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Abstract: We propose and investigate a bidirectional device-to-device (D2D) transmission scheme that
exploits cooperative downlink non-orthogonal multiple access (NOMA) (termed as BCD-NOMA).
In BCD-NOMA, two source nodes communicate with their corresponding destination nodes via
a relaying node while exchanging bidirectional D2D messages simultaneously. BCD-NOMA is
designed for improved outage probability (OP) performance, high ergodic capacity (EC) and high
energy efficiency by allowing two sources to share the same relaying node for data transmission
to their corresponding destination nodes while also facilitating bidirectional D2D communications
exploiting downlink NOMA. Simulation and analytical expressions of the OP, EC and ergodic sum
capacity (ESC) under both perfect and imperfect successive interference cancellation (SIC) are used to
demonstrate the effectiveness of BCD-NOMA compared to conventional schemes.

Keywords: internet of things; bidirectional; device-to-device (D2D); non-orthogonal multiple access
(NOMA); relaying; outage probability; ergodic capacity

1. Introduction

The use of wireless communication and data transfer is expanding rapidly worldwide.
With the advent of new technologies such as holographic communications, Metaverse,
and Internet of Things (IoT) applications in smart cities has triggered unprecedented expo-
nential growth in data traffic. It has been predicted that global wireless traffic will surpass
an incredible 5016 exabytes by 2030 [1]. Addressing these needs necessitates innovative
solutions to meet the ever-increasing demand for wireless data. To satisfy these applica-
tions’ capacity and connectivity requirements, non-orthogonal multiple access (NOMA) is
regarded as a potential key candidate for the upcoming sixth generation (6G) networks due
to its high spectral efficiency [2–4]. NOMA can support a large number of users and provide
a high data rate transmission by allowing multiple users to share the same frequency band
and time slot. Additionally, NOMA can enhance the reliability of communication and
reduce the latency in network communication [5]. In contrast to orthogonal multiple access
(OMA) approaches such as orthogonal frequency-division multiple access (OFDMA) and
time-division multiple access (TDMA), NOMA does not rely on orthogonal resources to
separate the users [6,7]. Instead, it transmits different signals to different users simulta-
neously via superposition coding [8,9]. In particular, different users can share the same
orthogonal resources in NOMA by assigning them to different power levels and using
successive interference cancellation (SIC) at the receiver side [10–12]. NOMA can be used
to support heterogeneous services by allowing users with different channel conditions to
share the same resources, which can support a variety of services with different quality-
of-service (QoS) requirements [13]. Furthermore, cooperative NOMA (CNOMA) with a
decode-and-forward (DF) relaying scheme has been introduced in the literature to further
enhance the performance of NOMA systems [14,15]. Cooperative NOMA leverages the
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proximity of near users to a base station (BS) to enhance the communication quality of cell
edge users that are located further away. In this setup, the users closest to the BS act as
relays for those situated further away. By doing so, cooperative NOMA can improve the
overall reliability and capacity of the network [16]. The combination of cooperative relaying
and NOMA is particularly effective because of the SIC technique. SIC allows for the near
users to decode and remove the signals intended for the far users, as the information for
the far users is already known to them. By leveraging this knowledge, cooperative NOMA
can reduce interference and increase the data rate for all users.

On the other hand, device-to-device (D2D) communication can further improve the
spectral efficiency (SE) and has already been used in NOMA settings [17–19]. Instead of
utilizing a central BS, D2D communication enables devices to connect with one another
directly. In areas where the BS’s signal is poor, D2D communication can improve cover-
age [20,21]. Moreover, D2D communication allows for devices to communicate with each
other directly, which can reduce latency and power consumption compared to traditional
cellular communication [22,23].

In [24], a D2D-aided transmission strategy utilizing uplink NOMA is proposed where
two similar gain near users and a far user are served in a cooperative scenario where nearby
users are able to communicate directly with the BS. In contrast, cell edge users far from
the BS need the help of one of the nearby users to facilitate communication. A cooperative
NOMA relaying strategy (NOMA-RS), where two sources communicate with their corre-
sponding destinations in parallel over the same frequency band via a common relay, is
proposed in [25]. In order to maximize the uplink energy efficiency and throughput, a joint
sub-channel and power allocation algorithm based on Kuhn-Munkres (KM) technique for
D2D communication in NOMA is considered in [26]. A strategy for the power allocation
optimization by using the sub-gradient method in NOMA-enabled D2D communication is
proposed in [27]. The authors formulated the optimization problem to maximize the sum
data rate while adhering to the QoS requirements for cellular users and transmit power
restrictions for D2D communication. To address the issue of maximizing network through-
put in D2D Communications With NOMA, the authors in [28] have utilized a swarm
intelligence approach called the Whale Optimization Algorithm (WOA). This approach
investigates a joint resource allocation optimization problem involving user clustering,
power control, and D2D mode selection. Similarly, to increase the total achievable rate,
and cellular coverage, a power allocation strategy for NOMA-based D2D systems is intro-
duced in [29]. Moreover, incorporating bidirectional communication in NOMA can further
boost spectral efficiency [30]. A bidirectional D2D communication in cooperative uplink
NOMA is explored in [31], where two far users can exchange D2D messages while sending
their messages to the BS via a cooperative relaying node. A hybrid cellular and bidirectional
D2D cooperative NOMA system, where two users require downlink signals from the BS
for energy harvesting and data transmission while simultaneously exchanging informa-
tion with each other, is investigated in [32]. While these research works have explored
D2D-enabled NOMA communication, the effective integration of cooperative downlink
NOMA and bidirectional D2D communication that can further boost the system’s capacity
and energy efficiency remains relatively unexplored. Cooperative downlink NOMA and
bidirectional D2D communications can enable a new range of applications and services,
such as peer-to-peer content sharing, multiplayer gaming, etc.

On the basis of the existing research on NOMA-enabled D2D communications, there
is a significant interest in developing schemes that can further boost the system’s capacity
and energy efficiency. Motivated by the works in [24,25,31], we propose and investigate a
bidirectional D2D transmission scheme that exploits cooperative downlink NOMA scheme
(termed as BCD-NOMA). Unlike previous works, BCD-NOMA is designed for improved
outage probability (OP) performance, high ergodic capacity (EC), and high energy efficiency
by allowing two source nodes to share the same relaying node for data transmission to their
corresponding destination nodes while also facilitating bidirectional D2D communications
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between them by exploiting downlink NOMA. The main contributions of this work are
outlined as follows:

1. We investigate and propose a BCD-NOMA transmission strategy that uses cooperative
downlink NOMA, allowing users to transmit data to the shared relay and D2D device
in tandem and transfer their decoded signal at the relay in parallel as well to their
respective destination nodes.

2. We derive the analytical expressions for the OP, EC, and ergodic sum capacity (ESC)
under both perfect SIC (pSIC) and imperfect SIC (ipSIC) scenarios and verify them
with the simulation results.

3. We verify the effectiveness of the BCD-NOMA scheme in terms of OP, ESC and average
energy efficiency through simulations and mathematical analysis over schemes such as
orthogonal multiple access (OMA), cooperative NOMA with OMA (CNOMA-OMA)
and other conventional schemes.

The paper is structured as follows: Section 2 presents the proposed BCD-NOMA
system and its corresponding channel model. In Section 3, the OP performance of the BCD-
NOMA system is examined, including its analytical expressions. Section 4 focuses on the
evaluation of the ergodic capacity and ergodic sum capacity of the proposed BCD-NOMA
system, along with their corresponding analytical derivations. To support the performance
evaluations, numerical results and discussions are presented in Section 5. These results
demonstrate the effectiveness of the proposed BCD-NOMA system in enhancing ESC,
average energy efficiency and improved OP performance. Finally, the conclusions drawn
from the study are presented in Section 6, summarizing the main contributions of the
research and highlighting potential areas for future work.

2. System Model

We consider a cooperative downlink NOMA scenario as shown in Figure 1, where
two source-destination pairs, S1 − D1 and S2 − D2, communicate through a shared relay
node R. R is considered a single antenna half-duplex relay employing a DF strategy. Due
to deep fading or blocking, there is no direct connection between the S1 − D1 and S2 − D2
links [18]. Thus, their data exchange relies on the relay node R. Further, to facilitate D2D
bidirectional communications, the source nodes S1 and S2 communicate with each other
by exchanging D2D messages. We have also assumed that channel state information (CSI)
is perfectly known to the receivers and is in line with previous works such as [33,34].
The nodes are assumed to be equipped with a single antenna and operate in the half-duplex
mode. The channel between any two nodes is subjected to the independent Rayleigh block
fading plus additive white Gaussian noise. Furthermore, h1r∼CN(0, λ1r) is the complex
channel coefficient between S1 and R node with zero mean and variance λ1r. Similarly,
h2r∼CN(0, λ2r), hr1∼CN(0, λr1), and hr2∼CN(0, λr2) are the complex channel coefficient
for the links S2 − R, R− D1, and R− D2, respectively. In addition, h12∼CN(0, λh12) is the
complex channel coefficient between S1 and S2 nodes with zero mean and variance λh12 .
The channel between S1 and S2 node is considered reciprocal. Therefore, h12 ≈ h21. Further-
more, without the loss of generality, we consider that λ12 > λ1r > λ2r and λr2 > λr1. So, it
is expected that |h12|2 > |h1r|2 > |h2r|2, and |hr2|2 > |hr1|2. Though λ12 > λ1r > λ2r and
λr2 > λr1 may not guarantee |h12|2 > |h1r|2 > |h2r|2, and |hr2|2 > |hr1|2, it is a simple but
effective strategy to employ this assumption under statistical channel state information [35].
This is also in line with previous works such as [24,36]. As shown in Figure 1, the data
transmission of the BCD-NOMA scheme is divided into three communication phases which
are described below.
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Figure 1. System model.

2.1. Phase-1 (t1)

In this phase, S1 transmits a composite NOMA signal xt1 =
√

a1PS1 xS1 +
√

a2PS1 xS1−S2 ,
where xS1 is the downlink message, xS1−S2 is the D2D message, PS1 is the transmit power
of S1 node, and a1, a2 are the NOMA power allocation coefficients with a1 > a2 and
a1 + a2 = 1. Following downlink NOMA, the received signal-to-interference-plus-noise
ratio (SINR) at S2 node is given as:

γ
xS1
S2→S1−R =

ρa1|h12|2
ρa2|h12|2 + 1

, (1)

γS1−S2
S2→S1−S2

=
ρa2|h12|2

ρa1| ˆh12|2 + 1
, (2)

where ρ =
PS1
σ2 , σ2 denotes noise variance, and ˆh12 ∼ CN(0, ξλ12), and the parameter

ξ(0 ≤ ξ ≤ 1) denotes the level of residual interference because of SIC imperfection.
In particular, ξ = 1 and ξ = 0 represent imperfect and perfect SIC cases, respectively.

The received SINR at R is given as:

γ
xS1
R→S1

=
ρa1|h1r|2

ρa2|h1r|2 + 1
, (3)

2.2. Phase-2 (t2)

In this phase, S2 transmits a composite NOMA signal xt2 =
√

a3PS2 xS2 +
√

a4PS2 xS2−S1 ,
where xS2 is the downlink message, xS2−S1 is the D2D message, PS2 is the transmit power of
S2 node, respectively, and a3, a4 are the NOMA power allocation coefficients with a3 > a4
and a3 + a4 = 1. Following downlink NOMA, the received SINR at S1 node can be given as:

γ
xS2
S1→S2−R =

ρa3|h12|2
ρa4|h12|2 + 1

, (4)

γS2−S1
S1→S2−S1

=
ρa4|h12|2

ρa3| ˆh12|2 + 1
, (5)

where ρ =
PS2
σ2 .
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The received SINR at R in this phase is given as:

γ
xS2
R→S2

=
ρa3|h2r|2

ρa4|h2r|2 + 1
, (6)

2.3. Phase-3 (t3)

In this phase, R transmits a composite NOMA signal xt3 =
√

b1Pr ˆxS1 +
√

b2Pr ˆxS2 ,
where ˆxS1 is the decoded downlink message of S1 for the destination D1, ˆxS2 is the decoded
downlink message of S2 for the destination D2, Pr is the transmit power of the relay node
R, and b1, b2 are the NOMA power allocation coefficients with b1 > b2 and b1 + b2 = 1.
Again, following downlink NOMA, the received SINR at D2 node can be given as:

γ
xS1
D2→S1

=
ρrb1|hr2|2

ρrb2|hr2|2 + 1
, (7)

γ
xS2
D2→S2

=
ρrb2|hr2|2

ρrb1| ˆhr2|2 + 1
, (8)

where ρr =
Pr
σ2 , and ˆhr2 ∼ CN(0, ξλr2).

The received SINR at the D1 node is given as:

γ
xS1
D1→S1

=
ρrb1|hr1|2

ρrb2|hr1|2 + 1
, (9)

3. Outage Probability Analysis

The outage probability is defined as the probability that the end-to-end signal-to-noise
ratio (SNR) at the destination falls below a given SNR threshold. This section presents the
outage probability analysis for our BCD-NOMA system.

3.1. Outage Probability of S1 Node Associated with the xS1 Symbol

The S1 node associated with the xS1 symbol will be in an outage if any of the following
conditions hold true:

1. S2 cannot decode the symbol xS1 in phase-1.
2. R cannot decode the symbol xS1 in phase-1.
3. D2 cannot decode the downlink message of S1 transmitted from R in phase-3.
4. D1 cannot decode the downlink message of S1 transmitted from R in phase-3.

The above conditions for the outage probability of S1 node associated with the xS1
symbol can be expressed as:

Pout
S1

= 1−
(

Pr
(
γ

xS1
S2→S1−R ≥ γT

S1

)
∩ Pr

(
γ

xS1
R→S1

≥ γT
S1

)
∩ Pr

(
γ

xS1
D2→S1

≥ γT
S1

)
∩

Pr
(
γ

xS1
D1→S1

≥ γT
S1

)) (10)

where γT
i ,= 23Ri − 1 is the lower SINR threshold value, i.e., the outage probability, i ∈

{S1, S2, S1 − S2, S2 − S1} with Ri denoting the target data rate of the users.
Let, |h12|2 = Z1, |h1r|2 = X1, |hr2|2 = Y2 and |hr1|2 = Y1.
Substituting these in Equation (10), we obtain
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Pout
S1

= 1−
(

Pr
(

Z1 ≥
γT

S1

ρ(a1 − γT
S1

a2)

)
Pr
(

X1 ≥
γT

S1

ρ(a1 − γT
S1

a2)

)
Pr
(

Y2 ≥
γT

S1

ρr(b1 − γT
S1

b2)

)

Pr
(

Y1 ≥
γT

S1

ρr(b1 − γT
S1

b2)

))

Pout
S1

= 1− e
−

λ12γT
S1

ρ(a1−γT
S1

a2) e
−

λ1rγT
S1

ρ(a1−γT
S1

a2) e
−

λr2γT
S1

ρr(b1−γT
S1

b2) e
−

λr1γT
S1

ρr(b1−γT
S1

b2)

After rearranging the terms, the closed-form analytical expression for the outage
probability of S1 node associated with the xS1 symbol can be expressed as:

Pout−Ana
S1

= 1− e
−

(λ12+λ1r)γ
T
S1

ρ(a1−γT
S1

a2) e
−

(λr2+λr1)γ
T
S1

ρ(b1−γT
S1

b2) (11)

As it can be seen in Equation (11), it does not contain any ξ term. Therefore, the outage
probability of S1 node associated with symbol x1 is not affected by ipSIC.

3.2. Outage Probability of S2 Node Associated with the xS2 Symbol

The S2 node associated with the xS2 symbol will be in an outage if any of the following
conditions hold true:

1. S1 cannot decode the symbol xS2 in phase-2.
2. R cannot decode the symbol xS2 in phase-2.
3. D2 cannot decode the downlink message of S2 transmitted from R in phase-3.

The above conditions for the outage probability of S2 node associated with the xS2

symbol can be expressed as:

Pout
S2

= 1−
(

Pr
(
γ

xS2
S1→S2−R ≥ γT

S2

)
∩ Pr

(
γ

xS2
R→S2

≥ γT
S2

)
∩ Pr

(
γ

xS2
D2→S2

≥ γT
S2

))
(12)

Let, |h12|2 = Z1, |h2r|2 = X2, and |hr2|2 = Y2.
Substituting these in Equation (12), we obtain

Pout
S2

= 1− Pr
(
Z1 ≥

γT
S2

ρ(a3−γT
S2

a4)

)
Pr
(
X2 ≥

γT
S2

ρ(a3−γT
S2

a4)

)
Pr
(
Y2 ≥

γT
S2

ρr(b2−γT
S2

ξb1)

)
Pout

S2
= 1− e

−
λ12γT

S2
ρ(a3−γT

S2
a4) e
−

λ2rγT
S2

ρ(a3−γT
S2

a4) e
−

λr2γT
S2

ρr(b2−γT
S2

ξb1)

After rearranging the terms, the closed-form analytical expression for the outage
probability of S2 node associated with the xS2 symbol can be expressed as:

Pout−Ana
S2

= 1− e
−

(λ12+λ2r)γ
T
S2

ρ(a3−γT
S2

a4) e
−

λr2γT
S2

ρr(b2−γT
S2

ξb1) (13)

3.3. Outage Probability of S1 D2D Message Associated with the xS1−S2 Symbol

The S1 D2D message associated with the xS1−S2 symbol will be in an outage if the S2
node cannot decode it during phase-1. Therefore, the outage probability of S1 D2D message
associated with the xS1−S2 symbol can be expressed as:

Pout
D2D,S1−S2 = 1− Pr

(
γS1−S2

S2→S1−S2
≥ γT

S1−S2

)
(14)



Sensors 2023, 23, 3958 7 of 18

Let, |h12|2 = Z1. Substituting this in Equation (14), we obtain

Pout
D2D,S1−S2 = 1− Pr

(
ρa2Z1

ρa1ξZ1+1 ≥ γT
S1−S2

)
Pout

D2D,S1−S2 = 1− Pr
(

Z1 ≥
γT

S1−S2
ρ(a2−γT

S1−S2
ξa1)

)
Therefore, the closed-form analytical expression for the outage probability of of S1

D2D message associated with the xS1−S2 symbol can be expressed as:

Pout−Ana
D2D,S1−S2 = 1− e

−
λ12γT

S1−S2
ρ(a2−γT

S1−S2
ξa1) (15)

3.4. Outage Probability of S2 D2D Message Associated with the xS2−S1 Symbol

The S2 D2D message associated with the xS2−S1 symbol will be in an outage if the S1
node cannot decode it during phase-2. Therefore, the outage probability of S2 D2D message
associated with the xS2−S1 symbol can be expressed as:

Pout
D2D,S2−S1 = 1− Pr

(
γS2−S1

S1→S2−S1
≥ γT

S2−S1

)
(16)

Let, |h12|2 = Z1. Substituting this in Equation (16), we obtain

Pout
D2D,S2−S1 = 1− Pr

(
ρa4Z1

ρa3ξZ1+1 ≥ γT
S2−S1

)
Pout

D2D,S2−S1 = 1− Pr
(

Z1 ≥
γT

S2−S1
ρ(a4−γT

S2−S1
ξa3)

)
Therefore, the closed-form analytical expression for the outage probability of S2 D2D

message associated with the xS2−S1 symbol can be expressed as:

Pout−Ana
D2D,S2−S1 = 1− e

−
λ12γT

S2−S1
ρ(a4−γT

S2−S1
ξa3) (17)

4. Ergodic Capacity Analysis

In this section, we will analyze the achievable data rate of each of the nodes and the
achievable sum rate of the proposed BCD-NOMA system.

4.1. Achievable Rate of S1 Node Associated with the xS1 Symbol

According to our system model, the achievable capacity for the S1 node associated
with the xS1 symbol is given by:

Cx1 = E

[
1
3

log2
(
1 + min

(
γ

xS1
S2→S1−R, γ

xS1
R→S1

, γ
xS1
D2→S1

, γ
xS1
D1→S1

))]
(18)

where E [·] denotes the statistical expectation operator, and the factor 1
3 represents that

three transmission phases are involved in the BCD-NOMA system.

Theorem 1. The closed-form analytical expression for the achievable capacity for the S1 node
associated with the xS1 symbol can be expressed as:
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CAna
x1

=
1

3 ln 2

(
e

K+D
a1+a2 E1

(
K + D
a1 + a2

)
− e

K+D
a2 E1

(
K + D

a2

))
(19)

where K = (λ12+λ1r)
ρ , and D = (λr1+λr2)

ρr
and E1(·) is exponential integral of order 1.

Proof. Let γ = min
(
γ

xS1
S2→S1−R, γ

xS1
R→S1

, γ
xS1
D2→S1

, γ
xS1
D1→S1

)
.

The cumulative distributive function (CDF) of γ can be given as:

Fγ(γ) = 1− e
−(λ12+λ1r)γ

ρ(a1−γa2) e
−(λr2+λr1)γ
ρr(b1−γb2)

By using
∫ ∞

x=0 log2(1 + x) fX(x)dx = 1
ln 2

∫ ∞
x=0

1−FX(x)
1+x dx, the analytical expression for

EC of S1 node, i.e., CAna
x1

can be computed as:

CAna
x1

= 1
3 ln 2

∫ ∞
γ=0

1
1+γ e

−(λ12+λ1r)γ
ρ(a1−γa2) e

−(λr2+λr1)γ
ρr(b1−γb2) dγ

Now, for mathematical tractability, we assume that a1 = b1 and a2 = b2. Other than
this, for different cases, the proof remains the same as of Theorem 2 and can be derived by
following the similar steps as in the proof of Theorem 2.

Therefore, the above expression becomes:

CAna
x1

= 1
3 ln 2

∫ a1
a2

γ=0
e
−(K+D)

γ
(a1−γa2)

1+γ dγ

where K = (λ12+λ1r)
ρ , and D = (λr1+λr2)

ρr
.

Now, by changing variable x = γ
a1−γa2

and applying partial fraction decomposition,
we obtain

CAna
x1

= 1
3 ln 2

( ∫ ∞
x=0

(a1+a2)
(1+(a1+a2)x e−(K+D)xdx−

∫ ∞
x=0

a2
(1+a2x) e−(K+D)xdx

)
The above integrals can be easily expressed in terms of the exponential integral func-

tion E1(x) by:

CAna
x1

= 1
3 ln 2

(
e

K+D
a1+a2 E1

(
K+D
a1+a2

)
− e

K+D
a2 E1

(
K+D

a2

))
This completes the proof of Theorem 1.

As it can be seen in Equation (19), it does not contain any ξ term. Therefore, the EC of
S1 node associated with symbol x1 is not affected by ipSIC.

4.2. Achievable Rate of S2 Node Associated with the xS2 Symbol

Similarly, the achievable capacity for the S2 node associated with the xS2 symbol is
given by:

Cx2 = E

[
1
3

log2
(
1 + min

(
γ

xS2
S1→S2−R, γ

xS2
R→S2

, γ
xS2
D2→S2

))]
(20)

Theorem 2. The closed-form analytical expression for the achievable capacity for the S2 node
associated with the xS2 symbol can be expressed as:
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CAna
x2

=



when a3
a4

< b2
ξb1

,

e
Lb2−Ma3

a4b2−a3ξb1
3 ln 2

(
J
(

b2(a3+a4)
a3(b2+ξb1)

, Ma3
a4b2−a3ξb1

, Lb2
a4b2−a3ξb1

)
− J
(

b2a4
ξb1a3

, Ma3
a4b2−a3ξb1

, Lb2
a4b2−a3ξb1

))
,

when a3
a4

> b2
ξb1

,

e
Lb2−Ma3

a4b2−a3ξb1
3 ln 2

(
J
(

a3(ξb1+b2)
b2(a3+a4)

, Lb2
ξb1a3−b2a4

, Ma3
ξb1a3−b2a4

)
− J
(

a3ξb1
a4b2

, Lb2
ξb1a3−b2a4

, Ma3
ξb1a3−b2a4

))
,

when a3
a4

= b2
ξb1

,

1
3 ln 2

(
e

Lb2+Ma3
(a3+a4)b2 E1

(
Lb2+Ma3
(a3+a4)b2

)
− e

Lb2+Ma3
a4b2 E1

(
Lb2+Ma3

a4b2

))
(21)

where L = (λ12+λ2r)
ρ , M = λr2

ρr
and J(a, b, c) = e−(

c
a−ab)E1

( (a−1)c
a
)
− ∑∞

i=1
1

ai−1 Ei(c)
(
eab −

∑i−1
k=0

(ab)k

k!

)
.

Proof. Let Z = min
(
γ

xS2
S1→S2−R, γ

xS2
R→S2

, γ
xS2
D2→S2

)
.

The CDF of Z can be given as:

FZ(z) = 1− e
−(λ12+λ2r)z

ρ(a3−za4) e
−λr2z

ρr(b2−zξb1)

By using
∫ ∞

x=0 log2(1 + x) fX(x)dx = 1
ln 2

∫ ∞
x=0

1−FX(x)
1+x dx,

The analytical expression for EC of S2 node associated with symbol x2, i.e., CAna
x2

can
be computed as:

CAna
x2

=
1

3 ln 2

∫ ∞

z=0

1
1 + z

e
−(λ12+λ2r)z

ρ(a3−za4) e
−λr2z

ρr(b2−zξb1) dz (22)

In the above equation, z should be less than min
( a3

a4
, b2

ξb1

)
.

Therefore, we now evaluate the above expression in three different cases, as ex-
plained below.

Case 1: When a3
a4

< b2
ξb1

, the above CAna
x2

expression in Equation (22) becomes:

CAna
x2

= 1
3 ln 2

∫ a3
a4

z=0
1

1+z e
−(λ12+λ2r)z

ρ(a3−za4) e
−λr2z

ρr(b2−zξb1) dz

Now, by changing variable x = z
a3−za4

and applying partial fraction decomposition,

we obtain CAna
x2

= 1
3 ln 2

( ∫ ∞
x=0

(a3+a4)
(1+(a3+a4)x) e

−Lx−M a3x
b2+(a4b2−a3ξb1)x dx−

∫ ∞
x=0

a4
(1+a4x) e

−Lx−M a3x
b2+(a4b2−a3ξb1)x dx

)
where L = (λ12+λ2r)

ρ and M = λr2
ρr

.

Now, we make substitution u = 1 + (a4b2−a3ξb1)x
b2

and transforming the integrals to:
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CAna
x2

= e
Lb2−Ma3

a4b2−a3ξb1
3 ln 2

( ∫ ∞
u=1

− b2(a3+a4)
a3(b2+ξb1)

1− b2(a3+a4)
a3(b2+ξb1)

u
e

Ma3
(a4b2−a3ξb1)u

− Lb2u
a4b2−a3ξb1 du−

∫ ∞
u=1

− b2a4
ξb1a3

1− b2a4
ξb1a3

u
e

Ma3
(a4b2−a3ξb1)u

− Lb2u
a4b2−a3ξb1 du

)

We can express the above integral in the form J(a, b, c) = −
∫ ∞

y=1
ae

b
y−cy

1−ay dy.

Hence,

CAna
x2

=
e

Lb2−Ma3
a4b2−a3ξb1

3 ln 2

(
J
( b2(a3 + a4)

a3(b2 + ξb1)
,

Ma3

a4b2 − a3ξb1
,

Lb2

a4b2 − a3ξb1

)
−J
( b2a4

ξb1a3
,

Ma3

a4b2 − a3ξb1
,

Lb2

a4b2 − a3ξb1

)) (23)

Now, after some algebraic manipulation J(a, b, c) can be easily expressed as: J(a, b, c) =

e−(
c
a−ab)E1

( (a−1)c
a
)
−∑∞

i=1
1

ai−1 Ei(c)
(
eab −∑i−1

k=0
(ab)k

k!

)
.

Substituting the expression for J(a, b, c) in Equation (22), gives the analytical expression
for CAna

x2
for Case 1.

Case 2: When a3
a4

> b2
ξb1

, the expression in Equation (22) becomes:

CAna
x2

= 1
3 ln 2

∫ b2
ξb1

z=0
1

1+z e
−(λ12+λ2r)z

ρ(a3−za4) e
−λr2z

ρr(b2−zξb1) dz

Following the similar steps as in Case 1, the analytical expression for CAna
x2

for Case 2
can be given as:

CAna
x2

= e
Lb2−Ma3

a4b2−a3ξb1
3 ln 2

(
J
(

a3(ξb1+b2)
b2(a3+a4)

, Lb2
ξb1a3−b2a4

, Ma3
ξb1a3−b2a4

)
− J
(

a3ξb1
a4b2

, Lb2
ξb1a3−b2a4

, Ma3
ξb1a3−b2a4

))
Case 3: When a3

a4
= b2

ξb1
, the expression in Equation (22) can be easily expressed in terms of

the exponential integral as:

CAna
x2

= 1
3 ln 2

(
e

Lb2+Ma3
(a3+a4)b2 E1

( Lb2+Ma3
(a3+a4)b2

)
− e

Lb2+Ma3
a4b2 E1

( Lb2+Ma3
a4b2

))
This completes the proof of Theorem 2.

Since the analytical expression for CAna
x2

, as shown in Cases 1 and 2, contains an infinite
summation term in J(a, b, c). We now provide the convergence analysis of the infinite
summation term in J(a, b, c).

Since , J(a, b, c) = e−(
c
a−ab)E1

( (a−1)c
a
)
− ∑∞

i=1
1

ai−1 Ei(c)
(
eab − ∑i−1

k=0
(ab)k

k!

)
, we first de-

fine the truncated exponential sum Si(x) = ∑∞
k=i

xk

k! .

Now, J(a, b, c) can be further expressed as:

J(a, b, c) = e−(
c
a−ab)E1

( (a−1)c
a
)
−

∞

∑
i=1

Ei(c)
ai−1 Si(ab)︸ ︷︷ ︸

A1

.

We have to show that the above infinite summation term A1 in J(a, b, c) converges.

Now, A1 = ∑∞
i=1

Ei(c)
ai−1 Si(ab) = eabE1(c) + ∑∞

i=2
Ei(c)
ai−1 Si(ab).

Since we have Si(ab) ≤ eab and Ei(c) ≤ Ei(c = 0) = 1
i−1 .
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This implies that Ei(c)
ai−1 Si(ab) ≤ eab

(i−1)ai−1 ≤ eab

ai−1 for i ≥ 2, and it follows that the series

A1 is convergent since the series ∑∞
i=2

eab

ai−1 is convergent for a > 1.
We now also derive the analytical expression for CAna

x2
at a high SNR region.

At high SNR, it holds that Z ≈ min
( a3

a4
, γ

xS2
D2→S2

)
.

Therefore following [37], CAna,ρ→∞
x2 at high SNR can be approximated as:

CAna,ρ→∞
x2 ≈

∫ a3
a4

γ=0

e
−λr2

γ
ρr(b2−γξb1)

1 + γ
dγ (24)

Now, by changing variable x = γ
b2−γξb1

, applying partial fraction decomposition,
and transforming the integrals in exponential form, we finally obtain:

CAna,ρ→∞
x2 ≈ 1

3 ln 2

(
eP
(

E1(P)− E1(Q)

)
− eR

(
E1(R)− E1(S)

))
(25)

where P = λr2
ρr(b2+ξb1)

, Q = λr2
ρr

(
1

(b2+ξb1)
+ a3

(a4b2−a3ξb1)

)
, R = λr2

ρrξb1
, and S = λr2

ρr

(
1

ξb1
+

a3
(a4b2−a3ξb1)

)
.

4.3. Achievable Rate of S1 D2D Message Associated with the xS1−S2 Symbol

The achievable capacity for the S1 D2D message associated with symbol xS1−S2 is
given as:

C
xS1−S2
D2D = E

[
1
3

log2
(
1 + γS1−S2

S2→S1−S2

)]
(26)

Theorem 3. The closed-form analytical expression for the achievable capacity S1 D2D message
associated with the xS1−S2 symbol can be expressed as:

C
xS1−S2−Ana
D2D =

1
3 ln 2

(
e

λ12
ρ(a2+ξa1) E1

(
λ12

ρ(a2 + ξa1)

)
− e

λ12
ρξa1 E1

(
λ12

ρξa1

))
(27)

Proof. Let γ = γS1−S2
S2→S1−S2

.

The CDF of γ = γS1−S2
S2→S1−S2

can be expressed as:

Fγ(γ) = 1− e
−λ12γ

ρ(a2−γξa1) .

By using
∫ ∞

x=0 log2(1 + x) fX(x)dx = 1
ln 2

∫ ∞
x=0

1−FX(x)
1+x dx, the analytical expression for

EC of S1 D2D message associated with symbol xS1−S2 , i.e., C
xS1−S2−Ana
D2D can be computed as:

C
xS1−S2−Ana
D2D = 1

3 ln 2

∫ ∞
γ=0

1
1+γ e

−λ12γ

ρ(a2−γξa1) dγ

Let, x = γ
(a2−γξa1)

→ γ = a2x
1+ξa1x → dγ = a2

(1+ξa1x)2 dx

C
xS1−S2−Ana
D2D = 1

3 ln 2

∫ ∞
x=0

e
−λ12x

ρ

1+(a2+ξa1)x
a2

(1+ξa1x)dx

Now, applying partial fraction decomposition, we obtain



Sensors 2023, 23, 3958 12 of 18

C
xS1−S2−Ana
D2D = (ξa1+a2)

3 ln 2

∫ ∞

x=0

e
−λ12x

ρ

1 + (a2 + ξa1)x
dx︸ ︷︷ ︸

I1

− (ξa1)
3 ln 2

∫ ∞

x=0

e
−λ12x

ρ

(1 + ξa1x)
dx︸ ︷︷ ︸

I2

After some straightforward algebraic manipulation, I1 can be expressed as:

I1 = e
λ12

ρ(a2+ξa1)

(a2+ξa1)
E1

(
λ12

ρ(a2+ξa1)

)
.

Similarly, I2 can be expressed as: I2 = e
λ12
ρξa1
ξa1

E1

(
λ12

ρξa1

)
.

Substituting the value for I1 and I2, gives the final analytical expression for C
xS1−S2−Ana
D2D

as:

C
xS1−S2−Ana
D2D = 1

3 ln 2

(
e

λ12
ρ(a2+ξa1) E1

(
λ12

ρ(a2+ξa1)

)
− e

λ12
ρξa1 E1

(
λ12

ρξa1

))
This completes the proof of Theorem 3.

4.4. Achievable Rate of S2 D2D Message Associated with the xS2−S1 Symbol

Finally, the achievable capacity for the S2 D2D message associated with symbol xS2−S1
is given as:

C
xS2−S1
D2D = E

[
1
3

log2
(
1 + γS2−S1

S1→S2−S1

)]
(28)

Theorem 4. The closed-form analytical expression for the achievable capacity S2 D2D message
associated with the xS2−S1 symbol can be expressed as:

C
xS2−S1

−Ana
D2D =

1
3 ln 2

(
e

λ12
ρ(a4+ξa3) E1

(
λ12

ρ(a4 + ξa3)

)
− e

λ12
ρξa3 E1

(
λ12

ρξa3

))
(29)

Proof. Following the similar steps as for the analytical derivation of C
xS1−S2−Ana
D2D in Theo-

rem 3, the final analytical expression for C
xS2−S1

−Ana
D2D can be derived as in Equation (29).

4.5. ESC of the BCD-NOMA System

The ESC of the BCD-NOMA system is given by:

CSys = Cx1 + Cx2 + C
xS1−S2
D2D + C

xS2−S1
D2D

= (18) + (20) + (26) + (28)
(30)

Combining Equations (19), (21), (27) and (29) gives the analytical expression for the
ESC of the BCD-NOMA system.

Furthermore, we may find an approximation for high SNR by expanding both ex and
E1(x) to the first order, i.e., by taking ex ≈ 1 + x and E1(x) ≈ −γ− ln(x) + x. For Cx2

approximation, we also used the high SNR approximation as shown in Equation (25).

5. Results and Discussions

For simplicity, we consider the normalized distances of the nodes and the relay node
as in [31], i.e., dS1−R = 0.25, dS2−R = 0.50, dR−D1 = 0.50, dR−D2 = 0.25 and dS1−S2 = 0.20.
Furthermore, path loss exponent vs. is set to 4, ρ = ρr and fixed NOMA power allocation
method is used [25], i.e., a1 = 0.7, a2 = 0.3, a3 = 0.8, a4 = 0.2, b1 = 0.7, and b2 = 0.3.
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We average over 106 randomly generated Rayleigh block fading channels in MATLAB to
run the Monte-Carlo simulation and obtain the simulation results. The list of simulation
parameters are given in Table 1.

Table 1. Simulation Parameters.

Parameter Symbol Values

Distance between S1 and R dS1−R 0.25
Distance between S2 and R dS2−R 0.50
Distance between R and D1 dR−D1 0.50
Distance between R and D2 dR−D2 0.25
Distance between S1 and S2 dS1−S2 0.20
Path Loss Exponent v 4
Power Allocation Factor for NOMA a1 0.7
Power Allocation Factor for NOMA a2 0.3
Power Allocation Factor for NOMA a3 0.8
Power Allocation Factor for NOMA a4 0.2
Power Allocation Factor for NOMA b1 0.7
Power Allocation Factor for NOMA b2 0.3
Residual Interfering Signal ξ 10−4, 10−3, 10−2

S1 Data Rate RS1 0.50 bps/Hz
S2 Data Rate RS2 0.70 bps/Hz
S1 D2D Data Rate RS1−S2 1.65 bps/Hz
S2 D2D Data Rate RS2−S1 1.75 bps/Hz

OMA, hybrid CNOMA-OMA and NOMA relaying scheme (NOMA-RS) of Ref. [25]
are used as benchmarks to show the performance gain of the proposed BCD-NOMA
scheme. Six time slots are required to complete the data transmission in the OMA scheme.
In the hybrid CNOMA-OMA scheme, four time slots are required, i.e., S1 and S2 utilize
uplink NOMA in the first time slot to send their data to the relay node, and the relay node
transmits the data to the destination nodes utilizing downlink NOMA in the second time
slot. Two time slots are required by S1 and S2 for their D2D message transmission, which is
accomplished by using OMA. NOMA-RS scheme of Ref. [25] utilizes two time slots without
D2D data transmission.

In Figures 2 and 3, we examine the OP performance of our proposed BCD-NOMA
system and compare it with the benchmarks. Specifically, in Figure 2, we plot the OP of
each of the symbols, i.e., xS1 , xS2 , xS1−S2 , xS2−S1 and the OP of the BCD-NOMA system
under pSIC and ipSIC. We observe that the xS2 symbol has the worst outage performance,
and xS1−S2 has the best outage performance compared to other symbols in the BCD-NOMA
system. Moreover, ipSIC also tends to increase the outage probability in the BCD-NOMA
system, as indicated in Figure 2. To further gain insight into the OP performance, we
compare the OP performance of the BCD-NOMA with different benchmarks, as shown
in Figure 3. We observe that the OP performance of the BCD-NOMA system under pSIC
is better than the CNOMA-OMA scheme and shows a comparable OP performance to
the CNOMA-OMA scheme under ipSIC, especially at a transmitting SNR higher than
10 dB. In addition, the OP performance of BCD-NOMA under pSIC is better than the
NOMA-RS scheme of Ref. [25], especially at a transmitting SNR greater than 15 dB. The
NOMA-RS scheme shows a better OP than the BCD-NOMA at a transmitting SNR less than
15 dB. The reason is that in the NOMA-RS scheme, no D2D communication is considered.
Therefore, a better outage performance is expected for the NOMA-RS scheme even under
the ipSIC case, as clearly depicted in Figure 2. Moreover, the OMA scheme shows improved
outage performance compared to our BCD-NOMA scheme, which is due to the fact that
in the OMA scheme, the nodes transmit at full power, which further improves its OP
performance compared to our BCD-NOMA scheme. However, this can be compensated
with the increased ESC and energy efficiency performance as indicated in Figures 4 and 5,
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respectively. Additionally, there is a close match between the analytical and simulation
results, demonstrating the integrity of the analytical expressions we deduced.
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Figure 2. Outage probability of BCD-NOMA scheme.
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Figure 3. Outage probability comparison of BCD-NOMA scheme with benchmarks.
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Figure 4. ESC comparison of BCD-NOMA scheme and benchmarks.
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Figure 5. Energy efficiency comparison of BCD-NOMA scheme and benchmarks, where PS1 = PS2 =

Pr = 10 W.

In Figure 4, we compare the ESC of the BCD-NOMA scheme with the benchmark
schemes. We observe that the ESC performance of the BCD-NOMA scheme, especially for
the pSIC case, outperforms all the benchmark schemes against all transmit SNR ρ values.
The ESC performance gain between pSIC and ipSIC depends on the level of residual
interference. It can be clearly observed at medium to high ρ values. Moreover, at higher ρ
values, the hybrid CNOMA-OMA scheme has almost comparable ESC performance with
the BCD-NOMA scheme. This is because in a hybrid CNOMA-OMA scheme, the D2D
nodes, i.e., S1 and S2, transmit at full transmit power in the last two time slots, thereby
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increasing their overall ESC performance at high ρ values. In addition, a close match
between the analytical and simulation results is observed in Figure 4, which indicates that
our derived analytical expressions for the BCD-NOMA scheme are intact.

Energy efficiency (EE) is an important metric to check the performance of next-
generation wireless systems. The EE metric is defined as the ratio of the total data rate of
the system over the total energy consumed by the system [38]. In Figure 5, we compare the
average EE of the BCD-NOMA scheme against all the benchmark schemes. We notice that
our proposed BCD-NOMA scheme is more energy-efficient compared to all other schemes.
Moreover, we can also observe that ipSIC tends to lower the EE performance and thus
significantly impacts the ESC performance. Therefore, more intelligent SIC techniques can
further enhance the ESC and EE performance of the proposed BCD-NOMA system.

6. Conclusions and Future Works

We proposed and investigated a BCD-NOMA scheme that exploits cooperative down-
link NOMA in D2D communications. One of the key advantages of BCD-NOMA over
previous works is that it enables bidirectional D2D communications by utilizing downlink
NOMA while also allowing two sources to utilize a single relaying node for data transmis-
sion to their destination nodes and thereby increasing its overall outage probability, ESC
and EE performance. We derived the analytical expressions for the OP and ESC under both
pSIC and ipSIC scenarios and verified them with the simulation results. Comprehensive
results verified the effectiveness of the BCD-NOMA scheme in terms of OP, ESC and aver-
age EE through simulations and mathematical analysis over schemes such as OMA, hybrid
CNOMA-OMA and other conventional schemes.

The performance of the BCD-NOMA system can be further enhanced through the
dynamic power allocation scheme. In future, we plan to explore the game theoretical
approach and artificial intelligence-based solutions to devise an efficient power allocation
scheme for the proposed BCD-NOMA system.
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