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combining is then employed at the FU to combine both the signals received from the
BS and NU. Closed form expressions of outage propability, throughput, ergodic rate
and energy efficiency (EE) are firstly derived for the SWIPT based C-NOMA considering
both scenarios of with and without direct link between the BS and FU. The impacts of
EH time, EH efficiency, power-splitting ratio, source data rate and distance between
different nodes on the performance are then investigated. The simulation results
show that the C-NOMA with direct link achieves an outperformed performance over
C-NOMA without direct link. Moreover, the performance of C-NOMA with direct link

is also higher than that for OMA. Specifically, (1) the outage probability for C-NOMA in
both direct and relaying link cases is always lower than that for OMA. (2) the outage
probability, throughput and ergodic rate vary according to 8, (3) the EE of both users
can obtain in SNR range of from —10to 5 dB and it decreases linearly as SNR increases.
Numerical results are provided to verify the findings.
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1 Introduction

Non-orthogonal multiple access (NOMA) has recently been shown as one of the poten-
tial candidates for 5G and beyond based wireless networks to overcome the limitations
of the current technologies such as energy efficiency, latency and user fairness [1-3].
One of the critical features of NOMA techniques is that multiple users are permitted
to use the same resources in time, frequency and/or code domain [4]. It means that a
strong user, i.e. a NU, is given a lower power allocation factor than a weak user, i.e. a
FU, to ensure user fairness [1, 5-7]. Two key techniques applied in NOMA consist of
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superposition coding (SC) [2] and successive interference cancellation (SIC) [1, 2]. As an
extended version of NOMA, cooperative NOMA (C-NOMA) [8, 9] exploits a user with
better channel conditions, namely a relaying user, to assist to forward the information
to another user with poor channel conditions. Therefore, it can increase the coverage
region of BS and improve the performance of NOMA systems.

Radio frequency (RF) based energy harvesting (EH) can help solve energy constraint
issues in mobile devices, wireless sensors as well as the relaying-acted nodes of wire-
less communication networks [10, 11]. At relay nodes, the energy harvesting is normally
performed in the first phase of signal transmitting time block. This harvested energy is
dedicated for: i) consuming at the relay and ii) forwarding the decoded information to
the destination.

The combination of simultaneous wireless information and power transfer (SWIPT)
and C-NOMA in 5G systems has demonstrated an outperformed energy efficiency and
coverage area over OMA [7, 12]. More, by forwarding the information to far users, the
relay based SWIPT C-NOMA can improve the integrity and reliability of the transmit-
ted data for weak users [13]. Power-splitting protocol (PSR) and time-switching protocol
(TSR) are exploited at SWIPT based relaying nodes to harvest energy and process infor-
mation [5, 6, 14, 15]. In [16], the sum throughput of users in SWIPT based C-NOMA
system was studied. Closed-form and closed-form approximate expressions of outage
probability were achieved. In [17], two protocols based on SWIPT, namely CNOMA-
SWIPT-PS and CNOMA-SWIPT-TS, were proposed. The effectiveness of the proposed
schemes was demonstrated over OMA and the work in [18]. In [19], a SWIPT based
C-NOMA system was investigated. A joint design for the power allocation coefficients
and the PS factor was proposed to improve the system performance. The derivation of
analytical expressions for the outage probabilities of near and far users was also pro-
vided. In [20], a PSR based SWIPT for C-NOMA was studied. Compared to the protocol
in [21], this protocol can considerably reduce the outage probability of the strong users
and increase the system throughput. In [22], the outage probability and throughput of
the proposed TSR protocol was superior to the normal TSR protocol.

There are two main data forwarding schemes in relay-assisted C-NOMA, including
decode-and-forward (DF) and amplify-and-forward (AF) [1]. Furthermore, in relay
based C-NOMA, far users normally receive the transmitted signal which is forwarded
from relay nodes [23-27]. This is because there are some obstacles on the propagation
[5, 6, 28]. However, in system models without obstacle, these far users can receive sig-
nals from both relay and BS, namely therefore relay based C-NOMA with direct links
[25, 29-31]. In [29], a dynamic DF based C-NOMA scheme for downlink transmission
was proposed. The outage probability of the proposed scheme was derived by applying
point process theory. In [32], three cooperative relaying schemes were proposed in a DF
based C-NOMA system. The system performance for the proposed schemes was supe-
rior to the cooperative DF relaying without direct links and multiple user superposition
transmission without relaying. In [33], a DF relay aimed C-NOMA system with direct
link between BS and weak user was studied. In [34], a system cooperative device-to-
device systems with NOMA in which the BS can communicate simultaneously with all
users was considered. Two decoding strategies, namely single signal decoding scheme
and maximum ratio combining (MRC) decoding scheme, were proposed. The numerical
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results showed that the ergodic sum rate as well as outage probability achieve better than
the conventional NOMA schemes. The authors in [35] proposed a protocol to permit
the BS to adaptively switch between direct and indirect modes in C-NOMA system with
two users. The analytical results demonstrated that the proposed protocol overwhelmed
the conventional C-NOMA protocol. In [36], the outage performance of dual DF based
SWIPT NOMA system with direct link was presented.

The use of relays for forwarding information from sources to destinations and har-
vesting RF energy has been investigated in the current technologies such as OFDMA,
SWIPT/WPT [37-39]. In [37], a relaying selection scheme, namely OFDMA relaying
selection, was proposed for OFDM multihop cooperative networks with L relays and
M hops (M, L > 2). The end-to-end outage performance of the proposed approach
was evaluated and compared to that of the OFDM relaying selection approach. In [38],
a relaying selection scheme was investigated in a two-hop relay-assisted multi-user
OFDMA network with K fixed relays and L users (2 < L < K), where the end-nodes
exploited the SWIPT mechanism based on the power splitting (PS) technique. This
relaying selection is to optimize the PS ratio of the end nodes as well as the relay, car-
rier, and power assignment so that the sum-rate of the system was maximized under
the harvested energy and transmitted power constraints. In [39], a survey of the SWIPT
and WPT assisted energy harvesting techniques was presented. The survey provided a
detailed description of various potential emerging technologies for the fifth generation
(5G) communications with SWIPT/WPT.

In this paper, we investigate a wireless communication system model which can ensure
the user fairness by allocating power and harvest the RF energy from the source, namely
C-NOMA based system model. We combine SWIPT and C-NOMA in our model sys-
tem to study its performance metric in terms of the outage probability, throughput and
energy efficiency. The investigated model consists one base station and two users where
one user acts as a relaying user, another user is a FU. The BS simultaneously broadcasts
the superposed coding signals to both users and thus the FU also receives the signal
from BS. Based on NOMA mechanism, the FU with poor channel conditions is allocated
more power than the NU with strong channel conditions. Moreover, the SIC process is
performed at the NU which acts as the relaying user. After receiving the transmitted
signal, the relaying user decodes the FU's signal and its own signal utilizing SIC. The
decoded signal of the FU at the relaying user is then forwarded to the FU using DF pro-
tocol. The relaying user employs PSR protocol in its communication process. Involving
in signal processing at relay node, delay limited transmission (DLT) and delay tolerant
transmission (DTT) modes can be exploited at this node [14]. The DLT mode refers to
the block wise received signal decoding mechanism at the destination node while the
DTT mode refers to the storage of the received data block in the buffer of the destina-
tion node prior to data decoding. The key contributions of our work in this paper are
sumarized as follows:

+ Closed-form expressions of the performance, i.e., outage probability, throughput,
ergodic rate and EE, are derived for the PSR protocol with DLT and DTT modes and
direct link. This performance of the system model with direct link is compared to
that for C-NOMA without direct link as well as OMA. The simulation results show
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that the C-NOMA with direct link achieves a better performance than that for the
C-NOMA without direct link and OMA.

+ The impacts of above mentioned parameters on the direct link are evaluated via
the numerical simulation results to realize the changes of the performance. These
impacts are as a background for choosing the suitable values of the parameters for
system model to achieve the tradeoff among terms of the performance as well as

users.

The rest of paper is organized as follows. Section 2 presents the detail of the proposed
system model and assumptions. Section 3 analyzes the performance parameters includ-
ing outage probability, throughput, ergodic rate and EE. Section 4 discusses the simula-

tion results. Finally, Sect. 5 gives the main conclusions.

2 Methods

In this section, we investigate the combination of the C-NOMA based system model and
PSR based SWIPT technique. From the system model, we analyze and derive the perfor-
mance metric in terms of outage probability, throughput, ergodic rate, and energy effi-
ciency under constraints of direct and relay links among source, destination, and relay.
We then utilize the Monte Carlo numerical approach to simulate and verify the ana-
lytical results. Furthermore, the performance metric is compared between CNOMA and
OMA schemes, a direct link and relay link to clarify which scheme is superior.

2.1 System model

Figure 1 describes the model system with one source S and two users Dy and Dj. These
two users receive the transmitted signal from the source S. Because D; is far from S, so
D also helps S forward the information to Dj. According to [40], the BS first broadcasts
a threshold signal to all users in its coverage. One bit, i.e., 0 or 1, is used by the users
to give the feedbacks of their received signal strength to the BS by comparing its own
signal to the threshold signal. The threshold value therefore needs to be chosen care-
fully. In [41], optional thresholds for systems with different power constraints were also

r—,—_———————_—— =
| User 2 .| Subtract User 2's | o User 1
Signal detection " signal I "] Signal detection
W __ __SIC_ _ _ _ _ B
Power
D 1 User 2
User 1 .
Time/Frequenc?
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signal
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Fig. 1 System Model
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developed. After receiving the feedback bits from the users, the BS decides which user is
a strong or weak user and sends this information to the users. In this model, the energy
is harvested from the RF signal received at the relay. The harvested energy is stored in
the battery which is a finite energy source. A part of this energy is used for the opera-
tion of the relay, while the remaining part is stored in the battery. It is assumed that
the capacity of the battery is finite. Specifically, to maintain the operation, D; harvests
the energy from S by employing the PSR protocol, while the DF scheme is employed
to decode and forward the information from S to Dj. This system model can also be
applied in wireless sensor and mobile networks where the nodes and/or users experience
urban with high buildings e.g., some system models in [42-47].

2.2 Energy harvesting and data transmission protocol

Figure 2 shows the power splitting (PS) protocol for EH and IP. Specifically, in the first
T/2, S sends data to both D and D and D harvests the energy from S with a part of the
received signal power of BPs. Because the data is already sent to Dy in the first 772, it
is not necessary to resend the same information to D, in the second time slot, unless S
wants to send new information but it is beyond the scope of this work. In other words,
D, only decodes the information from D; with a part of the remaining signal power of
(1 — B)Ps in the second time slot and employs MRC with the one received from S in the
first time slot.

Table 1 lists the definition of the parameters used in the model and through the paper.

2.2.1 Energy harvesting at Dq

We know that the amount of harvested energy from RF signal is small. However, the
main power of the relay is the battery and the harvested energy is stored in the battery.
Following the same approach as in [48], in this paper, we assumed that D; uses the total
harvested energy to relay its detected message of D, and this harvested energy is suffi-

cient for data transmission and processing.

< T/2: >

Phase 1:
Energy Harvesting at D1
BPs

Phase 1: S -> D,
Data Transmission
(1-p)Ps
Phase 1: S -> D2
Data Transmission
Ps

JOMOJ!

< T/2 >

Phase 2:
D,-> D,
Data Forwarding

Fig. 2 Energy harvesting and data transmission protocol
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Table 1 Symbol definition

Symbol Definition
ho The complex channel coefficient of S — D,
hy The complex channel coefficient of S — Dy
hy The complex channel coefficient of D1 — D,
lhol? Power gain of S — D,
|h1]? Power gain of S — D
|hy |2 Power gain of Dy — D,
Ps Transmission power at S
BO<pB <) The power splitting ratio
P, The transmission power at D;
El] Expectation operation
Ellho|?] = ng Expectation operation of the complex channel coefficient of S — D,
E[lh1]?] = Q]—‘ Expectation operation of the complex channel coefficient of S — D
E[lh2|2] = QZ—‘ Expectation operation of the complex channel coefficient of D1 — D,
T The total time block
o Power allocation coefficient for data symbol x;
o) Power allocation coefficient for data symbol x;
np; Additive white Gaussian noise (AWGN) at Dy with zero mean and variance o2
n0<n<1l) The energy harvesting efficiency at the energy receiver
A % The transmit signal-to-noise ratio (SNR)
Y=0-8) The IP coefficient
Y= Bn The EH coefficient
R The target rate for detecting x;
R The target rate for detecting x»
R The total network throughput

Page 6 of 26

The observation at D; is determined based on SC as follows

¥yp, = hi(v/a1Psx1 + v/ aaPsxy) + np,, (1)

The assumptions are given that E[x?] = E[x3] = 1, and, without loss of generality,
ay > o > Osatisfying 1 + ag =1.

As shown in Fig 2, D; only harvests the energy from S during the first 7/2. The har-
vested energy at D; is thus computed by

Ey = ||’ o(T/2), 2)

From (2), we understand that the operation of the energy harvesters can occur in the
non-linear region. Several works have also investigated the non-linearity of practical
energy harvesting circuit [49, 50]. However, to overcome this challenge in our work for
practical problems as well as to scope with our study, several EH circuits can be placed
in parallel to yield a sufficiently large linear conversion region [51, 52].

The harvested energy is dissipated at D; and used to forward the decoded data to
D,. The transmitted power at Dq obtaining from the harvest energy EH is determined
by
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_ Ex_ Bnlm[p(1/2)
(T/2) (T/2)

, = n|m[*p. 3)
We can see that Egs. (2) and (3) represent for linear energy harvesting circuits. However,
as mentioned above, the non-linear region can appear in the operation of the energy
harvester. Various studies in the recent trends have also emphasized on the linear archi-
tecture of the energy harvester [43, 44]. Therefore, to solve the nonlinear issue of the EH
circuits based on linear region, we can yield a sufficiently large linear conversion region
via parallel EH circuits.

2.2.2 Information processing at D1and D,

In fact, the NOMA scheme is only enabled when the strong/weak users can be identi-
fied. Hence, channel state information (CSI) of the links from S to D; and from D; to
D is critical. In order to share these CSI, there are different approaches [53, 54], among
which a typical one is to use pilot sequences.

Based on NOMA principle, D, is allocated more power than D;. By applying SIC [14],
D1 decodes both signal x3 and its own signal x;. It is assumed that the SIC is perfect.
From (1), the received signal to interference plus noise ratio (SINR) at D; to detect x5 of
D, is determined by

vl ‘202,0

Y20y = ——— 5 -
l 1/f1|h1|20l1/0+1

(4)

The interference is not in the received signal at D after SIC process. Therefore, the
received SNR at Dj to detect its own message x; is given by

V1D, = 1/f1|h1|20tl,0- (5)
Over direct link, the signal at D, is given by

Y1, = ho(v/a1Psx1 + \/aaPsxy) + np,. (6)
Therefore, the received SINR at Dj to detect x; for the direct link is given by

Vlo|20l2;0

YD, = — 5 -
b2 |h0|2011,0+1

(7)

Over the relaying link, the decoded signal x at D; is forwarded to Dy. Thus, the received
signal at Dy can be expressed as

Yo,D, = <\/17rx2)h2 + np,. (8)
Substituting Eq. (3) into Eq. (8), we obtain
Y20y = (\/ ,377;0) |\h1|hoxy + np,. 9)

The received SNR at D, over the relaying link is thus expressed by
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Yo.D, = |h2|2|h1 }ZI/fE,O' (10)

At Dy, the signals from both relaying and direct links are combined by employing the
MRC mechanism. The combined SINR can be obtained by

}ho|2062,0

MRC — |y |* || * e + .
VD, | 1| | 2| EP \h0\2a1p+1

3 Performance Analysis

This section presents the analysis of the performance of the system model in which
closed-form expressions of the outage probability, throughput, ergodic rate and EE are
determined in DTT and DLT modes.

3.1 Outage performance

3.1.1 Outage probability at D4

User D is not in outage when it can decode both signals x; and x; received from the BS.
The outage probability at D is thus obtained by

Pp, =1-Pr (VZ,D1 > Vthyr Y1,Dy > Vthl): (12)

where, yy,, = 22”1 _ 1 and Vihy = 22R2 _ 1 represent the threshold SNRs at D; for
detecting signals x; and x», respectively.

Theorem 1 The outage probability at D1 is given by

01

Ppi=1-—¢ %1, (13)

— — Yith2 — Y 1
where, 01 = max(t1,v1), 7] = =) and vq PR with oy > a1 V.

1 Proof
From (12), the outage probability at D1 can be determined by

WI‘hﬂzazp
1/f1|h1|2051,0+1

=1 —Pr(‘hl}z > ythz

2
Pp, = 1—Pr< > Vg Wi || 051/0>7/th1>

2 Vth
h _rm
> alpw) (14)

oV (a2 — e Ven,)
=1-Pr(|m|* > 61)

o0
=1- /91 f|h1|z(x)dx
Applying the following equation

1
ful®) = o exp(—gim € {SDy1, D1 Dy}

i
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Eq. (14) can be obtained as follows

The proof is completed. O

Corollary 1  From (15), the outage probability at D for high SNR p — 00 is expressed
by

01
Pf,‘i = 971 (16)

1 Proof
From (12), when p — 00, the outage probability at D1 with1 — e™™ = x is given by

P =1-P (> 2 1)

1

=1—-¢ %1 (17)
= o
The proof is completed. O

Based on (15) and a3 > o1y, Pp, depends on 11 and the random variable €24 (h1]?).
The closer the d, the lower the Pp,. This means that a better transmission quality can be
achieved, and vice versa.

3.1.2 Outage probability at D, for no direct link

Since Dj can not detect x5 as well as D5 can not recover the forwarded information from
D, the Dy is in outage. Hence, the outage probability at Dy is derived as (see (18)). By
calculating /> and /3, the outage probability for no direct link is determined by

HD HD HD
Pp, podir = Pr (le < Vi, ) +Pr (J/Z,Dz < Viny » Y201 > Veny )

(18)
b J3
Theorem 2  The outage probability at Dy can be obtained by
oo
- ~ St N\ 1 —X
Ppyodir =1 —€ 1 +/ 1—e ®Er Qil exp E dx. (19)

71

1 Proof
Considering the Rayleigh fading channel, ], can be given by
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-
]2_1—exp(91> (20)

and /3 can be expressed as (see(21)).

Jo = Pr (ol s Puieo < vy, L0120y
2 |l Parp+1 2
2 Yth
Pr | || < 2 \h
_ (| d i [ vep

0, ag < a1y,

2 Yihy
| > 7 |, 2 > A1V,
T

1

Ythy
o) XYEP o)

_ : : _ _ )

S R T (R N
Wﬂ(ar”lnhz)
(21)
The outage probability at D, is given by

Pp, podir = J2 + J3. (22)
O

Corollary 2  The outage probability at D, for high SNR can be determined as (see(23)),
where K (.) is the first order modified Bessel function of the second kind [55, Eq.(3.324.1)].

o 2 Yt as
Pf)j,nodir = Pr (al < )/th2> + Pr <|h2| # )/th2>
2 Vth o
Pr (\hz\ # Vth2>
1MI—?/O|1’11

7 1
= / [l—exp ( " Ve )}exp <_x>dx

o YEpSox Q Q1
—1-2,/— Mg <21 [ Ytk )

YEPQ2182 YEPQ21822

3.1.3 Outage probability at D, for User Relaying with Direct Link

When x; can be detected at D; but the SINR is smaller than the target SNR after MRC or
both D; and D5 can not detect x, the outage probability will occur at Dy and is given by
(see(24))

PDz,dir = Pr(ngIRC < V[hz) Pr(V2,D1 > Vthz) +Pr(V2,D] < J/th2, yl,Dz < ythg)y (24)

Ja J5 Je

Theorem 3  The outage probability at Dy can be given by (see(25))

Page 10 of 26
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o rYrT1 ] _ Ty yory sy o
Pp, dir = 1—e *ert wEhbartl) Je 0 % dydy x e ™
o Jo

(25)
1 Proof
From (24), the outage probability at D, is determined by (see(26)), (see(27)), (see(28))
2 Yehy |h0|2062 2
Ja=Pr| |h|" < —F -— 5 kol <ty
‘hl‘ YEP ’h1’ Iﬁg(’h()’ a1p+1)
Vihy yotp
oo rYrT VEe w¥pbeetl) (26)
= /0 /0 / f|h1|z(x)f|ho|z(y)flh2|2(z)dxdydz
0
0 rYrt ] o Mty L) _x _
= / / (1 —e “VEPR xX//EQZ(J”llﬂ'*'l))e 21 % dxdy
o Jo Qo2
2 * —a
Js = |m| >r1=/ Sy p@dx=e (27)
7
2 9 1 rYim
Jo = Pr (!ho] <yt || < rl) :/ / flhl|z(x)f|h0|z(y)dxdy
o Jo
_¥in _a (28)
= (l—e S0 )(l—e 91)
O

3.2 Throughput for DLT mode

3.2.1 User relaying without direct link

With a given constant R, the transmitted information of the source node depends on the
outage probability performance due to wireless fading channels. Therefore, the through-
put of the system is determined by

Tt,nodir = (1 - PDl)Rl + (1 - PDz,nodir)R2: (29)

where Pp, and Pp, ,,04ir can be achieved from (15) and (19), respectively.

3.2.2 User relaying with direct link
The throughput of system is given by

Tair = (1= Pp,)R1 + (1 — Pp, 4ir) Ra, (30)

where Pp, and Pp, g; can be achieved from (15) and (25), respectively.
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3.3 Ergodic rate for DTT mode
3.3.1 Ergodic rate at D,

The achievable rate at D; where D; can detect x3 is given by

1
RD1 = EIng(l + VD1)' (31)

Theorem 4 The ergodic rate at D is determined by

1

—ex -

RD _ p (Ilflalpgl)El, —1 ) (32)
! 21n2 Yo p

where Ei(.) indicates the exponential integral function [55, Eq.(3.354.4)].

1 Proof
See Appendix 1. g

3.3.2 Ergodic rate at D, for User Relaying Without Direct Link
Since x3 needs to be detected at both D; and Dy, the achievable rate at D is given by

1 ,
Rp, nodir = Elogz (1 =+ min (VZ,Dp J/Z,Dz))~ (33)

Theorem 5 The ergodic rate at Dy is given by

o

af - [ L (1— ¢ w0 e Wi g
R 1 e Vir(ag—ax)Q m Q2 Y dx
D”M"_zmz/ T1x 14« '
0
(34)
1 Proof
See Appendix 2. O
1 Remark 1
The ergodic rate in the asymptotic expression at Do for high SNR region p — oo is
obtained by
1 T1-F@
00 _ — Ixx
RDz,nodir - 211,12/ 1 +x dx' (35)

0
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From the analytical result in (35), this expression can be deployed by

2 )

YEP Q2182 YEP Q2180

R3S o= 57 / — dx. (36)
1 Proof

See Appendix 3. O

3.3.3 Ergodic rate at D; for user relaying with direct link
The ergodic rate at D, is given by

Rp, gir = E Blog2 (1 + min ()’Z,Dl, yll)szRC))] ) 37)

Theorem 6 From (37), the ergodic rate at Dy can be computed by (see(38))

b . o0 (oo 1 s\
R 1 : 37W 0 f‘#lﬂ(a’;w]x) 2% e e ¢ ldydz d
Dadir =510 2 / 1+x 1+« o
0
(38)
1 Proof
See Appendix 4. O
1 Remark 2
The ergodic rate in the asymptotic expression at D, for high SNR region p — 00 is given
by
1 T1-F
o0 —
= dx
Dodir ™ 9pn 9 / 1+« (39)

0

From (39), this expression can be deployed by

2./ —6-K1l 2,/

1 YEP 9192 1( YEP Q192)

Rg.;,dir = 21n2 / dx (40)
0

1+x

1 Proof
See Appendix 5 O
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3.3.4 Ergodic rate of the system for user relaying without direct link
The ergodic rate of system is determined by

Tr,nodir = RD1 + RDz,nodir’ (41)

where Rp, and Rp, ,,04ir can be obtained from (32) and (34), respectively.

3.3.5 Ergodic rate of the system for user relaying with direct link
The ergodic rate of system is thus expressed by

Tr,dir = RD1 + RDQ,dir’ (42)

where Rp, and Rp, 4 can be obtained from (32) and (38), respectively.

3.4 Energy efficiency
The EE can be determined as the ratio of the total data rate over the total consumed
power in entire network, which is given by EE 2 Pg% The energy efficiency of user

relaying systems can be given as

HD
27:¢

EEy=—120
o1+ YEe2)

(43)
where ¢ € (t,7), denotes the system energy efficiency in DLT mode and DTT mode,
respectively.

4 Results and discussion

4.1 Simulation parameters and scenarios

In this section, Monte Carlo based simulation scenarios are performed in Matlab to
verify the derived analytical results. The simulation parameters of the system model are
listed in Table 2. In addition, we use the conventional OMA as a counterpart for com-
parison. The operation of this scheme is described as follows. During the first phase of
time block, the information x1 is transmitted to Dq by S. During the second phase of time

Table 2 Simulation Parameters

Symbol Value
9597 1

QSD1 am
Q0.5, (1—d)"
d 03

m 2

n 0.7

o 0.2

o) 0.8
ayoMA 05
a2,0MA 05

Ry 2

Ry 1
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block, the information x; is sent to D; by S. Lastly, during the third phase of time block,
D; decodes and then forwards x; to Ds.

4.2 Outage probability versus SNR and 8
Figure 3 describes the relation between the outage probability and SNR of from —10 to
40 dB in case of § = 0.7. As shown in the figure, User 1 obtains a higher outage prob-
ability than User 2. In particular, with increasing SNR, the outage probability of both
users decreases approximately linear. As a result, the gap width of these curves is big-
ger more and more. It means that the User 2 achieves a higher outage probability than
User 1 in high SNR regime. Compared with OMA in high SNR regime, it is seen that the
outage probability of User 1 for C-NOMA without direct link is lower. Besides, the out-
age probability of User 1 for OMA is also higher than that for C-NOMA in high SNR.
Moreover, the User 2 for C-NOMA achieves a lower outage probability than that for
OMA in both no direct and direct link cases. However, compared between direct link
and no direct link, the C-NOMA scheme with direct link achieves a lower outage prob-
ability than C-NOMA scheme without direct link. The indicated curves for these cases
correspond with the maker-red line and blue line in the figure. Obviously, the outage
probability for C-NOMA with direct link is lowest as compared to both C-NOMA with-
out direct link and OMA. It can be explained that the received information at User 2 in
case of direct link existence between the BS and User 2 includes the one sent from BS
and other one sent from the relay user 1. Thus, dropped package percentage at User 2 is
lower as compared to the case of no direct link existence. In addition, we can base on the
Egs. (13), (14), (16), (18), (19), (23), (24), (25) to explain for these features. Therefore, it is
shown that the C-NOMA scheme with direct link has a low outage probability over the
C-NOMA without direct link as well as OMA.

Similarly, Fig. 4 shows the outage probability versus §, where beta is from 0 to 1. It is
observed that the outage probability of the User 2 for C-NOMA scheme with direct link

1072

-6
10 User2-HD-dir-NOMA
= = =User1-High SNR HD-nodir-NOMA | 12 14 16 18
7= = = User2-High SNR HD-nodir-NOMA | | | |
107

=
b=
B
-3
210
<]
—
[al}
ED 104 E 5 6
= O Sim
o =—F— User1-OMA
108 User2-nodir-OMA

=8 User2-dir-OMA
User1-HD-nodir-NOMA
User2-HD-nodir-NOMA

0.5

-10 -5 0 5 10 15 20 25 30 35 40

SNR p (dB)

Fig. 3 Outage probability of two users versus transmitting SNR in cases of no direct link and direct link
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O Sim
0.07 RERE ) P | —s— User1-OMA
[ User2-nodir-OMA

0.065 0.32 :
103 F 0.3 —f@— User2-dir-OMA
0.06 0.28 User1-HD-NOMA
026 User2-HD-nodir-NOMA

User2-HD-dir-NOMA
2024 0.8 = = = Useri-High SNR HD-NOMA
x10% | _ |= = =User2-High SNR HD-NOMA

0 01 02 03 04 05 06 07 08 09 1
f (dB)

Fig. 4 Outage probability of two users versus Bin case of no direct link and direct link

Outage Probability
<)
N

107

is the lowest among the curves for C-NOMA without direct link and OMA for both
users. For comparison of the outage probability of User 1 for both C-NOMA and OMA,
we can see that the curve for C-NOMA is always below that for OMA and thus the
probability of User 1 for the C-NOMA achieves better than that for OMA. Moreover,
the outage probabilty between direct and no direct links is different in each user. This
is shown in the maker red curve and the maker green curve in the figure corresponding
with direct OMA and without direct OMA and that the outage probability for direct
OMA is much lower than that for without direct OMA. Besides, the probability of User
2 for OMA with direct link is lower than that for C"-NOMA without direct link. This
means that the OMA scheme is better than the C-NOMA without direct link. How-
ever, the outage probability of User 2 for C-NOMA with direct link is lower than that for
OMA with direct link. Therefore, we can conclude that the C-NOMA with direct link
outperforms the C-NOMA without direct link as well as OMA. These can be explained
similarly to Fig. 3 as well as based on Egs. (12), (13), (16), (18), (19), (23), (24), (25). In
addition, it can be seen that when the § is in range of from 0.1 to 0.65, the outage prob-
ability of User 2 for C-NOMA with direct link is considerably lower as compared to
others. In range of from 0.65 to approximately 0.9 and from 0 to 0.1, this probability
decreases and increases gradually, respectively. As a result, the gap width between the
curve of the outage probability of User 2 for C-NOMA with direct link and the others
achieves the biggest in range of 0.1 to 0.65. It means that we can choose § in this range to
obtain a better outage probability for the system model.

4.3 Throughput and ergodic versus SNR and
Figure 5 decribes the throughput versus § in from 0 to 1. From the figure, it is shown
that the throughput of User 1 for C-NOMA is considerably higher than that for OMA.
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25 0 sim
—A— User1-HD-OMA
=== User2-HD-OMA
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0.5
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0 0.1 0.2 03 04 05 06 07 08 09 1
B

Fig. 5 The throughput of two users versus B in cases of no direct link and direct link

However, this throughput trends to decrease quickly when the g towards to 1. This is
because that as the power splitting ratio § increases, the power allocated to User 1 is
lower, thus resulting in a decreased throughput of User 1. Furthermore, the through-
put of User 2 for C-NOMA with direct link is the highest among the graphs illustrat-
ing for User 2 in cases of C-NOMA and OMA. We can see that the maker blue line of
User 2 for C-NOMA with direct link is higher and approximately constant as compared
that for C-NOMA without direct link as well as OMA, i.e. the maker green line and
the maker magenta line, respectively. Besides, the throughput of User 2 for these three
cases is almost constant in range of 8 from about 0.1 to 0.8. This means that we can
choose a suitable value of B to satify the tradeoff between the throughput of User 1 and
the throughput of User 2 for the system model. Additionally, the figure also shows that
the throughput of User 2 for C-NOMA is lower than that for C-NOMA without direct
link. Thus, the C-NOMA scheme with direct link is superior to the C-NOMA without
direct link and C-NOMA.

Figure 6 plots the ergodic rate as a function of 8 in from O to 1. The figure shows that
the ergodic rate of User 1 for C-NOMA is considerably higher than that for OMA. How-
ever, these curves degrade quickly when the § towards to 1. The reason is similar to
Fig. 4. It can be also explained according to Egs. (32), (34), (36), (38). Besides, the ergodic
rate of User 2 for C-NOMA with direct link is the highest as compared to that of User
2 in cases of C-NOMA and OMA. Specifically, the ergodic rate of User 2 for C-NOMA
with direct link is about four times higher than that for OMA. Futhermore, the ergodic
rate of User 2 is almost constant in range of 8 from about 0.1 to 0.9. Therefore, one can
choose a suitable value of g to satify the tradeoff between the ergodic rate of User 1
and the ergodic rate of User 2 for the system model. From Egs. (32), (34), (36), (38), the
ergodic rate of User 2 depends on the S less than that of User 1. Thus, the C-NOMA
scheme with direct link outperforms the C-NOMA without direct link and OMA.
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Fig. 6 The ergodic rate of two users versus B in cases of no direct link and direct link
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Fig. 7 Energy efficiency of two users for the PSR protocol in cases of without direct link and direct link

4.4 Energy efficiency

Figure 7 illustrates the energy efficiency according to SNR from -10 to 40 dB. It is
shown that the EE for C-NOMA with direct link achieves much higher than that
for C-NOMA without direct link and OMA. In particular, with the SNR range of
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from -10 to 5 dB, this energy efficiency is large but linearly decreases as the SNR
value increases. When SNR range is from 5 to 40 dB, the energy efficiency for both
C-NOMA with and without direct link and OMA asymptotically decreases to 0.
Therefore, it can be concluded that the C-NOMA scheme with direct link provides a
better EE as compared among the schemes in low SNR regime.

Therefore, the simulation results are in accordant with theoretical calculations.

5 Conclusion

In this paper, a proposed EH scheme for SWIPT C-NOMA has been presented. The
closed-form expressions of the performance were derived. The analytical results
shown that the C-NOMA with direct link obtained a better outage probability over
the OMA as well as C-NOMA without direct link. Numerical results provided that
C-NOMA with direct link outperformed throughput and ergodic rate than OMA.
Besides, the C-NOMA with direct link obtained a higher EE performance than the
C-NOMA without direct link and OMA in low SNR region. The proposed system
model can be applied for C-NOMA based wireless sensor networks where relaying
sensor nodes can harvest RF energy from BSs to maintain their operation and assist
to forward information to other sensor nodes. Futhermore, we can develope the sys-
tem using multiple antennas or combine relay selection with multiple antennas to
enhance the performance of the system.

Appendices

Appendix 1: Proof of Theorem 1

In this appendix, the proof of (32) is presented. To achieve this closed-form expres-
sion, the ergodic rate of Dy for HD NOMA can be expressed as

Rp, = %E[logz(l + Iﬁl}h1|2a1p)}

_ 1 /Ool—FX(x)d (44)
~ 2In2 J, 14« ’

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

Fx(x) = Pr (1141;2 < w121p>

:/W ie‘ﬂ%dy (45)
0 Q

___x
=1—e Vie1rt

Substituting (42) into (43), the ergodic rate of D; can be derived as
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In 1+x

1
Rn — —eXp (Wlalpﬁl)Ei -1
b = 2In2 Yo p2

oo X
Rp, =%%/ L o vmm
0

We can derive (32). The proof is completed.

Appendix 2: Proof of Theorem 2
In this appendix, the proof starts by giving the ergodic rate of D; as follows

1 .
Rp, nodir = E Elogz 1+ min (y2,0,, ¥2,0,)
~—_——
I

. ( 1//1|h1|2a2,0
Ji=min| —————,
Yl |“e1p +1

X

hzyzlhll%p)

The CDF of X is calculated as follows (see(44))

Y| |20!2,0

_vilillese e Py,
Y| |“a1p + 1

2
Fy(x) = Pr ( Yr|h| a2 x)

Bl L
Yl |“e1p +1

B (46)
|2|h1 ’21/0:",0,

> |h2

4 pr < %Vll{zdzp

5 h2|2‘h1‘2¢15/0 < x)
Yrlh|“e1p +1

Iy

I3 and I are given by (see(45)) and (see(46))

s pr Vet <P < —E 2 xs0
(Iﬁ1|h1| a1p + 1) VE Yooy —xay) oy
(0%) W[/)(u;—alx) o0
=)< [T i
Yryarp+1)VE
*/flp(a;*lxlx) " )
a2 —yrag -y
=U|l——x / exp — exp ()dy
( 1 ) / ((t/fzyam - 1)1/fE§22> o P\ o
_x Uy
- u<°‘2 - x) /‘”’”(“2*“1") L o artiem 8 gy
o) 0 93
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h 2
Iy = Pr (|1|¢NZP > |h2|2’h1|21ﬁ)€,0,

. || [*yep <x>
ARV ES!

Yo | ’2 x o

< ,|ha|” <
(¢1|h1{2a1p + 1) VE |1

=DPr |h2‘

:U(Zj—x) Pr }h2|2 < ;//Iaz ’|h2‘2 < +
(1/f1’h1| 10 + 1)1/15 |h1|"vEp

Pr ‘h1|2 X | |2 1#1“2

< - h <
Vip(ar —xar)’ (vl oo +1) e

14=u<“2—x> x n
o
' Pr <|hl}2 > [ — )

>—— I < 3
Yooy — xorp) || " vep

)

o 2 ¥ 2 yre2
Li=Ul——x|x|Pr| || <———, || <
4 ( ) [l Vip(o — o1x) ol (¢1|h1|2a1p+ I)WE

L Iy

Pr(lm)?> —%  pP<—%
r(‘ > Gt —am " P

L
(48)
And 141 and Iy are computed by (see(47)) and (see(48))
v (a a1x) (Yrya +1)\[/
Iy = / / 1p(ay—eq / 17 1p Ef|h1| ( )f|h2|2(z)dydz
(49)
_ /1//1p(a2 ax) 1 1—e 4(¢1ya1p+1)w592 e_Qley,
Jo o}
And
o0 Wep o0 1 __y__y
o= | " fi Oy oz = [ o (1- e g,
=z Jo —f < 8]
Ypp(ep—ax) Yrp(ap—ax)
(50)

where U(x) is unit step function as

0, 0
Ux) = {1, ;io

From (47) and (48), we have (46). Substituting (45) and (46) into (44), the CDF of X is
given by (see(47)).
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Fx(x) =

ul® _, {1_e‘m
o1

* 1 __x N _2
+ —(l—e 3’/”//592)@ Qidy|,
GCEToR
By replacing (49) into (33), we can obtain (34).

The proof is completed.

Appendix 3: Proof of Remark 1

The proof starts by giving the ergodic rate of D, for the high SNR regime as follows

1 .
RP, yodir =E [2 log (1 + min (y2,p,, V2,Dz)):|
1 / 1 Fe)
~ 2In2 1+x
Is = min <2,
a1

The CDF of X is computed as follows

Pl o

X

Fx(x) = Pr <a2 < ’h2’2|h1‘2¢50,% < x)
035} a1

4 Pr (“2
o]

> |h2|2|h1|21/f59,

(52)

h2|2|h1}21/f5p < Z—? > x)

= or (%2 o e o i vz <3, %2 )
03} a1

m|?

27

x _x> Pr (]h1]2 <—*
1 YE ;0|/’12

oy )
h1 <—
a1 YEp ||
x
)
1 WEPVQ’
[0%) OO 'EpJ’
=U —x A /0 |h2| 2 (y )f|h1|z(z)dydz

—e ‘/’Emly)e 92dy
0 92

(6%) )
< 2
a1yep|hy|

(“2 )2 am 4 (4 es))
= — —x 1—-2,/—Kj|(2y/——— ,
oy YEP 2182 YEP 21820

where U(x) is unit step function as

Page 22 of 26



Tran et al. J Wireless Com Network ~ (2021) 2021:110 Page 23 of 26

0, x<0

Ux =11 s~ 0

Substituting (51) into (50), we can obtain Rg‘;, PSR
The proof is completed.

Appendix 4: Proof of Theorem 6
In this appendix, the proof starts by giving the ergodic rate at D, for direck link as follows

1
Rp,air = E |:2 log (1 + min (VZ,DU V[])VZIRC))]

o0
1 [1-Fy(x)
= 2In2 Tox &
o (54)

i |* ho |2
Jo =i (Wlp hzyz,hlfwﬁiglazp)
Y| [“a1p+1 |ho| “a1p+1

X

The CDF of X is calculated as follows (see (53)).

2 2
Fx(@)=1—Pr < ALY, Pyep + 7|h§| LA x> 5

W ’ }ho’ a1p+1

I

I61 is computed by (see(54)).

ay 2 x 2 x |ho‘ oy
Igg=U|— —x> xPr||l|" > —m——, |Ip|” > -
o <011 ( 1‘ (o — a1x)Yrp | 2| |h1|21/ff,0 (‘ho}Z(xzp + 1) |h1|2¢5)

B <77x> // / yay f|h0|2(y)f|h1|2(Z)f|h2|2(u)dydzdu

*/’ P(ﬂtz apx) Z‘/’L/’ (yop p+1)zvp

o ,77+,L z
= < HepSy GeptDVER o U dydy
[0} Qlﬂo

Wﬂ(wz %)

where U(x) is unit step function as

0, x<0
U(")Z{ino

Substituting (54) into (53), we can achieve (see(55)).

Fx(x)=1— u<°‘2 —x)
al

o0 oo 1 __ = bL7) Yz
X / e WerQy (eptDzypy S @1
0 Q180

dydz

X
v p(ap—ayx)

Substituting (55) into (52), we can achieve Rp,.
The proof is completed.
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