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Abstract. In this paper, we investigate performance of a decode-and-
forward Non-Orthogonal Multiple Access (NOMA) relay system using
Simultaneous Information and Power Transfer (SWIPT). In the consid-
ered system a source node transmits data in the downlink simultaneously
to two destination nodes via an energy-harvesting relay node. In order
to cope with fading channels the relay is assumed to have an infinite
capacity buffer to store data if the transmission link is in outage. We
analyze outage performance of the system and obtain the closed-form
expressions for the system outage probability for two cases, i.e. the relay
is equipped and not equipped with the buffer. Numerical results are pro-
vided to demonstrate the merit of using the buffer-aided relay.
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1 Introduction

Recently, Non-Orthogonal-Multiple-Access (NOMA) technique has been realized
as a promising multiuser communication technique for the fifth-generation (5G)
mobile network due to its superior spectral efficiency [1]. The key idea of NOMA
is to utilize power domain to differentiate users based on their power levels [2].
Recent researches have shown that NOMA can be applied not only to point-
to-point but also relay networks [3,4]. The work [5] considered a conventional
cooperative NOMA system with buffer-aided relaying and adaptive transmission
which can operate in different modes for individual time slots. The authors of [4]
proposed a dual-hop cooperative relaying scheme using NOMA, where the two
terminal nodes communicate with each other simultaneously via a relay over the
same frequency band. In this scheme, the received symbols with different power
levels from two source nodes are encoded into a superposition symbol based on
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the NOMA principle and then forwarded back to the destination nodes. All users
are assumed to be allocated with an equal power level.

On the other hand, harvesting energy from the ambient radio frequency (RF)
environment has become a promising solution for energy-constrained electronic
devices which are normally supported by a limited power source such as bat-
tery [6]. In many cases, especially ad-hoc wireless sensor networks or body area
networks, charging battery is too expensive or even impossible. Meanwhile, natu-
ral energy sources such as solar, wind and radio wave can be effectively exploited
for energy harvesting (EH). Among these sources, RF energy harvesting [7] has
more advantages such as reliability and green energy. Recently, RF energy har-
vesting has also been considered for the NOMA relay networks [8,9] to pro-
long their lifetime. In [8] a simultaneous wireless information and power transfer
(SWIPT) scheme was proposed for NOMA networks in which a base station
serves both the relay and far users. The work [10] considered a NOMA system
in which users near the source can act as the EH relays to assist far users in
forwarding data to the destination.

In this paper, we apply SWIPT to NOMA relay systems which are supported
by RF energy harvesting. In our proposed system, the relay is assumed to be
able to harvest RF energy from the source to support its operation. Moreover, it
is provided with a buffer for data processing and uses a cooperative decode-and-
forward scheme to transmit superposition symbols from the source to end users
in the context of a downlink NOMA relay system. We then derive the closed-
form expression for the system outage probability and propose an optimal power
allocation scheme to optimize performance of end users.

The main contributions of the paper can be summarized as follows:

— First, in order to support the sustainable operation of relay, we propose to
use a time-switching SWIPT scheme in a downlink NOMA relay system.

— Using the Markov chain model to describe the operation of the buffer-aided
relay we can derive the closed-form expression for the system outage proba-
bility and compare it with the case without using the buffer.

— Performance of the system in terms of outage probability over the Rayleigh
fading channel is analyzed and verified using computer simulations.

The remainder of the paper is organized as follows. Section 2 presents the system
model of the considered system. Outage performance of the system is analyzed in
Sect. 3. Numerical results are shown in Sect. 4 and finally conclusions are drawn
in Sect. 5.

2 System Model

2.1 System Configuration

The system model of a downlink NOMA relay network considered in this paper
is shown in Fig. 1. In this model, a source node (basestation) S wishes to send its
messages to two end users (destination nodes) D; and Ds simultaneously via a
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Fig. 1. Wirelessly powered NOMA downlink relaying network.

decode-and-forward (DF) relay node R. It is assumed that all three nodes S, Dy,
and Dy are powered by mains electricity while the relay is self-powered by the
energy harvested from the RF transmitted signal of the source. In addition, the
relay is assumed to have an unlimited-size buffer to store the received messages.
We assume that the direct link between the source and the two destination
nodes is not available and that the communication between them is always via
the relay node. The channels between two arbitrary nodes are subject to block
and flat Rayleigh fading. The assumption of block fading means that the channel
coefficients are constant during each data block transmission interval 7 but vary
from one to another. All nodes are equipped with a single antenna and operate
in a half-duplex mode.

In the case of buffer-aided relay, it is assumed that the relay has perfect
channel state information (CSI) of the links S — R and D;,Dy — R at the
start of each time slot by using some pilot-assisted channel method. Based on
assumption, the relay node R can decide to operate in the transmit or receive
mode [11]. The complex channel coefficient of the link S — R is denoted by
hi ~ CN(0,£2) while that of the link R — D; is g; ~ CN (0, $2;) where
i ={1,2}, 21 = E{|g1]*}, 22 = E{|g2|?}. The additive white Gaussian noise
(AWGN) at R, D; and Dy is respectively denoted by w4 ~ CA (0, Ny), where
A € {R, D1,Ds} and Ny is the single-sided AWGN power spectral density. With-
out loss of generality, we assume that the channel gains g; are sorted in the
descending order as follows: |g1|° > |g2|*.

2.2 Data Buffer at Relay

Since the relay operates in the half-duplex mode, the received messages from the
source node S need to be stored in the buffer and process before forwarding to the
destination nodes D. Using RF energy harvesting, the relay node can be powered
by the harvested energy directly or via a storage device such as battery or high
volume capacitor [12]. The system operates in the time-switching mode, in which
each operation period 7 is divided into two portions depending on the fraction
coefficient o, 0 < o < 1; the first portion a7 is used for energy harvesting while
the remaining 7(1 — «) is for transmission and reception. During each time slot,
the relay and the source node is selected to transmit data based on the buffer
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state and the available links that can guarantee the successful transmission or
reception of one packet.

If S is selected, it will generate a transmission frame of size 2ry7 bits intended
to the two destination nodes D; and Ds and send it to the relay node, where
7o is the target transmission rate of the system. Each frame contains two parts,
the first one contains data symbols to be sent to D1 and the second to Dy. The
relay buffer has L > 2 storage units, each can store 2rg7(1 — «) bits. The relay
node decodes the received frame and stores into the storage device. Each storage
device is split into two parts of the same length. The first part is used to store
the information symbol intended to D;. The second one is used for Ds.

2.3 Signal Model

During each time slot, if the source node is selected to transmit, it combines
two symbols x; and zo to form a transmission packet, xrs = x7 + x2 where
E{|z1|*} = P, and E{|z2|?} = P». Based on the NOMA principle [13], in order
for the relay node to decode the information symbols x; and x5, the source node
sets different power levels to 1 and zo. Assume that P; # P, and denote the
total transmit power at the source by Ps = P; + P,. Then, the received signal
at the relay is given by

2
yr =1 Y VPyxy + wr. (1)
k=1

The instantaneous SNR of the source-to-relay link is given by

_ Pslhy)?

TR = No (2)

Recall that 7 is the block duration of an entire communication period in
which the information is transmitted from S to D;. For each period 7, the first
duration, a7, is used for energy harvesting at R, while the remaining duration,
(1 — a)7, is used for transmitting and receiving the information. Therefore, the
amount of harvested energy at the relay in one time slot is given by [14,15].

B, = aTnPs|h1|2, (3)

where 77 denotes the energy conversion efficiency coefficient whose values range
from 0 to 1, depending on the harvesting electric circuitry. From (3), the trans-
mission power of the relay is given by

By 2anPs|h]?

PR= A= 2™ (-

(4)

In a specific time slot, if selected the relay R transmits a superposition mod-

ulated symbol zg = a1 Prz1 + /(1 — a1)Przs stored in the buffer, where z;
and o denote information symbols intended for Dy and Ds, respectively; a; is
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the power allocation coefficient for D; and (1 — a1) represents the power alloca-
tion coefficient for Dy. At the end of each time slot, the received signal at the
destinations is given by

yp, = V Prgi(vair1 + V1 —a172) + wp,. (5)

When |g1|? > |g2]?, based on the NOMA principle, the relay node allocates
more power for Dy in order to balance the fairness of the system performance.
Due to the broadcast nature of the wireless environment, the instantaneous
signal-to-interference-and noise ratio (SINR) of the R — D5 link given by

e (1 —a1)Prlgal?

— -9 Rig2l 6
D a1 Pr|g2|? + No ©)

where the information symbol z; is treated as the interference at Dy. D needs
to decode its own information symbol x;. Using the ideal SIC estimation [16],
D; can remove the estimated information symbol x5 from the received signal.
From (5), the instantaneous SNR and SINR of the R — D; link is given by

Tp Ty _ (1 B al)PR|gl|2 (7)
D a1Prlg1]? + No

s 01 Prlg1
g, = wlal ®

|2
3 Outage Probability Analysis for Buffer-Aided Relay
Systems

In this section, we analyze the outage performance of the downlink SWIPT
NOMA relay system for two cases, namely, the end-to-end outage probability
and the individual outage probability for each destination node.

3.1 Overall Outage Probability

The overall outage probability (OOP) of the system is defined as the probability
that neither the S — R link nor the R — D; links is available for transmission
so that the target predefined transmission rate is achieved. In wireless commu-
nication links, outage occurs when the output SNR, e, falls below a certain

threshold, v, = 2% — 1. Using theoretical analysis we have derived the exact
and approximated closed-form expressions for the OOP of the downlink SWIPT-
NOMA relay system. The proof of the Theorem is omitted here due to page limit.

Theorem 1. The owverall outage probability of the downlink SWIPT-NOMA
relay system when the relay knows both g1 and gs is given by:

B T (=D (TN D% 71N
OOPfl—Q—lg o <Q2> eoila) Blarn + 4

)

9)
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where Ei(z) denotes the exponential integral function [17], ¢ = 20”7 , a1 < 1+m

A = eXpShﬂlps) i 1)J<J'7W1“Fj’s).7 .
= H (k—1-0)
In the high SNR regime, the approximated OOP 1is given by

“Yth 4\I’min \/4\I/min
P~2-— — — 1
0o ~2 - ex () Vo ( o R

where KC1(+) is the first-order modified Bessel function of the second kind.

. — 3 Yth Yth
Pimin i { a16Ps’ $Ps(1—a1(1+7en)) }

3.2 Outage Probability at Destination Nodes

In this section, we derive the closed-form expression for the outage probabil-
ity at the destination nodes. When a destination node suffers from outage,
the other can detect its own information symbols. The system may switch to
using an orthogonal multiple access scheme such as the code division multiple
access (CDMA). After a straighforward mathematical analysis, we have found
the closed-form expression for the outage probability of the destination nodes
given in Theorem 2. Due to page limit, the proof of the theorem is omitted here.

Theorem 2. The outage probability at D1 and Do are given respectively in (11)

and (12), a1 < ¢, i € {1,2}.

oro 155G () [0 () w (i) v
(11)

om i S5 () (25 )

9

b

m=0
(12)
where QO = max{ 5L &1 b = a2
max a1¢Ps’ ¢Ps(1—a1(14&1)) J7 ¢Ps(1—a1(1+&2))’
2r 27
&L = 21-a — 1, & = 218 — 1, r1 and ro are the target trans-

eXp( Ulpb)t 2 (- (”1) (%)k

mission rates at D1 and Dy, Ao = ,

(PS) k:O H (t—1-¢)
£=0

£ _ q/(¢eqS5\4

A, = o) =P e ()" (7))
3 = g\t 4 :
#) =0 11
v

=

m—1-—v)

4 Outage Probability with Buffer Aided Relay

In this section, we investigate the outage performance of the downlink SWIPT-
NOMA relay system with a buffer-aided relay. For convenience of analysis, we
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assume that the source node always has data to transmit. We also assume that
each packet contains one transmit symbol. During each time slot, either the
source or the relay node is selected to transmit a packet. In order for this selection
to be possible, the information on the outage states of the links S — R and
R — D is required. The system can use one bit for the feedback information
from the destination to the relay node. This feedback helps the relay node R to
know whether the link R — D is in outage. One more bit, fed back from the
relay to the source node, is used to control the state of the source node, i.e. in
the transmit or silent mode. The source node transmits data packets to the relay
which decodes the packets and stores them in the buffer. The relay node then
forwards the packets to the destination node. If the source node is selected to
transmit but the link S — R is in outage, the source remains silent. Similarly,
if the relay node is selected to transmit but the link R — D is in outage, the
relay also stays silent. Since the outage could be avoided the system performance
will be improved significantly. Unlike the case without a buffer-aided relay, the
outage event in this case is defined as the probability that the relay does not
receive and transmit data, i.e. the relay remains silent. To describe the state
transition of the buffer-aided relay operation, we denote the outage events of
S — R link and R — D link by Ogg and Ogrp, respectively. The probabilities
that these links are not in outage are given respectively by 1 — Ogg = Oggr and
1 —Ogrp = Ogrp. Table 1 shows different states of the relay nodes and associated
outage probabilities.

Table 1. The relay decision scheme

Case | SR |RD |1 Relay oP
A 0 |0 Silent OsrOrbD
B 0 [l =0 | Silent Osr
C 0 |l=L|Silent Orp
D 1 |0 |l<L|Receive |OsrOrp
E 0 |1 1 > 0 | Transmit | Osr Orp
F 1 1 ! > 2 | Transmit | Osr Orp
G 1 |1 [1<1 Receive |OsrOrp

In Table1, “SR” denotes the link from the source to the relay node, “RD”
refers to the link from the relay to the destination node; ‘I’ and ‘L’ respectively
represent the packets stored in the buffer and the buffer size at the relay node.
‘Relay’ denotes the state decision of the relay node (silent, receive or transmit),
‘OP’ is the system outage probability. The outage and non-outage links are
indicated by ‘0" and ‘1’, respectively.

To calculate OP of the system, based on Table 1 we create the Markov chain.
We start at the initial state { = 0 (i.e. when the buffer is empty). If the link SR
is in outage which means the source does not transmit, then the buffer will
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be empty. In other words, the buffer state moves from | = 0 to [ = 0 with
probability of Osg (Case B). When the link SR is not in outage, we consider
two cases. The first case is when the link RD is in outage (Case D). Consequently,
the relay receives the signal, making the buffer state move from [ =0tol =1
with probability (1 — Osr)Orp. The second case is when the link RD is not in
outage (Case G). The relay receives the signal, making the buffer state move
from I = 0 to I = 1 with probability (1 — Osr)(1 — Orp). Combining these two
cases shows that the buffer state moves from [ = 0 to I = 1 with probability
1 — Oggr. Similarly, we can obtain the probability of moving to the next state.
From here, we have the Markov chain showing the state transitions as depicted
in Fig.2. When the buffer is empty (I = 0), it stays in the empty state with
probability of Ogr (case B) and receives a packet with probability 1 — Ogr (case
D, G). When the buffer has one packet (I = 1), it stays in the current state with
probability of OsgOgp if the relay does not receive and transmit (case A). If
the relay receives one packet, it moves to the new state (I = 2) with probability
of 1 — Ogg (case D, G) and returns to the initial state (I = 0) with probability
Osr(1 — Orp) (case E). When the buffer has | packets (2 <1< L — 1), it stays
in this state with probability of OsrOrp (case A), receives one packet with
probability (1 — Osr)Orp (case D), and transmits one packet with probability
1 — Ogrp (case E, F). If the buffer is full, which means that it has L packets,
it remains in the same state with probability Orp (case C) and transmits one
packet with probability 1 — Orp (case E, F).

OSR OSRORD OSRORD OSRORD ORD
O, R Q OZ R Q OS:{ORD O‘ RORD Q O:"%OR_D
OSR6RD 6RD 6RD 6RD 6RD

Fig. 2. The Markov chain diagram of buffer states at the relay node.

Using Table 1 and the given Markov chain, the system outage probability is
calculated as

OP = Osr Pr{l = 0} + Orp PI‘{l = L} + OSRORD(l — Pr{l = 0} — PI‘{l = L}), (13)

where Pr{l = 0} and Pr{l = L} are the probabilities of the events that the buffer
is empty and full, respectively. To derive OP of the system in (13), we define a
state transition matrix A with size of (L + 1) x (L + 1) of the Markov chain,
where A;; denotes the element of the ith row and jth column of the matrix A
which refers to the probability of moving from state ¢ at time ¢ to state j at time
t+1, ie.,

Aij = Pr{lt+1 = j|lt = ’L} (14)
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For the case of L = 5, matrix A is expressed as follows

Osr Osr 0 0 0 0
OsrOrp OsrOrp ~ Osr 0 0 0
A 0 Orp  OsrOrp OsrOrp 0 0 (15)
0 0 Orp  OsgOrp OsrOrp 0
0 0 0 Orp  OsrOrp OsrOrp
0 0 0 0 Orp Orp

Note that matrix A is asymmetric because the states are not symmetric and
the number of links to other states is not the same, leading to different transition
probabilities. The stationary distribution 7 of the Markov chain is expressed as

m=(A-1+B) b, (16)

where I is an identity matrix, B is an (L+ 1) X (L 4 1) matrix with all elements
equal to 1, and b=[11 ... 1]7.

Theorem 3. With the buffer-aided relaying, the outage probability of the down-
link SWIPT-NOMA relay system is given by

L+1

i=1

To determine the state transit matrix A, we need to derive Osg and Ogrp.
We assume that the minimum data transmission rate of the link from S — R is
ro, then the outage probability of the link S — R can be defined as follows

1 —
=P
Osr g < 2sr Ps

o'
logy(1+r) < r0> =1—exp ( Teh > .

Based on the SIC principle, if D; is able to remove x5 from its received signal,
the outage probability of the link R — D; is given by

Orp = Pr ( 10g2 (1+max {5,752 }) < 7“0) . (18)

After some mathematical manipulations, we obtain

4A 4A 4B \/ \/ \/ 4C
Orp = 1— /=21 22 ) =/ ==k )
o Qsr < QSR> Qsr ( QSR> -QSR < f2sr
(19)

where A = W and B = -QRD2¢PS(’1YEIG'1(1+'YU1)) with C = A+ B and K4 (+)

is the first-order modified Bessel function of the second kind.
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5 Numerical Results

In this section, numerical results are analyzed to illustrate the outage perfor-
mance of the downlink SWIPT-NOMA relay system. For comparison, we also
provide the performance of the SWIPT-OMA relay system with the same param-
eters. Configurations and parameters of the systems are explained as follows.
Dy is closer to R than Ds. The power allocation coefficient for Dy is fixed at
a1 = 0.3 and that for Dy is 1 — ay. The energy harvesting fraction is = 0.3 and
the energy conversion efficiency is n = 0.95. The system data rate is r; = 1 and
ro =19 = 0.5 [b/s/Hz|.

10" =2 '
Py
5107} A
@®
e}
o
o e
(0] -2
Q107 *
8 o Simulation " 7
> — Analysis *
g 10—37 -8-OMA si.mulz_:ltion \"o\ H
E - Approximation B
e Sim buffer .
o - - Theory buffer ‘ ‘ R
. 10 20 30 40
SNR in dB

Fig. 3. Overall outage probability versus average SNRs for the case with buffer and
without buffer-aided relay.

Figure 3 illustrates the overall outage probability versus the average transmit
power of S in two cases, i.e., with and without buffer aided relay. As observed
from the figure, the system with buffer-aided relay outperforms that without
buffer-aided relay significantly. The outage curves clearly show that the system
with a buffer-aided relay achieves diversity order 2 while that without a buffer-
aided relay only diversity 1. Furthermore, the approximated results obtained
using (10) match well with those using the exact calculation in (9), especially
at the high SNR region. Therefore, the approximation in (10) can be used for
convenient calculation of OOP. We can also see that the outage performance of
the NOMA system is much better than that of the OMA system.

Figure 4 compares the overall outage probability of the system and the outage
probability of D; and D, respectively. We can see that the outage performance
of Dy is better than Ds. This is because the distance from R to Dy is longer
than that from R to D; [18]. The overall outage probability is calculated from
the probability of the event that both D; and Do cannot decode their symbols
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Fig. 4. Outage probability versus the SNR with optimal power allocation for the case
with buffer and without buffer-aided relay.

successfully. It can be seen that the simulation and analytical results agree well
with each other, which validates the correctness of the closed-form expression of
(9), (11) and (12). From Fig. 4, we can observe that the joint outage of D; and
D5 are less than the individual outage of each Dy and Ds. This is relevant since
in practice the probability that both D; and D5 in outage is always less than
the probability that D; or D5 is in outage.

We plot in Fig. 5 the average packet delay of the SWIPT-OMA relay system.
The figure shows that in the high SNR region the average packet delay equal
4 packets. This delay is acceptable when considering the fairness of the outage
performance. As a result, depending on the specific requirement of the system
we can choose to the relay node with or without the buffer-aid. More specifically,
when the system requires better performance, the buffer-aided relay node is used,
otherwise, it can use a relay without buffer if the destination node needs to
maintain low delay reception. Figure 6 depicts the effect of the power allocation
on the outage probability. In order to get the results we derived the coefficient for
Do, the coefficient for D is then given by 1 —a;. As shown in the figure different
data rates, ro, exhibit different minimum values of the outage probability. We
can see from the figure that when the transmission rate ro reduces, the power
allocation coefficient for Dy also decreases to get better system performance for
the fairness of D; and Ds.
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Fig. 5. The average packet delay versus SNR.
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6 Conclusion

In this paper, we investigated performance of a downlink NOMA-SWIPT relay
system under the assumption that the relay is equipped and not equipped with a
buffer for storing data if transmission links are in outage. We derived closed-form
expressions for the exact and approximated outage probability of the system. We
showed that using a buffer at the relay can increase the outage performance of
the system significantly while keeping the incurred delay at an acceptable level.
The system then can choose whether to use the buffer at the relay depending
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on the application requirement. Due to the incurred delay the system is more
suitable for delay non-sensitive applications.
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