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Abstract: In the context of future ultra-dense mobile networks, spectrum and energy efficiencies
(SE and EE) are critical measures in designing efficient systems for the sixth-generation (6G) of
wireless networks. Recognized for their benefits in increasing SE and EE, non-orthogonal multiple
access (NOMA) and device-to-device (D2D) communications are combined in this work to present a
new NOMA-based D2D scheme increasing the performance in terms of SE and EE. The users in the
proposed scheme are split into coalitions. Coalition heads are served in NOMA directly from the base
stations, while the other users within the coalitions get the service through D2D links. We investigate
the system’s SE and EE for different mobility patterns, and we discuss optimal system configurations
with the help of Monte Carlo simulations. The obtained results show that the proposed system
exhibits a better performance compared to conventional OMA and NOMA models, especially in low
mobility contexts.

Keywords: 6G; D2D; energy efficiency; spectrum efficiency; coalitions; NOMA; IoT

1. Introduction

The ever-increasing number of connected devices and the continuous demand of
higher data rates are the main drivers for the emergence of new wireless communication
technologies from the first to the fourth generation.

Since 2019, the fifth generation (5G) of wireless communication has been commer-
cialized and deployed in several countries. 5G represents a technological breakthrough
with respect to the previous communication networks. It uses revolutionary technolo-
gies (e.g., higher frequencies, network function virtualization (NFV), software defined
networking (SDN), and network slicing), in addition to evolutionary ones (e.g., massive
multiple-input and multiple-output (MIMO)) to make a significant improvement in energy
efficiency, enhancing connectivity and reliability, reducing latency, and achieving gigabits
per second speeds. Although 5G was designed to support Internet-of-Things applications
through ultra-reliable low-latency communications (URLLC) and massive machine-type
communications (MTC), it is arguable whether it can cope with the rapid proliferation of
ultimately new Internet-of-Everything (IoE) applications, which are expected to increase by
12% yearly [1]. A forecast study reported by the International Telecommunication Union
demonstrates that the volume of mobile data will continue to grow at an exponential rate,
reaching up to 5 zettabytes per month in 2030 [2]. These figures urge he introduction
of the next generation of wireless networks, 6G, which is envisioned to realize the next
generation connectivity, driven by the evolution from connected everything to connected
intelligence, thus enabling “Human-Thing-Intelligence” interconnectivity [1]. Compared
to 5G, in 6G, the energy efficiency is expected to be 10–100 times, the spectrum efficiency
5–10 times, the connection density 10 times and the capacity is expected to be 10,000 times
of 5G systems [3].

Besides the revolutionary new services and technologies, efficient next-generation
multiple access (NGMA) techniques and D2D communication will be essential for 6G to
support the above-mentioned targets.
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Non-orthogonal multiple access (NOMA), as an NGMA, has proven its performance
compared to the traditional orthogonal multiple access (OMA) technologies in terms of
improving the bandwidth utilization and efficient allocation of resources [4–7]. It was
presented as key technology in implementing 6G networks [8,9].

On the other hand, D2D communications technology was widely advocated for in-
creasing the cellular capacity, improving the user throughput and extending the battery
lifetime of user equipments. The concept is to exploit the physical proximity of user
equipments or devices, and enable them to communicate directly with each other over a
D2D link. In the context of 6G, thanks to the THz band, the communication between two
nearby UEs will be near real-time [8]. References [10,11] have envisioned the role of D2D
communications and enumerated a number of potential solutions associated with 6G, in
terms of mobile edge computing, network slicing, and NOMA cognitive networking, to
construct an efficient implementation of intelligent future network systems.

In this work, we propose a NOMA-D2D system configuration for IoT applications.
We focus, particularly, on multicast services to disseminate data to end devices. Indeed,
multicasting is an efficient mechanism for IoT or machine-type applications (e.g., IoT appli-
cations in agriculture, control and monitoring in industry, and information broadcasting in
multimedia or vehicular applications), and can help in reducing the required bandwidth,
increasing resource efficiency, and reducing transmission costs. With the aim to provide an
efficient approach to implementing a NOMA-D2D system, we split the users into coalitions.
Coalition heads are connected directly to the serving base station in a NOMA fashion,
while the other users within a coalition construct a transmission tree over the D2D links to
obtain the service. We investigate the system’s performance from both spectral and energy
efficiency points of view, and we analyze the optimal system configurations with the help
of simulations results.

The rest of the paper is organized as follows. We review the state of the art related to
works considering D2D and NOMA schemes in Section 2. In Section 3, we present the
system model, the NOMA pairing scheme, the coalitions formation mechanism, and the
transmission tree algorithms. We analyze the system’s spectral and energy efficiencies in
Section 4, and we illustrate the obtained performance with different simulation results,
including a comparison with classical NOMA and OMA systems, in Section 5. Section 6
concludes the paper.

2. Related Works

Many recent research studies have considered combining NOMA and D2D commu-
nications techniques with the objective of exploiting their potential benefits in improving
system throughput, energy and spectrum efficiencies. A taxonomical classification and com-
parison of the different approaches to the implementation of NOMA-based D2D schemes
was proposed in [12]. Other works, such as [13], used a game theoretic approach to improve
the rate of weak users in D2D-NOMA contexts or, as in [14], to maximize the system sum
rate by optimizing sub-channel and power allocations. In [15], Wang et al. studied the
resource allocation problem and the tradeoff between spectral efficiency (SE) and energy
efficiency (EE) for downlink traffic in power domain—NOMA and D2D based heteroge-
neous cloud radio access networks (H-CRANs) for 5G. Hmila et al. in [16] considered an
optimization-based model for multicast device-to-device (MD2D) communications, where
the cellular users (CUs) communicate in an orthogonal fashion with the base station, while
the D2D users use NOMA in the transmission and can share the same channels with other
CUs or D2D transmitters. They also investigated the rate and energy efficiency of the
network through a dynamic power control algorithm. With the objective of maximizing the
network throughput by investigating a joint resource allocation problem of user clustering,
power control, and D2D mode selection, the authors in [17] considered a NOMA-D2D
system where D2D users can reuse the resources in cellular networks or share the unli-
censed band with WiFi users. In [18], the authors investigated the advantage of employing
NOMA in D2D communications, where D2D pairs are clustered with content demanders.
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Each D2D transmitter communicates with its corresponding receiver, while simultaneously,
communicates with a demander via NOMA technique. D2D pairs communicate in overlay.
The authors in this work were interested in improving the physical layer security of D2D
users by employing this NOMA D2D scheme. Sun and Xu [19] approached the traffic
offloading problem by employing NOMA-enabled D2D and unlicensed access technologies.
The objective here is to maximize the total achievement rate of the D2D network, while
ensuring the capacity of cellular and WiFi systems.

Compared to other works in the literature, our proposed model presents the following
contributions:

• In our proposed design, the base station (BS) resources are split among limited selected
users, which communicate in a NOMA fashion with the serving BS, in order to
improve the system spectrum efficiency and increase the rate of the selected users
users (and hence, the system sum rate).

• The rest of the users join different D2D coalitions where the coalitions’ heads are
the previously selected users from the BS. Within the coalitions, the D2D users get
the service over their best D2D link using short range communications for higher
individual and system sum rate. This can be further upgraded, especially in 6G
context, where the THz and mmWave bands should be used.

• Due to reusing the same resources, the underlying D2D communications may cause
high interference to cellular users, and thus reduce the network throughput. To allevi-
ate this issue, we consider connecting D2D users in out-band mode using available
licensed or unlicensed spectrum. We consider that the signaling functions for D2D
communications are insured centrally at the BS or via an other defined equipment in
the network.

• The proposed system uses low complexity algorithms which can provide a dynamic
network configuration adapted to IoT new services based on different users’ profiles
and applications.

• Based on Monte-Carlo simulations, we demonstrate that the proposed system model
outperforms the traditional OMA and NOMA models, in terms of spectrum efficiency
and energy efficiency, especially in low mobility users’ profiles.

3. System Model and Problem Formulation
3.1. System and Channel Models

We consider a downlink system, where a NOMA-capable base station BS sends mul-
ticast data to N D2D-enabled end nodes labelled as Γ ={UE1,UE2,. . . ,UEN}. For clear
understanding, we list the notations of this paper in Table 1.

In the orthogonal mode, the BS uses N orthogonal channels to send the same message
to the N users during the multicast phase [20]. Such a configuration is resource consum-
ing and inefficient, especially in the context of ultra-dense 6G scenarios, and, thanks to
the signal superposition in the power domain NOMA for example, the system can be
optimized. However, as the number of end users increases, defining NOMA-clusters and
computing the corresponding power allocation coefficients brings significant computing
and system complexity.

Our model is based on the concept of “coalitions”, we illustrate it in Figure 1 and define
it as follows:

• First, according to the procedure that we detail in Section 3.2, the base station BS selects
a sub-group of users, referred to as “heads”, which will be served in a NOMA mode;

• Second, clusters of users (i.e., coalitions) are formed around these heads according to the
procedure detailed in Section 3.3, then, a transmission tree is constructed as described
in Section 3.4 to establish D2D paths through the coalition head and connecting all the
users within the coalition so they can be reached and served.
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Table 1. List of Notations.

Symbol Definition

Γ The set of D2D-enabled nodes
N Total number of nodes
M Number of Coalition heads (CHs)
Ci Set of UEs forming a coalition around CHi
C Set of all coalition heads
Hi Channel gain between CHi and the base station
Gij Channel gain between nodes i and j
xi Maximum number of users that UEi can serve
yi Number of connected D2D users to UEi
L Set of Lone users
l Number of Lone users
R Instantaneous rate
R Average rate
T Coherence time
Ts Symbol time
ee Energy efficiency
se Spectrum efficiency

Figure 1. Illustration of the system model.

We also note that, at the end of the coalition formation stage, users that are left outside
of all coalitions (referred to as “lone” users) are served by the BS directly, in an OMA mode
to avoid additional computation time at the BS level at this stage.

Hence, bandwidth resources at the BS are shared among cellular users only (i.e., coali-
tion heads and lone users), with an objective of maximizing the system rate and SE. The rest
of the users, associated to coalitions, get the service via D2D links in an out-band mode,
and are, thus, not impacting the BS resources, nor influencing the cellular users rate through
interferences.

We assume that the global channel state information (CSI) is available at the BS,
and that all channels are assumed to be independent but not necessarily identically dis-
tributed. We consider that the users UEi, i = 1, . . . , N, are ordered according to their
noise-normalized global channel gains, i.e., Hi/N0, where Hi = |hi|2d−αi

i , and the instanta-
neous channel coefficients |hi| are modeled following a zero-mean, unit-variance, Rayleigh
distribution, di is the distance between UEi and BS, and αi is the path loss exponent. N0 is
the power spectral density of the zero-mean additive white Gaussian noise (AWGN),
assumed the same over all channels.
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On the other hand, we denote by Gij the channel gain between UEi and UEj. It is

modeled similarly to Hi as Gij = |gij|2d
−αij
ij . Where |gij| are modeled following a zero-mean,

unit-variance, Rayleigh distribution, dij is the distance between UEi and UEj, and αij is the
path loss exponent.

In the considered context, we assume that the relative speed between the nodes and
the BS is not considerable. Thus, the coherence times of the different fading channels are
assumed to be long enough to span over the execution time of the proposed algorithms.

3.2. Selection of Coalition Heads and NOMA Pairing

In this first phase, the selection of users who will be leading the coalitions is carried out.
These users will be served by the BS in NOMA fashion. With the objective of maximizing
the sum rate of NOMA users and hence, the system sum rate, we choose the NOMA pairs
optimally as is [21] and we calculate the optimal NOMA power coefficients similarly to [6].
The BS selects M/2 “best” users (M < N), based on their channel gains, to be paired
in NOMA fashion with M/2 “worst” users. We denote the obtained pairs, respectively,
by [UE1,UEN ], [UE2,UEN−1], . . . , [UEM,UEN−M+1].

The formed NOMA pairs are designated as coalition heads CHi, i = 1, . . . , M.

3.3. Formation of Coalitions

In the remainder, and without loss of generality, CHs are denoted using indices from
1 to M, in the order of their respective channel gains to the BS. Ci is the coalition of UEs
around CHi, and C denotes the set of all coalition heads.

At the end of phase 1, the BS shares the list of the selected coalition heads with all the
remaining N −M multicast users.

Each UE evaluates the channel quality of all D2D links to all announced CHs, and joins
the coalition by the CH with which it has the best link. When there is no reachable coalition
head, a UE tries to connect to the best neighbor among its reachable D2D neighbors that are
already members of a coalition, and joins the same coalition as that neighbor. We consider
that a D2D link exists between UEi and UEj if Gij ≥ GTH, where GTH is a predefined
threshold that will be discussed later. The number of tentative connections is set by the BS
based on the cell parameters, and the maximum acceptable end-to-end transmission delay.

At the end of phase 2, the BS summarizes the state of all UEs, updates the established
list of coalitions, and identifies the list of lone users. The latter will be served directly by the
BS during the transmission phase. We define L as the set of lone users with l as its cardinal.

Algorithm 1 summarizes the steps of the coalitions formation.

Algorithm 1 Coalitions Formation.
Initialization:

1. The BS discovers the channel state information of all users.
2. Each user discovers its neighboring and collects the required network parameters.

Phase 1: Coalition Heads selection

1. The BS selects M/2 users with the best channel gain (M < N) to form the NOMA pairs with
users with the worst channel gain.

2. The M users forming NOMA pairs are designated as coalition heads CHs.

Phase 2: Coalitions formation

1. Add UEj to Ci if D2D link UEj ↔ CHi exists and is the best over other links with coalition heads
from C, ∀j ∈ (Γ− C).

2. If no D2D link exists with a coalition head, add UEj to Cs where UEs ∈ Cs and UEs is the best
D2D link with UEj.

Phase 3: Non Connected users

1. Add UEj to L if no connected UE is reachable.

Return Ci (i ∈ [1, M]) and L
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3.4. Construction of D2D Transmission Trees

To exclude all the considerations that are out of the scope of this paper, we consider
that within the coalitions, all users are involved in a trust-based cooperative mode.

To alleviate the notations, we drop the index referring to the coalition and its coalition
head in this subsection, i.e., C denotes the coalition around a given CH.

The objective at this stage is to establish a path reaching every UE in C, and connecting
it to the BS via CH. Specifically, we construct a transmission tree over the D2D connections
by choosing, for each UE, the best route that will maximize its transmission rate.

We describe the transmission construction steps as follows and in Algorithm 2:

• We sort UEs in C in a descending order, with regards to their channel gains with the CH.
We index them as: UE1,UE2, . . . . For notational reasons, we refer to the CH as UE0.

• We define yi as the number of connected D2D users to UEi (0 6 i). xi is the maximum
number of users that the UEi can serve simultaneously.

• Each user of the coalition connects to its most preferred D2D user having a lower index:

– First, UE1 connects to the CH.
– For j > 1, UEj connects to UEs from {UE0,UE1, . . .UEj−1}, such as UEs is having

the best D2D link with UEj and is not saturated (i.e., ys < xs).

Algorithm 2 Transmission Tree Construction.
Input:

1. Users within coalition C.
2. Number of D2D users that every user can serve simultaneously.

Initialization:

1. Sort users in a descending order, with regards to their channel gains with the CH.

Construction of the transmission tree:

1. UE1 connects to CH.
2. y0 = y0 + 1,
3. for UEj ∈ C: do

UEj create its senders preference list from {UE0,UE1, . . .UEj−1}, noted as {S1,S2, . . . Sj},
with S1 the most preferred sender.
f a bijective function from [0, j] to [1, j− 1] defined as: f (x) = y, with y is the index of Sx
in the coalition.
for k ∈ [1, j]; do

if y f (k) < x f (k) then
UEj connects to Sk
y f (k) = y f (k) + 1; BREAK;

end if
end for

end for

Return Transmission tree.

At the end of the transmission tree construction, multicast messages are routed through
CH to all UEi ∈ C.

In the following, we will evaluate the performance of the proposed approach in terms
of spectral efficiency and energy efficiency.

4. Spectrum and Energy Efficiency Analysis
4.1. Sum Rate

In this subsection, we calculate the system’s sum rate as a base framework for our
analysis. We denote by R and R, respectively, the instantaneous and the average rates. We
start by defining the rate of the users connected to the cellular system (i.e., to BS, including
users in coalition and lone users), then we evaluate the rate of the D2D users.

Accordingly, the cellular users sum rate can be written as

RCell = τ ·
[

RCH + RL
]
, (1)
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where RCH is the rate of all coalition heads, and RL is the rate of lone users not connected
to any coalition, served by the BS in an OMA mode. The factor τ is used to account only
for the ratio of time used to route data; excluding the time used to complete the coalition
formation stage. We define T as the coherence time [22] over which the fading channel
remains invariant. T = uTs, Ts is the symbol duration, and u is the total number of symbols
per block. Hence, we can write τ = u−u′

u , with u′ the number of symbols used during the
coalition formation stage.

We assume that perfect successive interference cancellation (SIC) is performed at the
user level, the sum rate of coalition heads is written as:

RCH = Bn

M/2

∑
i=1

(log2(1 + γi) + log2(1 + γM−i+1)), (2)

with γi =
aiPn Hi
BnN0

and γM−i+1 =
aM−i+1Pn HM−i+1

aiPn HM−i+1 + BnN0
being the signal-to-interference-

plus-noise ratios (SINRs) of the i-th NOMA pair [CHi,CHM−i+1], Bn is the bandwidth
assigned to a NOMA pair or a lone user, given by Bn = B

M/2+l , with B the total available
bandwidth at BS, and l the number of lone users. The total transmission power of BS is as
well equally partitioned among the M/2 NOMA pairs and the l lone users, i.e., Pn = P

M/2+l ,
ai and aM−i+1 are the optimal power coefficients for the i-th NOMA pair [CHi,CHM−i+1]
(with aM−i+1 = 1− ai).

On the other hand, for the lone users, the sum rate can be expressed as

RL = Bn

l

∑
k=1

log2

(
1 +

Pn Hk
BnN0

)
. (3)

By combining (2) and (3), we obtain the expression of the cellular users sum rate in (1).
Similarly, we write the rate of a D2D user UEk within a given coalition as

RD2D
k = τ′ log2

(
1 +

PkGk
N0

)
, (4)

with Gk the channel gain of the D2D link between UEk and its source transmitter, and Pk
the D2D transmit power. The factor τ′ is used to account for the ration of channel use
needed to form the coalition and the transmission tree of that given coalition (denoted by
τtr), i.e., τ′ = τ + τtr.

Finally, the expression of the system’s average sum rate is

R = RCell
+ RD2D

= RCell
+

N−M−l

∑
i=1

RD2D
i . (5)

4.2. Spectrum Efficiency

Spectral efficiency (SE) is a measure of how efficiently a limited frequency spectrum is
utilized. It refers to the information rate that can be transmitted over a given bandwidth in
a specific communication system.

For our system model, we write

sesum =
RCell

+ RD2D

B
, (6)

with B being the assigned BS bandwidth.
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4.3. Energy Efficiency

Energy efficiency (EE), commonly defined as the number of bits that can be transmitted
per energy unit, is an important criterion for designing green wireless systems. In general,
it can be expressed as

ee =
R

Pt + Pc
, (7)

with Pt the transmit power and Pc is a constant circuit power consumed by the relevant
electronic devices.

In the proposed scheme, and with the adopted notations, we have

eesum , eeCell + eeD2D,

=
RCell

P + Pc
+

RD2D

∑N−M−l
k=1 (Pk + Pu)

, (8)

with Pc, Pk, and Pu being, respectively, the circuit power at BS, the transmit power at the
k-th D2D user, and the constant circuit power of D2D users.

The detailed expressions of se and ee can be easily deduced from the provided formulas
and the expressions of the average rates given in Section 4.1.

5. Numerical Results

In this section, we first provide an illustration, established by simulation, of the
coalition formation steps for a given system condition. Next, we simulate the system
SE and EE for different speed figures presented in comparison with classical multicast
OMA and NOMA models. Finally, we simulate the system measures for different number
of coalitions.

Simulations are executed in MATLAB using the relevant necessary packages and functions.

5.1. Simulation Parameters

We consider a system of N users distributed, in a cellular area with the BS at the center,
according to a two-dimensional homogeneous Poisson point process (PPP) with density
λ. The surface of the cellular area is 4× 104 square meters, and we consider that the D2D
coverage area is the same for all users, and is supposed to be a circle of 35 meters radius.

The BS transmit power is P = 40 dBm, the transmit power of D2D user is Pd = 20 dBm,
and is assumed to be the same for all users, the circuit powers for BS and the users are
Pc = 0.1 W and Pu = 0.02 W, respectively. The path loss exponents vary between 1.5 and 2,
and the Rayleigh channel parameter σ varies between 2 and 3.

We summarize in Table 2 the parameters used to perform the different simulations.

Table 2. Simulation Parameters.

Parameter Value

Cell area 200× 200 sqm
Radius of D2D coverage area 35 m
BS transmit power P 40 dBm
D2D transmit power 20 dBm
BS circuit power 0.1 W
Devices circuit power 0.02 W
Path loss exponents Between 1.5 and 2
Rayleigh channel parameters Between 2 and 3
Minimum rate 1 bit/s/Hz
Network density λ = {3× 103, 4× 104, 5× 103} (N = {120, 1566, 172})
Number of coalitions {10, 60} and [0, 140]
Speed profiles {0.01, 0.1, 1} km/h
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5.2. Coalitions Formation

In this subsection, we take λ = 3× 103 (N = 120), and we consider that the number of
coalition heads is M = 10.

We illustrate in Figures 2 and 3 the coalitions’ formation stage when executing one
iteration of the algorithm and when executing a second one, respectively. Users are
randomly distributed in the cell area. The distances in the figures are in meters. First, the
coalition heads are selected and marked using different color and mark. Then, coalitions
are formed as described in Algorithm 1. Users in the same coalition are marked using the
same color and mark as their coalition head (which can be distinguished by their bigger
mark size and colored marker face). We provide an indication about the D2D coverage area
for some coalition heads by drawing circles to show how the algorithm works.

-150 -100 -50 0 50 100 150

-150

-100

-50

0

50

100

150

Lone users

Figure 2. Coalition formation: N = 120 users and 10 coalitions; only one tentative connection.

-150 -100 -50 0 50 100 150

-150

-100

-50

0

50

100

150

Lone user

Figure 3. Coalition formation: N = 120 users and 10 coalitions; 2 tentative connections.

We observe in the figures that the coalition heads are located next to the BS and at
the cell edges. This configuration allows to encircle the rest of the users in the cell. In the
first tentative connection, D2D users connects to the nearest coalition head or neighbor as
described in Algorithm 2. Coalitions are, hence, formed leaving some users “disconnected”.
In a second tentative connection, these users join the coalition of their preferred neighbor as
in Algorithm 2. We remark from Figure 3 that after two tentative connections, only one user
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is left “disconnected” in this system configuration, who will be detected and connected to
the BS.

In order to see how Algorithm 2 works, we focus on the coalition number 9 and we
draw the resulting transmission tree connecting the D2D users. We observe from Figure 4
that each user is relying on its best D2D link to maximize its rate. As stated previously,
we do not take into account the generated delay due to the multi-hop in the transmission
tree construction, as we are considering, in our model, IoT application not sensitive to
this measure.

20 40 60 80 100 120 140

0

20

40

60

80

100

120

140

Figure 4. Transmissiontree of coalition number 9.

5.3. SE and EE Simulations

We compare the system spectral and energy efficiency with OMA and NOMA models
for different signal to noise ratio (SNR) values and for different users’ speed profiles
v1 = 0.01 km/h, v2 = 0.1 km/h and v3 = 1 km/h, representing different cases of coherence
time values.

In this simulations, we consider λ = 4× 104 (N = 1566) and 60 coalitions . Users join
the coalitions as described in Algorithm 1 in one tentative connection. We present the SE
and EE results in Figure 5 and Figure 6, respectively.

We compare the simulation results and the outcome of the formed coalitions with the
theoretical values, for a quasi-static mobility scenario.

The proposed NOMA-D2D scheme is better than the multicast NOMA and OMA
models, in terms of system SE and EE, especially for low mobility profiles. However, for
medium and high mobility figures, the EE of the proposed system is worst than NOMA
one due to the high rhythm of channel change versus the consumed time needed in the
execution of the coalition algorithms. Though, the proposed system remains better than
OMA for all considered speed profiles.
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Figure 5. SE comparison between OMA, NOMA and proposed cooperative NOMA. N = 1566 and
M = 60.
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Figure 6. EE comparison between OMA, NOMA and proposed cooperative NOMA. N = 1566 and
M = 60.

5.4. Optimal Number of Coalitions

In this subsection, we analyze the impact of the number of coalitions on the sys-
tem performance.

For a given configuration of λ = 5× 103 (N = 172 users), we illustrate the evolution
of the system SE and EE according to the number of coalitions in Figure 7. We consider
different iteration cases of Algorithm 2; one tentative connection, two tentative connections,
and three tentative connections. We also provide the number of cellular and D2D users for
each case of M.
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Figure 7. Proposed cooperative NOMA vs. number of coalitions. (a) System’s SE; (b) System’s EE;
(c) Evolution of the number of D2D and cellular users.

From the figures, we observe that the overall shape of the SE function is similar
to the evolution of the D2D users and is decreasing versus the number of coalitions.
Indeed, when the number of coalitions increases, the number of D2D users in the system
decreases, hence the system sum rate decreases as we are loosing the D2D proximity
advantage. On the other hand, more cellular users get access to the BS spectrum resources.
As consequence, the system SE decreases together with the number of D2D users as the
number of coalitions increases.

On the other side, as we are assuming that the BS power budget remains the same
regardless of the number of connected users, the consumed power at the D2D users reduces
the EE of the system when the number of the D2D users increases. This is explaining the
shape of the EE curve in Figure 7b.

However, as we are increasing the number of coalitions by 140%, the increase in
the system EE remain relatively small, as we are talking about an order of 10%, versus a
decrease in the system SE with an order of 70%. This is showing the gain in terms of SE
which the proposed coalition approach is offering.

A second observation from the figures is regarding the impact of the number of iter-
ations on the system configuration; after a certain value of M (42 coalitions), the system



J. Sens. Actuator Netw. 2022, 11, 26 13 of 14

becomes stable as regards to the number of iterations; i.e., we get the same system configu-
ration, in terms of D2D users, after the first tentative connection; more iterations will not
change the configuration. This is due to the fact that when the density of coalition heads is
low, users will need more tentative connections to reach a CH through their D2D neighbors.
When the density of CHs is large, users can find a CH in their D2D coverage area and join a
coalition from the first tentative connection. In case of low coalition head density in the
system, allowing more tentative connections will help saving the BS resources and increase
the system SE. However, the size of coalitions will increase, which means there will be
more delay in the transmission and more use of the devices’ resources.

We must highlight that for designing an optimal system, an efficient number of
coalitions must be selected based on the number of users, their computing and energy
capacities, their mobility patterns and the total accepted delay in the transmission. Indeed,
with a fewer number of coalitions, the number of D2D users inside each coalition is higher
and hence the delay in transmission is more important. On the other side, for high number
of coalitions, the channel uses needed to execute the coalition formation algorithm is more
important and can take more than one block (one coherence time). We can suggest, as
direction to manage to this concern, splitting the cell into several partitions, based on
users’ geographical position or mobility profiles, and run the proposed algorithms inside
each partition.

6. Conclusions

In this paper, we presented a NOMA-D2D system based on the concept of coalitions.
First, the coalition heads were identified and served in NOMA mode by the base station.
In the second step, the other users joined the different coalitions and formed a transmission
tree using their best D2D link with the members of the same group.

The proposed system presents great benefits, in terms of system SE, compared to
NOMA and OMA systems. From the simulations, we observed an increase of up to
10-times the system SE compared to NOMA system and up to 1000-times compared to
OMA one.

In low mobility patterns, the proposed system can achieve better results than conven-
tional NOMA and OMA systems in terms of system energy efficiency. However, due to the
additional time consumed during the coalition and the transmission tree formation stages,
the energy efficiency of the system decreases compared to NOMA in high mobility contexts.

We finally discussed how to optimally design the system in terms of selecting efficiently
the number of coalition heads based on the system conditions and the relevant IoT use
cases. The proposed system can be further investigated and developed to improve the
system spectral and energy efficiency; splitting the cell into smaller sectors can be one of
the directions.
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The following abbreviations are used in this manuscript:

6G 6th Generation of wireless networks
D2D Device-to-Device
NOMA Non-Orthogonal Multiple Access
OMA Orthogonal Multiple Access
SE Spectrum Efficiency
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EE Energy Efficiency
IoT Internet Of Things
NGMA Next-Generation Multiple Access
3GPP 3rd Generation Partnership Project
BS Base Station
UE User Equipment
CU Cellular User
CH Coalition Head
SIC Successive Interference Cancellation
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