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Abstract- In this paper, we propose down-link non-
orthogonal multiple access (NOMA) networks for
multiple users with energy harvesting (EH). Over
Rayleigh fading channels, we derive the closed form
expression for the system outage probability (OP). Monte
Carlo simulation is utilized to verify the correctness of the
analytics results confirming the advantage of the proposed
networks. The effects of key system parameters such as
time allocation coefficient, power allocation coefficient,
and average signal-to-noise (SNR) on the system
performance are also investigated.
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1. INTRODUCTION

From 1G to 5G, orthogonal multiple access (OMA) has
been used to solve shared radio resource problems for
multiple users. In simple receivers, the clear benefit of such
orthogonal designs in the prevention of mutual interference
among user equipment can lead to achieving high system
performance. In beyond 5G systems, the data rate
requirement of application types needs to be larger than
100 Gbps [1, 2]. Besides, a number of concurrently and
massively connected devices under ultra-reliable
constraints show that OMA schemes are not a suitable
technology candidate for such beyond 5G systems.
Therefore, recent attention has focused on the provision of
non-orthogonal multiple access (NOMA) schemes, which
are classified into two groups: power-domain NOMA and
code-domain NOMA. NOMA is shown to have the
potential to handle a massive number of connections while
providing better user fairness and network capacity [3].

The energy supply for wireless devices beyond 5G
systems is a challenge, especially for resource-limited
wireless sensor networks, for example, drones and
smartphones. These devices are small in size, battery-
powered based, unwired for flexible mobility, and need to
operate continuously without loss of power. As a result, the
radio-frequency energy harvesting (EH) technique has
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become one of the technical solutions for addressing this
power shortage issue [4, 5].

Applying radio-frequency EH in NOMA schemes has
recently been examined in a few pieces of literature to
enhance both energy and spectral efficiencies, for example
[6] [7] 8] [9] [10] [11]. Under the scope of two
destinations in the system, Hoang et al. [6] examined the
outage performance of a NOMA system, where a source
transmits data to two NOMA destinations with the help of
a decode-and-forward (DF) relay node. Due to the
limitation of energy supply, the relay uses EH via radio
frequency to maintain the operation. To achieve maximal
system throughput, the time used for harvesting energy at
the relay was derived. Next, a system in which one of the
destinations plays the relaying role for the other was
proposed in [7]. To perform such a role as well as receive
its own data, the relay is equipped with two antennas,
whereas the other user has only one antenna. Both users
use power-domain NOMA to receive data transmitted from
the base station. The EH relay node harvests energy from
the base station. Both outage probability and ergodic rates
were derived in closed-form and the results showed that
this system outperforms its counterparts. Different from
[6], the EH-NOMA model in [8] applied EH via RF signals
at both source node and relay node from a power beacon
(PB) in a vehicle-to-vehicle Rayleigh fading network. The
results have shown that two destinations could obtain the
same performance capacity so that fairness was
guaranteed. Within the scope of the multi-user problem,
the outage probability of two kinds of users was derived
from closed-form expressions in [9]. Under the NOMA
scheme combined with the beamforming technique, each
antenna at a base station can support a cluster of users. The
energy harvesting technique is deployed by the strong user
to relay the weak user’s data. Furthermore, the system
performance was investigated through the impact of
imperfect self-interference and EH circuits. Recently, a
solution for transmitting both power and user data at the
same time on downlink channels was given through
proposed resource allocation schemes [10]. The system
architecture model in [10] can switch between two modes,
which are orthogonal frequency division multiple access
(OFDMA) and NOMA. The operating mode is chosen
based on the quality of the channel state information
estimation. Unlike [6], the number of mobile users is
generalized to multiple users instead of two users. Besides,
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mobile users work under limited energy harvesting
constraints and need the assistance of relay nodes. The
system performance was evaluated through optimal
algorithms for power allocation and subcarrier allocation
for OFDMA/NOMA modes. Inspired by the idea of
combining OMA and NOMA in [10], a proposed system
under four scenarios was studied in [11]. In particular,
NOMA is used with or without time division multiple
access (TDMA) according to how passive user equipment
operates. There are two kinds of user equipment (UE):
passive UE and active UE. Specifically, passive UEs
harvest energy from active UEs during their uplink
transmission using NOMA. As concluded in [11], the
NOMA-plus-TDMA system has a higher sum-throughput
than the system using NOMA alone.

Motivated by the aforementioned works, we focus on
deriving the outage probability of a NOMA system with
the EH technique deployed at the source node in this paper.
Specifically, our model is the same one in [12] but ours is
combined with EH. Besides that, we also investigate the
effect of the time allocation coefficient on the end user
performance. By considering the Rayleigh fading channel,
we derive an exact closed-form user outage probability,
which is valid for multiple users. Matlab-based Monte
Carlo simulation is performed to verify the correctness of
the derivation approach and confirm the advantages of the
proposed system.

The remainder of this paper is organized into sections as
below. Section Il presents the system model and solves the
problems of cumulative distribution function (CDF) and
probability density function (PDF) expressions of the
user’s signal-to-interference-noise rate (SINR). In Section
I1l, we present the outage probability analysis of the
system. In Section IV, numerical results under Monte
Carlo simulations are performed to verify the analysis
results. Last but not least, we conclude the paper and
propose some future research directions in Section V.

I1. SYSTEM MODEL

We consider a down-link NOMA network, where a base
station (BS) communicates with M users (U ) as shown
in Fig. 1. We assume that BS is not equipped with the
power source and must use energy harvested from a power
beacon (PB). We further assume that all communication
nodes, i.e., BSand U, are equipped with a single antenna.

Figure 1: System model of downlink NOMA energy
harvesting for multiple users.

We denote g, and h, as the channel coefficients
between PB—BS and BS—U respectively. The

m !
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process of transmitting energy and information between
BS and U, takes place in two time slots with the time

duration, ST and (1— )T , respectively, where g is the
time allocation coefficient with S (0,1) and T is the

transmission time of a standard symbol in direct
transmission mode [13, 14]. For optimal system

performance, the value of g should be chosen properly
[15, 16].

In the first time slot, PB provides energy to BS. For time
duration of AT , the harvested energy at BS, Eg, is given

by [17-19]
Ees =‘9PPB|ge|2ﬂTv 1)

where B, isthe transmit power of PB and ¢ is the energy
harvest efficiency with 0< ¢ <1,

In the second time slot of (1- )T , the transmit power
of BS is expressed as [20]

2 2
_SPPB|ge| BT _gPPB|ge| B
P = = :

(=B)T (1-5)
Using NOMA scheme [21, 22], BS will broadcast
M
D NanPsss, toall U
message and ¢, is the power allocation coefficient, which
must satisfy the condition of z::lam =1 [22, 23]. The
received signal at U, can be written by

ym = hm (i’\/amPBSSmj—i_ nm
m=1
R

=hmge[; am (1—ﬂ) m]"_nm!

where n, is complex additive white Gaussian noise
(AWGN) at U_ with variance o’ .
generalization, we assume o’ =o”,vm.

)

where s is the U data

m !

@)

Without losing

For ease of analysis, we denote d  as the distance

between BS and U, sorted as d, <...<d,.

Corresponingly, we also have channel coefficients sorted
and power allocation coefficients sorted as

I, [*>..2[h[" and o, <..<e since the distance

between BS — U is inversely proportional to the channel

coefficient and directly proportional to the power
allocation coefficient [12].

At U , s with i<m can be detected and then be

removed from awareness based on the signal strength in a
successive  manner, i.e.,, successive interference
cancellation (SIC). SIC is a technique that was first
proposed by Cover to decode the superposed signals on
receivers in broadcast channels [24]. In particular, SIC can
recover weaker signals while traditional techniques only
can decode the strongest signal and treat the other signals
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as interference [25]. In particular, U, will treat s, with
i <m as noise. It also means that users will remove their
farther message and treat their closer message as noise
(based on signal strength). Therefore, the received SINR of
U, (except the M -th user) is given by

P/
el 2
L )
) 2 gPPBﬂ
O'
[’ Z /|| - 7)
(4)
_ ty [
T Ya T 7
i=m+! g
(1 ﬂ)
where p is the average signal to noise ratio (SNR), i.e,
- F)F’B/O-2 "
Especially, U,, is the user, which is the closest one to

BS. After removing the other users’ messages by SIC, the

received SNR at U,, (without interference), y,, ., is
detemined as
2, 2 &P
}/M :aM |hM| |ge| (1_’B)p (5)

Considering independent and identically distributed
Rayleigh-fading channels, all instantaneous channel gains,

i.e., |h,["and |g,|, follow exponential distributions with

characteristic parameters A and A, respectively. The

e

CDF and PDF of X with X e{|hm| ,|ge|2} are of the

forms, respectively, as [16]
Fy () =1-exp(-
f (X)=Ag exp(-

where A, e{A,,4,} represents the
parameter with respect to the scheme X .

A3X), X 20, (6)
ﬂx.x), x>0, ()

characteristic

We are now in a position to derive the CDF of y,, with
m=1,...,M . Itis noted from (4) and (5) that two cases of
¥., should be considered separately, i.e., Case 1: y,, with
M -1 and Case 2: y,, . For the first case of y,,,
the CDF of y, is presented as

m=1...,
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h 2
Frm(7):Pr Ym = ‘ ‘ <7y

‘h‘ ZaJr

i=m+1

ﬂ)p ®)

=Pr \hm\2< 4

o Bt

i=m+1

)

Observing (8), we can see that |h,|* and |g.|* appears in

the left-hand side and the right-hand side of (8),
respectively. Using the conditional probability for two
random variables [26], (8) can be rewritten as

9)

a,, —}/Z

i=m+1

P

X f\gef ( )dX.

Substituting (6) and (7) into (9), we get

An?

F (7)=£ 1-exp _(am ‘Kia‘)(liﬂﬂ)px

X2, exp(—A.x)dx

= ]o'/le exp(—4.x)dx (10)

Lt

—Tﬂeexp — o
0 [(xm—]/.z aij(liﬁpx

To obtain F, (), we need to calculate 1, and I,. It’s
easy to regconize that

jﬂ exp(-A.x)dx =1. (11)
0

For I,, we employ (3.324) in [27] to calculate for 1,as
follows:

Iexp(—%—yxjdx:\/é&(\/ﬁ), p£20y>0 (12)

where K| () is the Bessel function of the first kind. As a
result, I,can be given by
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L= I Ay )
&
\j(am _yi:;rlai j (l—ﬂ) pﬂ‘e
(13)
<K, Aoy

Substituting 1, in (11) and I, (13) into (10), we obtain
the CDF of y,, with m=1,...,M —1 as follows:

k. (7):1_/19 ’ o
[l
i=m+1 )
(14)
<K, 470,y

\/(“ 5]

For the second case of y,, , the same derivation approach

for . can be used. From (5), the CDF of y,, is obtained
as

E (1)=1-4 [ 4y [ 44,4y

, K, . (15)
! (24 7gﬁ Q, 78'6
\/ M (1_ﬂ) pﬂ’e \/ M (1_ﬁ)p

111. PERFORMANCE ANALYSIS

Outage probability (OP) is defined as the probability that
the signal to interference plus noise ratio (or signal to noise
ratio) falls below a system given thrershold, y, .

Mathematically, we can write the OP for U, as follows:

OP, =Pr(7y <7n)- (16)

Since we have two different cases for y,,, we also have two
user outage probabilities. For the first case, using (14), we
have the OP for U with m=1,M —1 as follows:

OP,=F, (74)
=1-1, ’ 42,70
\/( 7 Za) 5"

(17

42 AV

|
\/( 3 lq e

Similarly, we have the closed-form expression of OP for
the closest user U,, to the BS as

x K,
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OPM = Fm (7/th)

S1-g, I YA [ ra (18)
B ] 1 ) B .
“a-pn” (\a-p”

V.NUMERICAL RESULTS AND DICUSSION

In this section, we present the numerical results by
utilizing Monte Carlo simulations to validate our
theoretical results in Sect. I1l. For simulation, the system
parameters are set as follows: the given threshold is 0.2,
i.e., 7, =0.2, the energy harvest efficiency is 60%, i.e.,

£=0.6 . For channel settings, we consider a two-
dimensional plane, where PB, BS and U, are located at

coodinates (0,1), (0,0) and (X, Y, ) . respectively. It is
required that coordinate of U,, (X, Y,, ) must be chosen to

ensure the condition of d,, <...<d, . For channel pathloss
model, we adopt the simplified path loss model, where the
average channel power factor is modelled as A,, =d}, ,
where d is the physical distance between node X and Y
with X,Y e{PB,BS,Um}and n is the path loss exponent
whose value usually takes value in range of 2 to 6 [28].
Here, we choose 77 =3 for the illustrative purpose. For

each simulation point, 10° bits are used [29].
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Figure 2: User OP versus power allocation coefficient.

In Figure 2, we plot the outage probability of end users
as a function of the power allocation coefficient ¢, for two
users, where p=5 dB, =05, U(01) and
U,(0,0.5).Since &, +a, =1and d, <d,, we consider a,
It can be seen
from Fig. 2 that increasing «, will increase the outage

probability of User 1 but decrease the outage probability of
User 2. To give insights, we plot the average curve of the
outage probability of two users as a reference. It can be
seen that there exists an optimal value of 0.3 for the average
outage probability.

in the range of 0.1 t0 0.5 leading to &, < ¢, .

TAP CHf KHOA HOC CONG NGHE THONG TIN VA TRUYEN THONG

7



Ngo Hoang Tu, Tran Thien Thanh, and Vo Nguyen Quoc Bao

107
2
3
8
<] 1072
o
o 0 e
g
=] V. -
o | .
107 | _
Analysis, User 1 1 o, e
————— Analysis, User 2 | ;, L
@ Simulation, £ | | V\V ‘\~
@ Simulation, 5 | | ~VK.
104 F| v Simulation, § = 0.75 1 | .
: T RN B! 1 |
0 5 10 15 20 25 30 35 40

Average SNR p (dB)

Figure 3: The OP as a function of the average SNR with the
influence of the time allocation coefficient for M = 2.

In Fig. 3, we study the effect of time allocation
coefficient on user outage probabilities  with

(,,)=(0.4,06) , U, (01) and U,(0,0.5). Three
distinct cases of g are considered, i.e., Case 1: #=0.25,
Case 2: #=0.5, and Case 3: #=0.75. It can be observed

that, for the same setting, outage probability for User 2
always outperforms outage probability for User 1. The
performance gap between two users is quite significant,
i.e., 8 dB, since User 1 is located more closed to BS than
User 2. In addition, we can see that Case 3 outperforms
Case 2, which, in turns, outperforms Case 1 confirming
that increasing time allocation coefficient will improve the
system performance.

2
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o
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o
(o]
o
]
S
o -0
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Analysis, User 1 % ..
. ) ~. AN
==m=== Analysis, User 2 ~. DR
102+ @ Simulation, p =8 dB V\‘ N,
@ Simulation, p = 10 dB N, N,
Vv  Simulation, p = 12 dB \~\
L L . I I L X
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

The time allocation coefficient 3

Figure 4: The OP of each user versus the time allocation
coefficient with M = 2 users.

In Fig. 4, we refocus on effects of time allocation
coefficient on user outage probability when , increases
from 8 dB, 10 dB, and 12 dB. The coordination (0,1) and
(0,0.5) corresponds with User 1 and User 2 as well. It is
confirmed that increasing , will improve all user
performance, as expected. In Fig. 4, it is further pointed
out that all OPs decrease since the time allocation
coefficient increases for all values of S under

consideration.
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Figure 5: The OP at each user with M = 6 versus average
SNRs.

From Fig. 2 to Fig. 4, we limit our numerical results in
two end users. In Fig. 5, we consider the proposed network
with 6 end users. The power allocation coefficients for six

users should be calculated using the approach
M-m+1 L 6 S
a, =-cw- [16], resulting in o =— , a,=—,
m Zi’\:li [ ] g 1 21 2 21
a3:i 1 azl:i ’ (15:i ' and 0'/6:i b The
21 21 21 21

coordinates of six users are U,(0,1) , U,(0,0.9) ,
U,(0,0.8), U,(0,0.7) , Us(0,0.6), and U,(0,0.5) ,
respectively. Three typical profiles of £ are investigated
including #=0.1, =05, and £=0.9. Again, it is

confirmed that the system performance is significantly
improved as aforementioned. For the same g, the end

users, who are located closer to BS, give better
performance. All simulation results are in the excellent
agreement with the analysis results confirming the
conrrectness of the proposed derivation approach.

V. CONCLUSION

In this paper, we have studied a down-link NOMA with
EH strategy for multiple users. Here, NOMA is considered
in the power-domain, whereas EH is investigated in the
transmission mode of either energy transferring or
information transferring at a certain time, where the
process is conducted via two time slots. Over Rayleigh
fading channels, we analyze and obtain the exact closed-
form OP expression in the generic case with multiple users.
Subsequently, the correctness of our analytical expressions
is validated by Monte Carlo simulations as well as
demonstrates the advantages of our proposed system
model. The results have shown that the OP degradation
holds for the average SNR increment, i.e., the quality of
system is improved when increasing the PB transmit
power. However, we must consider increasing SNR with
just sufficient demand because it can cause interference to
users of the network. Besides that, we study the beneficial
impact of the time allocation coefficients on system
performance. The results have revealed that better system
performance can be achieved when assigning the longer
energy harvesting duration compared to the information
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transferring time allocation. In addition, we also determine
the optimal value for the power allocation coefficient for
User 2 in the context of our assumed simulation
parameters. However, we have not considered the closed-
form expression for the power allocation coefficient
optimization problem. This work can be studied in the
future.
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PHAN TICH XAC SUAT DUNG CUA HE THONG
PA TRUY NHAP KHONG TRU'C GIAO (NOMA)
PUONG XUONG PA NGUOI DUNG SU DUNG KY
THUAT THU THAP NANG LUQNG TREN KENH
TRUYEN FADING RAYLEIGH

Tém tit: Trong bai bao nay, chung t6i dé xuat mé hinh
dudng xubng da truy nhap khong truc giao (NOMA) cho
da nguoi dung su dung ky thuat thu thap ndng lugng.
Chung t6i da phan tich xac sudt dimg ¢ dang déng cia cac
ngudi dung dau cudi ¢ kénh truyén fading Rayleigg, va cac
két qua nay dugce kiém chirng bang mé phong Monte Carlo
trén phan mém Matlab, xac nhan uu diém cua mo hinh dé
xuit. Anh huong ciia cac tham sb hé théng quan trong nhu
hé¢ s phan bo ning lugng, ty 1¢ tin hidu trén nhiéu trung
binh 1én hiéu ning ctia hé thong ciing dugc khao sat.

Tir khéa- thu thap nang luong, da truy nhap khong truc
giao, mién cong suét, kénh truyén fading Rayleigh, giai
thuat loai can nhiéu tuan ty.
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