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Abstract

Recently, non-orthogonal multiple access (NOMA) has been considered as a
promising candidate for next-generation mobile communications because it can
significantly improve the spectral efficiency of wireless networks. In this paper, we
investigate a novel solution to enhance the reliability and the supply stability of a
downlink NOMA relaying networks, in which we integrate two techniques: (i)
simultaneous wireless information and power transfer, i.e. the relay node can
harvest the energy from source signals and use this energy to help forward
information from source node to two user nodes; and (ii) data buffer aid at relay
node, i.e. the data packets received from the source can be stored in a buffer and
then be re-transmitted to the destination nodes only when the channel condition
is good. The performance of the proposed system is analyzed rigorously to derive
the system outage probability and the average packet delay. Furthermore, a
power allocation optimization problem to minimize the outage probability is
formulated and solution to this problem is also provided in this paper. Monte
Carlo simulations are conducted to verify the analytical results, which confirms
that with the data buffer at the relay, the overall outage probability (OOP) has

been reduced significantly.

Keywords: NOMA,; energy harvesting; successive interference cancellation;

power allocation; buffer-aided
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*Introduction
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The non-orthogonal multiple-access (NOMA) is considered as a promising mul-
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tiuser communication technique for the fifth-generation (5G) mobile network since
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'it can achieve superior spectral efficiency [1]. Unlike the orthogonal-multiple-access’
2(OMA), NOMA users can share the same radio resources, including time and band-2
3width. The key idea for this advantage is to employ the power domain or codes®
“domain, where different users are distinguished by their power levels or different?
5code[Q]. Recent researcher have shown that NOMA can be applied to not only®
®point-to-point but also relay networks [3]. While the application of NOMA to the®
"point-to-point networks were well investigated, there are still increasing needs for’
®the case of cooperative relaying networks [4, 5. The work in [4] studied the conven-°
%tional cooperative NOMA system with buffer-aided relaying. Under the assumption®
Ythat the relay node possesses a buffer. Herein the authors considered an adaptive®®
“transmission scheme in which different working modes are employed in different!
2time slots. The authors of [5] proposed a dual-hop cooperative relaying scheme us-'?
13ing NOMA, where two source nodes communicate with each other simultaneously™
%yia a common relay on the same frequency band. In this scheme, after receiving'®
15symbols transmitted in parallel by both sources with different power levels, the'®
®relay forwards the superposition coded composite signal using NOMA to two des-'®
"tinations. However, in this work power control for uplink multiple access was not'’

18 . 18
considered.

19 " . . . 19
In addition, harvesting energy from the ambient environment has become a

20promisimg solution for energy-constrained electronic devices, which are convention--
21&Jully supported by limited power sources such as battery [6, 7, 8, 9]. In some special21
22applications, charging the battery is too expensive or even impossible, e.g. sensor—
*hetwork works under toxic environment and body area network. Moreover, some’"
*atural energy sources such as solar and wind, and radio frequency (RF) can be’*
#also utilized as effective sources for energy harvesting (EH). Compared with other”
*kinds of energy sources, the RF energy harvesting [10], also known as wireless en->?
27ergy transfer, has some advantages. Since the RF energy harvesting is an active’
28energy supply method, it can provide more reliable energy flow to guarantee the®
29quaulity of service. 2

Therefore, utilizing RF-EH technique together with NOMA scheme helps prolong30
31the lifetime and improves the spectral utilization efficiency of the energy—constrained31

32 32
multi-user wireless relaying networks. The NOMA systems combining with RF en-

3 33

3
ergy harvesting is investigated in [11, 12, 13, 14]. A simultaneous wireless informa-
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‘tion and power transfer (SWIPT) of NOMA networks were considered in [11], where'
%hase station serves two types of users, namely, relay user and far user. The outage?
®performance and spectral efficiency of the NOMA-EH relaying networks with an->
“tenna selection were investigated in [13], where the power splitting (PS) protocol is?
®applied at the relay to harvest the energy. In [13], the performance of NOMA sys->
®tem is also compared with OMA system. The authors of [14] investigated a NOMA®
"system in which NOMA users near to the source act as the EH relays to assist the’
8far NOMA users in forwarding the information. In these works, the authors con-°
%sidered the users reception signals in two different time slots, however, the service®
was simultaneously provided to users in the NOMA system. The impact of power'®

Hallocation in the cooperative NOMA network with SWIPT was investigated in [3]."!

In this work, Yang et. al. proposed two types of NOMA power allocation policies,'?
®namely NOMA with fixed power allocation (F-NOMA) and cognitive radio inspired™
“NOMA (CR-NOMA). The results of these above-mentioned works shown that the™
performance of NOMA outperform OMA scheme. However, the diversity gain was'™
®hot improved. 16

An energy buffer-aided EH relay was applied in cooperative communication sys—17
“tem to improve sytem performance in [15], but in this work the authors didn’t*®
“consider buffer-aided data. On the other hand, the work in [16] proposed a hybrid19
*NOMA /OMA system with buffer-aided relay selection. As a result, two buffer-aided
21opportunis‘cic relay selection algorithms were proposed. The aim of that work is to>!

22improve the outage performance and sum-rate of the system. >

* The authors in [17] proposed a priority-based max-link relay selection for data->"
*puffer-aided decode-and-forward DF cooperative networks. In this work, the authors”
*derived analytical expressions of outage probability and bit error rate to evaluate””
*the system performance. In addition to NOMA downlink system investigation, the
27hybrid NOMA/OMA uplink system with the help of a buffer-aided relay was also’’
* considered in [18]. %

So far, all previous works related to cooperative communication protocols eurld29
30NOMA technique in literature have proposed the superposition signal coding atBo
31the source. Meanwhile, the relay node, which has a fixed power, only decodes and31
32

32
forwards signals to destinations. However, due to the random nature of wireless

33 33
channel, the amount of energy harvested at the relay is usually very small and vari-
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1

2

3

able. Hence, the power allocation at the relay can reduce the feedback energy and’
guarantee the performance fairness for all users. To the best of our knowledge, com->

bining SWIPT with NOMA relaying system where the buffer-aided relay technique®

%is employed at the relay has not been investigated in literature and the derivation®

5

6

7

8

of the overall outage probability expression of this system has not been carried out,”
either. Motivated by these facts, in this paper, we proposed a different cooperative®
decode-and-forward relaying scheme where a source transmits information packets’

to the relay, while relay broadcasts the modulation superposition signals to two®

%users. However, R employs time switching based EH prior to the communication®
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with destinations. Based on the channel gain from the relay node to the destination®®

node, the relay performs fixed and optimal power allocation for two users. Further-**

more, NOMA technology is investigated for the cooperative transmission in term*?

of two scenarios, i.e. with and without buffer aid at the relay node. 13

14

The main contributions of this paper are summarized as below: 15

16
e We proposed a novel downlink NOMA relay system applying SWIPT, where

17
designated relay node is either equipped with buffer or not. To harvest energy,

18
the relay uses time switching protocol. The performance of the system is

19
improved, and additionally the spectral utilization efficiency and the lifetime

20
of wireless networks will be enhanced.

21
e The optimal power allocation at the relay node to minimum outage probability
22
is also considered in this paper. Since the harvested energy is very small, the

23
reallocation of the harvested energy after converting from the RF signals of

24
the source is important for saving cost.

25
e Markov chain model and state-transition matrix is used to describe the ran-

26
dom process at the buffer-aided relay. On the other hand, with buffer-aided
27
relay the diversity gain is improved significantly.
28
e The system performance is demonstrated by the outage probability and the

29
sum end-to-end ergodic capacity over Rayleigh fading channel. We derive the

30
closed-form expression to evaluate the rate of symbols and outage performance

31

of NOMA-SWIPT system.

32
e The analytical results are validated by simulation. From the derived closed-

33
form expressions, practical networks can be investigated in the in future.
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Our proposed system can be applied in surveillance sensor networks for disaster'
%detection or Internet of Things (IoT), where installing fixed power lines or frequenty?
3replacing the batteries for a large number of nodes is not convenient. Besides, its®
“advantages such as low energy cost, reducing greenhouse effect, and prolonging®
®timelife are useful for future mobile networks. °

The remaining of the paper is organized as follows. Section “System model”®
7presents the NOMA-SWIPT system model and channel model. The analysis of’
8ou‘cage probability with and without buffer aid at the relay node is given in Sec-?
*tions “Outage probability without buffer-aided relay” and “Analysis of the out-’
10age probability with buffer-aided relay”, respectively. The average packet delay is™

"demonstrated in Section “Average packet delay of the buffer-aided relay system”.11

12 . . . . . . . 12
Numerical results, which verify our analysis, are presented in Section “Numerical

13 13

results”. Finally, the conclusion is given in Section “Conclusion”.
)

14 . . . . . . .14
For the convenience, we provide in Table 1 the notations along with their descrip-
15, . . . 15
tions used in this paper.
"®Table 1 Mathematical notations 1
17 Notation Description 17
Pr Probability
18 - . ; . 18
Fx(z) Cumulative distribution function (CDF)
19 fx(z) Probability density function (PDF) 19
CN(p,0%) A circularly symmetric complex Gaussian RV 2 with mean j and variance o2
20 . . . 20
E{} The statistical expectation operator
21 () Gamma function [27] 21
Kn (+) The second kind of Bessel function order n[27]
22 En(z) Exponential integral function n[27] 2
23 G (zlyr) Meijer's G-Function [27, 9.3] 23
24 24
25 25
Methods
26

26
System model

o 27
The system model of a NOMA downlink relaying network investigated in this paper

28 28
is shown in Fig 1. According to this model, a source (S) wants to send its messages

29 29
to two destinations (D7) and (Ds) simultaneously with the help of relay node, (R),

30 30
which is capable of energy harvesting. It is assumed that S, D1, and Dy have fixed

31 31
power supply while relay node have no extra embedded energy supply, hence, R

3 32

2
needs to harvest energy from S. In addition, the relay node is assumed to have an

33 3

3
unlimited-size information buffer to store the received messages [19]. We assume

Page 5 of 28
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'that the direct link between the source and destination is not available due to far*

%distance or deep shadow fading in the channel. All nodes are equipped with a single

3antenna and operate in a half-duplex mode. 3

The channels between two arbitrary nodes are subject to block and flat Rayleigh4

Sfading. This means that the channel coefficients are constant during each data block®

®transmission interval T' but vary from one block to another. ¢

7

In the case that the relay uses a buffer for data processing, we assume that it

8 8
has perfect channel state information (CSI) of the links S — R and D;,Dy — R

9 9
at the beginning of each time slot by using a short reference signals. Based on this

10 0

1
set of information, R can decide whether it is ready to operate in transmitting or
11 . 11
receiving mode [20].

12 2

1
As shown in Fig. 1, the complex channel coefficient of the link between S and R

13 13
is denoted by hy ~ CAN (0,90). The complex channel coefficient between R and D;,

“is gi ~ CN (0,;), where i = {1,2} and Q1 = E{|g1]?}, Q2 = E{|g2/?}. The additive
15White Gaussian noise (AWGN) at R, Dy and Ds is respectively denoted by w4 le
16CN (0,Np), where A € {R, D1,Dy}. Without loss of generality, we assume that the16
17users’ channel gains are sorted in the descending order as follows: |g1|> > |ga2|*.

18 18

19 19
Data buffer at relay
20 20
In order to process the data the relay is equipped with a buffer for storing the
21 21
signals received from the source. For time switching (TS) scheme the relay also
22 22
has an energy storage device to store the harvested energy[®. R first harvests the
23 23
energy from the RF signal transmitted by S and then performs signal reception and
24 24
transmission using the harvestet and transmit strategy [21].
25 25
The system operates according to the time-division duplex (TDD) mode where
26 26
each transmission period is divided into equal time slots of length 7(1 — «). At each
27 27
time slot, the relay or source node is selected to transmit data depending on the
28 28
status of the relay buffers and the available links that can provide the successful
29 29

transmission or reception of one packet.
30 30

SI[UThis model can employ two antennas for the relay node and operate in a full—31

duplex mode.
2I'The storing of harvested energy in TS scheme is refered as charging-then-

33 33
communicate. In contrast, PS scheme is refered as charging-and-communicate.

32

Page 6 of 28
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If S is selected, it will generate a transmission frame of size 2ro7 bits, intended for®
%two destination nodes D; and Ds, to send to the relay node, where rq is the target2
3transmission rate of the system. Each frame contains two segments, the first one is®
“used for transmission symbols to D; and the second one is used for transmission®
®symbols to Dy. The relay buffer has L > 2 storage units, each can store 2ro7(1— a)5
®bits. The relay node decodes the received frame and stores it into the storage device.®

"Each storage device is split into two parts of the same length, which are used to’

8store the information symbols intended for Dy and D, respectively. 8

9 9
105ignal model 1o

11 11
In each time slot, if the source is selected to transmit with unicast communication,

12 12
it combines two signals x; and x2 into a transmission packet. Then, the received

13 L 13
signal at the relay is given by

14 14

o yr = h1V/ Psts + wr. (1)

16 16

17The signal-to-noise ratio (SNR) of the source-to-relay link is given by [19] 17

18 18
_ Ps|hq|?
R= N

20 20

19 (2)19
21 The time switching (TS) architecture for harvesting energy is applied as [22].21
22Refer to [22] for more detailed explanation!®l. 22
23 Herein, T denote the block duration of an entire communication period in which23
24the information is transmitted from S to D;. For each period T, the first amount24
250f time, oT), is used for EH at R, while the remaining amount of time, (1 — a)T,25
26is used for transmiting and receiving the information, where « denotes the EH26
27time fraction in one transmission block and 0 < « < 1. Therefore, the amount of27

28harvested energy at the relay for the case of linear model in the ith time slot is28

29given by [24, 25] 29
30 30
31 By = 04T77ps|h1|2, (3)31
32

32
BI'The proposed analytical approach can be applied to the power spitting EH model

33 33
[23]
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'where 1 denotes the energy conversion efficiency whose value ranges from 0 to 1!
%depending on the harvesting electric circuitry. 2
Remark 1: In practice, the energy harvester will output a constant power because’
%of the circuit design for EH-RF. The key of such a non-linear model is that it can®
5capture the joint effect of the non-linear phenomena caused by hardware constraints®
6including circuit sensitivity limitations and current leakage. The main cause of non-°
"inear energy harvesting models can be mentioned by the relationship between the’
input RF power and the output direct current of energy harvester. The cause to®
*make the nonlinear function can be explained by circuit devices such as diodes and’®
Ytransistors in the energy harvester structure. Denote P;, as the saturation povvelr10
“threshold of harvester, thus the transmit power of the relay node in proposed model™*

12 e 12
of manuscript is given by

13 13
2c 2 2

14 —172P5|h1| , Ps‘hl‘ < Py, 14

Pr = .

15 2a 2 15
f,ZPth, Ps|hi|* > P.

16 16

17

17
We assume that all the amount of power harvested is consumed by the relay

18 18
for forwarding signals to all users Dj, the processing power for the transmitting/

19 9

1
receiving circuitry at the relay is generally negligible compared to the power used

20 20
for signal transmission and perhaps venial. So, from (3), the transmission power of

21 21
the relay is given as
22 22
2
I N - L Ll (1)
(1—-a)T/2 (1-a)
24 24

o5 In a specific time slot, if R is selected, it transmits a modulation superimposition,g
seinformation symbol zr = Va1 Prx1 + /(1 — a1)Prao stored in the buffer throughog
oymulticast communication, where z1 and x5 denote the information symbols intended,,

sgfor Dy and Day, respectively. a; is the power allocation coefficient for D;. At the end,g

290f a time slot, the received signal at the destinations is given by 29
30 30
. YD, = PRgi(\/alxl + 41— alxg) + Wp, - (5)31

32

When |g1|? > |g2|?, according to the NOMA principle, the relay allocates more

33 33
power for Dy, in order to balance the fairness of the system performance. Due to

Page 8 of 28
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1 . . . . 1
the broadcast nature of the wireless environment, we have the instantaneous signal-

%to-interference-and-noise ratio (SINR) of the R — Ds link given by 2

3 3
v _ (1= a1)Pr|go|? (6)s
P2 ay Prlga|? + No”

5 5

4

where the information symbol x; is treated as the interference at Dy. At Dy, the goal
6 6
is to decode information symbol z; of themselves. By applying the SIC principle!,
7 7
D1 can remove the detected information symbol x5 from the set of received signals.
8 8

From (5), the instantaneous SNR and SINR of the R — Dy link is expressed as
9

10 ,y:cg—>zl _ (1 - al)Pngl|2 (7)10
D1 a1Prlg1|?> + No’

11 11

12 12
a1 Prlgi|?

13 zp _ GITRIGIL
7D1 - NO °

14 14

(8):2

15Outage probability without buffer-aided relay 5

LI this section, we investigate the outage performance of the SWIPT NOMA down- "
17link relaying in two cases, i.e., the overall outage probability and the outage prob- 17

. 8:anblhty for each destination. 15

19 19
Overall outage probability
20The overall outage probability (OOP) of the system is defined as the probability thath
21neither the source-to-relay link nor the relay-to-both destinations links is unavaﬂablezl
22for transmission to achieve the target predefined transmission rate. For simplicity,22
23We assume that the target transmission rates from the source to the relay and the23
241re1ay to the destinations are the same and equal to ry. Hence, the instantauneousz4
25end-to-end capacity is 1*70‘ logs (1 + Yeze) < 70, and the outage event happens, the25
26factor of 1_70‘ is due to the two consecutive time slots for communication betvveen26
27the source and the destination. Qutage probability is equivalent to the probability27
2Sthat output SNR, 7eze, falls below a certain threshold, v, = 27Tk 1. *
* The following theorem provides the exact closed-form expression of the ovelraull29
3ooutage probability and the approximation of the outage probability of the SVVIPT—30
31NOMA downlink relaying system. >
3ﬁ[‘*JIn this paper, we assume that the system is equipped with ideal successive inter—32

3 33

*ference cancellation (SIC) technique [26].

Page 9 of 28
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Theorem 1 The overall outage probability of the system when the relay knows'

2both g1 and go is given by 2

3 3
1S (0P (Wi "
OoOP=1- —
: e (a) :
k=0
5 ; 5
_ —Yth \ k—2 (_1)\J Yth
6 « (_1)k L ; lEi —th + exp(Q1PS> ( 1) (les) (9)6
(k’ — 1)' Ql les Yeh k-1 - J ’
: (#) = ne-1-0|
=0
8 8
where Ei(x) denotes the exponential integral function [27], ¢ = %, Unin =
9 9
] th th Ty 1
10mm{a17¢}Ps’ ¢PS(1_31}(1+%11)) }7 and the condition a; < T holds. "

At high SNR regime, the approzimation of OOP is given by

11 11
12 Yth 4\I]min 4\I’min 12
OOP=~1-—e¢ — - Ky |4/ , 10
P ( Q1Ps) 0,0, " ( Q105 (10)
13 13
1awhere KC1(+) is the first-order modified Bessel function of the second kind. 14
15 15
Proof Please refer to Appendix A. When the condition a1 < ﬁ holds, which
16 16
means the overall outage probability does not occur, we need to allocate more power
17 17
to Dy. With assumption that SIC information symbol zs at the D; is perfect, if
18 18
the relay knows the channel responses g1 and go, it can adjust the power allocation
19 19
coefficient a; to balance the outage probability of the relay-to-destinations links.
20 20
It should be noted that if |g1|> > |g2|?, we have
21 21
22 (1_a1)PR‘91‘2 (1_a1)PR|92|2. (11)22
a1Prlg1]? + No = a1 Prlg|? + No
23 23
54 This remark is very important for analyzing the outage probability expressions in,,
,sthe next part. u

26 26
Outage probability at the destination

2 27
In this section, we derive a closed-form expression of the outage probability at each

28 28
destination. When one destination is in outage, the other can detect its correspond-

29 29
ing information symbol. The system may switch to the conventional OMA system.

30 30
However, in this case, the system performance will be degraded because the total

31 31
power of the relay have been fixed division for D; and Ds.

32 32
Theorem 2 provides closed-form expressions of outage probabilities at D1 and Do,

33 . 33
respectively.

Page 10 of 28
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Theorem 2 The outage probability at D1 and Do are given respectively in (12)1
2and (13) below 2
3 3
1S (=D (Quax )
OPp, =1— — _
‘ = 0 ; 1! ( 0, :
5 5
—& t—2 k(_1 k &1 i
6 (*1)t < 1 >t_1E ( —&1 ) + exp (91Ps> =% (-1) (m) (Ps) 6
— i
t—1)!\Q Q1 P, t=1 k ’
(=D Ah s %) =0 [[(t—1-20) 7
£=0
8 (12)8
9 9
10 10
I & (=D™ (b \™
wo OPm=log) mZ::o ml (%) "
12 - q ] 12
" (-p™ ( 1 )’"‘IE. < ~& > Lo (a%) ’"2‘2 (&) (8) "
- = i .
m— 1)1 \ Q Q1 Ps m—1 4
14 ( ) 1 1 (%) = UI;Io(m —1-v) 14
15 (13)1s
16 16

_ 3 3 _ 3 — otk _
where Qmax—max{alépsv ¢PS(1—a11(1+51))}’ b= smaaaray & = 2 L

17

& = 2% — 1, and the condition a; < i € {1,2} holds. r1 and ro are the
18 1

1
1+&:7 8

target transmission rates at Dy and Do, respectively.
19

20 20
Proof To obtain the outage probability expression of D; and Do, we first analyze

21 21
the instantaneous SINR and SNR of D; and Ds. It should be noted that in order

22 22
to prove this theorem we assume that |g;|* > |g2|*. Please refer to Appendix B. m

23 23

> lgal®

24 Optimal power allocation to minimize the outage probability 24
?5In this section, we study the power allocation problem to minimize the outage?®

26probability of the EH-NOMA system. 26

27 27

.sTheorem 3 The optimal power allocation coefficient a7 to minimize the outage,g

seprobability in the EH-NOMA system is given by 29

30 . 1 (14)30
a] = .

31 L7 o4 Yth 31

32Proof To obtain the minimum OOP and minimum OPp, in (9) and (12) we formu-"

33 33
late the outage probability minimization problems P1 and P2 as follows:

Page 11 of 28
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1 1
2 2
3 P1 :min ()()P7 3
ai
* st.0<a; <1, (15)*
i (16)
a; < .
. 1+ %n .
7and 7
8 8
o Py :min OPp,, o
ai
10 st.0<ay £1, (17)10
11 ay < 1 (18)11
1+&°
12 12

1
1+7¢n

13 The condition a; < indicates that the outage event does not occur,;s

14i.€., the outage probability is less than one. The problems P1 and P2 arei,

; TN o — i Yn Yh _
isequivalent to maximizing W, mln{a1¢PS, ¢PS(1*U«1(1+’YH)))} and Qmax =15

16max{a1§;Ps’ ¢Ps(1—211(1+§1)) } In addition, we assume that ~, = &1, which means;g

17that the data rate of Dy is equal to the system data rate. 17
18 18
1 1
Pl :max<{min | —, ——— ,
19 ar’ 1 —ai (14 vn) 19
20 s.t. 0<ay <1, (19)20
1
21 a; < 20)2t
" 14 (20)
22 22
23 ) ) 23
P2 :max{max| — ——F—— ,
24 ai 1-— a1(1 + ’Yth) 24
25 s.t. 0<ay <1, (21)%
26 26
a; < . 22
' 1+ 7n (22)
2 27

28We consider two cases of the objective functions P1 and P2 under the followingas

29conditions: 29
30 30
31 31

a’{:(i<;)u(i2;>. (23)

32 a; — 1-— a1(1 + ’Yth) aj 1-— a1(1 + ’Yth) 32

33 33
These problems can be solved similarly as those in [28, 4.1].
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! After some mathematical manipulations, we obtain the optimal power allocation®

%coefficient ai as shown in Theorem (3). It should be noticed that the power allo-2
3cation for Dy is considered, subject to the condition that the outage probability of®
“Dy certaintly occurs!?. n

5 5

8Analysis of the outage probability with buffer-aided relay 6

"In this section, we investigate the outage probability of the system where the buffer’
8aid is employed at the relay node. For convenience, we assume that the source node®
%always has data to transmit. We also consider the number of transmitted symbols®
%s the number of transmitted packets. The relay chooses a node to transmit (source10
Yor relay) in a given time slot. To perform this, the information of the outage states'
2of the links S — R and R — D is required. Therefore, the system uses one bit for'
Bthe feedback information from the destination to the relay. This information helps™
YR known if the link R — D is in outage or not. One bit which feedbacks from the'*
Yrelay to source is used to control the source in the transmit or silent mode. The'®
®source transmits the packets to the relay. Then, the relay decodes the packets and'®
Ystores the decoded packets in its buffer. After that, the relay transmits the packets”
80 the destination node. If the source is selected to transmit but the link S — R is™®
Yin outage, the source remains silent and the outage occurs. Similarly, if the 1relauy19
25 selected to transmit but the link R — D is in outage, the relay remains silent®
and the outage occurs. Therefore, the system performance will be improved with®*
*the help of a buffer-aided relay. Unlike the case of without a buffer-aided relay,*?
Bin this case the outage event is defined as the probability that the relay does not®
*receive and transmit. In other words, the relay remains silent. To describe the state®
*transition of the buffer-aided relay, we denote the outage events of S — R link and®
%R — D link by Osg and Ogp, respectively. When the links are not in outage, the®®
27p1r0babilities are: 1 — Osg = Osg and 1 — Orp = Ogp, respectively. In addition,27
Bthe relay decision scheme is described as in Table 2. In Table 2, ‘SR’ denotes the®®
*link from the source to the relay nodes, "RD” refers to the link from the relay to®°

b

%%the destination nodes; ‘I’ and ‘L’ respectively represents the packets stored in the®

31 31
BIMoreover, if the relay knows the channel gains ¢, and g, and the total power factor

32 32
a1 + a2 is equal to one, we can allocate power for D, and D, by adapting to channel

33 33
gains, i.e. a1 = |g21?/(lg11 + |g2]?), to ensure the fairness of the outage performance.
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1Table 2 The Relay Decision Scheme

Case SR RD l Relay The outage
? A 0 0 Silent OsrORrD ’
° B 0 I=0  Silent Osr :
4 C 0 =L  Silent Orp 4
5 D 1 0 <L Receive OsrOrD 5
6 E 0 1 >0 Transmit OsrOrD 6
F 1 1 1>2 Transmit OsrOrD
! G 1 1 1<1 Receive OsrOrD !
8 8
9 9

tohuffer and the buffer size at the relay node. ‘Relay’ denotes the decision of the relay10
tinode (silent, receive or transmit), ‘OP’ is the outage probability of the considered?!
12gystem. It is noted that in Table 2, the outage and non-outage links are indicated12
13hy ‘0’ and ‘1’°, respectively. 13

To calculate the OP of the system, from the Table 2, we build the Markov chauin.14

"We start at the initial state [ = 0 (i.e. when the buffer is empty). If the link SR

16 16
is in outage which means the source does not transmit, then, the buffer will be

17 17
empty. In other words, the buffer state moves from | = 0 to [ = 0 with probability

18 18
of Ogr (Case B in Table 2). When the link SR is not in outage, we consider two

19 19
cases. The first case is when the link RD is in outage (Case D). Consequently, the

20 20
relay receives the signal, making the buffer state moves from [ = 0 to [ = 1 with

21 2
probability of (1 — Osg)Ogrp. The second case is when the link RD is not in outage '

22 22
(Case G). The relay receives the signal, making the buffer state moves from [ = 0

23 23
to | = 1 with probability of (1 — Ogr)(1 — Orp). Combining these two cases, the

24 24
buffer state moves from [ = 0 to [ = 1 with probability of 1 — Ogg. Similarly, we

25 25
can obtain the probability of moving to the next state. From here, we have the

26Mamkov chain showing the state transitions as depicted in Fig. 2. When the buffer26
s empty (I = 0), it stays empty with probability of Osg (case B) and receives a2
2Spacket with probability of 1 — Ogg (case D, G). When the buffer has one packet28
29(1 = 1), it stays in the current state with probability of OgrOgrp if the relay does

30 0

3
not receive and transmit (case A). If the relay receives one packet, it moves to the
3t 31
new state (I = 2) with probability of 1 — Oggr (case D, G) and is back to the initial
32 32
state (I = 0) with probability of Osg(1 — Orp) (case E). When the buffer has I

33 33
packets (2 <1< L—1), it stays in this state with probability of OsgOrp (case A),
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‘receives one packet with probability of (1 — Osgr)Ogrp (case D), and transmits one'
%packet with probability of 1 — Orp (case E, F). If the buffer is full, which means
3that it has L packets, it remains the same state with probability of Ogrp (case C)3
“and transmits one packet with probability of 1 — Orp (case E, F). 4
From Table 2 and the presented Markov chain, the outage probability of the”
6system is calculated as 6
7 7
8 OP = Osr Pr{l = O} + OrD Pr{l = L} 8
° + OsrOrp (1 — Pr{l = 0} — Pr{l = L}), (24)°
10 10
niwhere Pr{l = 0} and Pr{l = L} are the probabilities of the events that the buffer11
12is empty and full, respectively. To derive the OP of the system in (24), we define a12
1astate transition matrix A with size of (L + 1) x (L + 1) of the Markov chain, wherei1s
14A;; denotes the element of the ith row and jth column of the matrix A. It shouldis
1sbe reminded that A,;; refers to the probability of moving from state ¢ at time ¢ tois
iestate 7 at time £ + 1, i.e., 16
17 17
18 Aij = PI‘{lH_l = ]|lt = Z} (25)18
19 19
For the case of L = 5, matrix A is expressed as follows
20 20
21 21
29 Osr Osr 0 0 0 0 29
OspOrp  OspOrp  Osg 0 0 0
23 A = 0 Orp  OsrOrp  OsrOrp 0 0 (26)23
0 0 Orp OspOrp  OsrOrp 0
24 0 0 0 Orp OspOrp  OsrOrp 24
0 0 0 0 Orp Orp
25 25
56 We should note that matrix A is not symmetric because the states are not sym-,

,metric and the number of links to other states is not the same, leading to the,,
ygtransition probabilities are not the same. Then, the stationary distribution 7 of the, o

joMarkov chain is expressed as

29

30 30
m=(A-1+B) b, (27)

31 31

32 32
where I is an identity matrix, B is an (L 4+ 1) x (L 4+ 1) matrix with all elements

33equal tol,andb=(1 1 .. 1)%. >
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'"Theorem 4 With the buffer-aided relaying, the outage probability of the system'
becomes 2
3 3
L+1
4 OP = Z Tl'iAZ'i. (28)4
i=1
5 5
To determine the state transit matrix A, we need to derive Osg and Orp. We
6 6
assume that the minimum data transmission rate from S — R is g, then the outage
7 7
probability of S — R link is defined as follows
8 8
-«
° Ogr = Pr loga(1+7r) <710 ) =1—exp| — Jeh . (29)9
10 10

11 According to the SIC principle, if D; is able to remove x5 from its received signal,11

12the outage probability of the link from the relay to the destinations nodes is giveniz

13by 13

14 14
-« T T

s Orp = Pr ( 5 log, (1 + max {fyDll,'yDZQ }) < r0> . (30)15

1 16

6
After some manipulations, we have

17 17
4A 4A 4B 4B
18 Orp =1—/5—Ki \/ - \/ K \/ 1
Qsr < Qsr Qsr Qgr
19 19
4(A+ B) 4(A+ B)
20 +4 ———K — 1, 31)20
\/ Qsp \/ Qsr (31
21 21
mWhere A = QRD?:lhl¢Ps and B = QRrp, ¢PS(’1Yt—ha1(1+’m:))' 22
53 For the detailed derivations of Orp, please refer to Appendix C. 23
24 24
Average packet delay of the buffer-aided relay system
25 25
In this section, the average packet delay of the system is considered. This delay
26 26
includes the average packet delay at the source and the relay.
27 27
The average packet delay at the source is determined as
28 28
29 1+0P 29
Dg = . 32
ST 1-0pP (32)
30 30
siwhile the average packet delay at the relay is expressed as 31
32 L+1 32

2 )
a3 DR = m Z; 7Ti(2 - 1) (33)33
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"Therefore, the average packet delay of the system is given by

2 2
3 D = Dg + Dr. (34)3
4 4
SResults and Discussion 5

°In this section, detailed numerical results are provided to illustrate the impact of®
7povver allocation on the performance of SWIPT-NOMA system in terms of the oP’
®and the EC. For comparison, we also provide the performance of the SWIPT-OMA®
9system with the same parameters. Configurations and parameters of the system are’
10explained as follows. D; is closer to the relay nodes than Dy. Hence, we need to™
"allocate more power to Dy than Dq to ensure the user fairness. The optimal power11
allocation coefficient is derived in Theorem 3. The power allocation coefficient for D112

is fixed at a; = 0.3 and that for Dy is 1 —a;. The energy harvesting fraction o = 0.3'

“and the energy conversion efficiency n = 0.8. The system data rate r; = 1 while'*

ry = 1o = 0.5[b/s/Hz|. The obtained numerical results show that the optimal power™

*allocation can increase the system performance and the NOMA scheme signiﬁcantly16

17. e 17
improves the spectrum utilization.

18
Fig. 4 illustrates the overall outage probability in terms of the average SNR in dB

19 19
for two cases, i.e., with and without buffer-aided data at the relay node. As observed

20 20
from Fig. 4, the overall outage probability of the system (including the outage events

21 21
of both D; and Ds) in the case of optimal power allocation outperforms the case of

22 22
fixed power allocation. From Fig 4, we can see that the benefit of the optimal power

23 23
allocation in terms of the overall OP compared with the fixed power allocation is

2 4

4 2
not significant. This is because we have choose the fixed power allocation a; = 0.3,
25 25
which is the approximate of the optimal power allocation a] (when o = 0.3 and

26 26
r = 0.5 returns a} = 0.2709). In order to achieve the fairness of the overall system

2 27
performance, the transmitter needs to allocate power according to the channel gains

28 28
of R — D; and R — Ds. Furthermore, the approximation results calculated from
29 29
(10) are very close to the exact results obtained from (9), especially at high SNR

30 0

3
regime. Therefore, we can use (10) to calculate the OOP of the system easily. We

31 31
can also see in Fig. 4 that the diversity order of the system with buffer aid is equal

3 32

2
to 2. Meanwhile, for the case of without buffer-aided relaying, the diversity order

33 33
of the system is equal to 1. Hence, employing data buffer at the relay leads to the
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reduction of OP, but it trades off with the packet delay. We can also see that the'
Zanalytical results agree well with the simulation results. 2

Fig. 5 plots the overall OP and the OP of Dy and Do, respectively. The optimal3
4power allocation coefficient as presented in Theorem 3 is used for both cases with*
®and without buffer aided data at the relay node. We can see that the outage per—5
®formance of D; is better than Dy. This is because the distance from the relay to®
Dy is longer than that from the relay to Dy [29] [6] The overall OP is calculated”
8as the probability of the events that both D; and Dy cannot decode their symbols8
9successfully. The simulation and analytical results are in exellent match, Validating9
the correctness of the closed-form expressions of (9), (12) and (13). From Fig. 5, we'®
"can observe that the joint outage events of D1 and Dy are less than each individual*
12ou‘cage event of Dy and Ds. This is suitable in practice where the probability that'?
“®hoth D; and D5 are in outage is always less than the probability that Dy or Do is'®

14, 14
1 outage.

' The OPp, and OPp, are shown in Fig. 6 and Fig. 7, respectively. The povver15
allocation coefficient is fixed at a1 = 0.3 when investigating the outage performance16
Yof both OPp, and OPp,. Moreover, we also conduct the optimal power allocation'’
for the relay as described in the Theorem 3. Again, we can see that the anadytical18
“results are in excellent agreement with the simulation results. From these ﬁgures19
*We can see that the NOMA system with the optimal power allocation has better’
21outage performance than the OMA system. In the case of fixed power allocation, the’"
22ou‘cage performance of D; is better than the OMA system, but outage performance22
Zof D, is worse than the OMA system. However, the NOMA system provides better’
24spectral efficiency because two users are served simultaneously. Different from Fig 4,24
®the gap of the curves plotted in Fig 6 and Fig 7 is more significant for the two cases”
**With fixed and optimal power allocation. The reason is that the probability of the’®
*’ovent that both D; and Dy are in outage is less than the probability of each event’’
28that D1 or Ds is in outage. >

Fig. 8 depicts the effect of the power allocation coefficient on the OP. It should”

30 30
be noted that we only define the coefficient for Dy while the coefficient for D is

31 31
©I'The signal power of far-field RF transmission is reduced according to the mu-

32 32
tual distance between receiver and transmitter, specifically, 2048 per decade of the

33 33
distance.
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derived from the condition as = 1 — a1. As shown in Fig. 8, different data rates rot
%exhibit different minimum values of the OP. In this figure we can see that when the?
3rate transmission ro is reduced, the power allocation coefficient for Dy decreases to®
“get better system performance for the fairness of the outage performance of Dy and*
5D, 5

The system ergodic capacity is shown in Fig. 9. According to the NOMA theory,6
7the ergodic capacity of the system is the summation of the ergodic capacity of7
®all users. Let B and (1 — B) [Hz] denote the bandwidth assigned for D; and the

9mmaining bandwidth assigned for Dg, where (0 < 5 < 1). Using [30, eq. (7.4)], the’

1 10

0
sum capacity of the OMA system is given by

11 11
12 12
13 1-— Pslhi]?> Pr|g1|? 13
COMA:72aﬁlog2 <1+min{ s l” Prlo] })
14 /8 ﬂ 14
(1-a)(1-5) ) Pslhal® Prlg2l?
15 —&—zlogQ 1 +min 15 13 . (35)15
16 16

17 From Fig. 9, we can see that the ergodic capacity of the NOMA system is better!?
Bthan the OMA system. Additionally, the ergodic capacity of D; in our proposed!®
9gystem is better than that in the OMA system. However, the ergodic capacity of Dy1°
20is not higher than OMA system due to the poor channel condition from the relay to2°
21the Ds. Therefore, the advantage of the NOMA system is to improve the capacity?!

22significantly. We also see that the analytical results are very close to the simulation??

23results because we use an approximation of the CDF of X, as given in (56). 23

24 24

*Conclusion »

26 26
In this paper, we proposed a NOMA cooperative relaying network with and with-

2 27
out data buffer-aided relay. In addition, the relay node harvests the energy from the

28 28
source using the time-switching mechanism. We focus on deriving the OP and er-

29 9

2
godic capacity of the system over Rayleigh fading channels. Moreover, we proposed

30 30
a power allocation scheme at the relay node which aims to reduce the feedback cost.

31 31
Numerical results of the OP and capacity showed that the proposed NOMA down-

32 32
link relaying system significantly outperformed the OMA system. The data buffer

3 33

3
aid employed at the relay helps improve the performance of the system. However,
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the proposed system trades off with the permissible packet delay. All closed-form®
2expressions derived in this paper were verified by the Monte-Carlo simulations.
The impact of fixed and optimal power allocation on the performance of EH-’
“NOMA downlink relaying network was also investigated. In this model, all nodes”
Pare equipped with a single antenna. However, it can be developed for multiple5
6an‘uenna systems. ¢
7 7
Our proposed relaying network can achieve two goals: (i) the energy efficiency is
8 8
improved by the harvested energy from the ambient RF environment. This idea can

9 9
be applied to sensor nodes in wireless body area networks for healthcare and other

10 10
medical applications, (ii) the spectrum utilizing efficiency is superior to that of the

11 11
OMA system. It is a promising application which can enhance the performance of

12 12
the 5G networks and the wireless sensor and healthcare networks.

13 13

“Appendix A 14

15 15
The goal of this appendix is to provide the overall OP of the SWIPT-NOMA system

16 16
over Rayleigh fading channels.

17 17

The overall OP of the system can be expressed as
18 18
¥ OOP=Pr(1s < P TEe T2 o 36)"°

=Pr(r <) +Pr(yr > v, max (75, 753, 75 7) <) - (36)
—_———
20 opP, oP, 20
21 21

From (2), we obtain the closed-form expression of the first term of (36) as
22 22
23 23

OP; = Pr <|h1|2 < %h) =1—exp (- Jth ) . (37)
24 Py M Ps 24
25 ) ) ) 25
To obtain the closed-form expression of the second term of (36), we rewrite the
26 26
second term of (36) as follows
27 27
28 28
29 OP _ P 1 < To—>T1 T2 38 29
2 =Pr (7R > 7m, 70 < v < Yens Y5 < i) - (38)
30 30
1 From (38) and the condition in (11), i.e. 727" > 432, we have 8
32 32

33 OP; = Pr (7R > %th, 70) < %eho 7527 < %n) - (39)33
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By substituting (2), (7), and (8) into (39) and denoting |h;|? = X, |g1|> = Y and*

%|g2|? = Z, we obtain: 2
3 3
VYth Yth Yth
4 OPy=Pr(x>1 xy< XY < — b ) 40)

? < Pg a19Ps ¢Ps(az — al%h)) (40)
5 5

1

6 As can be seen from (40), the outage always occurs if a; > T

Thus, allocatinge
7more power to the Dy is required so that 1 — a;(1 + 4tn) > 0 always holds. Ther

scondition a; < ﬁ is used throughout this paper. For simplicity, we can rewrites

9(40) as 9
10 10
.,  OP=Pr <X > %:‘, XY < xymin> , (41),,
12 12
13Where WUoin = min { al"’g}gs , ¢PS(1—Z§?1+’YH\)) } i

, Based on the conditional probability [31] and the assumption that the channel

15gauins have exponential distributions, we have

15
16 [e%e] U . [e'e] U . 16
OP;y = / Iy ( mm) [x(z)dr = / {1 — exp ( mm)} fx(z)dz, (42)
17 Yih €T Jth QQ!E 17
S Pg
18 18

19where Fy(y) =1—exp (—%) and fx(z) = & exp (—Qil) are the CDF of X aund19

the PDF of Y, respectively.
20 20

Substituting PDF of X into (42) yields

21 21
22 22
23 ° 23
Yth 1 \Ilmin x
OP, = - - - - = )da. 43
24 2 <P < les> Ql / P < QQCL‘ Ql) * ( )24
%
25 25

26 By using the Taylor series expansions of the exponential function and after someas

armanipulations on (43) using [27, 3.351.4], we obtain the second term of (36) as27

2sgiven in (44) below. 28
29 | E (1) [ A 29
“Yth - min
OP, = — -
30 2 exP( les,) le k! ( Qs ) 30
k=0
31 i 31
e L (e e (ER) e (@)
&-10\Q 01 Ps ' '

w () S e-1-9 w
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! We obtain the OP expression of the system by combining (37) and (44). When'

%the transmission power is high, we have 1, < Ps. Then, (43) can be approximated?

3 3
as

4 4
5 5

1 [ Wi x
6 OPy=1-— — - _ ) da. 45)8
2 Ql /0 eXp ( QQ’I’ Ql) * ( )

7 7

8 From (45), by using [27, 3.324.1], i.e. fooo eTr T = \/gKl (\/67), and after®

%some mathematical manipulations, we have the approximation of (10) at high SNR?

0regime. The proof of Theorem 1 is completed. 10

11 11

L2Appendix B 12

®Due to the imperfect detection at the relay node, it may forward wrong decoded
Y“signals to Dy and Dy and cannot apply SIC technique on symbol z5 at the Dy. Hence'*
Ysimilar to [32], for any modulation scheme, the dual-hop of the links S — R — D;*®
®or S — R — D5 can be modeled as an equivalent one-hop channel whose output®®

SINR X;, i € {1,2} at high SNR regime can be tightly approximated. 1

18 18

Let denote X; and Xy the SINRs obtained at Dy and Dy, respectively [5].

19 19
20 X1 = min (YR, 750 ) (46)%°
21 21
22 22
93 Xy = min (’yR, ’yg‘;) ) (47) 45
24 2

To find the OP of Dy, from (46), we have the OP expression of Dy as

25 25

26 26
o OPD1 =1-"Pr (')/R > 617 FY]J_:)ll > 61, 723)21—>$1 > 51) .
&1
28 =1-Pr (X > FS’XY > Qmax | (48) g
29 29
where Q = max & &
30 max a16Ps’ ¢Ps(1—a1(1+£1)) f° 30
31 By using the conditional probability [31], we can rewrite (48) as 31
32 32

OPp, = 1— /OO [1 _ Ry (Q‘;ﬂ Fx()da. (49)

&1
Ps

33
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Since the CDF and PDF of X and Y are exponential distribution functions, we'

2have 2
3 3
1 o Qmax X 4

OPp, =1-— o /L1 exp (— Dot ) exp (_Q1> dx. (50)

5 Pg 5
6 6

7 By using the Taylor series expansions of the exponential function and after somer
smanipulations on (50) using [27, 3.351.4], we have the expression of the OP of D;s
gas presented in (12). 9

10 Next, we calculate the OP expression at D,. With the given SINR at the Dy and!®

'the notation X = min(yr,77 ), we have 1

12 12
13 13
14 14
. OPp, = Pr (min(yr,732) < &) =1 —Pr (v > &,71° > &) - (51)15
16 16
17 Substituting (2) and (6) into (51) yields 17
18 18
Ps|hq|? as Pr|ga]?
e omim (B0 R > ) )
N =1-Pr (X > 1%’ XZ> (M) (52)
22 22

23 Then, by applying similar calculations in Appendix A we can obtain the OP of23

24])2 as 24

25 25

2 OPD =1- /Oo 1-— FZ 62 fX (:E) dx %
2 £2 x(st (CLQ — a1£2)

27 Ps 27
1 [ b T

28 =1- o Ja exp (_xQQ> exp (—Sb)dx. (53)0g

Pg
29 29

30 30
By using the Taylor series expansions of the exponential function exp (_Tbh) =

31

31 t t
Y, (—t}) (ﬁ) , after some manipulations of (53) using [27, 3.351.4], we obtain

32 32
the closed-form expression of the OP of Dy as given in (13). The proof of Theorem

33 33
2 is completed.
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'Appendix C

*From (6) and (8), the expression of Orp is expressed as

3 3
4 Orp = Pr (max (’ygll,ngi) < %h) 4
5 a1 Prlg1|? (1 —a1)Prlgal? 5

=Pr | LRI o, SRR

r ( N Vth a1PR\92\2 1 Tt
6 6
Yth Vth

— Pr( Xy< X Z< . 54

7 ( a1pPs ¢Ps(1 —ay(1+ ’Yth))) ( )7

8
Based on the definition of the conditional probability, we have

9 9

10 10

u Orp = / Pr <Y < A,Z < B) f_)((!L‘)dLL' 1
0 X X

12 B 12
x

13

14 _ / T el o)y o-2-8)] (@, (55)14

,eWhere A = UJ’};#%})PS’ B = m. After some manipulations, we get (31),,,

,scompleting the proof of Theorem 4. 17

18 18
Appendix D

19 19

This appendix aims to provide the CDF of the instantaneous SNR of the information
20 20

symbol z1. The instantaneous end-to-end SNR of symbol z; is X; = min ('yR7 751 1).
21

21
Thus, the CDF of X; is given by
22 22
23 . 23
Fx, (&) = Pr (min (v%, 1) < &)
24 9 9 9 24
= 1= Pr (Psinl* > &, aioPsili* > &)
25 o 25
1 51 X
- — S S
* o3 / P ( Q16 Psa 91) ) *
2 % 27
4 4
2 ST S TR (Y B (56)°°
MQ2a19Ps MQ2a19Ps
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1Abbreviations !

) 5G Fifth Generation 5
AWGN Additive White Gaussian Noise

3 CDF Cumulative Distribution Function 3
CR-NOMA Cognitive Radio Non-Orthogonal Multiple Access

* Csl Channel State Information *

5 DF Decode-and-Forward 5
EH Energy Harvesting

6 F.NOMA Fixed-power-allocation Non-Orthogonal Multiple Access 6

7 loT Internet of Things 7
NOMA Non-Orthogonal Multiple Access

8 OMA Orthogonal Multiple Access 8

o OOP Overall Outage Probability o
OoP Outage Probability

10 PDF Probability Density Function 10
PS Power Splitting

1 RF Radio Frequency 1

19 RV Random Variable 12
SINR Signal-to-Interference-and-Noise Ratio

13 sNR Signal-to-Noise Ratio 13

12 SWIPT Simultaneous Wireless Information and Power Transfer 14
TDD Time Division Duplex
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Figure 3 The average packet delay versus SNR according to theorycal analysis.
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Figure 4 Overall outage probability versus average SNRs for optimal and fixed power allocation.
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Figure 5 Outage probability versus the SNR with optimal power allocation for the cases of with

buffer and without buffer aided relaying.
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Figure 6 Outage probability of Dy versus the transmission power of the source for optimal and

fixed power allocation.
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Figure 7 Outage probability of D2 versus its SNR for the cases of optimal power allocation and

fixed power allocation.
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Figure 8 The effect of power allocation coefficient on the OP for different data rates, EbNo =
10dB.
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Figure 9 Average capacity of the system versus its SNR.
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The diagram of the Markov chain of buffer states at the relay node.
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The average packet delay versus SNR according to theorycal analysis.
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The effect of power allocation coefficient on the OP for different data rates, EbNo = 10dB.
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