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Abstract: Cooperative non-orthogonal multiple access (CNOMA) has been recently adapted with
energy harvesting (EH) to increase energy efficiency and extend the lifetime of energy-constrained
wireless networks. In EH, two protocols are usually used for CNOMA, namely, power splitting
(PS) and time switching (TS). In order to improve the existing EH protocols, this paper investigates
a hybrid EH protocol-assisted CNOMA, which is a combination of the two aforementioned main
existing EH protocols. The end-to-end bit error rate (BER) and outage probability (OP) expressions
of users in our scheme are derived over Nakagami-m fading channels. For the sake of comparison
and to highlight the achievable gains, the performance of the hybrid EH (HEH) protocol is compared
with the benchmark schemes (i.e., existing EH protocols and no-EH). Based on extensive simulations,
it is shown that the analytical results match perfectly with simulations which demonstrates the
correctness of the derivations. Numerical results clearly indicate the superiority of the proposed
scheme over all the considered benchmarks. In addition, we discuss the optimum value of EH factors
to minimize the error and outage in the proposed scheme and show that an optimum value can be
obtained according to channel parameters.

Keywords: BER, outage probability, cooperative, EH, hybrid and NOMA.

1. Introduction

Non-orthogonal multiple access (NOMA) is widely renowned for increasing the
number of users and improving spectral efficiency in next-generation wireless networks
[1-3]. Besides, NOMA can be easily integrated with other physical layer schemes. Hence,
the cooperative-NOMA (CNOMA) has recently been received a great deal of attention due
to its ability to increase spectral efficiency, user fairness and expand network coverage [4].
On the other hand, to increase energy efficiency and recharge the battery-limited devices,
energy harvesting (EH) in CNOMA has been adopted [5,6]. In the literature, there are
two major EH protocols, namely, power splitting (PS) and time switching (TS). In the PS
protocol, the EH and information detection are performed simultaneously with a PS factor,
whereas in the TS protocol, the EH and information detection are implemented at different
time slots [7].

In the past years, the performances of NOMA schemes have been evaluated in terms
of outage probability (OP) and ergodic capacity (EC) to prove the superiority of NOMA
over OMA [8-13]. Also, to increase the system capacity, a nearly comprehensive analysis
of CNOMA issues in terms of EC, OP with full-duplex (FD)/half-duplex (HD) in the
presence of imperfect channel state information (ICSI), imperfect successive interference
cancellation (ISIC) and imperfection of the hardware impairment has been performed [14—
22]. Multiple relays scheme (e.g., selection and multi-hop relays) is one of the promising
directions for increasing the system performance and expanding coverage area. In [23-25],
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the EC and OP for multiple relays have been evaluated. Also, the bit error rate (BER) is
another key performance indicator (KPI) that has been examined for CNOMA FD/HD with
single/multiple relays under the imperfection of the ICSI and ISIC [17,25-32]. Through
the earlier literature, NOMA has the ability to serve multiple users at the same time and
achieve superiority over OMA schemes in terms of OP and EC, while the error performance
of OMA is better because NOMA schemes suffer from inter-user interference (IUI) [33].
Therefore, increasing the number of users will increase errors and reduce the performance
of all NOMA schemes.

On the other hand, alternative wireless information and power transfer strategies
are significant for the sustainable growth of wireless communications, especially with
enormous energy consumption growth with ever-increasing connected devices [5,7]. In
order to show the performance gain of EH-CNOMA over CNOMA without EH, the EC
and OP of simultaneous wireless information and power transfer (SWIPT) aided CNOMA
(SWIPT-CNOMA) have been evaluated [34-37]. The EH (TS and PS) for FD/HD CNOMA
has been evaluated in terms of the OP and compared with conventional OMA [38]. In
[39,40], the OP of CNOMA with PS has been performed. The OP, EC and throughput for TS
selection relay CNOMA with the effect of ICSI and ISIC have been analyzed in [41]. In [42],
TS FD CNOMA has been analyzed in terms of OP and throughput. A CNOMA for PS and
TS has been investigated in terms of OP and EC over Nakagami-m fading channels [43]. A
decode and forward (DF) CNOMA-assisted EH in three different EH protocols, namely: PS,
TS, and ideal protocols with ISIC and ICSI have been implemented and compared in terms
of the OP over Rayleigh fading channel [44]. The sum rate and energy efficiency have been
examined for FD CNOMA with EH [45]. In [46], a PS CNOMA Internet-of-Things (IoT)
network has been analyzed in terms of the OP under practical variations (ISIC and different
incentive transmission power levels for the IoT). To handle the co-channel interference, the
problem of joint power allocation and sub-channel assignment for Device-to-device (D2D)-
enabled IoT NOMA, the sum rate, fairness, access rate and computational complexity have
been investigated [47]. In [48], the CNOMA-IoT user scheduling strategy is used to enhance
the secrecy OP. The authors in [49] evaluate overlay networks NOMA in terms of secrecy
throughput and secrecy OP. In [50], the EH CNOMA for relay selection with ISIC over the
Nakagami-m fading channel of the secrecy OP.

Regardless superiority of EH over schemes without EH, it is possible to improve EH
to reach the best performance. Previously, an optimized protocol called hybrid EH that
combines PS and TS jointly in order to improve the energy efficiency of EH OMA has been
proposed and evaluated in terms of throughput [51]. According to the findings in [51],
the hybrid protocol outperforms both TS and PS protocols. The hybrid protocol has been
adopted to the EH CNOMA scheme in [52-54] to improve the performance of EH CNOMA.
It has been analyzed in terms of EC and OP for CNOMA over the Rayleigh fading channel.
These works do not provide a complete study of the hybrid protocol with their evaluation
due to the following reasons: 1) The optimal value of the hybrid protocol has not been
indicated compared to other EH protocols (i.e., PS and TS). 2) Does the hybrid protocol
always outperform the existing EH protocols in all EH values? 3) Also, all these works
assumed one of the users works as an assistant user to help the far user, so with only this
assumption, the investigation is not enough. The case without the direct links between
the source and users is very important to evaluate the performance. 4) All of these works
analyze performance with the assumption of the Rayleigh fading channel, so the evaluation
needs more realistic assumptions for the channel, e.g., the Nakagami-m fading channel,
which is considered a practical fading channel.

Through examining the previous works, although most of the existing EH-CNOMA
papers discuss investigating OP and EC, the error performance (one of the most important
KPIs) investigation is very limited. In [29,55,56], the error performance of CNOMA with EH
(with PS protocol) amplify-and-forward (AF) relay has been performed. The authors of [57]
evaluated the error performance of the mth best relay selection in EH (with PS protocol) AF
multiple relay-assisted CNOMA. Then in [58], the authors investigate the error performance
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of CNOMA with an EH relay (with TS protocol). As seen above discussion, the related
EH-CNOMA papers deal with only one EH harvesting protocol. However, a comparison
of the existing EH protocols is important to select the proper protocol to guarantee the best
performance in CNOMA.

As mentioned above, EH CNOMA for PS or TS has been implemented in [29,34-38,38—
41,45,46,55-58], and OP, EC and BER have been analyzed. The comparison of the EH
CNOMA schemes (TS and PS) is important to select which EH protocol is superior and
which is performed in terms of OP and EC in [43,44]. To improve the EH CNOMA scheme,
the hybrid protocol has been analyzed over the Rayleigh fading channel in terms of OP and
EC in [52-54]. The channel behavior over large distances is not accurately predicted by the
Rayleigh distribution. For more flexibility, Nakagami-m distribution represents a bigger
range of channel models, which is considered a practical fading channel. According to the
authors’ best knowledge, the hybrid protocol has not been evaluated over the Nakagami-m
fading channel. Therefore, we analyze and compare the OP of the hybrid protocol with
the exiting EH protocols (i.e., PS and TS) and without EH over the Nakagami-m fading
channel. Also, to the best of the authors” knowledge, most of the existing papers investigate
the EH-CNOMA schemes by using either TS or PS protocol and no work provides hybrid
EH for CNOMA in terms of BER. In addition, the BER performance of the EH-CNOMA
schemes has not been studied well by considering different EH protocols. Motivated by
the aforementioned discussions, in this paper, we investigate a hybrid EH protocol for
CNOMA (HEH-CNOMA) in terms of BER and OP over the Nakagami-m fading channel.
The main contributions of the paper are given as follows.

e  We present the HEH-CNOMA scheme where the relay applies a hybrid EH protocol
to improve the performance of the existing EH schemes in CNOMA networks.

e  We also present three benchmark schemes (i.e., PS, TS and no-EH) to evaluate the per-
formance of the HEH-CNOMA. We derive the exact end-to-end (e2e) BER expressions
for HEH-CNOMA and three benchmarks over Nakagami-m fading channels. The
simulations validate the perfect match of the analysis. Based on the extensive simu-
lations, we reveal that the BER of HEH-CNOMA outperforms all three benchmarks
remarkably.

e  Also, we derive the exact e2e OP expressions for HEH-CNOMA and three benchmarks
over Nakagami-m fading channels. The results are identical to simulations, and it
shows the superiority of the hybrid protocol on all three benchmarks significantly.

e  We also discuss the optimum values for EH parameters and power allocation (PA)
coefficient in HEH-CNOMA in terms of BER and OP, and we present that optimum
values can be obtained to improve the performance of both users.

The rest of the paper is presented as follows. The considered HEH-CNOMA system
model is introduced along with three benchmark schemes in Section 1. In Section 2, we
derive closed-forms analytical expressions of BER and OP of all schemes. The numerical re-
sults are presented in Section 3 to validate the analysis and compare it with the benchmarks.
Finally, Section 4 concludes the paper.

2. System Model

We consider a CNOMA network consisting of a source (S), a DF relay (R), and two
users named user 1 (U;) and user 2 (Uy) as presented in Fig. 1. We assume that the R
assists the users to receive the signal since the direct link between source and users does
not exist due to large path-loss or obstacles. Each node is equipped with a single antenna.
We suppose that the R node works in HD mode. All communication links are exposed to
a Nakagami-m fading. The R node harvests energy from the radio frequency (RF) signal
transmitted by the source (i.e., using three EH protocols defined below). In the second
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Figure 1. CNOMA assisted EH schemes.
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Figure 2. CNOMA assisted EH schemes: (a) PS protocol, (b) TS protocol, (c) Hybrid protocol and (d)
No-EH.

phase, the R node forwards the signal to two users using the harvested energy '. The
transmission block period is T. The EH protocols, namely i) PS; ii) TS; and iii) hybrid and
their operations are described below.

e PS: In the first T /2 time slot, the received signal’s power is split into two parts at the
R: The first part (p) is used to harvest energy, while the second part (1-p) is utilized to
decode data in the decoder (where p is the PS factor). The remaining time (i.e., T2) is
devoted to delivering the data to the users (please see Fig. 2 (a)).

e TS: In the first BT time slot, the R harvests energy, where 0 < < 1 and S is the TS
factor. Then, in the first (1 — B)T2 of the remaining time, the S sends superimposed
coding (SC) information to the R. Then, in the last (1 — ) T2 time slot, the R uses the
harvested energy to deliver this information signal to the users (please see Fig. 2 (b)).

e  Hybrid : In the first ST time slot, the R harvests energy as being in TS mode, where
0 < B < 1. Then, the S transmits an SC information to the R in the first (1 — §)T2
of the remaining time. Also, during this first (1 — g)T2 time period, the R harvest
energy from the received information, where 0 < p < 1 (p is the PS factor for energy
harvesting during the first (1 — ) T2 at the R). Subsequently, the R uses the harvested
energy from BT plus (1 — B)T2 time slots to forward the information signal to the
users in the last (1 — B)T2 (please see Fig. 2 ()).

e No-EH: The R is not capable of harvesting energy, and it uses its own energy source
(e.g., battery). The S and the R cover half of the communication (T2 time), and both
consume equal power during these data transfers (as presented in Fig. 2 (d)).

In this paper, in the EH schemes, we consider that the relay has no power to forward the signal in the second
phase, so the relay can implement one of the EH schemes (PS, TS or hybrid) to forward the signal to users in
the second phase using the harvested energy.
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At S, the messages of users are combined in an SC information signal with different
power levels according to the users’ channel gain” and the R receives this information
signal in the first phase. Thus, the received information signal by the R node is given as

Yr = VP@(y/arsy + v/azso)lhy + 1, )

where @ is the coefficient that indicates how much of the source power is dedicated to
information transfer, it will be (1 — p) for PS and hybrid mode whereas equals to 1 for TS
and no-EH modes. s; and s; are the U; and Uy signals, respectively. a1 and a; are the PA
coefficients of U; and Uy, respectively in which a7 > a5, such that a; + ap = 1. P is the
transmit power of the source. &, is the Nakagami-m fading channel coefficient® between
S-R.n ~ CN(0,0?) is the additive white Gaussian noise (AWGN). When the information
signal is received, the R node decodes the s; firstly. Then, through the SIC, s, is recovered.
Thus, the signal-to-interference plus noise ratio (SINR) of s; and s, at R are expressed,
respectively, as

Pscoas |hy|?

_ , 2

TRs: Psay |y |2 + 02 @
P,owny hy|?

YR,sp = STJY‘- 3)

For fairness, we consider the total consumed energy in all protocols is equal to er.
Thus, et is consumed equally by the S and R in the no-EH mode, while it is consumed only
by the S in EH protocols, the source power is expressed as

P; = ¢Pr, where Pr = er/T, 4)

where ¢ is equal to 1 for no-EH, 2 for PS and ﬁ for TS and hybrid. In EH protocols, the

harvested energy during the power transfer in each protocol is given as

UPsP%|hr|2, PS,
Ey =4 1PBT|h|% TS, (5)
nP(ELEY T, 2, Hybrid,

where 7 (0 < 7 < 1) is the energy conversion efficiency factor. Thus, the transmit power of
the relay through the harvested energy is given by

b Py|h,|*¥, PS, TS and Hybrid, ©)
"7 1 B, no-EH,
where
np, PS,
Y=4q 27p(1-p), TS, @)

n(p+2B(1—pB)), Hybrid.

Based on the received information signal, the R implements maximum likelihood
detection (MLD)/SIC, to detect s; and s, symbols, respectively. Based on the signals
decoded in the previous phase, the R implements a new SC signal and by using the

2 In the downlink NOMA system, the S or R combines the users’ messages in an SC signal with different power

levels according to the channel gains for each user, where the user with higher channel gain will mostly have
less power. Thus, we take into account that the U; has a higher channel gain than Uy, i.e., [y |2 < |ha?.

The envelope of i, and i follows Nakagami-m fading with ), and Q) spread and m, and m;, shape parameters
with m, and m; are greater than 1 [59].
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harvested energy, it forwards this new SC signal to the users. The received information at
the users is given by

Yk = V P,w(\/ﬂsl + \/@S2)hk +n,k=1,2, (8)

where hy, k = 1,2 is the Nakagami-m fading channel coefficient between R—Uy. Through
the information signal received by users, the U; detects its symbols s; directly, while the
U, use the SIC to detect its symbols sp. Hence, the SINRs at U; and U, are given as

Prl’éllhl‘z

= — T3 57/ 9

Tt = P2 + o2 ©)
Pr‘"lllle‘2

— _triml 10

’YUZ,Sl Py“2|h2|2+0'2 ( )
P 1) hz 2

Vpsy = ——5—— Ulz | , (11)

where P, changes according to EH protocols as presented in (6).

3. Performance analysis

In this section, over the Nakagami-m fading channels, we derive the closed-form BER
and OP of the two phases. Then, we obtain the e2e BER and OP expressions for each user.

3.1. BER

Atboth S and R, a binary phase-shift keying (BPSK) modulation is utilized to obtain
the s; and s, signals. Hence, two different energy levels with similar probabilities could
be presented. By using an MLD, for all EH protocols and no-EH, the R detects s; firstly
by treating s, as noise. Thereafter, s, is detected using the SIC. Then, the R implements
an SC signal again for the detected s; and s, symbols and forwards it to users by using
the harvested energy (i.e., for the case of the EH protocols) or its own power (i.e., case of
no-EH). Through MLD, U; detects its own symbols s1, whereas U; uses a SIC to identify its
symbols sp. By using the common probability of independent error event in two phases,
the e2e BER at each user is given as in [59] by

Pepex(e) =1— (1—=Pri(e)) (1= Pele)), k=1,2, (12)
where P, i (e) is the BER of Uy at the relay. Py(e) is the BER at Uy in the second phase.

3.1.1. BER in the first phase

Based on the discussion above (i.e., for EH and no-EH), R detects s; in the first step.
The BER of s; at R, by following the steps in [25], can be given as

rl e) ZQ \/ w’)/gi”lrlz)/ (13)

where v = 5, ¢; = (/a1 + a2)?, (/a1 — \/a2)?]. The average BER (ABER) of (13) over
a Nakagami-m fading channel by using [60] is given as

2

1 I( mr+05) @YLi6/2m, '

where Vi (m;, @y{i0) =2 F(1,m, +0.5,m, +1 and § = Q. 2F (., .;.,.) is the
Gauss hypergeometric function.

We also need to analyze the BER performance of the correct and erroneous SIC as [25]
to find the BER of s, at R. Thus, the BER performance of s, at R is given by

7 2m +w’y§ 5)
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5 .
Pale) = 3 L viQ(/@nginf), (15)

=

where v/ = [2,—1,1,1,—1],; = a2, (/&1 + 22)2, (V201 + /#2)%, (V&1 — /&2)?, (/@7 —
N2 )2] By using [60], the ABER of (15) over the Nakagami-m fading channel can be given

as
i:j 1 rmu+o5)x( \/@E6/2my
V2r T(my+1) (1+ %7@-5/2%%’”?*05)

where V;(m;, (D'ygjé) =, F1(1,m, +0.5,m, +1, Zmri#gé)

Pr,Z (6)

;) YValm,,@930), (16)

3.1.2. BER in the second phase

Using the harvested energy (i.e., using the power harvested of the three EH protocols
as presented in section II), the R node forwards the SC signal to the users. The U; detect its
symbols directly using MLD, so the BER at U; can be given by

2

Pu(e) = 5 1o QUG PIhef?). (17)

i=1

As seen in (17), the conditional BER includes multiplying of two random variables
which belong to first and second phase link qualities. Although, the conditional BER in
(17) defines the BER of second phase, it includes |,|? since the transmit power of the
relay (i.e., Pr) is a function of it (6). Thus, the ABER of (17) can not be simply obtained
by averaging Gamma distribution (i.e., the absolute square of Nakagami-m). Firstly, the
joint probability density function (PDF) of |h |2|h,|? should be derived. By following steps
in [59] through the PDF of the product of two chi-square distributions, the PDF can be
obtained. After simplification and using [61, Eq. (3.478.4)], we derive the ABER of (17)
by using the Meijer-G function [61, Eq.(9.311)] by following the steps of [59,62], and the
closed-form ABER at Uj is given as

0,1—up,0.5—uy,1— A3
P (e \/> Z AlG (OASul,u%].Suyluzuz,;tlzz,O 4)/ (]8)
hy = =05 A=A my Q) ”71 1 Yy A _(% mr((n%)m e
where i1 = my —mq, Uy = U. (mr+ml)/ 1= 2(m,01) (vglq)) ’ 2_W’ 3 =

2,/ %, m, and my, are the Nakagami fading parameters.
Proof: Please see Appendix A.

Also, we obtain the BER at U; through the correct and erroneous SIC. Thus, the BER

at Uy is given by
12
=5 LVl Pl ). (19)
j=1

As discussed above, the ABER of (19) needs further modification. Thus, we find the
ABER of (19) by using the same method of (18) and it is given as

A6), (20)

j 0,1—114,0.5—14,1—1y4
Py(e) = 4f21/ e (05u3, 0.5u3,1~114,14,0 | "4

ug ( ) (mZ)mz
where uz = m, — mp, uy = 0.5(711,- +m2),A4 = A5(%8;) 7 (7#]) , A5 = W?rznz) and

— mymy
Ag = 2\/ (@ YQrR74T M
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For the no-EH case, we analyze the ABER of U; and Uj in the second phase by using
the same method in the first phase. Finally, we obtain the e2e ABER expression of U; as

1& 1 I(m+05) @vLi6/2m,
Pooi(e) =1— [1—= V1 (my, @6
2e,1(€) ( 21'; o T 1) (15 2,0/ 2m,)m05) 1(my, @yZ;6) | %

?)

By substituting (14) and (18) into (12). Also, by substituting (16) and (20) into (12), we
get the e2e ABER expression of U, as

13 . 1 T(m+05) \ @YE;0/ 2my

PeZe,Z(e) =1-|1- ) ZU]

X
=1 V27T r(mr—l—l) (1+ /@7€j5/2mr)(m7+0‘5)

1 & A
o j 33 0,1—14,0.5—uy,1-uy |26
(1 N ]; VALG Y5 (O.5u3,—0.5u3,1—u4,u4,0 4

1 0,1—up,0.5—uy,1—u

1 § A1G3 3 , 2,U. 2/ 2
45\ 0.5u1,—0.5u1,1—up,u5,0

( 4 /71—1, 1 1 1 2,U2

(21)

VZ(mrr (D,YC](S) X

(22)

3.2. Outage probability

In the literature, the outage is defined when the receiver cannot successfully decode
the received signal. The outage is expressed when the capacity is less than the transmission
rate. In this subsection, the e2e OP of the EH protocols (PS, TS and hybrid) and no-EH are
derived over the Nakagami-m fading channel.

The outage of the U; information occurs when s; is not successfully decoded at the
first and second phases (i.e, at R and Uj, respectively). Based on this explanation, the e2e
OP of U can be expressed as

PeZe,U1 (Out) = 1 - P(min(’)/R,Sll '7U1,51) Z 91) (23)

The derivation of (23) for U; can be given as

1 ¢ GZl( 1 ‘ M )
_mry N1 m 13\ my,mi 0| 0,04
P, out) =1— [1—¢ % <r ) x [1- . (24)
e2e,l; ( ) ( i;) t' Qr él F(mr)l—-(ml)

where {1 = T U
1= (oi—a)P0” "1 = (ag—anf1) P ¥p

& is equal to # for TS and hybrid and % for PS and no-EH. In the case of the no-EH, we
calculate the OP of the link R — Uj by the same method in the link S — R.

Proof: Please see Appendix B.

Likewise, the OP of U, occurs if one of the two following cases occurs at the two
phases (i.e., at R and U,). The first event is that R/ U, fails to detect signal s;. The second
event is that R/Uj fails to detect the signal s when s is successfully detected. Based on
the above events, the e2e OP of U, can be expressed as

and 0; = 2R/ _ 1 R;is target rate of 51 and sp,

Pepe,u, (0ut) =1 — (1 — Py, (out)) (1 — Py, s, (out)), (25)

where P, (x) and Py, 5, (x) are OP at R and U, in the first and second phases, respectively.
As explained above, the OP of s; at R can be expressed as

my—1m,—1 t k
e @) v oy L1 m my
Paslont) =1 - e SO G (T ) (Ba) 26)
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where {, = b0°
2= wy Pso* .
Also, the OP of s, at U, in the second phase can be expressed as
Py, s, (out) =&, (27)
21( 1 M 21( 1 A 21( 1 A 21( 1 Ay
where & — G13 (mrrmZ/O Qrﬂz) + Gi3 (mYIerO 0702) _ G13 (mrrerO Qrﬂz) G13 (m,,mz,O 0702)
- 5 T (m;)T (m2) T (m;)T (m3) T (m;)T (m2) T (m;)T (ms)
_ 620' . .
and A, = apP; 18 defined.

We substitute (26) and (27) into (25) to find the e2e OP of U, for EH CNOMA as given

(g4t )mrfl my—1 11 (m, t n, k
peZe,Uz(Out) =1- (6 O 51752 t;o kgo t'k'(QrCl) <QrC2> ) X (1—&) (28)

In the case of the no-EH, we calculate the OP of s, in the link R — U; by using the
same method in the link S — R.

4. Numerical Results

In this section, we validate the theoretical analysis by Monte Carlo simulations. In
all figures, the lines represent the simulation results, while the markers represent the
analytical results. The channel parameters for all simulations are given in Table I and in all
simulations, 7 = 0.95, R1=0.1, R;=0.2 and for a fair comparison, the total transmit SNR is
defined as PrNj. In the simulations, we use normalized i.e., T=1 transmission time.

In Fig. 3, we present ABER performances of both users for all protocols, where
a1 = 0.9, and B = p = 0.1. Firstly, it is worth noting that our analysis matches perfectly
with simulations in all protocols and scenarios which proves the correctness of our closed-
from expressions. In addition, the analysis refers to both integer and noninteger values
of m and it can be seen that this shape parameter m drives the diversity order. In Fig. 3,
we can observe that the HEH-CNOMA outperforms all three benchmarks. By examining
the comparisons in Fig. 3, we observe that the performance in Scenario I is better than in
Scenario Il and in the same manner the performance in Scenario IV is superior to Scenario
II. These observations are a natural expectation of channel quality differences in various
scenarios. The shape parameter in Scenario I is greater than in Scenario III so that Scenario
I has better ABER performance and improved diversity order since in both phases less
erroneous detection is performed. Likewise, Scenario IV outperforms Scenario II since the
spread parameters are higher, which improves the performance. On the other hand, please
note that in Scenario I and Scenario IV, the linear sum of spread parameters (i.e., 0y + (%)
of links are fixed which can reflect the relay position. In other words, the higher (), means
that the relay is closer to the source than the users. By comparing the performances of
Scenario I and Scenario IV, we can observe that Scenario IV is superior. Thus, we can
easily say that the CNOMA schemes have better performance when the relay is close to the
middle of the source and users.

Table 1. Channel parameters in simulations.

o
Scenario I 10
Scenario Il | 2
Scenario III | 10
ScenarioIV | 8

1| D | my | my | mp
10 |15 (15|15
10 |15 15|15
10 |1 1 1

12 |15 |15 |15

%NNND

The PA has prevailing effects on the ABER performance. To this end, to discuss
the optimal PA, in Fig. 4, we present the ABER performance of users in Scenario I for
PrNy = 20 dB. Regardless of the PA changes, the HEH-CNOMA still outperforms all three
benchmarks. Nevertheless, as expected, with the increase of «y, the performance of Uj is
always decayed (i.e., ABER is increasing) since a1 so the allocated power to U; symbols is
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Figure 5. ABER performance comparisons between HEH-CNOMA and benchmarks w.r.t. EH
parameters.

reduced. On the other hand, by increasing a>, we firstly have better performance for ‘Uy;
however, it becomes worse with so much increase in ap. This can be explained as follows.
By increasing ap, we allocate more power to U, symbols so that performance improves.
However, U; should implement SIC (i.e., detect U; symbols firstly and subtract them) to
detect its symbols. Therefore, if we increase ay, U; symbols will be detected erroneously
during SIC at the U, and it will cause an error floor in the detection of U, symbols. Based
on the above discussion and Fig. 4, by considering both users’ performances, we can say
that the optimum value of PA should be 0.1 < ap < 0.25.

To better illustrate the effects of the EH parameters (8, p) on performance, in Fig. 5,
we present ABER versus B and p in Scenario I and Scenario IV. In both comparisons, we
can see that an optimal -p pair can be obtained to minimize the ABER in HEH-CNOMA.
According to channel conditions, 8 and p can be chosen jointly. For instance, in Scenario I,
since the relay is close to the source, the link between S-R has already a good quality and
less erroneous detection is performed at the relay. Therefore, we can increase  and p to
increase the EH to guarantee reliable communication in the second phase by increasing
the transmit power of the relay. On the other hand, when the relay is located near the
middle (that is, Scenario IV), we should select lower values 8 and p. If we choose  and p
too much, the information processing in the first phase becomes unreliable since less power
is devoted to information transfer. In addition to this, the channel quality of the first phase
is relatively worse, so the relay makes more errors in the detection, and this causes an error
propagation from the relay to users.

Furthermore, we evaluate the OP performance for all protocols with four Scenarios as
presented in Fig. 6. In this figure, we observe that the OP performance of the HEH-CNOMA
is superior to all three benchmarks. By implementing the comparisons in Fig. 6, we observe
that as in the ABER, the performance in Scenario I is better than in Scenario III. Likewise,
Scenario IV has a better performance gain than Scenario II. Thus, we can see that the higher
shape parameter value minimizes the OP performance and improves the diversity order
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since a lower OP is obtained in both phases. Also, as we can see, the lower values of spread
parameters mean poor channel gain between S-R. This affects the harvested power and
the signal detection at the relay (as given in Eq (6), the harvested power is affected by the
channel quality of the S-R link. Also, the detected signal in the first phase depends on the
quality of the S-R link, which has an impact on the signal forwarded to the users in the
second phase.) and causes degradation in the EH protocols’ performances. Besides, we can
see that the minimum OP of both users can be obtained when the relay position is close to
the middle.

In order to show the effect of the PA on the OP performance, Fig. 7 presents the OP
performance of users in Scenario I for PrNy = 20 dB, R;=0.1 and R=1.3. We observe that
HEH-CNOMA is still superior to TS and PS. Also, growth of «; increases the OP of U;
while improving the OP of U,. It becomes worse with so much increase in ay, where it
becomes difficult to detect the signals and this is due to the convergence of the PA of the

t
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Figure 7. OP performance comparisons between HEH-CNOMA and benchmarks w.r.t. PA.
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ters.

users. Based on the above discussion and Fig. 7, considering both users’ performances, the
optimum PA value should be 0.1 < a; < 0.25.

To show the effects of the EH parameters (p, ) on the OP performance, Fig. 8 illustrates
the performance of OP w.r.t. p and B in Scenario I and Scenario IV. In both comparisons,
an optimal p-f pair can be indicated to reduce OP in the HEH-CNOMA. p and p can be
selected jointly based on the channel conditions presented in the previous discussion, so
the event is the same here for OP to reduce the outage. The near location of the relay means
a good channel quality of the link S-R, and the event of an outage will be lower in this
link. Hence, p and B can be increased to increase the harvested energy to achieve reliable
communication in the second phase by increasing the relay transmit power. Likewise, as in
Scenario IV, we need to choose lower values for p and § if the relay location is close to the
middle. Because selecting higher values of p and p will increase the incidence of the outage
in the first phase, this will affect information transmission in the second phase.

5. Conclusion

This paper investigates a hybrid protocol-assisted CNOMA, which is a combination of
existing EH protocols (i.e., PS and TS). The aim of the study is to improve the performance
of existing EH protocols with a more realistic protocol for practical assumptions. The e2e
BER and OP expressions of users were analyzed over the Nakagami-m fading channel.
The results illustrated that the HEH-CNOMA outperforms all benchmarks. More specifi-
cally, according to channel parameters, the performance gain of HEH-CNOMA over other
schemes can be in the range of 1 — 3dB and 0.5 — 1.5dB for ABER and OP performances,
respectively. This demonstrated that the same performance goals can be guaranteed with
less power usage which is essential for energy-limited devices. Then, we discuss the op-
timal values of the hybrid protocol by considering PA and EH parameters. The optimal
values of the EH factors and PA to achieve significantly better performance for both users
jointly in HEH-CNOMA can be obtained according to the spread and shape parameters
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of the channel. We show that with the optimal parameter selection, the performance of
HEH-CNOMA can be further improved and, in terms of ABER and OP, a 10 times better
performance (e.g., 10~ — 10~°) can be achieved than any other EH scheme.
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Appendix A

In the second phase, the R node uses the harvested power from the EH protocols as
presented in section II to forward the SC signal to the users. The U; detects its symbols
directly, so the BER at U; can be expressed by

2
Pi(e) = 5 L QU linInf?). (A1)
i=1

Since (29) involves multiplying two random variables that are related to the qualities
of the first and second phase links. The BER of the PDF of Y=|h |?|h,|? jointly should be
analyzed through the PDF of the product of two chi-square distributions. Thus, the ABER
of Y is given as

2 oo
P = 53 L [ QAT A, (A2)

where fy(Y) is the PDF of Y, which can be acquired by the PDF of the product of two
chi-square distributions and can be defined after simplification using [61, 3.478,4] as

Ll
mpQy\ 2 w1 My,
Y)=2 A Y™K 2 Y A
fY( ) < 1mr) 1 ul< Qral ), ( 3)

where Ky (.) is the modified Bessel function of the second kind and is given in [61, Eq.
(8.446)]. By applying Q(v/2x) = 0.5 erfc(1/x) and using the Meijer-G function [61, Eq.
(9.3)] conversions as in [? , Eq.(06.27.26.0006.01)] and [61, Eq.(9.34.3)] and we substitute
these conversions into (30) with algebraic manipulations and by using [61, Eq. (9.311)] and
[63, Eq. (14)], the closed-form ABER of U, in the second phase is obtained as

Az
4> . (A4)

1 & oy 05—ty 1—

_ 33 0,1 ,0.5 1
Pi(e) = W Zl MGys (0.5u1,z%).5u1,{liu2,11;22,0
1=
By following the same method, we acquire the ABER of U, in the second phase.

Appendix B

The e2e OP of Uj occurs when the SINRs of the two phases are less than the threshold
1. The e2e OP of U is given by

PeZe,U1 (Out) =1- P(min(’)/R,sl/'YUl,sl) > 91)‘ (A5)
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Thus, (33) can be rewritten as

PeZe,lll (out) =1- P(’)’R,sl > 91)P(’)’U1,sl > 91) (A6)

By using the PDF and the cumulative distribution function (CDF) of the dedicated Nakagami-
m channel as defined in [64, Eq. (19) and Eq. (20)], each term of (34) can be calculated,
respectively, as

ny my—1 1 my t
P(yres, >61) =1—¢ & ) ] <Q§1> , (A7)
t=0 "\
P(vus 2 01) =PIl = 1). (A8)

As we can see, (36) includes multiplying two random variables (RVs). Hence, the OP
of the product of two RVs over the Nakagami-m fading for (36) is given as [65] by

P P2 > 1) =1 —/0 finp(@)P(ImP > Ar/x) dx

=1- 1 X A
T ()T 1y ) (2 (89)

Y myx
/ X" LT 0 T (my, Aymy /xCy) dx,
0

where f|, 2(x) is the PDF of the dedicated Nakagami-m channel as defined in [64, Eq. (19)].
Thus, the integral of (37) is given in [66, Eq. (7)] by

1 A
G13 (mr,ml,o T@) (A10)
I‘(mr)l“(ml) '

PP <) =1-

By substituting (35) and (38) into (34), we find the OP of U; for EH CNOMA as given
in (24). We use the same steps to calculate the OP of U, for EH CNOMA.
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