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ABSTRACT This paper investigates non-orthogonal multiple access (NOMA), cooperative relaying, and
energy harvesting to support device-to-device (D2D) transmission. In particular, we deploy multiple relay
nodes and a cell-center D2D device which can operate in full-duplex (FD) or half-duplex (HD) mode to
communicate with a cell-edge D2D device. In this context, there are two possible signal transmission paths
from the base station (BS) to the far D2D user either through multiple decode-and-forward (DF) relay
nodes or through a near D2D user. Consequently, we propose three schemes to support D2D-NOMA systems,
namely non-energy harvesting relaying (Non-EHR), energy harvesting relaying (EHR) and quantize-map-
forward relaying (QMFR) schemes. For each of the proposed schemes, closed-form expressions of the
outage probabilities of both D2D users are derived. Extensive Monte-Carlo simulation results are provided
to validate the derived analytical expressions. The study results show that the proposed schemes can improve
the outage performance compared to conventional orthogonal multiple access (OMA) schemes. Moreover,
it is shown that the Non-EHR scheme achieves the best outage performance among the three considered
schemes.

INDEX TERMS Device-to-device, full-duplex, non-orthogonal multiple access, relay selection.

I. INTRODUCTION
The emerging non-orthogonal multiple access (NOMA)
scheme is attracting considerable attention due to its capacity
to support massive connectivity in numerous applications
including multimedia applications and the Internet of Things
(IoT) [1]. It was demonstrated that NOMA is superior to
conventional orthogonal multiple access (OMA)schemes in
terms of system throughput [2]. The main advantage is that
NOMA achieves greater overall throughput than OMAmeth-
ods in both uplink and downlink. Moreover, NOMA can
be employed in relay networks to improve coverage [3].
In contrast to the traditional waterfilling scheme, to ensure
user fairness, NOMA allocates more power to the clients
with weaker channel conditions [4]. In addition, NOMA
also provide higher reliability and achieves higher fairness
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among users thanks to combining with relaying techniques
schemes [5]–[7]. Since NOMA systems benefit from low
latency, improved system throughput, and fairness, NOMA
has become very attractive where it is considered a strong
candidate with the famous Orthogonal Frequency Division
Multiple-Access (OFDMA) to 5G wireless network [8].
Therefore, the authors in [9] focused on relay selection tech-
niques based on the NOMA principle. The research results
demonstrated that joint cooperative relaying and NOMA can
incredibly enhance the system’s performance compared to
traditional OMA. Also, considering relay selection in NOMA
systems, the research work in [10] has achieved interesting
results in finding asymptotic and approximate expressions to
the average sum rate in Amplify-and-Forward (AF) mode.
In addition, another relay selection method based on par-
tial channel state information (CSI) was proposed in [11].
Besides, assuming different NOMA relaying modes such as
AF [12] and Decode-and-Forward (DF) [13], the authors
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in [14] introduced a relaying protocol called quantize-map-
forward (QMF), adopted in NOMA to forward information.
However, the above studies mostly use half-duplex (HD)
technology, which is characterized by a limited spectrum
efficiency. On the other hand, FD technology can be used to
increase spectral efficiency in cellular networks [15]–[18].

To meet the requirements of explosive data traffic in 5G
networks, ultra-dense heterogeneous networks are considered
as a prominent technique [19]. In heterogeneous networks,
device-to-device (D2D) communications is proposed as a
promising solution for mobile data offloading in wireless
networks, for enhancing the spectral efficiency of cellular
networks, and for increasing the mobility without the help
of base stations [20]. Moreover, D2D can be applied as an
effective solution to support neighborhood based services
such as social networking and data sharing when the devices
are in close vicinity [20]. Although D2D communication has
many benefits in cellular networks, the D2D users also inter-
fere with each other. Therefore, interferencemanagement and
energy efficiency are critical in D2D networks in order to
minimize interference and increase the battery lifetime of the
user equipment (UE) [21].

The combinations of D2D and NOMA yields promising
outcomes that have been shown in [22] where the authors
proposed a new approach based on combining the NOMA-
based D2D users into groups that can share the same sub-
channels. In this context, the near user device can act as a
relay node which assists the base station (BS) to transmit
information to the far device [23]. In a similar study [24],
the authors maximized the total rate of the D2D-NOMA
system by proposing a joint sub-channel and power allo-
cation scheme that satisfies the signal-to-interference-plus-
noise ratio (SINR) requirements of all D2D users in the
network. Furthermore, the resource allocation problem, based
on joint subchannel and user pairing, and power control in
NOMA D2D networks has been addressed in [25].

It is noted that the battery lifetime budget of users lim-
its the system throughput performance in D2D underlaid
cellular networks. Fortunately, in order to prolong the net-
work lifetime, D2D underlaid cellular networks can bene-
fit from energy harvesting [26]–[30]. The authors in [29]
studied NOMA-based cellular networks allowing the energy
harvesting-powered D2D devices to share the downlink
resources of the cellular network. The energy harvesting con-
straints on the D2D links were investigated and the average
energy efficiency of D2D links was maximized in [30].

A. MOTIVATION AND OUR CONTRIBUTIONS
Despite the reported advantages of NOMA and D2D schemes
in recent works, several open problems need to be addressed
in terms of energy efficiency, improving performance of
far device, FD transmission, and transmit antenna selection
(TAS). In this context, the authors in [31] presented the opti-
mal performance of the D2D communication by jointly opti-
mizing the power allocation and the resource block assign-
ment. They introduced a distributed decision making (DDM)

framework for NOMA systems by considering the successive
interference cancellation (SIC) decoding order related to the
NOMA-based cellular users. In [32], to minimize interfer-
ence in hybrid D2D and cellular networks, a NOMA-assisted
coordinated direct and relay transmission was proposed to
fully achieve the inherent characterization of NOMA. Their
proposed system further provided a potential scheme for
hybrid networks to enhance the spectral efficiency and cell
coverage. Motivated by the results in [23], [32], to improve
the performance of D2D users, this paper studies three
schemes for relay selection assisted D2D-NOMA systems by
relying on transmit antenna selection and FD transmission.
The main contributions of this paper are summarized as fol-
lows:

1) Different from [23], we propose three new D2D-
NOMA communication network models. In addition,
the combination with relay selection, TAS and energy
harvesting to enhance performance of the cell-edge
device and then spectral efficiency is also improved.

2) We derive exact expressions for the outage probability
and system throughput of the three proposed schemes.
The outage performance of the considered system in
Scheme 1 is confirmed as the best case among three
cases.

3) The derived expressions are validated via Monte Carlo
simulations to corroborate the exactness of the analysis.
Several important parameters that affect the system’s
performance are considered and outage performance
comparisons of the three schemes are presented to
elaborate on their respective performances.

B. ORGANIZATION
The rest of this paper is structured as follows. The system
model and the related assumptions of the three schemes are
detailed in Section 2. Next, the outage probability analysis
of the three schemes is presented in Section 3. Based on
the analytical results of the outage probability, the system’s
throughput is analyzed in section 4. Simulation results are
presented in Section 5 while Section 6 concludes this work.

II. SYSTEM MODEL
We consider a downlink cellular system, depicted in Fig. 1,
consisting of a base station (BS), D2D link containing the
cell-center deviceD1 and the cell-center deviceD2. To robust
signal transmission to the cell-edge device D2, it is required
K decode-and-forward (DF) relaying nodes. In this NOMA
scenario, the BS is equipped with N antennas and is able to
directly communicate with the cell-center deviceD1 while the
cell-edge device D2 is served by D1 and the selected relay.
We assume that there is no direct link from BS to D2 due to
deep fading or obstacles. In this context, it is assumed that
the FD-assisted relays are equipped with a pair of antennas,
one for transmitting while the other is serving the purpose of
receiving. Meanwhile, to enhance the transmission quality,
only the best antenna at the BS and the best relay are selected
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FIGURE 1. System model of joint relay selection and FD in D2D-NOMA
systems.

to transmit the signal dedicated to D2. In addition, D1 also
acts as a relay node that supports D2D transmission of signals
from the BS to D2 [23]. It is worth noting that D1 and the
relays are assumed to be able to switch the operating state
from FD to HD mode and vice versa. On the other hand,
the relays only serve for data transfer from the BS to D2 and
they are not assigned to serveD1. In this scenario, let g1,n, gn,k
(k = 1, 2, . . . ,K and n = 1, 2, . . . ,N ), h1, and h2 denote
the Rayleigh fading channel coefficients of the BS → D1,
BS → Rk , D1 → D2, and selected Relay → D2, respec-
tively. Consequently, the channel gains

∣∣g1,n∣∣2, ∣∣gn,k ∣∣2, |h1|2,
and |h2|2 are independent exponential random variables with
parameters λg1,n, λgn,k , λh1, and λh2, respectively. Moreover,
since D1 and the relays are equipped with two antennas and
they can work in FD mode, we denote hD1 ∼ CN (0, λhD1)
and hrk ∼ CN (0, λhrk ) are the Rayleigh distributed feedback
channel coefficients of the loop self-interference (SI) at D1
and Rk , respectively.1

According to the principle of NOMA, the BS sends the
superimposed NOMA signal xNOMAS =

√
a1PSx1+

√
a2PSx2

to the k th relay and D1, where x1 and x2 are the messages
intended for D1 and D2, respectively. Here, a1, a2 (i =
1, 2) are the power allocation coefficients of the two devices
D1,D2 respectively and these terms satisfying conditions, i.e.
a2 > a1 > 0 and a1 + a2 = 1. Moreover, PS , PR, and P1
are the transmission powers at the BS, the relays, and D1,
respectively. In this paper, we also denote the additive white
Gaussian noise (AWGN) at the relay, devices in the network
by wj ∼ CN (0, σ 2

0 ), where (j = 1, . . . , 4).
In the following subsections, we consider three possi-

ble scenarios for the proposed D2D NOMA scheme where

1Similar with systemmodel reported in [23], we focus on the performance
improvement of the cell-edge device in D2D-NOMA systems. It is assumed
that sophisticated channel estimation algorithms have been acquired with
sufficient training information to obtain perfect CSI. Regarding FD, loop
back signals still exist in the receiver due to imperfect interference cancella-
tion

D1 can operate without energy harvesting (Non-EHR), with
energy harvesting (EHR), and by applying the quantize-map-
forward relaying (QMFR) protocol.

A. SCHEME 1: NON-ENERGY HARVESTING RELAYING
In this situation, D1 does not harvest energy from the BS.
In this context, from itsN antennas, the BSwill select the best
channel to transmit the signal to device D1 and the K relays.
For the best link from BS → D1 and BS → Rk , the best
antenna of BS can be selected by the following criterion [34]

n∗ = arg max
n=1,...N

(
|gx |2

)
, (1)

where x = {(1, n) or (n, k)}.
In the Non-EHR scheme, the received signal atD1 is given

by

yNOMASD1 = g1,n∗xNOMAS + w1

= g1,n∗
(√

a1PSx1 +
√
a2PSx2

)
+ hD1

√
ωP1xD1 + w1, (2)

where xD1 denotes the loop interference signal of D1, ω
represents the FD/HD operation factor to indicate FD or HD
activated at D1 and Rk , i.e., ω = 1 and ω = 0 correspond
to the FD and HD mode, respectively. Likewise, the received
signal at the k th relay is given by

yNOMASRK = gn∗,kxNOMAS + w2

= gn∗,k
(√

a1PSx1 +
√
a2PSx2

)
+ hrk

√
ωPRxr + w2, (3)

where xr denotes the loop interference signal of relay Rk .
In the second hop, the best path among the relays and D1
is selected to forward the message to D2. If the best path
corresponds to a relay, Rk decodes the received signal from
the BS and forwards the message with power PR to D2. The
received signal at D2 is expressed by

yNOMASRKD2
= h2

√
PRx2 + w3. (4)

Regarding D2D link, D1 forwards x2 to D2. Thus,
the received signal at D2 is expressed as

yNOMAD12
= h1

√
P1x2 + w4. (5)

Precisely, after receiving the signal from BS, D1 performs
SIC to decode his message, i.e., it decodes x2, subtracts it
from the received signal and then decodes its own message
x1. Thus, the instantaneous signal to interference plus noise
ratio at D1 to decode x2 is given as

γ NOMASD1←2 =
a2PS

∣∣g1,n∗ ∣∣2
a1PS

∣∣g1,n∗ ∣∣2 + ωP1|hD1|2 + σ 2
0

=
a2ρ

∣∣g1,n∗ ∣∣2
a1ρ

∣∣g1,n∗ ∣∣2 + ωρ|hD1|2 + 1
, (6)
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where ρ = PS
σ 20

is the transmit signal-to-noise ratio (SNR).

Without loss of generality, it is assumed that PS , PR, and P1
are the normalized transmission power at the BS, relays, and
D1, respectively. Assuming perfect SIC, the instantaneous
SINR for decoding x1 at D1 is given as

γ NOMASD1 =
a1ρ

∣∣g1,n∗ ∣∣2
ωρ|hD1|2 + 1

. (7)

Thus, if the D1 → D2 link is stronger than the Rk → D2
link, D2 will receive its signal x2 from D1. In this case,
the received SINR at D2 is given by

γ NOMAD12,x2 =
P1|h1|2

σ 2
0

= ρ|h1|2. (8)

Meanwhile, the instantaneous SINR at relay Rk for detect-
ing x2 is evaluated as

γ NOMASRK ,x2 =
a2PS

∣∣gn∗,k ∣∣2
a1PS

∣∣gn∗,k ∣∣2 + ωPr ∣∣hrk ∣∣2 + σ 2
0

=
a2ρ

∣∣gn∗,k ∣∣2
a1ρ

∣∣gn∗,k ∣∣2 + ωρ∣∣hrk ∣∣2 + 1
. (9)

Therefore, considering the link Rk → D2, the instanta-
neous SINR at D2 is given by

γ NOMARKD2,x2 =
PR|h2|2

σ 2
0

= ρ|h2|2. (10)

Regarding relay link, if the signal is transmitted from the
BS to D2 with the help of relay nodes, the best relay node is
selected by the following criterion

k∗ = arg max
k=1,··· ,K

min
(
γ NOMASRK ,x2, γ

NOMA
RKD2,x2

)
. (11)

In addition, the instantaneous SINR at relay Rk for detect-
ing x2 is evaluated as

γ NOMASRK ,x2 =
a2PS

∣∣gn∗,k ∣∣2
a1PS

∣∣gn∗,k ∣∣2 + ωPr ∣∣hrk ∣∣2 + σ 2
0

=
a2ρ

∣∣gn∗,k ∣∣2
a1ρ

∣∣gn∗,k ∣∣2 + ωρ∣∣hrk ∣∣2 + 1
. (12)

Therefore, considering the link Rk → D2, the instanta-
neous SINR at D2 is given by

γ NOMARKD2,x2 =
PR|h2|2

σ 2
0

= ρ|h2|2. (13)

Therefore, the instantaneous SINR at user D2 is written as

γ NOMAD2 = max
(
min

(
γ NOMASD1←2, γ

NOMA
D12,x2

)
,

max
k=1,··· ,K

min
(
γ NOMASRK ,x2, γ

NOMA
RKD2,x2

))
. (14)

B. SCHEME 2: ENERGY HARVESTING RELAYING (EHR)
In this scheme, D1 harvests energy from the BS in the first
phase and uses such energy to transmit the signal to D2 in
the second phase. We assume that the energy obtained from
the noise is very small and it can be ignored. Therefore,
according to the power splitting protocol (PS) [33] for energy
harvesting, the received signal at D1 in the first phase is
expressed as

yNOMA−EHSD1 =
√
(1− β)g1,n∗

(√
a1PSx1 +

√
a2PSx2

)
+ hD1

√
ωP1xD1 + w1, (15)

where β ∈ (0, 1) is the power splitting ratio. Therefore,
the SINR at D1 to decode x2 is given by

γ NOMA−EHSD1←2 =
(1− β) a2ρ

∣∣g1,n∗ ∣∣2
(1− β) a1ρ

∣∣g1,n∗ ∣∣2 + ωρ|hD1|2 + 1
. (16)

Assuming perfect SIC, the SINR for decoding x1 at D1 is
given by

γ NOMA−EHSD1 =
(1− β) a1ρ

∣∣g1,n∗ ∣∣2
ωρ|hD1|2 + 1

. (17)

Applying the PS protocol, the harvested energy is obtained
as

E =
T
2
ηβ
(
Ps
∣∣g1,n∗ ∣∣2 + P1|hD1|2), (18)

where 0 < η < 1 is the energy conversion coefficient and T
is the block time. Then, the transmit power E

T/2 at D1 can be
expressed as

P1 =
ηβPs

∣∣g1,n∗ ∣∣2
1− ηβ|hD1|2

. (19)

It is noted that the condition |hD1|2 < 1
ηβ

must be satisfied.
Hence, the SINR for D2 to detect x2 is given by

γ NOMA−EHD12,x2 =
ηβρ

∣∣g1,n∗ ∣∣2|h1|2
1− ηβ|hD1|2

. (20)

It is noted that the criterion for selecting the best antenna at
the BS and the relays in this case is the same as in Scheme 1,
i.e., the expressions in (1) and (11), respectively.

C. SCHEME 3 (QMFR)
In contrast to Scheme 1 and Scheme 2,D1 applies the QMFR
protocol [19] to decode its own information and then subtracts
it from the superposed signal in the first phase. In this case,
the SINR at D1 to decode x1 in the case of without energy
harvesting at D1 can be expressed as

γ
QMF
SD1 =

a1ρ
∣∣g1,n∗ ∣∣2

a2ρ
∣∣g1,n∗ ∣∣2 + ωρ|hD1|2 + 1

. (21)

Following the cancellation of x1, the signal intended for D2
is decoded and re-transmitted to D2 via D1. In this case,
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the SINR at D1 to detect x2 can be expressed as

γ
QMF
SD1,x2 =

a2ρ
∣∣g1,n∗ ∣∣2

ωρ|hD1|2 + 1
. (22)

For the case of energy harvesting atD1, the SINR atD1 for
decoding x1 is calculated as

γ
QMF−EH
SD1 =

(1− β) a1ρ
∣∣g1,n∗ ∣∣2

(1− β) a2ρ
∣∣g1,n∗ ∣∣2 + ωρ|hD1|2 + 1

, (23)

and the SINR at D1 to detect x2 can be expressed as

γ
QMF−EH
SD1,x2 =

(1− β) a2ρ
∣∣g1,n∗ ∣∣2

ωρ|hD1|2 + 1
. (24)

Similarly, the relays employ the QMFR protocol to decode
x1 and x2. Hence, the instantaneous SINR at Rk for detecting
x1 and x2 can be calculated as

γ
QMF
SRK ,x1 =

a1ρ
∣∣gn∗,k ∣∣2

a2ρ
∣∣gn∗,k ∣∣2 + ωρ∣∣hrk ∣∣2 + 1

, (25)

and

γ
QMF
SRK ,x2 =

a2ρ
∣∣gn∗,k ∣∣2

ωρ
∣∣hrk ∣∣2 + 1

, (26)

respectively.
Finally, in this scheme, the best relay node is also selected

by the following criterion

k∗QMF = arg max
k=1,··· ,K

min
(
γ
QMF
SRK ,x1,γ

QMF
SRK ,x2, γ

NOMA
RKD2,x2

)
.

(27)

III. OUTAGE PROBABILITY ANALYSIS
In this section, we investigate the outage probability of D1
and D2 considering the aforementioned schemes.

A. SCHEME 1
1) OUTAGE PROBABILITY OF D1
In this case, according to the principle of NOMA, an outage
event atD1 will occur whenD1 cannot detect x1 successfully.
Therefore, the outage probability of D1 can be expressed as

OPFD1−NOMA=1−Pr
(
γ NOMASD1←2 ≥ ε

FD
2 , γ NOMASD1 ≥ εFD1

)
, (28)

where ω = 1, εFD1 = 2R1 − 1 is the SNR threshold, with R1
being the target rate of D1, while εFD2 = 2R2 − 1, R2 is the
target rate of D2.
Theorem 1: The outage probability of D1 in Scheme 1 is

obtained as

OPFD1−NOMA = 1−
N∑
n=1

(
N
n

)
(−1)n−1

×
λg1,n

nωρψ1λhD1 + λg1,n
exp

(
−
nψ1

λg1,n

)
, (29)

which is valid for a2 > εFD2 a1 and ψ1 =

max
(

εFD2(
a2ρ−εFD2 a1ρ

) , εFD1a1ρ
)
.

Proof: By substituting (6) and (7) into (28), the outage
probability of D1 is obtained as

OPFD1−NOMA= 1− Pr
(∣∣g1,n∗ ∣∣2 ≥ (ωρ|hD1|2 + 1

)
ψ1

)
= 1−

∫
∞

0

(
1−F
|g1,n∗ |

2((ωρx+1)ψ1)
)
f
|hD1|2

(x)dx.

(30)

According to [34], the cumulative distribution functions
(CDFs) and the probability density functions (PDFs) of the
random variables

∣∣g1,n∗ ∣∣2 and ∣∣gn∗,k ∣∣2 are given by

F
|gx∗|2 (x) = 1−

N∑
n=1

(
N
n

)
(−1)n−1 exp

(
−
nx
λx

)
, (31)

and

f
|gx∗|2 (x) =

N∑
n=1

(
Nn
)
(−1)n−1

n
λx

exp
(
−
nx
λx

)
, (32)

respectively. Therefore, the outage probability of D1 is
obtained as

OPFD1−NOMA

= 1−
N∑
n=1

(
N
n

)
(−1)n−1

1
λhD1

×

∞∫
0

exp
(
−
n (ωρx + 1) ψ1

λg1,n

)
exp

(
−

x
λhD1

)
dx. (33)

It is noted that the other channels, i.e., h1, h2 and all
loop feedback channels follow the Rayleigh distribution with
PDF and CDF fX (x) = 1

λX
e
−

x
λX and FX (x) = 1 − e

−
x
λX ,

respectively. Following some mathematical simplifications,
the expected formula is derived. This completes the proof.

2) OUTAGE PROBABILITY OF D2
Because D2 receives the signal x2 from either D1 or the
best relay Rk∗ , an outage event at D2 happens if D1 cannot
successfully detect x2 or D2 cannot successfully decode x2
from D1 if the D2D link is selected. Otherwise, the outage
event occurs if the best relay Rk∗ cannot decode x2 or D2
cannot successfully decode the signal forwarded from the
relay. Thus, the outage probability ofD2 can be formulated as

OPFD2−NOMA = Pr
[
max

(
min

(
γ NOMASD1←2, γ

NOMA
D12,x2

)
,

max
k=1,··· ,K

min
(
γ NOMASRK ,x2, γ

NOMA
RKD2,x2

))
< εFD2

]
= Pr

[
min

(
γ NOMASD1←2, γ

NOMA
D12,x2

)
< εFD2 ,

max
k=1,··· ,K

min
(
γ NOMASRK ,x2, γ

NOMA
RKD2,x2

)
< εFD2

]
.

(34)
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Theorem 2: The outage probability of D2 in Scheme 1 is
obtained as (35) and it is shown at the bottom of this page.

Proof: See Appendix A.

B. SCHEME 2
1) OUTAGE PROBABILITY OF D1
Here, we explore the situation whereD1 harvests energy from
the RF signal that is sent from the BS. Following the same
approach as in Scheme 1, the outage probability of D1 is
formulated as

OPFD−EH1−NOMA = 1− Pr
(
γ NOMA−EHSD1←2 > εFD2 ,

γ NOMA−EHSD1 > εFD1

)
. (36)

Theorem 3: The closed-form expression for the outage
probability at D1 in this scheme is given in (37) at the bottom
of the next page.

2) OUTAGE PROBABILITY OF D2
Based on (34), the outage probability of D2 in this case is
formulated as

OPFD−EH2−NOMA = Pr
[
max

(
min

(
γ NOMA−EHSD1←2 , γ NOMA−EHD12,x2

)
,

max
k=1,··· ,K

min
(
γ NOMASRK ,x2, γ

NOMA
RKD2,x2

))
< εFD2

]
= Pr

[
min

(
γ NOMA−EHSD1←2 , γ NOMA−EHD12,x2

)
< εFD2 ,

max
k=1,··· ,K

min
(
γ NOMASRK ,x2, γ

NOMA
RKD2,x2

)
< εFD2

]
.

(38)

Theorem 4: For Scheme 2, the outage probability of D2 is
obtained in (39) and it is displayed at the bottom of the next
page.

Proof: See Appendix B.

C. SCHEME 3
In this subsection, we investigate the outage probability of
D1 and D2 for the cases of QMFR with energy harvesting at
D1 (QMFR EH) and without energy harvesting atD1 (QMFR
Non-EH), respectively.

1) OUTAGE PROBABILITY OF D1
In this scheme, an outage event occurs atD1 if it cannot detect
its own signal. Therefore, the outage probability of D1 in the
case of QMFR Non-EH and QMFR EH are given by

OPFD−QMF1−NOMA = 1− Pr
(
γ
QMF
SD1 ≥ ε

FD
1

)
, (40)

and

OPFD−QMF−EH1−NOMA = 1− Pr
(
γ
QMF−EH
SD1 ≥ εFD1

)
, (41)

respectively.
Theorem 5: For QMFR Non-EH and QMFR EH, the out-

age probability of D1 can be obtained as (42) and (43),
respectively, which is valid for a1 > εFD1 a2, otherwise D1
is always in outage.

Proof: See Appendix C.

2) OUTAGE PROBABILITY OF D2
Similarly, we evaluate the outage probability of D2 with and
without energy harvesting at D1.

In case D1 is not energy harvesting, the outage probability
at D2 can be formulated as

OPFD−QMF2−NOMA =

[
1− Pr

(
γ
QMF
SD1 ≥ ε

FD
1 ,

γ
QMF
SD1,x2 ≥ ε

FD
2 , γ NOMAD12,x2 ≥ ε

FD
2

)]
×

K∏
k=1

[
1− Pr

(
γ
QMF
SRK ,x1 ≥ ε

FD
1 ,

γ
QMF
SRK ,x2 ≥ ε

FD
2 , γ NOMARKD2,x2 ≥ ε

FD
2

)]
. (44)

Theorem 6: The outage probability of D2 in case of QMFR
Non-EH is evaluated as

OPFD−QMF2−NOMA =

[
1−

N∑
n=1

(
N
n

)
(−1)n−1

×
λg1,n

nθωρλhD1+λg1,n
exp

(
−

nθ
λg1,n
−
εFD2

ρλh1

)]

×

K∏
k=1

[
1−

N∑
n=1

(
N
n

)
(−1)n−1

×
λgn,k

nθωρλhrk+λgn,k
exp

(
−

nθ
λgn,k
−
εFD2

ρλh2

)]
,

(45)

which is valid for a1 > εFD1 a2 and

θ = max

(
εFD1

a1ρ − εFD1 a2ρ
,
εFD2

a2ρ

)
.

Proof: See Appendix D.
Besides, the outage probability of D2 in the case of energy

harvesting at D1, i.e., QMFR EH scenario, is formulated as

OPFD−QMF−EH2−NOMA =

[
1− Pr

(
γ
QMF−EH
SD1 ≥ εFD1 ,

OPFD2−NOMA =

[
1−

N∑
n=1

(
N
n

)
(−1)n−1

(
a2ρ − εFD2 a1ρ

)
λg1,n

nεFD2 ωρλD1 +
(
a2ρ − εFD2 a1ρ

)
λg1,n

exp

(
−

nεFD2(
a2ρ − εFD2 a1ρ

)
λg1,n

−
εFD2

ρλh1

)]

×

K∏
k=1

(
1−

N∑
n=1

(
N
n

)
(−1)n−1

(
a2 − εFD2 a1

)
ρλgn,k

nεFD2 ωρλhrk+
(
a2−εFD2 a1

)
ρλgn,k

exp

(
−

nεFD2(
a2−εFD2 a1

)
ρλgn,k

−
εFD2

ρλh2

))
(35)
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γ
QMF−EH
SD1,x2 ≥ εFD2 , γ NOMA−EHD12,x2 ≥ εFD2

)]
×

K∏
k=1

[
1− Pr

(
γ
QMF
SRK ,x1 ≥ ε

FD
1 ,

γ
QMF
SRK ,x2≥ε

FD
2 , γ NOMARKD2,x2 ≥ ε

FD
2

)]
. (46)

Theorem 7: For QMFREH, the outage probability of D2 is
obtained in (47), shown at the bottom of the next page, where

ζ = max
(

εFD1
(1−β)

(
a1ρ−εFD1 a2ρ

) , εFD2
(1−β)a2ρ

)
and the condition of

a1 > εFD1 a2 must be guaranteed.
Proof: See Appendix E.

It is noted that the outage probability for the three schemes
assuming HD mode can be obtained by setting ω = 0 and
replacing εFDi = 2Ri − 1 by εHD

i = 22Ri − 1,(i = 1, 2), in the
corresponding FD outage probability expressions.
Corollary: From the outage probability expressions

derived above, the system throughput of the aforementioned
FD and HD NOMA scenario for each scheme is obtained as

0uv =
(
1− OPu1−NOMA

)
R1 +

(
1− OPu2−NOMA

)
R2, (48)

where v = (1, 2, 3) denotes Scheme 1, scheme 2 and scheme
3, respectively and u = {FD,HD,FD_EH ,HD_EH ,
FD_QMF,HD_QMF,FD_QMF_EH , HD_QMF_EH}
denotes the considered protocol in the three schemes.

IV. NUMERICAL RESULTS
In this section, we examine the accuracy of the derived analyt-
ical results and assess the performance of the considered sys-
tem by Monte Carlo simulations. Without loss of generality,
we assume that the power allocation coefficients of NOMA
are a1 = 0.3 and a2 = 0.7 for D1 and D2, respectively. In
addition, it is assumed that the distance between the devices
in the system normalized to one. In this context, unless oth-
erwise stated, the solid lines denote the derived analytical
results while the respective Monte-Carlo simulation results
are presented using the markers. Thus, it can be observed that
the analytical curves perfectly match the corresponding sim-
ulation results which demonstrates the accuracy of derived
analytical expressions. We call bit per channel user in short
as BPCU.

OPFD−EH1−NOMA = 1−
∫
∞

0

(
1− F

|g1,n∗ |
2

(
(ωρx + 1)
(1− β)

ψ1

))
f
|hD1|2

(x) dx

= 1−
∫
∞

0

N∑
n=1

(
N
n

)
(−1)n−1 exp

(
−
n (ωρx + 1) ψ1

(1− β) λg1,n

)
1
λhD1

exp
(
−

x
λhD1

)
dx

= 1−
N∑
n=1

(
N
n

)
(−1)n−1

1
λhD1

exp
(
−

nψ1

(1− β) λg1,n

)∫
∞

0
exp

(
−

(
nωρψ1

(1− β) λg1,n
+

1
λhD1

)
x
)
dx

= 1−
N∑
n=1

(
N
n

)
(−1)n−1

(1− β) λg1,n
nωρψ1λhD1 + (1− β) λg1,n

exp
(
−

nψ1

(1− β) λg1,n

)
(37)

OPFD−EH2−NOMA=

[
1−

N∑
n=1

(
K
n

)
(−1)n−1

(1− β)
(
a2 − a1εFD2

)
ρλ1,n

nεFD2 ωρλD1 + (1− β)
(
a2 − a1εFD2

)
ρλ1,n

exp

(
−

nεFD2
(1− β)

(
a2 − a1εFD2

)
ρλ1,n

)

×

N∑
n=1

(
N
n

)
(−1)n−1

×
1
λh1

∫
∞

0

ρyλg1,n
nεFD2 λD1+ρyλg1,n

[
exp

(
−

(
1
β
−1
)

nεFD2
ηρyλg1,n

−
y
λh1
−

1
ηλD1

)
−exp

(
−

nεFD2
ηβρyλg1,n

−
y
λh1

)]
dy

]

×

K∏
k=1

(
1−

N∑
n=1

(
N
n

)
(−1)n−1

(
a2−εFD2 a1

)
ρλgn,k

nεFD2 ωρλhrk+
(
a2−εFD2 a1

)
ρλgn,k

exp

(
−

nεFD2(
a2−εFD2 a1

)
ρλgn,k

−
εFD2

ρλh2

))
(39)

OPFD−QMF1−NOMA = 1−
N∑
n=1

(
N
n

)
(−1)n−1

(
a1 − εFD1 a2

)
ρλg1,n

nεFD1 ωρλhD1 +
(
a1 − εFD1 a2

)
ρλg1,n

exp

(
−

nεFD1(
a1 − εFD1 a2

)
ρλg1,n

)
. (42)

OPFD−QMF−EH1−NOMA = 1−
N∑
n=1

(
N
n

)
(−1)n−1

(1−β)
(
a1−εFD1 a2

)
ρλg1,n

nεFD1 ωρλhD1+(1−β)
(
a1−εFD1 a2

)
ρλg1,n

exp

(
−

nεFD1
(1−β)

(
a1−εFD1 a2

)
ρλg1,n

)
(43)
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FIGURE 2. Outage probability of D1 versus SNR for different values of R1
when λg1,n = 1, λhD1 = 0.01, N = 2.

A. SCHEME 1: NON ENERGY HARVESTING - NON-EHR
This subsection examines the system’s outage probability
when there is no energy harvesting at D1. To this end,
Fig. 2 shows the outage probability versus SNR which are
achieved from the expression (28), (29) and HD mode,
respectively. It can be seen that the performance of FD
NOMA is better than HDNOMA at low SNR, i.e., SNR from
10 dB to 25 dB, but the performance of the HD NOMA mode
is superior in the high SNR region (SNR > 30 dB). This
is because as the SNR increases, the FD mode is strongly
influenced by self-interference which consequently decreases
the performance.

Furthermore, in Fig. 2, it is shown that the NOMA tech-
nique outperforms the conventional OMA technology where
the signal transmission is performed in three time slots,
i.e., the BS sends the signal x1 to D1 in the first time slot and
x2 toD2 in the second time slot, while in the last time slot,D1
decodes and forwards the signal x2 to D2.
The outage performance of D2 is shown in Fig. 3, where

it is clearly observed that the outage performance of the FD
NOMA mode is superior to both the HD NOMA and the
OMA mode. Moreover, looking at Fig. 4, it’s also noticed
that when increasing the number of relay nodes, the perfor-

FIGURE 3. Outage probability of D2 versus SNR for different values of R2
when λg1,n = 1, λgn,k = 5, λh1 = 4, λh2 = 1, λhD1 = λhrk

= 0.01, and
K = N = 2.

FIGURE 4. Outage probability of D2 versus SNR for different numbers of
relay nodes in the system (K ) with λg1,n = 1, λgn,k = 5, λh1 = 4, λh2 = 1,
λhD1 = λhrk

= 0.01, N = 2, and R2 = 0.1 (BPCU).

mance is also improved, since increasing the relay nodes will
improve the channel diversity gain. In other words, an outage
event will be more difficult to happen.

OPFD−QMF−EH2−NOMA =

[
1−

N∑
n=1

(
N
n

)
(−1)n−1

λg1,n

nζωρλhD1 + λg1,n
exp

(
−

nζ
λg1,n

)

×

N∑
n=1

(
N
n

)
(−1)n−1

1
λh1

×

∫
∞

0

ρyλg1,n
nεFD2 λD1+ρyλg1,n

[
exp

(
−

(
1
β
−1
)

nεFD2
ηρyλg1,n

−
y
λh1
−

1
ηλD1

)
−exp

(
−

nεFD2
ηβρyλg1,n

−
y
λh1

)]
dy

×

K∏
k=1

[
1− exp

(
−
εFD2

ρλh2

)
×

N∑
n=1

(
N
n

)
(−1)n−1

λgn,k

nθωρλhrk + λgn,k
exp

(
−

nθ
λgn,k

)]
(47)
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FIGURE 5. Comparison of the outage probability of D1 and D2 for various
power allocation coefficients when λg1,n = 1, λgn,k = 5, λh1 = 4, λh2 = 1,
λhD1 = λhrk

= 0.01, N = 2, R1 = 2 (BPCU), R2 = 0.4 (BPCU), and
N = K = 2.

In Fig. 5, the comparison of the outage performance
between D1 and D2 in both HD NOMA and FD NOMA with
different power allocation coefficients has been expressed.
There is a large outage performance gap between D1 and D2
when the SNR increases from 25 (dB) to 40 (dB). In addition,
it can be recognized that the outage probability curves of D2
are almost unchanged a lot when changing the value of a1.
However, it has great impact on the outage probability of
D1. This implies that there should be a reasonable strategy
in selecting the power allocation coefficients when deploying
real network in the future.

The influence of the number of antennas at the BS on the
outage performance of the system is clearly shown in Fig. 6.
We can see that the system’s outage performance follows the
same trend for the different numbers of antennas considered;
however, increasing the number of antennas greatly improves
the outage performance, especially for Scheme 1.

In Fig. 7, we plot and compare the throughput of the FD
NOMA and HD NOMA cases obtained in (48). The black
solid curves and the red solid curve denote the FD and HD
NOMA cases, respectively, while the dashed curves represent
the OMA scheme. It is observed that the FD NOMA system
throughput is superior to the HD NOMA and OMA cases,
especially in the low SNR region and for low SI values while
higher SI values significantly affect the performance of FD
NOMA, making it perform the worst among the 3 considered
scenarios.

B. SCHEME 2: ENERGY HARVESTING- EHR
In this subsection, the outage performance of D1 and D2 is
for the energy harvesting case.

Fig. 8 and Fig. 9 show the FD and HD modes outage per-
formance ofD1 andD2 with various target rates, respectively.

FIGURE 6. Outage probability of D1 and D2 for different numbers of BS
antennas when λg1,n = 1, λgn,k = 5, λh1 = 4, λh2 = 1,
λhD1 = λhrk

= 0.01, N = 2, R1 = 2 BPCU, R2 = 0.4 BPCU, and K = 2.

FIGURE 7. System throughput of Scheme 1 for different values of SI when
λg1,n = 1, λgn,k = 5, λh1 = 4, λh2 = 1, λhD1 = λhrk

= 0.01, R1 = 2 BPCU,
R2 = 0.4 BPCU, and N = K = 2.

Similarly to the Scheme 1 case, the outage performance of
D1 and D2 in FD mode is better than HD mode where,
generally the performance of NOMA surpasses that of the
conventional the OMA scheme. Besides, when the objective
rate is reduced, the outage performance of the two users is
also improved.

Fig. 10 compares the outage probabilities of D1 and D2 in
HD and FD mode. It can be seen that the outage performance
of D1 in FD mode is better than HD mode when the SNR
is between 0 dB and 25 dB. In addition, when increasing the
power allocation factor ofD1, i.e., a1, the outage performance
of D1 is improved. For D2, the outage performance in FD
mode is always better than HD mode. However, it is noted
that according to the NOMA principle, when increasing a1,
this means reducing a2. Hence, the outage performance ofD2
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FIGURE 8. Outage probability of D1 versus SNR for different values of R1
when λg1,n = 1, λhD1 = 0.01, η = β = 0.6, and N = 2.

FIGURE 9. Outage probability of D2 versus SNR for different values of R2
when λg1,n = 1, λgn,k = 5, λh1 = 4, λh2 = 1, λhD1 = λhrk

= 0.01, R1 = 2
BPCU, R2 = 0.4 BPCU, and N = K = 2.

is decreased. Moreover, it can be observed from Fig. 10 that
the outage performance ofD2 is superior toD1 and the higher
the SNR, the more obvious the superiority is.

C. SCHEME 3: QMF RELAYING - QMFR
In this subsection, the outage performance for the case of
QMFR EH and QMFR Non-EH in FD and HD mode is
verified. In particular, the outage performance of D1 and
D2 in both cases, with and without energy harvesting are
considered.

The outage probability of D1 in the QMFR Non-EH and
QMFR EH are shown in Fig. 11 and Fig. 12, respectively.
It can be seen that the FD mode achieves higher performance
than the HD mode in the SNR region from 0 to 20 dB. Espe-
cially, when increasing R1 = 0.3 PBCU, there is an outage

FIGURE 10. Outage probability of D1 and D2 for different power
allocation coefficients a1 when λg1,n = 1, λgn,k = 5, λh1 = 4, λh2 = 1,
λhD1 = λhrk

= 0.01, R1 = 2 BPCU, R2 = 0.5 BPCU, η = β = 0.6, and
N = K = 2.

FIGURE 11. Outage probability of D1 for the QMFR Non-EH versus SNR
for different values of R1 when λg1,n = 1, λhD1 = 0.01, and N = 2.

event that occurs in HD mode while the outage performance
of FD mode is still guaranteed. The reason behind this is
that when a1 = 0.3 and R1 = 0.3 PBCU, the condition
in (40), i.e., a1 > εFD1 a2 is guaranteed for the FD mode,
but the condition for HD mode, i.e., a1 > εHD1 a2 is no
longer guaranteed, so the outage probability in HD mode
will be one. Besides, one can see from Fig. 11 and Fig. 12
that the outage probability of D1 is affected by the energy
harvesting. This proves that the outage probability of D1 in
this Scheme is not greatly influenced by the energy harvesting
process. Additionally, it is noticed that OMA has a better out-
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FIGURE 12. Outage probability of D1 for the QMFR EH versus SNR for
different values of R1 when λg1,n = 1, λhD1 = 0.01, β = 0.6, and N = 2.

FIGURE 13. Outage probability of D2 in the case of QMFR EH and QMFR
Non-EH protocol with different values of R1 and R2 when λg1,n = 1,
λgn,k = 5, λh1 = 4, λh2 = 1, λhD1 = λhrk

= 0.01, η = β = 0.6, and
N = K = 2.

age performance than NOMA. This is in line with the QMF
protocol, where D1 prioritizes decoding its signal first, and
considers D2’s signal as interference, leading to a decrease in
the outage performance of D1.
Fig. 13 shows the outage probability of D2 for different

values of R1 and R2. It is noted that when a1 = 0.3, the value
of R1 must be less than 0.5 for FD and less than 0.25 for
HD mode in order to ensure that the conditions a1 > εFD1 a2
and a1 > εHD1 a2 are satisfied. It can be noticed that the
outage performance of FD mode is always better than the HD
mode for both the case of QMFR EH and QMFR Non- EH

FIGURE 14. Outage probability of D2 in the case of QMFR EH and QMFR
Non-EH protocol compared with OMA scheme when system in FD mode
and λg1,n = 1, λgn,k = 5, λh1 = 4, λh2 = 1, λhD1 = λhrk

= 0.01,
η = β = 0.6, R1 = R2 = 0.1 BPCU, and N = K = 2.

FIGURE 15. Outage probability of D2 in the case of QMFR EH and QMFR
Non-EH protocol compared with OMA scheme when system in HD mode
and λg1,n = 1, λgn,k = 5, λh1 = 4, λh2 = 1, λhD1 = λhrk

= 0.01,
η = β = 0.6, R1 = R2 = 0.1 BPCU, and N = K = 2.

protocol. In addition, when the target rate is increased from
0.1 to 0.25 BPCU, the QMFR Non-EH achieves relatively
better outage performance than the QMFR EH. Besides,
when increasing R1 and R2, i.e., R1 = R2 = 0.25 BPCU,
there is a big gap between FD and HD mode. In other words,
the superiority of FD mode over HD is more evident when
the target rate is increased.

The outage performance ofD2 with bothNOMAandOMA
schemes are shown in Fig. 14 and Fig. 15 for the FD and
HD modes, respectively. It can be seen from Fig. 14 that
the QMFR EH and QMFR Non-EH protocols have a lower
outage probability than OMA in FD mode. However, for HD
mode, which is shown in Fig. 15, the outage performance of
OMA is slightly better than the QMFR EH and QMFR Non-
EH protocols in the low SNR region and vice versa in the high
SNR area. The reason for this is that D1 may be in outage
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FIGURE 16. Outage probability of D1 and D2 assuming different power
allocation coefficients a1 for λg1,n = 1, λgn,k = 5, λh1 = 4, λh2 = 1,
λhD1 = λhrk

= 0.01, η = β = 0.6, and N = K = 2.

state or unable to decode its own signal in the low SNR area.
Consequently, D1 cannot forward information to D2.
Fig. 16 shows the outage probability of both D1 and D2

in FD mode. The solid lines in black and purple depict the
outage probability of D1 in QMFR Non-EH and QMFR EH,
respectively, while the dashed lines in red and blue show the
corresponding outage probability of D2. It can be observed
that, when a1 increases, the outage probability is reduced.
In other words, the outage performance increases. Specially,
in contrast to schemes 1 and 2, when a1 increases, the outage
performance of D2 improves. This can be explained by the
fact that there are differences in the conditions in (45) and
(47), i.e., a1 > εFD1 a2, and this means increasing a1, increases
the chances of satisfying this condition which increases the
outage performance of D2. In addition, we also find from
Fig. 16 that the outage performance of D2 in QMFR EH is
lower than D2 in the QMFR Non-EH protocol when the SNR
increases.

Fig. 17 plots the outage probability of D2 in EH mode and
compares between schemes 2 and 3. Here, it is demonstrated
that the outage performance is improved when the energy
conversion factor is increased. Moreover, for D2, scheme
2 achieves better performance than scheme 3.

Fig. 18 compares the outage probability ofD2 in Scheme 1,
scheme 2 and scheme 3 to each other when changing the
number of relay nodes. Besides, the impact of the number
of relay nodes on the outage performance of D2 is also
considered. For simplicity, Fig. 18 shows only the FD mode.
The simulation and analysis results have demonstrated that
the outage performance is significantly improved when the
number of relay increases. Moreover, it is also shown that
Scheme 1 achieves the best outage performance.

FIGURE 17. Outage probability of D2 for Schemes 2 and 3 for various
energy conversion coefficients when λg1,n = 1, λgn,k = 5, λh1 = 4,
λh2 = 1, λhD1 = λhrk

= 0.01, R1 = R2 = 0.2 BPCU, β = 0.6, and
N = K = 2.

FIGURE 18. Outage probability of D2 versus SNR for schemes 1, 2 and 3
with different number of relay nodes when λg1,n = 1, λgn,k = 5, λh1 = 4,
λh2 = 1, λhD1 = λhrk

= 0.01, R1 = R2 = 0.2 BPCU, β = η = 0.6, and
N = K = 2.

The general comparison between the outage performance
of the three schemes is shown in Fig. 19 and Fig. 20 for
the FD and HD modes, respectively where it s shown that
Scheme 1 has a superior performance compared to the other
schemes.

Fig. 21 shows the outage probability of the three schemes
in FD mode versus the power allocation coefficient a1.
As mentioned above, the condition for the outage perfor-
mance is guaranteed to be a2 > εFD2 a1 for schemes 1 and
2, while for scheme 3, it is a1 > εFD1 a2. Therefore, when
R1 = R2 = 0.4 BPCU, the condition becomes a2 > 0.3 a1
for schemes 1 and 2, and a1 > 0.3 a2 for scheme 3. It can
be observed from Fig. 21 that schemes 1 and 2 will be in
outage when a1 ≥ 0.7 while scheme 3 is in outage when
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FIGURE 19. Comparison between the outage probability of the three
schemes in FD mode when λg1,n = 1, λgn,k = 5, λh1 = 4, λh2 = 1,
λhD1 = λhrk

= 0.01, R1 = R2 = 0.2 BPCU, β = η = 0.6, and N = K = 2.

FIGURE 20. Comparison between the outage probability of the three
schemes in HD mode when λg1,n = 1, λgn,k = 5, λh1 = 4, λh2 = 1,
λhD1 = λhrk

= 0.01, R1 = R2 = 0.2 BPCU, β = η = 0.6, and N = K = 2.

a1 ≤ 0.3 or a1 = 1, this is completely consistent with the
conditions analyzed. In addition, the optimal power allocation
coefficient for the three schemes can be determined. Specifi-
cally, the optimal values of a1 for schemes 1, 2, and 3 are 0.1,
0.2 and 0.5, respectively.

Fig. 22 compares the throughput of all three schemes when
a1 = 0.3 and R1 = R2 = 0.2 BPCU in order to ensure that

FIGURE 21. Comparison between the outage probability of the different
schemes against a1 when λg1,n = 1, λgn,k = 5, λh1 = 4, λh2 = 1,
λhD1 = λhrk

= 0.01, R1 = R2 = 0.4 BPCU, β = η = 0.6, and N = K = 2.

FIGURE 22. Comparison of the system throughput of the three schemes
versus SNR when λg1,n = 1, λgn,k = 5, λh1 = 4, λh2 = 1,
λhD1 = λhrk

= 0.01, R1 = R2 = 0.2 BPCU, β = η = 0.6, and N = K = 2.

a2 > εl2a1 and a1 > εl1a2, l = {FD,HD}, in both FD and
HD mode. It is noticed that all three proposed schemes have
good throughput when the SNR is high. Furthermore, the FD
mode achieves higher throughput than the HD mode while
Scheme 1 shows the best performance.

V. CONCLUSION
In this paper, three novel FD cooperative relaying NOMA
schemes for D2D communications have been proposed and
analyzed. Precisely, closed form outage probability and
throughput expressions for the proposed schemes have been
evaluated. Monte-Carlo simulations results were presented
to corroborate the derived analytical results. It was shown
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that the proposed schemes can significantly improve the out-
age performance compared to conventional OMA schemes
where Scheme 1 achieves the best performance. Addition-
ally, the combination of relaying with energy harvesting
has brought great performance improvement to the system.
Finally, interestingly, it has shown that the outage perfor-
mance of FD NOMA is better than its HD counterpart.

APPENDIX A
PROOF OF THE THEOREM 2
From the expression (34), we can be obtained as

OPFD2−NOMA
=

[
1− Pr

(
min

(
γ NOMASD1←2, γ

NOMA
D12,x2

)
≥ εFD2

)]
︸ ︷︷ ︸

A

×

K∏
k=1

(
1− Pr

(
min

(
γ NOMASRK ,x2, γ

NOMA
RKD2,x2

)
≥ εFD2

))
︸ ︷︷ ︸

B

,

(A.1)

where the first term of probability in (A.1) is calculated as
(A.2).

Similarly, the second term of probability in (A.1) can be
expressed as (A.3).

It is noted that the (A.2) and (A.3) can be obtained by the
condition of a2 > εFD2 a1. The proof is completed.

APPENDIX B
PROOF OF THE THEOREM 3
The expression (38) can be expressed as (B.1).

From the first term of the expression in (B.1), we can
rewrite:

M = 1− Pr
(
γ NOMA−EHSD1←2 ≥ εFD2 , γ NOMA−EHD12,x2 ≥ εFD2

)
= 1− Pr

(
γ NOMA−EHSD1←2 ≥ εFD2

)
︸ ︷︷ ︸

M1

Pr
(
γ NOMA−EHD12,x2 ≥ εFD2

)
︸ ︷︷ ︸

M2

,

(B.2)

A = 1− Pr
(
γ NOMASD1←2 > εFD2

)
× Pr

(
γ NOMAD12,x2 > εFD2

)
= 1− Pr

(∣∣g1,n∗ ∣∣2 > εFD2 ωρ|hD1|2 + εFD2
a2ρ − εFD2 a1ρ

)
× Pr

(
|h1|2 >

εFD2

ρ

)

= 1− exp

(
−
εFD2

ρλh1

)
×

∫
∞

0

(
1− F

|g1,n∗ |
2

(
εFD2 ωρx + εFD2
a2ρ − εFD2 a1ρ

))
f
|hD1|2

(x) dx

= 1−
N∑
n=1

(
N
n

)
(−1)n−1

1
λD1

exp

(
−

nεFD2(
a2ρ−εFD2 a1ρ

)
λg1,n

−
εFD2

ρλh1

)∫
∞

0
exp

(
−

(
nεFD2 ωρ(

a2ρ − εFD2 a1ρ
)
λg1,n

+
1
λD1

)
x

)
dx

= 1−
N∑
n=1

(
N
n

)
(−1)n−1

(
a2ρ − εFD2 a1ρ

)
λg1,n

nεFD2 ωρλD1 +
(
a2ρ − εFD2 a1ρ

)
λg1,n

exp

(
−

nεFD2(
a2ρ − εFD2 a1ρ

)
λg1,n

−
εFD2

ρλh1

)
(A.2)

B =
K∏
k=1

(
1− Pr

(
a2ρ

∣∣gn∗,k ∣∣2
a1ρ

∣∣gn∗,k ∣∣2 + ωρ∣∣hrk ∣∣2 + 1
≥ εFD2 , ρ|h2|2 ≥ εFD2

))

=

K∏
k=1

1− Pr

∣∣gn∗,k ∣∣2 ≥ εFD2
(
ωρ
∣∣hrk ∣∣2 + 1

)
a2ρ − εFD2 a1ρ

× Pr

(
|h2|2 ≥

εFD2

ρ

)
=

K∏
k=1

(
1− exp

(
−
εFD2

ρλh2

)∫
∞

0

(
1− F

|gn∗,k |
2

(
εFD2 (ωρx + 1)

a2ρ − εFD2 a1ρ

))
f∣∣hrk ∣∣2 (x) dx

)

=

K∏
k=1

(
1− exp

(
−
εFD2

ρλh2

)∫
∞

0

N∑
n=1

(
N
n

)
(−1)n−1 exp

(
−

nεFD2 (ωρx + 1)(
a2ρ − εFD2 a1ρ

)
λgn,k

)
1
λhrk

exp
(
−

x
λhrk

)
dx

)

=

K∏
k=1

(
1−

N∑
n=1

(
N
n

)
(−1)n−1

1
λhrk

exp

(
−

nεFD2(
a2ρ−εFD2 a1ρ

)
λgn,k
−
εFD2

ρλh2

)∫
∞

0
exp

(
−

(
nεFD2 ωρ(

a2ρ−εFD2 a1ρ
)
λgn,k
+

1
λhrk

)
x

)
dx

)

=

K∏
k=1

[
1−

N∑
n=1

(
N
n

)
(−1)n−1

(
a2 − εFD2 a1

)
ρλgn,k

nεFD2 ωρλhrk +
(
a2 − εFD2 a1

)
ρλgn,k

exp

(
−

nεFD2(
a2 − εFD2 a1

)
ρλgn,k

−
εFD2

ρλh2

)]
(A.3)
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where the first term of the probability expression in (B.2) is
calculated as (B.3) and the second term can be expressed as
(B.4).

It is noted that the (B.3) and (B.4) can be obtained by the
condition of a2 > εFD2 a1 and |hD1|2 < 1

ηβ
, respectively.

By substituting (B.3) and (B.4) into (B.2) and combine
with (A.3), the proof is completed.

APPENDIX C
PROOF OF THE THEOREM 5
Substituting the expresstion (21) in to (40), the outage prob-
ability at D1 in the case of QMFR Non-EH is calculated as
(C.1).

Besides, implementing the same calculations for the case
of QMFR EH, the outage probability at D1 in the case of
QMFR EH is obtained as (C.2). With some simple calcu-
lations for the expressions (C.1), (C.2) and combine with
condition of a1 > εFD1 a2, the proof is complete.

APPENDIX D
PROOF OF THE THEOREM 6
The expression (44) can be rewritten as (D.1). Furthermore,
the expressions E and F in (D.1) can be expressed as (D.2)
and (D.3), respectively.

OPFD−EH2−NOMA = Pr
(
min

(
γ NOMA−EHSD1←2 , γ NOMA−EHD12,x2

)
< εFD2

)
× Pr

(
max

k=1,··· ,K
min

(
γ NOMASRK ,x2, γ

NOMA
RKD2,x2

)
< εFD2

)
=

[
1− Pr

(
min

(
γ NOMA−EHSD1←2 , γ NOMA−EHD12,x2

)
≥ εFD2

)]
︸ ︷︷ ︸

M

×

K∏
k=1

(
1− Pr

(
min

(
γ NOMASRK ,x2, γ

NOMA
RKD2,x2

)
≥ εFD2

))
︸ ︷︷ ︸

B

(B.1)

M1 = Pr

(∣∣g1,n∗∣∣2 ≥ εFD2 ωρ|hD1|2 + εFD2
ρ (1− β)

(
a2 − a1εFD2

))

=

∫
∞

0

(
1− F

|g1,n∗|
2

(
εFD2 ωρx + εFD2

ρ (1− β)
(
a2 − a1εFD2

))) f
|hD1|2

(x) dx

=

∫
∞

0

N∑
n=1

(
K
n

)
(−1)n−1 exp

(
−

n
(
εFD2 ωρx + εFD2

)
(1− β)

(
a2 − a1εFD2

)
ρλ1,n

)
1
λD1

exp
(
−

x
λD1

)
dx

=

N∑
n=1

(
K
n

)
(−1)n−1

1
λD1

exp

(
−

nεFD2
(1−β)

(
a2−a1εFD2

)
ρλ1,n

)∫
∞

0
exp

(
−

(
nεFD2 ωρ

(1− β)
(
a2 − a1εFD2

)
ρλ1,n

+
1
λD1

)
x

)
dx

=

N∑
n=1

(
K
n

)
(−1)n−1

(1− β)
(
a2 − a1εFD2

)
ρλ1,n

nεFD2 ωρλD1 + (1− β)
(
a2 − a1εFD2

)
ρλ1,n

exp

(
−

nεFD2
(1− β)

(
a2 − a1εFD2

)
ρλ1,n

)
(B.3)

M2= Pr

(∣∣g1,n∗ ∣∣2 ≥ εFD2 (
1− ηβ|hD1|2

)
ηβρ|h1|2

)

=

∫
∞

0

∫ 1
η

0

N∑
n=1

(
N
n

)
(−1)n−1 exp

(
−
nεFD2 (1− ηβx)
ηβρyλg1,n

)
1
λD1

exp
(
−

x
λD1

)
1
λh1

exp
(
−

y
λh1

)
dxdy

=

N∑
n=1

(
N
n

)
(−1)n−1

1
λD1

1
λh1

∫
∞

0

∫ 1
η

0
exp

(
nεFD2 x

ρyλg1,n
−

x
λD1

)
exp

(
−

nεFD2
ηβρyλg1,n

−
y
λh1

)
dxdy

=

N∑
n=1

(
N
n

)
(−1)n−1

1
λh1

∫
∞

0

ρyλg1,n
nεFD2 λD1 + ρyλg1,n

[
exp

((
nεFD2
ρyλg1,n

−
1
λD1

)
1
η

)
− 1

]
exp

(
−

nεFD2
ηβρyλg1,n

−
y
λh1

)
dy

=

N∑
n=1

(
N
n

)
(−1)n−1

1
λh1

∫
∞

0

ρyλg1,n
nεFD2 λD1+ρyλg1,n

[
exp

(
−

(
1
β
−1
)

nεFD2
ηρyλg1,n

−
y
λh1
−

1
ηλD1

)
−exp

(
−

nεFD2
ηβρyλg1,n

−
y
λh1

)]
dy

(B.4)
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According to (D.2), the expressions E1 and E2 can be
calculated as follows, respectively.

E1 = Pr

[∣∣g1,n∗ ∣∣2 ≥ (ωρ|hD1|2 + 1
)

×max

(
εFD1

a1ρ − εFD1 a2ρ
,
εFD2

a2ρ

)]
= Pr

[∣∣g1,n∗ ∣∣2 ≥ (ωρ|hD1|2 + 1
)
θ
]

OPFD−QMF1−NOMA = 1− Pr

(∣∣g1,n∗ ∣∣2 ≥ εFD1 ωρ|hD1|2 + εFD1
a1ρ − εFD1 a2ρ

)

= 1−
∫
∞

0

N∑
n=1

(
N
n

)
(−1)n−1 exp

(
−

n
(
εFD1 ωρx + εFD1

)(
a1 − εFD1 a2

)
ρλg1,n

)
1
λhD1

exp
(
−

x
λhD1

)
dx

= 1−
N∑
n=1

(
N
n

)
(−1)n−1

1
λhD1

exp

(
−

nεFD1(
a1−εFD1 a2

)
ρλg1,n

)∫
∞

0
exp

(
−

(
nεFD1 ωρ(

a1−εFD1 a2
)
ρλg1,n

+
1
λhD1

)
x

)
dx

(C.1)

OPFD−QMF−EH1−NOMA = 1− Pr

(∣∣g1,n∗ ∣∣2 ≥ εFD1 ωρ|hD1|2 + εFD1
(1− β)

(
a1ρ − εFD1 a2ρ

))

= 1−
∫
∞

0

N∑
n=1

(
N
n

)
(−1)n−1 exp

(
−

n
(
εFD1 ωρx + εFD1

)
(1− β)

(
a1 − εFD1 a2

)
ρλg1,n

)
1
λhD1

exp
(
−

x
λhD1

)
dx

= 1−
N∑
n=1

(
N
n

)
(−1)n−1

1
λhD1

exp

(
−

nεFD1
(1− β)

(
a1 − εFD1 a2

)
ρλg1,n

)

×

∫
∞

0
exp

(
−

(
nεFD1 ωρ

(1− β)
(
a1 − εFD1 a2

)
ρλg1,n

+
1
λhD1

)
x

)
dx (C.2)

OPFD−QMF2−NOMA =

[
1− Pr

(
γ
QMF
SD1 ≥ ε

FD
1 , γ

QMF
SD1,x2 ≥ ε

FD
2 , γ NOMAD12,x2 ≥ ε

FD
2

)]
︸ ︷︷ ︸

E

×

K∏
k=1

(
1− Pr

(
γ
QMF
SRK ,x1 ≥ ε

FD
1 , γ

QMF
SRK ,x2 ≥ ε

FD
2 , γ NOMARKD2,x2 ≥ ε

FD
2

))
︸ ︷︷ ︸

F

. (D.1)

E = 1− Pr
(
γ
QMF
SD1 ≥ ε

FD
1 , γ

QMF
SD1,x2 ≥ ε

FD
2

)
︸ ︷︷ ︸

E1

×Pr
(
γ NOMAD12,x2 ≥ ε

FD
2

)
︸ ︷︷ ︸

E2

. (D.2)

F =
K∏
k=1

1− Pr
(
γ
QMF
SRK ,x1 ≥ ε

FD
1 , γ

QMF
SRK ,x2 ≥ ε

FD
2 , γ NOMARKD2,x2 ≥ ε

FD
2

)
︸ ︷︷ ︸

F1

 (D.3)

OPFD−QMF−EH2−NOMA =

[
1− Pr

(
γ
QMF−EH
SD1 ≥ εFD1 , γ

QMF−EH
SD1,x2 ≥ εFD2 , γ NOMA−EHD12,x2 ≥ εFD2

)]
︸ ︷︷ ︸

W

×

K∏
k=1

(
1− Pr

(
γ
QMF
SRK ,x1 ≥ ε

FD
1 , γ

QMF
SRK ,x2 ≥ ε

FD
2 , γ NOMARKD2,x2 ≥ ε

FD
2

))
︸ ︷︷ ︸

F

(E.1)
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=

N∑
n=1

(
N
n

)
(−1)n−1

1
λhD1

×

∞∫
0

exp
(
−

nθ
λg1,n

(ωρx + 1)−
x
λhD1

)
dx

=

N∑
n=1

(
N
n

)
(−1)n−1

λg1,n

nθωρλhD1 + λg1,n

× exp
(
−

nθ
λg1,n

)
, (D.4)

and

E2 = Pr
(
γ NOMAD12,x2 > εFD2

)
= Pr

(
|h1|2 >

εFD2

ρ

)

= exp

(
−
εFD2

ρλh1

)
, (D.5)

where θ = max
(

εFD1
a1ρ−εFD1 a2ρ

,
εFD2
a2ρ

)
and with the condition of

a1 > εFD1 a2.
Based on (D.3), the expression F1 can be expressed as

F1 = Pr
(
γ
QMF
SRK ,x1 ≥ ε

FD
1 , γ

QMF
SRK ,x2 ≥ ε

FD
2

)
︸ ︷︷ ︸

F2

×Pr
(
γ NOMARKD2,x2 ≥ ε

FD
2

)
︸ ︷︷ ︸

F3

. (D.6)

In addition, the expressions F2 and F3 can be calculated as,
respectively.

F2 = Pr
(∣∣gn∗,k ∣∣2 ≥ (ωρ∣∣hrk ∣∣2 + 1

)
θ
)

=

N∑
n=1

(
N
n

)
(−1)n−1

1
λhrk

×

∫
∞

0
exp

(
−

nθ
λgn,k

(ωρx + 1)−
x
λhrk

)
dx

=

N∑
n=1

(
N
n

)
(−1)n−1

λgn,k

nθωρλhrk + λgn,k

× exp
(
−

nθ
λgn,k

)
, (D.7)

in which the condition of a1 > εFD1 a2 still is maintained.

F3 = Pr
(
γ NOMARKD2,x2 > εFD2

)
= Pr

(
|h2|2 >

εFD2

ρ

)

= exp

(
−
εFD2

ρλh2

)
. (D.8)

Substituting (D.1) and (D.5) into (D.2) and substituting
(D.7) and (D.8) into (D.6), then combine with (D.3), the proof
is completed.

APPENDIX E
PROOF OF THE THEOREM 7
The expression (46) can be rewritten as (E.1). Besides,
the expressionsW in (E.1) can be expressed as (E.2).

W = 1− Pr
(
γ
QMF−EH
SD1 ≥ εFD1 , γ

QMF−EH
SD1,x2 ≥ εFD2

)
︸ ︷︷ ︸

W1

×Pr
(
γ NOMA−EHD12,x2 ≥ εFD2

)
︸ ︷︷ ︸

M2

, (E.2)

where,

W1 = Pr
[∣∣g1,n∗ ∣∣2 ≥ (ωρ|hD1|2 + 1

)
ζ
]

=

N∑
n=1

(
N
n

)
(−1)n−1

1
λhD1

exp
(
−

nζ
λg1,n

)
×

∫
∞

0
exp

(
−

(
nζωρ
λg1,n

+
1
λhD1

)
x
)
dx

=

N∑
n=1

(
N
n

)
(−1)n−1

×
λg1,n

nζωρλhD1 + λg1,n
exp

(
−

nζ
λg1,n

)
. (E.3)

Substituting (E.3) and (B.4) into (E.2), then combine with
(D.3), the proof is completed.
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