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Abstract: In this paper, the interplay between non-orthogonal multiple access (NOMA), device-to-
device (D2D) communication, full-duplex (FD) technology, and cooperation networks is proposed,
and a resource allocation problem is investigated. Specifically, a downlink FD cooperative NOMA-
based cellular system with underlaying D2D communications is proposed, where, in each NOMA
group, the strong user assists the weak user as an FD relay with imperfect self interference (SI)
cancellation. In terms of reaping spectral efficiency benefits, the system sum rate is to be maximized
by optimizing channel allocation. This optimization is based on quality of service (QoS) constraints
of D2D pairs and cellular users (CUs), power budget of base station and strong user (cooperative
phase), and successive interference cancellation (SIC) constraints. Since the maximization formulated
problem is computationally challenging to be addressed, a two-sided stable many-to-one matching
algorithm, based on Pareto improvement, performs sub-channel assignment. Extensive simulations

are implemented to demonstrate the system performance indicated by different metrics.

Keywords: cooperation networks; device-to-device communication (D2D); full-duplex; matching
theory; non-orthogonal multiple access (NOMA)

1. Introduction

The explosive growth of internet of things (IoT) is revolutionizing today’s world and
introducing advanced applications in all aspects. Consequently, the number of IoT devices
connected to the wireless network is immensely growing in a blistering pace, so mobile
data is witnessing a steep rise. To fulfill the requirements of IoT vision, the fifth generation
(5G) and beyond are expected to realize an evolution in the present networks. So, for fitting
the quality of service (QoS) guarantees of the massively connected devices, advanced 5G
key technologies are considered. The present orthogonal multiple access (OMA) schemes
assign different resources (frequency, time, code, or space) to different users, thus limiting
the number of users to the number of scarce resources. These schemes cannot fully support
the 5G and beyond demands; hence, more efficient radio multiple access (MA) schemes are
needed [1].

Non-orthogonal multiple access (NOMA), in contrast to the previous OMA schemes
characterizing the previous generation networks, is unique in its key design. It allows
transmitter to serve multiple users with simultaneous sharing of the same resource blocks
(RBs) via superposition coding (SC) of the signals. It differentiates them in the power
domain by allocating them different power levels, and while allowing limited multiple
access interference (MAI) at the receiver, successive interference cancellation (SIC) is
performed there. Note that NOMA term is interpreted not only for the power domain but
also for the code domain. So, an overloaded system having multiple users per available RB
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(i.e., available code) can be categorized as code domain NOMA-assisted system [1], and
which is out of the focus of this work. NOMA has been recognized as trumping candidate
over its counterpart OMA schemes to be empowering key for 5G and beyond networks,
and to be adopted by standardization bodies. This owes to its ability to provide better
massive connectivity, low latency and higher spectral efficiency [2], even with the presence
of maximum MALI at receivers that is not degrading performance anymore due to the
advancements in interference cancellation techniques [1].

Resource allocation is considered to be challenging in the coming complex dense
network architectures. So, for reaping the benefits of introducing NOMA instead of OMA,
several researches have been conducted for developing efficient resource (i.e., power, sub-
channel, and computing resources) allocations, to optimize different system metrics (e.g.,
spectral efficiency, energy efficiency, latency, etc.) and cope with the introduced challenging
interference. Authors in References [3-7] have studied sub-channels and power allocation
in NOMA systems. In References [3,4,6], resource allocation in single-cell downlink NOMA-
assisted cellular systems have been studied. Particularly, authors in Reference [3] aimed
to find the suitable clustering of cellular users (CUs) over sub-channels under NOMA
principle by using matching theory [8], formulating the clustering problem as two-sided
many-to-one matching with externalities problem, and sub-channels and CUs are the
sides of the two-sided beneficial matching game, each aiming to realize his own benefits
(i.e., increase the achievable rate) and to reach the optimal system sum rate, as total system
performance indicator. In contrast, in Reference [4], authors have formulated sub-channel
allocation as a many-to-many matching algorithm, so that each sub-channel can be assigned
to multiple users and each user can utilize multiple sub-channels, besides that, authors
also studied power allocation between users sharing the same sub-channel. Given fixed
channel allocation, in Reference [6], various optimal power allocation approaches have been
investigated with 2-user NOMA, multi-user-NOMA and multi-channel-NOMA schemes.
Moreover, considering both uplink and downlink NOMA transmission, in Reference [5],
efficient user clustering and power allocation approaches have been developed, while
Reference [7] has addressed the multi-cell NOMA systems and coped with additional
interference between cells.

Besides conventional NOMA systems, cooperative NOMA was first introduced in
Reference [9], to extend coverage and boost reception reliability. In this cooperative
scenario, strong users can act as relays to assist weak users sharing the same sub-channel,
by exploiting SC and SIC techniques due to the fact that the weak user’s signal already exists
at the strong user. Thus, the performance of the weak user will be improved, while its QoS
requirements are more guaranteed. Due to the fact that energy efficiency is also considered
as 5G key objective, researchers have studied energy harvesting with simultaneous wireless
power and information transfer (SWIPT) integrated with cooperative NOMA. Thus, energy
harvesting motivates the strong user to be acting as a relay assisting the weak users without
consuming its own battery [10]. It is worth noting that integrating cooperative networks
with NOMA is not only considered in the previous scenario (cooperation between users)
but also with using dedicated relays between base station (BS) and users for forwarding
signals to the latter and working on best relay selection schemes analysis [11].

Moreover, in cooperative networks or relaying, different studies have limited it for half-
duplex (HD) relaying, so source-relay and relay-destination channels are kept orthogonal.
This leads to approximately 50% loss in spectral efficiency due to need of extra time
slot or extra frequency. Therefore, full-duplex (FD) technology can be considered as an
empowering key technology and particularly the in-band FD, which is known as the
reception and transmission on the same frequency band and at the same time [12,13],
although it was considered impossible during an earlier period [14]. So, due to higher
spectral efficiency demands and scarcity of resources, in-band FD can be implemented
at the relay node. However, the relay will experience self-interference that loops back to
it. This interference is faced using SI cancellation techniques that have witnessed high
advancements [15]. So, with existence of advancements in these cancellation techniques,
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even if no perfect cancellation is provided, FD technology benefits can be reaped to support
the fast growth of wireless communication. So, with integration of cooperative NOMA
and in-band FD, strong user (or the dedicated relay) can assist the weak user at the same
frequency band simultaneously.

Another promising 5G key technology is device-to-device (D2D) communication, that
allows the direct communication between devices without traversing the core network, thus
avoiding overwhelm of the system. D2D is categorized into in-band and out-band based on
whether the cellular spectrum is also used for D2D communication or not, respectively. It is
worth it to say that the former will introduce interference between cellular tier and D2D tier,
especially when same resources are shared between CUs and D2D pairs (i.e., underlaying
D2D) [16]. So, investigating efficient resource allocation and interference management
approaches for underlaying D2D communication was researchers interest because of its
beneficial gains including reuse gain, hop gain, and proximity gain and its ability of cellular
coverage extension [17].

2. Related Works

Several researches have studied the interplay between D2D and NOMA for extracting
their holding-on-promise beneficial integration in terms of different system performance
metrics, and under interference management methods [18-20]. In Reference [18], applica-
tion of NOMA in D2D communication with the new concept of D2D groups (i.e., to serve
multiple D2D receivers with one D2D transmitter) was introduced, where NOMA principle
is applied to serve the same-D2D-group multiple receivers over same sub-channel, and
D2D communication in each D2D group shares the sub-channel used by a single cellular
user. Authors in Reference [18] aimed to increase the total system sum rate, and cope with
intra-D2D group interference between receivers of same NOMA group, inter-D2D-group
interference caused from another D2D group sharing same sub-channel and interference
caused by the cellular user. They formulate sub-channels allocation problem as many-to-
one matching problem where multiple D2D groups can share one sub-channel with only
one cellular user, followed by optimized power allocation in each D2D group , under QoS,
total transmit power, and SIC constraints. In contrast to References [18-20] have studied
the application of NOMA between CUs, and not for D2D transmission. In Reference [19],
authors have implemented D2D underlaying uplink cellular network, so multiple D2D
pairs and multiple CUs can share one sub-channel. Trained by results of channel and
power allocation solution based on sequential convex optimization, convolutional neural
network algorithm(CNN) is implemented aiming to maximize the total achievable data
rate of D2D pairs under QoS requirements of CUs. Authors in Reference [20] have also
studied resource allocation for D2D underlaying NOMA-based cellular network aiming
as [19] and under SIC requirements and CUs QoS constraints, but by allowing only one
D2D pair to be operating on the sub-channel.

Full-duplex cooperation in NOMA-based cellular systems was addressed in Refer-
ences [21-25] with different cooperation scenarios. Authors in References [21-23] have
considered the scenario of cooperation between users, where strong user will assist the
weak user. On the other hand, authors in References [24,25] have studied the scenario
of using dedicated relays between the source (i.e., BS) and the intended users. In Refer-
ence [21], authors studied a downlink cooperative NOMA system with two pre-paired
NOMA users, where the strong one acts as a full-duplex relay assisting the weak user, and
can harvest energy through power splitting SWIPT technology. The aim in Reference [21]
was to maximize the energy efficiency under QoS constraints of the far user only, and the
power budget constraints of the base station and the strong user. The work in Reference [22]
has investigated a similar system to that in Reference [21] but without adopting SWIPT.
Moreover, authors in Reference [22] have covered additional cases, i.e., relay (i.e., the strong
NOMA user) switching between HD and FD mode, and having no direct link between BS
and the weak user. A performance analysis is shown in Reference [22], in terms of outage
probability (OP), ergodic rate, and energy efficiency for each covered case. In Reference [23],
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an in-band full-duplex cooperative NOMA system is studied with the generality of no
direct link between BS and weak user, where OP and ergodic rate are analyzed, and a
power allocation is formulated to minimize OP. Two dedicated-relays selection schemes
in FD/HD cooperative NOMA system were addressed in Reference [24], so to study the
difference in the impact of the two schemes on the outage probability. In Reference [25],
imperfect SIC, along with in-phase and quadrature-phase imbalance is also considered while
analyzing outage probability of NOMA users. Figure 1 shows the literature review. Their
distribution over the 4 technologies is shown, where some of them have addressed resource
allocation in their proposed scenarios, and others were only performance analysis works.

[315], [7] . [18]-[20]

Non-orthogonal
Multiple Access m Resource
LOMA QY (517) 181 [21] , (23]
[18] - [20]

Device-to-Device
D2D

Full-Duplex
FD
[21] - [25]
Cooperative
Networks

Figure 1. Related works.

[21], [23]

[9]-[10] ,[22]-[25] -

(22)-23]

Performance
Analysis

[9] - [10]

Motivations and Contributions

To the extent of our knowledge and based on the aforementioned works, no existing
work from the literature has studied resources (i.e., sub-channels) allocation in FD coopera-
tive NOMA-based cellular system with imperfect SI cancellation and underlaying D2D
communications. This is shown in Figure 2. In this work, we will consider it, so multiple
CUs will be grouped to form a NOMA group over one sub-channel. In each NOMA group,
the strong user will act as an FD relay with an imperfection level of SI cancellation, and it
will assist the cell-edge user (weak user). Besides this, multiple D2D pairs will be allowed to
share the sub-channel with each NOMA group. Sub-channel assignment will be optimized
to maximize the system sum rate and enhance the performance of cell-edge users, thus
extending the coverage and, consequently, increasing the number of assigned D2D pairs
(Hereinafter, “number of assigned D2D pairs” will indicate to the number of D2D pairs
that are accepted to be assigned to the sub-channels of NOMA groups; the acceptance
depends on the interference level on NOMA group users, considering QoS requirements.).
The major contributions of this work are summarized as follows:

e FD Cooperative NOMA technique is integrated with underlaying D2D, for reaping
their beneficial integration in terms of better spectral utilization and better cell-edge
users performance and that by methodical interference management. In this scenario,
resource allocation problem must be solved efficiently. For this aim, sub-channels are
assigned between NOMA groups and the D2D pairs.

e  First, based on initial fixed power allocation coefficients, sub-channel assignment is
solved via a many-to-one matching theory based on Pareto improvement. Meanwhile,
QoS guarantees (quantified by received signal to interference and noise ratio (SINR)
thresholds) for both CUs and D2D pairs, SIC success requirements in NOMA groups,
power budgets, and SI level due to FD operation are taken into consideration.

*  Second, both HD and FD modes operating at the strong user in each NOMA group are
modeled and compared. This comparison studied the effect of SI cancellation level,
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received SINR thresholds, and the density of D2D tier (total number of D2D pairs) on
the performance difference between applying both modes.

Implement Resource Allocation:

Maximize the total
SumRate

Extend the Coverage

Non-orthogonal
Multiple Access
NOMA

nhance performance of
cell edge users

Device-to-Device
D2D

Full-Duplex
FD

Cooperative
Networks

Increase number of
sharing D2D pairs

eep QOS of CUs and
D2D pairs, SIC and
power budget

Compare FD and HD
relaying, while analyzing
Sl effect

Prove the goal of
Cooperative NOMA

[?] : Notcovered yet

thresholds and transmit

Figure 2. Contribution of this work.

The rest of the paper is structured as follows. Section 3 describes the system and
channel model. The optimization problem is formulated in Section 4, and the sub-channel
allocation is presented in Section 5. Simulation results are given and analyzed in Section 6.
Finally, the work is concluded in Section 7. Table 1 includes notations of the paper.

Table 1. Notation table.

Notations Definitions
u,c number and set of cellular users
K, K number and set of sub-channels
N set of NOMA groups
V, D number and set of D2D pairs
CUy i, CUy strong and weak user of the k" NOMA group

power allocation coefficient
Channel gain coefficient (path loss and Rayleigh fading)
Transmission power
Self interference cancellation factor

™ 5 R

3. System Model
3.1. System Description

Consider the downlink transmission scenario of a single cell with one Macro-base
station (MBS). The MBS serves a set of U CUs denoted by C, and operates on a set of K
orthogonal sub-channels K = {1, 2, ..., K }. The CUs, which are assigned over the same
sub-channel k € I, are grouped to form a NOMA group, with m users per NOMA group,
where m ranges between 2 and |C| (|.| denotes the cardinality of a set). In each NOMA
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group, intra-group cooperation is applied, where the strong user with greater channel
coefficient (i.e., near to the MBS), acts as a relay that can operate in FD mode. So, it can
receive signals from MBS and then transmit to the weak user, that is with lower channel
coefficient (i.e., far from MBS), at the same frequency band simultaneously. Denote by N
={Ny, Ny, ..., Nk} the set of NOMA groups. There are V D2D pairs denoted by D = (d*, d2,

., dV} with D; = {d}, d%, ey dy}, and D, = {d}, d%, eeey dy} representing V D2D transmitters
and V D2D receivers, respectively. Only g D2D pairs share the sub-channel k with each
NOMA group N, while guax > g is the maximum number of D2D pairs that a NOMA
group can accept to share sub-channel with.

3.2. Channel Model

For applying NOMA protocol, at the MBS side, SC is employed to support multiple
users to share the same sub-channel, by allocating different power levels for the users.
Thus, on the other hand, at CUs side, SIC is employed to decode the superposed signals.

The signal transmitted from MBS side to NOMA group Nj on sub-channel k € K is
given by:

m
Xe = Y /Pik Xijo 1)
i=1

where x; . is the intended message for the ith user in the kth NOMA group. p; i = «; Py is
the allocated power to the ith user CU;;, where Py is the maximum transmission power
budget of the MBS on a NOMA group Ny, and ;. € (0,1) is the power allocation factor,

such that Z a;j P < P, Vk € K.

Wlthout loss of generality, in practice, m is set to 2. This is due to the fact that user
pairing reduces receiver complexity, reduces SIC error propagation and avoids the extra
system coordination overhead that results from large m [9]. Therefore, in our system,
CUs are paired based on nearest near user and nearest far user (NNNF) scheme as in
Reference [10]. This means that, in each NOMA group, the pair consists of MBS-far user
CU, x and MBS-near user CUj j, thus exploiting channel gain difference between CUy
and CU,  for successful SIC in each pair. Figure 3 illustrates our system model.

—X— D2D coomunication link ""’ Interference link

MBS-CU communication link ' Cooperative communication link

T SeILm_Lerference m

cu,,

/ R \
/ VA e VI
/ v \)’ \ CUik noma
[ / \
| \‘*’\ cu,, . group K
c‘ p \
d’/\ d, Ca ’
\ o \ N
| D2D pa|r2 |
\ \ ean /
\ Py NOMA / CUss
\ ,r' i group 1’
\ [ \
\
\ U, NOMA
¢ group 2
Subchannels
\DZD pa|r;|/ | | | K |

Figure 3. System model for single-cell downlink transmission scenario.
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For applying NOMA principle, the strong user CUj x is allocated less power than the
weak user CU,; thus, the upper limit of a; ; is 0.5. The superposed signal at MBS for
NOMA group Ny can be written as:

Xe = PrkX1k T V/P2x X2k (2)

In order to compare the performance of HD mode with FD mode, the model equations
are divided into two cases, as described as follows:

e  Half-Duplex (HD) Mode:

The HD mode is applied to the strong user (k is omitted hereinafter for simplicity, so
CU; and CUj refer to the strong user and weak user, respectively, at any sub-channel k.)
CUj, where time division duplexing (TDD) is used for two phases that correspond to odd
and even time slots, respectively. During odd time slots, CUj is receiving from MBS, and,
during even time slots, CUj is transmitting to CU,.

Specifically, in the first phase, corresponding to odd time slots, CU; receives the
superposed signal from MBS, and the interference signals of all 4} € D; sharing the same
sub-channel k, where v € {1,2,...V} denotes the index of the D2D pair. Therefore, the
received signal at CUj is: (The equations with “HD” or “FD” label indicate whether the
HD or FD mode is applied, and in the absence of any of these two labels, both modes can
be applied.)

yIP =l (/Pre e+ VP Xok )+ n+ Y 15y Paha xa, ®3)

deDy

where x; and P; are the transmit signal of D2D transmitter d € D; and its transmit power,
respectively. n ~ CN(0, 0?) is the additive white Gaussian noise (AWGN) on sub-channel
k, and 115 is the binary sub-channel allocation coefficient which, if equal to 1, indicates that
the D2D transmitter d is sharing the same sub-channel of the kth NOMA group, and, if
equal to 0, it is not. The channel coefficients of channels MBS-CU; and d-CU; are denoted
by hy x and hg 1, respectively.

In the second phase, corresponding to even time slots, CU; detects CU,’s data x; and
subtracts it from the received signal via SIC, and then decodes its own data x;. So, the
received signal-to-interference-and-noise ratio SINR that CU; decodes x; is:

YHD = [hl® P )
12k = /
hl? e + T 1§ 1haa[2Pa + 02
deDy
and the received SINR that CU; detects its own data x; is given by:
[l P
ik = 5)

Yk |hg1 PPy + 0
dEDt

In this phase, the strong user CU; decodes and forwards x; to CU; as a way to assist
it. Thus, the signal received by CU; includes base station downlink signal, D2D co-channel
interference signals, and signal forwarded by CUj, and is given by:

Vor = hop(V/Prexie+ Pakxok) + 1+ Y 75V Pahaoxa + hajpy/Pagxsr,  (6)
dEDt

where hy, hsk, and h;, denote the channel gain coefficients of the channels MBS-CUj,
CU;-CUj, and d-CUy, respectively, x3 x = £,  is the decoded message of CUy, and P; ;. is the
transmit power of CU;. Assume that the two signals from MBS and CUj are fully resolvable
at CU; and can be appropriately co-phased and approximately merged by maximal ratio
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combining (MRC) [9]. Therefore, the received SINR at CU, to detect data from MBS is
written as:

o o k| po @)
"~ o2 pie + X 0k |hao|?Py + o2
deDy

The received SINR at CUj to detect data forwarded from CUj is given as:

hyi|? P
_ |3 k|” Pak @®)

Y 18 [hgo2Py 402
deDy

Y2,1,k

So, the total SINR at CUj is:

Ye,MRC = Y2,k + Y22k )

Similarly, the D2D receiver d, receives its intended message from the corresponding
D2D transmitter d; € Dy; and the interference signals from: the base station serving CUs on
the same sub-channel k that it is assigned to, other D2D transmitters d; € D; on same sub-
channel k, and the strong user at the even time slot, during which CU;-CU, transmission
occurs (during second phase). So, the received signal at d, is written at the odd and even
time slots, respectively, as:

yil = \/Pa hayaXa, + hpa Pk +n+ Y 775; Py by g, g, (10)
dieDi\{d:}

and

Yipe = \/PTlfhdt,drxdt + hpa, v/ Pexe + n+

Y. ’75; Py hgy a, a1 + M jar/ Pai X3k, (11)
d€De\{d:}

where hp 4, hd;‘,d,r and hy j 4 are channel gain coefficients of channels MBS-d,, d,-d}, and
CUj-d,, respectively; d; can be d; or d; . Therefore, based on (10) and (11), the received
SINR at d, can be written as (12) and (13), respectively.

,YLI;ID _ |hdt/dr |2 Py, (12)
g PPt X |hg g 2Py + 02
dieD\{d;}
,Y{?D _ |hdt/dr|2 Py, _ (13)
v g PP+ X kg [Py + [ g al?Pa g + 02
d,eD\{d,}

e Full-Duplex (FD) Mode:

Here, the strong user CU; operates using the FD mode, where the MBS-CU; and
CU;-CU; channels are non-orthogonal, so it will transmit to CU, on the same sub-channel
that it receives on, from MBS simultaneously. So, new interference terms are introduced
including the self interference that loops back on CUj. So, a change in the channel model
equations is introduced as below:

The received signal at CU; will be as follows:

yik = h(V/Piexie+ VPak o) + 1+

VOhi1\/ Pk xai+ ) 18/ Pahay xa, (14)

deDy
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where ,/ph; 1 indicates the remaining Sl level, such that h 1 is the SI channel coefficient,
and p € (0,1] determines the SI level after cancellation because practically, perfect SI
cancellation does not exist [26], so, when it is equal to 1, this means that there is no SI
cancellation. So, the received SINR that CU; decodes x5 is:

2
FD 11 k]° ok
T2k = - - , (15)
|11k 1 +d% nK ha1 Py + plh1a 2Py + 02
€Dy

and the received SINR that CU; detects its own data x; is given by

2
FD |11kl 1k
')/ k = A z . (16)
v Yk |ha1PPy + plhia2Psx + o2
dEDt

Note that, in FD mode, d, will receive interference from CUj at all times, since CUyj is
transmitting continually to CUy; so, the received signal at D2D receiver d, is written as:

il = \/ Pa, haya,%a, + hpa v/ Pexg+ n+

Z ’71{;; Pd; hd;,dy Xd, + h1,k,d Ps x5 k. (17)
A, €D\ {d;}

Therefore, based on (17), the received SINR at d, is :

\ha, 0,1 P,

hpa, PP+ ¥ g 2Py + | ga
4D\ {di}

(18)

FD
Vd,

2P3,k + 0’2.

4. Problem Formulation

In this paper, we aim at realizing the spectral efficiency benefits of the proposed
interplay, extending coverage, and improving the performance of the weak user. Conse-
quently, this will affect positively the number of assigned D2D pairs. Our objective is to
maximize the overall system throughput, while coping with challenging interference to
meet the QoS requirements of D2D pairs and CUs, power transmission budget of MBS
and SIC constraints. The sum throughput depends strongly on channel allocations; hence,
an efficient resource allocation mechanism is necessary. In this section, the optimization
problem of sub-channels assignment is formulated.

According to the Shannon Theory, and based on previous SINR equations in Section 3.2,
the maximum achievable throughput of CU;, CU,, and the D2D receiver d,, respectively,
are given as:

Rixy =plog, (1 + v11x), (19)

Ry = p min {log, (1+v12x), 10g, (1+ Yikmre) } (20)

and
. RED = Jlog, (1+71%) + 3log, (147 ), HD mode 1)
d = !
R‘l;rD =log, (1+ ’ygrD ), FD mode

where € {%, 1}, itis equal to % in HD mode and 1 in FD mode. Note that 7 1 ; and ;5 ¢
will be calculated based on Equations (4) and (5), respectively, in HD mode and based on
Equations (15) and (16), respectively, in FD mode.
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So, the total network throughput is defined as the sum of cellular users” and D2D
receivers’ data rates, it is given by:

K

Rsum = E (Rl,k + RZ,k + Z U]ﬁ,Rd,)- (22)
k=1 dr€Dy

Optimization Problem Formulation

Based on the previous equations, the optimization problem is formulated as below:

P1: max Rsum( N, & )

n, &k
s.t. Cy: Y1,1,k > ’)/ithh, Vk,
Cy 0 min(Yemre, Y1,24) > ilresh ik,
Cs: Y12k = Y22k vk,
Cy: vy >, Vd €D, )
Cs: ke {01}, vd, VK,
Co: Y mh=1, vd,
k
C7 oGk 2 0, Vk, i= 1,2,
2
Cg : Zai,k <1, Vk,
i=1

where 75’” esh and yéh’“h are the received SINR thresholds of the strong user and weak

user in each NOMA group, respectively, and they are equal to 2R™" _ 1 in FD mode and
22R™! 4 iy HD mode, where Res" ig the rate threshold of the cellular users. Similarly,
72’:’“’1 = oRMM 1 and 74, = 2R4 — 1 are the received SINR threshold of d, and received

SINR at d,, respectively, where R is the rate threshold of the D2D pairs.

Now, in order to maximize the system sum rate, constraints of the problem in (23)
must be considered. Constraints C;, C; and C; denote QoS requirements of NOMA group
users and D2D receivers. Hence, by considering them, interference levels are limited by
keeping their received SINR greater than the corresponding SINR threshold. Constraint
C;3 ensures the SIC success in each NOMA group. Constraint Cs shows that 175 is a binary
variable that takes two values when D2D pair is sharing sub-channel k (1), and when it it
is not (0). Constraint Cq ensures that each D2D pair can operate on only one sub-channel.
Finally, constraints C7 and Cg are related to power allocation of NOMA group users, so the
first ensures that the power allocation factor is positive, and the last ensures that the total
power does not exceed the maximum transmission power budget.

The formulated problem P1 in (23) deals with non-convex objective function [27],
which introduces intractability in solving. Hence, it is computationally complicated to
reach the optimal solution of this problem.

A swapping-based matching theory algorithm is implemented for allocating sub-
channels in the proposed system, similar to Reference [18] and to the extended work of
Reference [4] (Reference [28]). Knowing that matching theory depends on arrangement of
two sets of players based on their preferences (utilities), utilities calculation will be based on
the achievable rates in this FD NOMA-based cellular cooperative scenario with underlaying
D2D. Implementation of Pareto-based matching theory aims to increase total sumRate
while finding the best matching, but, at the same time, ensuring that any individual
sumRates of CUs and D2D pairs is not decreasing. In Section 5, the sub-channel allocation
algorithm between NOMA groups and D2D pairs will be explained based on a fixed power
allocation that guarantees SIC success requirements.
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5. Sub-Channels Allocation

At this stage, we suppose that the power allocated to the CUs in NOMA groups is
fixed so that a; x < 0.5. The problem of sub-channels assignment can be formulated as:

P2:  max Reum(7 )
T (24)
s.t. Cy — Gs.

Due to the fact that there are inter-dependencies between users in the formulated
problem P2 and that finding solution is difficult in a practical amount of time, especially
for a large number of users and sub-channels, the sub-channel allocation is formulated
using matching theory. It is formulated as a many-to-one two-sided matching game with
externalities between D2D pairs and sub-channels (or NOMA groups because each NOMA
group is assigned to a sub-channel). So, each NOMA group can be matched to many D2D
pairs over one sub-channel, and each D2D pair can be matched to one NOMA group over one
sub-channel, and externalities are due to the interference relations that are presented in
channel model equations.

5.1. Matching Theory Concepts
Now, matching theory concepts are given. The matching will be defined as follows:

Definition 1. A many-to-one matching  is defined over the set D UN', and it is characterized by:

1. | ¢(d®)|=1,Vd° € Dand p(d°) € N,

2. | 9(Np) | < Gmax, ¥ Ny € N and (Ny) C D,
3. (d”) = Neifd” € p(Ny),

4. P(Ny)=S; CD={d° € D:p(d’) =N }.

Based on Definition 1, it is clear from (1.) and (2.) that each D2D pair can be matched
to only one NOMA group, and each NOMA group can be matched to a maximum of g;ax
D2D pairs.

In this two-sided matching game, D2D pairs and NOMA groups act as two sets of players.
Each player has a list of preferences on the players of the other set. Preferences (i.e., indexes
of satisfaction) represent how each player is satisfied by each player of the other set, in case
they are matched. So, the matching is given the tuple (D, N, Pp, Pyr), where Pp and Py,
represent the preference lists of D2D pairs and NOMA groups, respectively.

The preferences can be quantified by QoS values [8]. So, a preference function calculates,
for each player, the QoS value achieved when it is matched with players from the other
set. Consequently, each player ranks players of the other set based on these calculated QoS
values. For this aim, two utility functions U (Ni) and Uy, (S4) for D2D pairs and NOMA
groups, respectively, are defined. The following utility functions determine the preferences
of the players.

Ugp (Nk) = Ry (25)

Un,(Sq) = Rix + Royx+ Y, Ry, (26)
drESd

Equation (25) represents for D2D pair d?, the utility on NOMA group N, and it is
equal to acheivable data rate of 4 , when it is matched to sub-channel k (shared with Nj).
On the other side, (26) represents for NOMA group Nj, the utility on a set of D2D pairs Sy
(1S4] < gmax) sharing sub-channel k, and it is equal to the total sumRate on sub-channel k.

The goal is to find the best two-sided stable matching. For reaching this stable
matching, swappings are permitted, so D2D pairs can swap their sub-channels. So, first,
to better define swapping, the following process is given:

*  Consider a matching ¢ and take a pair of D2D pairs (d?,d"") in this matching, let d” be
matched to N (so ¢(d?) = Ni), and d” matched to Nj (so ¢(d”') = Ny).
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e After swapping, the two D2D pairs switch their matchings, so, (d”) = Np and
P(d) = Ni.

e All other D2D pairs and NOMA groups (sub-channels) in ¢ are not affected by
swapping of 4° and d”', and their matchings are kept the same.

®  Thus, a new matching 1/;5/ will be the same as the old matching ¥, but with d° and d’
swapping their matchings.

A matching is two-sided stable if no swap-blocking pair exists. Based on concept of
Pareto improvement, the swap-blocking pair is defined as below with two conditions:

Definition 2. (d?,d") is a swap-blocking pair if and only if
1. Vie{d®,d”,Ng, Ngl Ui(p?) > Ui(yp) and
2. Jiefd”,d”, Ng, Nl Ui(pY) > Uj(p),

where Ni = ¢(d?) and Ny = ¢(d”); 2 is the new matching after swapping between d?
and d’; and U;(yp) and U;(y2 ) are the utilities of element i in the case of matching ¢ and
Y, respectively.

Based on Definition 2, for the swapping process to be done, Pareto improvement
conditions must be satisfied. So, utilities of all players involved in swapping must not
be reduced (condition 1), and utility of at least one involved player must be increased
(condition 2). This guarantees that, after any swapping operation, the system sum rate will
increase, until reaching Pareto efficiency, i.e., no existence of swap-blocking pairs.

5.2. Sub-Channels Allocation Algorithm

A two-sided many-to-one matching algorithm based on Pareto improvement is imple-
mented and presented in Algorithm 1.

Algorithm 1: Many-to-one matching theory sub-channel allocation algorithm.

Input  :Generated channel gain coefficients, and power vectors
Initialize :-CUs are paired into NOMA groups based on NNNF scheme.
-Many-to-one random match between the D2D pairs and
NOMA groups taking into consideration g;ax.
-F is the set of the free sub-channels where § < gz
-The swap iterations counter si = 0
repeat
foreach d” € D do
foreach d” ¢ DU F do
if ( d”,d”/ ) satisfies Pareto improvement conditions, and C1 — Cg are satisfied
then
d? and d¥" switch their matches, or d° will be matched to a free
sub-channel in case d”’ is an open sub-channel
si <= si+1
LA
Update F.
else
d? and d” keeps their matches or d stays unmatched in case d*' is
an open sub-channel.
Py
end
end
end
until Pareto efficiency is achieved.;
Output :best matching ¢* = ¢
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First, NNNF scheme is used to pair CUs into NOMA groups, then each NOMA group
is assigned to a sub-channel. Swappings will be based first on initial random matching
between D2D pairs and groups of the cellular users. This random matching can include
unassigned D2D pairs or free sub-channels (number of assigned D2D pairs on free sub-
channels is less than the maximum allowed, i.e., §qx). Then, each D2D pair searches for a
potential D2D pair that can form a swap-blocking pair with (satisfy Pareto improvement
conditions that ensure increasing the total sumRate at each swapping). If the conditions
are satisfied, the two pairs swap their matching, and all other matchings are kept the same.
The swapping between the two pairs can lead to the case of having one of them unassigned
to a sub-channel, thus allowing for initially unassigned D2D pairs to be assigned again.

The finite number of CUs and D2D pairs results in a finite number of swap-blocking
pairs and, thus, finite number of swapping iterations, leading to achievement of Pareto
efficiency and reaching the best matching.

6. Simulation Results and Analysis

In this section, numerical results are presented using MATLAB simulations to evaluate
the overall system performance. The CUs and D2D pairs are randomly distributed within
the MBS coverage. Figure 4 shows a snapshot of a uniform cellular distribution with
MBS at the center of the cell and radius of 100 m. The simulation results are depicted
using 1000 random cellular distributions, and average values are plotted. Strong users are
randomly located within a disk of radius 50 m, and weak users were randomly located
within a ring of radii 85 and 100 m. This assumption is due to the fact that the strong users
are considered to be near the MBS, and the weak users are far from it. The D2D pairs were
randomly located in the whole cell. In each NOMA group, CUs were paired using NNNF
scheme [10], and each NOMA group was randomly assigned with a sub-channel k. The
path loss function used for simulation is PL(distance) = distance "LE, where PLE denotes
the path loss exponent. Table 2 shows the simulation parameters used, unless otherwise
specified. In addition, all simulation results are implemented in FD cooperative NOMA
(CNOMA), unless otherwise specified, for comparison aim.

150 Legend ‘ 1
® BS ¢ D2Dtrans
* Strongusers ¢ D2D rec
% Weak users

100

50

-50

-100 [ . I | 1
-100 -50 0 50 100

Figure 4. A snapshot of single-cell distribution with 7 non-orthogonal multiple access (NOMA)
groups (14 cellular users) and 15 device-to-device (D2D) pairs.
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Table 2. Simulation parameters.

Parameters Values
Cell Radius 100 m
Pathloss Exponent PLE 2
Maximum D2D transmission distance d;;x 15m
Noise power ¢ —118 dBm
Maximum transmission power of MBS on each sub-channel 30 dBm
Transmission power of the cooperating user 10 dBm
Transmission power of D2D pairs 20 dBm
Rate threshold of Cellular users Res! 0.5 bits/s/Hz
Rate threshold of D2D pairs Rthreshd 0.5 bits/s/Hz
Number of sub-channels K 7
The self interference channel |hy 1|? —15dB
The self interference cancellation factor p 0.1
Maximum number of assigned D2D pairs/sub-channel: gyax 2

Figure 5 shows the variation in number of swapping iterations with number of D2D
pairs, while number of NOMA groups (or cellular users) is kept constant. Note that,
hereinafter, “number of D2D pairs” indicates to all D2D pairs in the cell, both the assigned
and not assigned D2D pairs. As shown, the number of swapping iterations increases as
number of D2D pairs increases. This is due to the fact that, with the increase in present
number of D2D pairs, possibilities of having more swap-blocking pairs that satisfy Pareto
improvement conditions increase.
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Figure 5. Number of swapping iterations versus number of D2D pairs.

In order to show the benefits of cooperative NOMA with respect to the conventional
one (i.e., non-cooperative), we plot in Figure 6 the variation of the number of assigned D2D
pairs as a function of the total number of D2D pairs in the cell for both cooperative and
non-cooperative NOMA, considering both one-to-one and many-to-one matching theory
for sub-channels allocation.
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Figure 6. Assigned D2D pairs versus number of D2D pairs.

As previously mentioned, the number of assigned D2D pairs is determined by the
number of D2D pairs that can share sub-channels with NOMA groups, and this is by
considering QoS requirements and the remaining problem constraints. The results of
Figure 6 show that, as the number of D2D pairs increases, the probability of having D2D
pairs that increase the total throughput, while respecting the constraints at the same time,
increases. Moreover, to compare one-to-one matching theory, that allows only one D2D
pair to share the sub-channel with the NOMA group, with many-to-one, it is clear in the
figure that the latter outperforms the former. In both, the number of assigned D2D pairs
starts increasing in a fast rate, until the number of D2D pairs reaches the concentration point
(i.e., ~7 in one-to-one and ~14 in many-to-one) at which the rate of increase starts to slow
down or to be approximately zero. This is due to the fact that the maximum number of
assigned D2D pairs in the whole cell is equal to §,4x*K (knowing that K =7, and guax =1
for one-to-one and g4 = 2 for many-to-one).

Concerning the performance of cooperative and non-cooperative NOMA, it is shown
in Figure 6 that, with both many-to-one and one-to-one matching, the cooperative NOMA
allows a greater number of assigned D2D pairs than that with non-cooperative NOMA.
When D2D pairs share the sub-channel with NOMA groups, the weak user in each NOMA
group will be affected with interference negatively more than the strong user. Thus, the
performance of the weak user will have the dominant influence on analysis of the number
of assigned D2D pairs.

With non-cooperative NOMA, the weak user is not assisted, and consequently its
received SINR is not improved, so as the interference level on it increases, its received
SINR is easily lowered below the received SINR threshold. Therefore, it will not allow
more D2D pairs to share the sub-channel to prevent the additional interference that lowers
the SINR below the threshold. On the contrary, with cooperative NOMA, the weak user
is assisted and its SINR is improved, so, more D2D pairs will be allowed to be assigned
to sub-channels shared by the cellular users. Interestingly, the difference in performance
between both is greater at greater number of D2D pairs. This highlights a higher advantage
for cooperative over non-cooperative NOMA with a denser D2D tier (i.e., greater number
of D2D pairs). Thus, through interpreting this result, the goal of cooperative NOMA
for improving performance of the cell-edge users (weak users), thus boosting reception
reliability and extending coverage, is proved.
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Figure 7 also studies the variation of the number of assigned D2D pairs as a function
of the SINR threshold of cellular users. It is clearly observed that higher the SINR threshold
of cellular users is, the less number of assigned D2D pairs is. This returns to that, with
increasing the QoS requirements of cellular users, the maximum allowed interference
level on cellular users decreases, so the probability of having D2D pairs that respect the
SINR threshold of the cellular users decreases. Consequently, the number of assigned
D2D pairs decreases, and more D2D pairs will be left unassigned to sub-channels, or more
sub-channels are needed to let them access the network. This scenario applies also to
non-cooperative NOMA, but it is affected more negatively than that our work that is using
cooperative NOMA, due to the low received SINR at the weak user.

—O— FD cooperative NOMA (p = 0.1)

— A — FD cooperative NOMA (p = 0.2)
-~ --- FD cooperative NOMA (p = 0.3)

—%—— Non-cooperative NOMA

Number of Assigned D2D pairs

1 1

-3.5 2.5 1.5 -0.5 0.5 1.5
Cellular users SINR threshold (dB)

Figure 7. Assigned D2D pairs versus cellular users SINR threshold.

Moreover, Figure 7 shows the variation of the result while changing the SI cancellation
level p. We recall that p = 0 refers to the perfect SI cancellation scenario, while, when it is
equal to 1, to the no SI cancellation. The results show that, when p increases, the number of
assigned D2D pairs decreases. This is due to the fact that the influence of self interference
increases; thus, the whole interference exceeds the maximum allowed interference, and the
received SINR lowers down the threshold. Consequently, NOMA groups will no longer
accept D2D pairs, in order to keep their QoS requirements. Furthermore, note that, at low
SINR threshold values of cellular users, the difference in the result between different p
values is small, while this difference increases with higher SINR thresholds.

Figures 8 and 9 show the variation of the total throughput with the total number of
D2D pairs, and with maximum D2D transmission distance, respectively. Each result is
applied with three different scenarios, i.e., first is many-to-one matching theory, second
is one-to-one matching theory, and third is random many-to-one allocation, where, in
the third, up to two D2D pairs are randomly assigned to each sub-channel shared by a
NOMA group.

In Figure 8, with the first two scenarios, it is observed that as the number of D2D
pairs increases, the total sumRate increases, due to the increase in number of assigned D2D
pairs as shown in Figure 6. Concerning the first scenario that is implemented in this work,
it is observed that, even when the number of D2D pairs exceeds 14 (§mqxnumber of sub-
channels), the total sumRate remains increasing due to the increase in probability of having
more D2D pairs that can be assigned to the sub-channel and increase the total sumRate.
Similarly, this applies to the second scenario (using one-to-one matching theory). It is
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shown that the first has achieved more gain than the second in terms of total sumRate; it is
also clearly seen that, with 9 D2D pairs, approximately, there is no difference in the result
between them, this difference starts increasing when the number of D2D pairs increases.
The results also show that these two outperforms the random many-to-one allocation.
It is added for comparison to prove that one-to-one matching theory allocation with the
many-to-one matching theory is worth comparing.

FD CNOMA with many-to-one‘allocation with
n0r matching theory )
FD CNOMA with one-to-one allocation with 1
matching theory
—O— FD CNOMA with random Many-to-one Allocation 1

»
o

(o2}
o

a
(63}

(o))
o

Total SumRate (bits/s/Hz)

N
(6]
T
A4

40 1 1 1 1 1
9 11 13 15 17 19 21

Number of D2D pairs

Figure 8. Total sumRate versus number of D2D pairs.
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Figure 9. Total sumRate versus maximum D2D transmission distance.

Figure 9 shows that as the distance between D2D transmitter and D2D receiver
increases, the total sumRate decreases. This negative relation is due to the additional path
loss that the transmitted signal of the D2D transmitter will face with more crossed distance
can affect negatively the received SINR of D2D receiver. Consequently, the total sumRate
is affected. The same analysis of Figure 8 of comparing the three scenarios applies here,
where that implemented in this work outperforms the other two.
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Figure 10 shows the variation of total sumRate with the SINR threshold of cellular
users and the transmit power of D2D pairs. It is shown that the total sumRate increases as
the transmit power of D2D pairs increases; this is because more transmit power at D2D
transmitters leads to a greater received SINR at the D2D receivers, thus affecting total
sumRate positively. But, after certain increase in this transmit power, the total sumRate
starts to decrease, and this can be understood because more D2D transmit power means
more interference on the cellular users lowering their received SINR down. Moreover,
regarding the influence of variation of cellular users SINR thresholds on the second axis,
when it increases, the total sumRate decreases due to decrease in number of assigned D2D
pairs as stated in Figure 7 at 20 dBm of transmit power of D2D pairs and this applies to
other values of transmit power. As shown in Figure 10, it is worth it to mention that this
decrease is not present or not significant at low transmit power of D2D pairs because the
interference on cellular users in this case will not be severe enough to pull their received
SINR below the thresholds. So, the SINR thresholds are not acting a dominant role at low
transmit power of D2D pairs, but it returns its role with higher transmit power of D2D
pairs, where the decrease in total sumRate with increase of SINR threshold is clear.
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Figure 10. Total sumRate versus D2D transmit power and cellular users (CUs) SINR threshold.

Figure 11 shows the variation of the number of assigned D2D pairs with transmit
power of D2D pairs, and it compares the result between full-duplex cooperative NOMA
(FD CNOMA) and half-duplex cooperative NOMA (HD CNOMA) at different Cellular
users rate thresholds. Considering the same rate threshold of cellular users R¥"" it is
observed that FD mode achieves higher number of assigned D2D pairs than HD mode.
Thus, in HD mode, a greater number of D2D pairs will remain unassigned, or more sub-

channels are needed to accommodate them. This return to the fact 'yih’“h and 'yéh’“h are
equal to 2R™" _ 1 and to 22R™" — 1 in FD and HD mode, respectively, and taking into

consideration the negative relation between cellular users SINR threshold and number of
assigned D2D pairs in Figure 7. In addition, keeping the same R""*" it can be seen that the
difference in result between FD CNOMA and HD CNOMA increases as the transmit power
of D2D pairs increases because the additional interference will affect the HD CNOMA
more negatively. This difference between FD CNOMA and HD CNOMA over all values of
transmit power of D2D pairs is higher with R¥7¢5" = 0.5 than that with R"*5" = 0.1, also for
the same reason.
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Figure 11. Number of assigned D2D pairs versus transmit power of D2D pairs with full-duplex (FD)
and half-duplex (HD) modes at different rate thresholds RMresh(pits /s /Hz) of CUs.

The results are not strictly decreasing. It is observed that number of assigned D2D
pairs starts increasing at low transmit power, then decreases. This is due to the fact that, at
low transmit power of D2D pairs, as it increases, the received SINR at D2D pairs increases.
At the same time, this low power does not add severe interference that can compete with
SINR threshold of cellular users. This allows more D2D pairs to access the sub-channels
shared by NOMA groups, while keeping their QoS requirements, without being affected
or affecting CUs by high interference levels. Moreover, when the transmit power exceeds
a certain value, D2D pairs start to introduce more interference. Thus, CUs will no longer
accept more D2D pairs to be assigned to their sub-channels. Contrary to that, this does not
apply in HD CNOMA with R¥"¢" = (.5; instead, the result is degraded directly by the
interference introduced by D2D pairs.

Figures 12 and 13 compare FD and HD modes in terms of the total sumRate and the
number of assigned D2D pairs with the number of D2D pairs.

In Figure 12, at Rthresh — (0.1 bits/s, first, in terms of total sumRate, it is shown that
HD mode outperforms the FD mode at small number of D2D pairs, and then it starts to
decrease sharply, while, in FD mode, sumRate is still increasing with number of D2D pairs
so the latter exceeds the former at denser D2D tier (at higher number of D2D pairs). This
variation owes to that the HD mode achieves higher total sumRate at small number of
assigned D2D pairs, unlike the FD mode.

Similarly, in Figure 13, at Rthresh = (0.3 bits/s, the same scenario applies, where, in HD
mode, the total sumRate starts to decrease, then increases slowly until the difference in
total sumRate between HD and FD mode decreases as the D2D tier becomes denser, while,
at the same time, FD mode keeps a higher number of assigned D2D pairs.

Proceeding from the two figures Figures 12 and 13, at higher rate threshold for cellular
users, HD CNOMA achieves higher total sumRate than FD CNOMA, where this difference
decreases as the D2D tier becomes denser. On the other hand, FD CNOMA achieves higher
number of assigned D2D pairs while keeping significant difference with HD CNOMA,
while, at lower rate threshold, FD mode starts to achieve a higher total sumRate at denser
D2D tier and also keeping higher number of assigned D2D pairs but with lower difference
with HD mode.
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0.1, |hy1|? = —20, p = 0.01).
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Figure 13. Total sumRate and number of assigned D2D pairs versus number of D2D pairs (R =
0.3, |h11]? = —20, p = 0.01).

Figure 14 shows the influence of the self interference channel gain with different
self interference cancellation factors. As observed, as the self interference channel gain
increases, the total sumRate decreases. This is due to the fact that, when the self interference
channel gain increases, the received SINR values at the strong and weak users will be
negatively affected and this leads to decrease in total sumRate. In addition, it is shown that,
with a greater level of self interference cancellation 1 — p, a greater total sumRate will be
achieved, and this is due to the fact that the greater number of assigned D2D pairs will be,
in case of smaller p as shown in Figure 7, leading to a decrease in the total sumRate. The rate
of this decrease increases with a higher value of p, due to high increase in interference and,
thus, a steep decrease in number of assigned D2D pairs.
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In general, it is observed that multiple D2D pairs assigned with the same NOMA
group on a sub-channel is not necessarily improving the total performance more than
having only one D2D pair for each sub-channel. This is shown by the random many-to-one
allocation added for comparison with matching-theory based allocations (one-to-one and
many-to-one). This is due to the fact that, without methodical interference management,
many D2D pairs on one sub-channel can instead deteriorate the performance. This is
especially on the level of the weak cellular user, which cooperative NOMA has been
observed to improve its performance compared to the non-cooperative NOMA.

Specifically, through results analysis, a trade off lies between QoS requirements of
CUs and the total performance especially at higher transmit power of D2D pairs. Moreover,
QOS requirements are observed to affect the performance difference between FD and HD
modes. Furthermore at last, a denser D2D tier that is more realistic has given advantage
for the proposed system and method over others.

7. Conclusions

In this work, the application of full-duplex cooperative NOMA system and underlay-
ing D2D communication is investigated. The goal was to maximize the sumRate, extend the
coverage by improving the performance of cell-edge (far) users with introducing the coop-
erative relaying, as well as increase number of assigned D2D pairs. So, resource allocation
is applied, while coping with the challenging interference and keeping QoS, as well as SIC
requirements. In simulation results, it is shown that implementing sub-channels allocation
with many-to-one matching theory allocation outperforms that by the one-to-one matching
or random matching, where the gain of the first over the other two is highlighted signif-
icantly with a denser D2D tier. Furthermore, the goal of cooperative relaying is proved,
and it is compared with the non-cooperative NOMA scenario. In addition, the effect of
self interference with FD mode operating at the strong user on the overall performance is
investigated. Along with these results, FD and HD modes are compared in terms of total
sumRate and number of assigned D2D pairs, where the difference in their performance has
been proved to depend on the rate threshold of the cellular users. Moreover, although FD
mode is not always outperforming HD in terms of total sumRate, a denser D2D tier gives
an advantage for FD over HD mode.
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