4 illustrate the ergodic outage
probability of UN and UF in EH NOMA scheme versus the
varied EH PS factor and fixed TS factor. We investigate
their relation in three different threshold cases.
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Fig. 3. Ergodic outage probability of UN in EH NOMA scheme versus the
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We can observe that for both graphs, the curve trends are
similar. The lower the threshold C,, the more significant

the curve in comparison with the others is. Besides, at the
lowest threshold value of C, = % (bps/Hz), the system

performs the best with a maximum ergodic outage
probability of 0.66.

Specifically, in Fig. 3, the three curves gradually raise in
association with the increase of the EH PS factor until they
reach their maximum values at EH PS £ =0.9. As for Fig.
4, the three curves are slightly convex. They decrease at first
to reach their minimum values at around S =0.6, then
quickly raise to their maximum values as well at EH PS
£ =0.9 and the maximum ergodic outage probability of
0.52.

Besides, in Fig. 5 and Fig. 6, we plot the ergodic outage
probability of UN and UF in EH NOMA scheme versus the
varied EH TS factor and fixed PS factor. We analyse them
as well in three different cases. Indeed, they are similar to
the curves shown in Fig. 3 and Fig. 4, yet following
remarkably more significant trends. In the same manner, the
lower the C,, the higher the system performance of both
the UN and the UF is. Specifically, in Fig. 5, the ergodic
outage probability is the highest at ¢ = 0.6, « = 0.8, and
a =0.9, respectively, for C,, =2, C,, =1,and C,, = 1/2.
Additionally, in Fig. 6, the ergodic outage probability level
is the lowest at = 0.4, o= 0.5, and «= 0.6, then
drastically peak at 0.6, =08, and «a=0.9,
respectively, for C, = 2, C,= 1, and C,= 1/2.
Remarkably, similar to Fig. 3 and Fig. 4, the ergodic outage
probability at the UN and UF are the best with C,, = 1/2.

a =

TABLE I. PARAMETERS’ SIMULATIONS.
Parameters Value
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Fig. 5. Ergodic outage probability of UN in EH NOMA scheme versus the
varied EH TS factor, ¢ (EH PS factor fixed at $=0.3), with three

different threshold values, C,.
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V. CONCLUSIONS

To conclude, we investigate herein the ergodic outage
probability of a hybrid protocol so-called “JTAPS” for
NOMA-based EH wireless networks over indoor log-normal
fading channels. Thanks to Monte Carlo simulations, we are
able to assess the impact of different EH PS and EH TS
factors on the system performance. Moreover, we can draw
from the simulation results that the higher the capacity
threshold value, the lower the system performance is.
Generally speaking, the theoretical and numerical results
correlate well with each other proving that the expressions
that we derived can be employed for future studies.
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