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ABSTRACT In this study, we examine the performance of a multicell cellular system featuring an
Non-orthogonal multiple access (NOMA) - In-band full duplex transmission (IBFD) enabled base station
to improve spectral efficiency. The simultaneous transmission of multiple signals on the same frequency
resource introduces several interferences and necessitates higher transmission powers to meet user’s quality
of service (QoS) requirements. To address this, we introduce a heuristic approach aimed at optimizing
subcarrier and power allocation with the goal of minimizing required downlink powers while ensuring
QoS for each user. We also present decodability order for downlink (DL) NOMA in the presence of uplink
users. Subsequently, we extend our investigation at sector level to obtain a comprehensive understanding of
network dynamics within a more confined coverage area. We use orthogonal resource allocation and half
duplex scenarios as benchmarks to evaluate the performance of proposed algorithm. Numerical simulations
reveal that NOMA-IBFD requires lower transmit powers to meet QoS compared to the orthogonal multiple
access (OMA) system, despite having more interference terms. Our key findings emphasize that the proposed
algorithm not only enables users with weaker channel conditions to meet QoS requirements but also allows
users with stronger channel conditions to contribute significantly to system throughput enhancement, thereby
providing enhanced energy efficiency.

INDEX TERMS Non orthogonal multiple access, in-band full duplex transmission, sectorization, subcarrier
allocation, power allocation, quality of service.

I. INTRODUCTION

With the advent of next generation multiple access (NGMA)
for future wireless networks, efficient solutions need to be
implemented to address the diverse connectivity needs of
both cellular users and wireless devices. This involves effec-
tively managing critical application requirements, including
massive connectivity, spectral efficiency, high data rates, low
latency, and quality of service [1], [2]. In a multicell wireless
communication system, the coverage area is divided into
smaller geographical regions called cells and is typically
served by a dedicated base station (BS). These BSs are
interconnected and coordinated to provide QoS to the
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users present in the cellular system by carefully managing
the limited available spectrum in the presence of severe
interference components. This demands to explore, integrate
and fine tune several radio access techniques to enhance
data rates and improve spectral efficiency. In multicarrier
multiple access systems, the available total bandwidth is
divided into subcarriers and assigned to users for better
spectrum utilization. Next generation wireless systems along
with multicarrier multiple access technique can enhance
overall system performance by exploiting diversity among
users to meet various QoS requirements [3], [4], [5].
Non-orthogonal multiple access (NOMA), has been
proposed for the long-term evolution advanced (LTE-A)
standards [6]. It is a multiple access technique that enables
simultaneous transmission or reception of several signals
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over the same frequency resource, which improves spectral
efficiency and provides massive connectivity [7]. This is in
contrast with the conventional orthogonal multiple access
(OMA), where orthogonal resource blocks are allocated
in a given direction of communication. In DL-NOMA,
multiple user signals sharing the same frequency resource are
multiplexed by the BS in the power domain and transmitted
to all DL users. The DL user, upon receiving the superim-
posed signal from the BS, performs successive interference
cancellation (SIC) to decode its message. Similarly, in case
of uplink (UL) transmission, the BS performs the same after
receiving the superimposed signal from all UL users. SIC
plays a major role in separating the desired user signal by
exploiting power difference in the total received signal [8],
[9]. Thus, in contrast to OMA, NOMA effectively multiplexes
users with diverse quality of service requirements on the same
time-frequency resource, enhancing spectrum efficiency but
at the expense of increased receiver complexity.

On the other hand, In-band full duplex (IBFD) system
enables simultaneous transmission and reception of signals
on the same frequency resource by effectively doubling
the capacity of wireless system and improves spectrum
efficiency [10]. However, the simultaneous UL and DL
communication introduces uplink to downlink interference
(UDI) at DL user and also self-interference (SI) at BS.
With recent advances, the effect of SI can be suppressed
significantly by deploying additional electronic circuitry at
BS [11], [12], [13].

Therefore, the integration of NOMA and IBFD technolo-
gies in a multicarrier scenario holds significant promise
for improving spectral efficiency and accommodate more
wireless devices to connect to the BS. In the context of
both single cell and multi cell environments, several related
works have explored the potential benefits of combining these
technologies while addressing the associated complexities,
as outlined below.

A. RELATED WORKS

1) SINGLE CELL

The benefits of IBFD when integrated with NOMA heavily
relies on subcarrier and power allocation. The authors
in [14] consider a multi-carrier FD-NOMA system with the
restriction of two user NOMA multiplexing and propose
subcarrier and power allocation algorithms to maximize
achievable data rates. In [15], a distributed resource allocation
algorithm is proposed using matching theory for IBFD
enabled NOMA system. A dynamic power allocation scheme
is proposed in [16] to guarantee QoS in downlink and uplink
NOMA system. Similarly, the authors in [17] propose particle
swarm optimization (PSO) based, joint subcarrier and power
allocation algorithm for a NOMA-IBFD system. Difference
of convex programming is used in [ 18] to convert the problem
of energy efficient resource allocation into a convex opti-
mization problem and showed improved sum rate and energy
efficiency performance than the conventional orthogonal
frequency division multiple access scheme. On the other
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hand, the works in [19], [20], and [21] consider decoding
order policies to provide QoS requirement to users in a single
cell environment. However, these works were limited to
either UL-NOMA or DL-NOMA. Nevertheless, several other
works [22], [23], [24], [25] have been proposed to improve
sum rate of the system, while these works are constrained
to a single cell and cannot be directly applied to multicell
cellular system due to the fact that addition of co-channel
interference (CCI) resulting from the simultaneous use of the
same subcarrier by BSs and uplink users in other cells.

2) MULTI CELL

Resource allocation in a multicell cellular system poses more
challenges due to increased interference components, espe-
cially when NOMA and IBFD technologies are combined.
Several works in the literature has addressed this problem and
proposed various algorithms to improve user QoS require-
ments and system performance. The authors in [26] worked
on cooperative and non-cooperative scheduling schemes
to obtain the users for simultaneous uplink and downlink
transmission with the objective of maximizing gains in IBFD
based system model. In [27], both game theory and graph
theory are exploited to find user grouping strategies with
emphasis on QoS considerations and the primary objective
is to minimize power consumption in multicell downlink
NOMA system. Several other works [28], [29], [30] are
carried out for multicell downlink NOMA system model.
In [28], a greedy user clustering and power allocation scheme
is proposed for QoS to minimize the total transmit power.
The work in [29] aims at energy efficiency maximization
and compared the heuristic based proposed algorithm with
fractional transmit power allocation and the conventional
orthogonal multiple access. In [30], optimal SIC ordering
and power allocation is presented for larger number of cells
and users in downlink multicell NOMA system. Nevertheless,
the majority of existing studies concentrate either on full
duplex or NOMA-DL, leaving a notable gap in the literature
concerning the multicell NOMA-IBFD system. The authors
in [31] investigate joint optimization of user association,
mode selection, and power allocation in a multicell system.
However, this work is constrained to operate either in full
duplex (FD) or in NOMA due to severe interference. The
work presented in [32] introduces a centralized multicell
FD-NOMA system, with the aim of maximizing total sum
rate in a single subcarrier scenario.

Moreover, to tackle the problem of interference and to
provide QoS to the users, different technologies based on
sectorization have been proposed [33], [34], [35]. The authors
in [33] aim to maximize the energy efficiency of the entire
small cells in an uplink under-laying two-tier NOMA het-
erogeneous network with sectorization. Further, the authors
in [34] proposed multiple interference cancellation technique
to improve the system performance for a NOMA based
device to device (D2D) network in a tri-sectored cell. A relay
based, adaptive sectorization approach is proposed in [35]
and compared the energy efficiency performance with the
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FIGURE 1. Multicell multicarrier NOMA-IBFD system model.

fixed sector approach for the downlink NOMA system.
Nevertheless, these sectorization based works are confined
to a single cell, emphasizing the necessity for additional
research to explore their adaptability and effectiveness in a
multicell environment.

B. MOTIVATION

Thus, the existing works predominantly focus on sum
rate maximization, energy efficiency improvement etc., for
a given fixed power budget. However, finding required
DL powers to meet QoS of all users in the multicell
NOMA-IBFD cellular system is crucial in the presence of
severe interferences. Further, when IBFD is integrated with
NOMA the simultaneous communication of uplink users
will effect the QoS of downlink users and may necessitate
higher power requirements to ensure the minimum required
rate of transmission. Consequently, obtaining the necessary
power levels to meet the QoS needs of users in a realistic
wireless system is crucial for ensuring fairness among users
and effectively managing interferences.

C. CONTRIBUTIONS
The works referenced above provide excellent examples
of performing resource allocation in single cell or multi
cell networks with objectives such as optimizing system
metrics like sumrate or energy efficiency. There are several
studies focused on multicarrier single cell NOMA-IBFD
systems [14], [15], [16], [17], [22], [23], [24], [25], and
half duplex multicell NOMA systems [27], [28], [29],
[30]. Very few approaches explore single carrier multicell
NOMA-IBFD for optimal power allocation [31], [32]. In
contrast, this work focuses on the relatively less explored
area of multicarrier multicell NOMA-IBFD cellular systems.
Additionally, finding the optimal performance, such as
the required powers to meet the QoS requirements for
all users in a multicell cellular system, presents sig-
nificant challenges due to the complexity of managing
intercell interference and resource allocation across multiple
cells.

Although, evolutionary algorithms based PSO approach
similar to [36] can be explored, the computational complexity
will explode. For instance, as noted by the authors in [14],
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even in single cell NOMA-IBFD systems, the complexity of
resource allocation grows exponentially with the increase in
number of users and subcarriers. Moreover, with the increase
in problem size, the complexity of evolutionary algorithms
can rise significantly due to the expansive search space.
This increase in complexity can render them computationally
inefficient for large-scale problems [37], [38]. Therefore,
to obtain a tractable solution we propose a heuristic based
subcarrier and power allocation algorithms with and without
sectorization.

The main contributions of this paper are listed as follows:

« In this paper, we address the problem of minimizing
transmit power required to provide QoS on transmission
rates for all users in a multicell NOMA-IBFD cellular
system. To the best of author’s knowledge, the problem
of determining the minimum required power to meet
QoS for all users in multicell NOMA-IBFD cellular
system remains open. Specifically, we do not impose any
restrictions on the number of users to be multiplexed for
NOMA either in uplink or downlink transmission for the
considered system.

« We propose a heuristic algorithm for subcarrier alloca-
tion and computation of the minimum transmit powers
for uplink and downlink users to ensure a minimum
transmission rate for all users. This approach is appli-
cable to both NOMA-IBFD systems and DL-NOMA
alone. The power allocation scheme is obtained by
setting fixed uplink powers and deriving an upper bound
on the power allocation to downlink user. However,
due to multi user interference introduced by NOMA,
a strong user (whose signal to interference plus ratio
(SINR) is higher) can perform SIC to remove the weak
user message (whose SINR is lower) from the received
superimposed signal. Therefore, to ensure successful
SIC by BS and a strong DL user, we have derived
decodability constraints for UL-NOMA and DL-NOMA
respectively.

« We also propose a frequency reuse pattern with the
help of 60° sectorization to address the problem of
interferences in system. In this context, the performance
of proposed scheme without sectorization (i.e., at the
cell level) is referred as C-NOMA-IBFD, while with
sectorization (i.e., at the sector level) it is termed as
S-NOMA-IBFD. Further, we benchmarked the perfor-
mance of proposed scheme against orthogonal resource
allocation C-OMA-IBFD and half duplex scenarios
C-NOMA-DL.

o The proposed subcarrier and power allocation algorithm,
provides required transmit powers to ensure a minimum
transmission rate for all UL and DL users. With this
algorithm, the user with poor channel condition is also
guaranteed required QoS and while the user with better
channel condition is used to improve total throughput
of the system. Through analytical and simulation
results, we demonstrate the impact of interference in
NOMA-IBFD multicell cellular system.
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TABLE 1. Notations used in this paper. (s indicates subcarrier).

Notation | Description
K Number of cells in the multicell cellular system
Ny Number of UL users in cell k
M, Number of DL users in cell k
S Number of subcarriers in cell &
h{‘ s The channel gain from UL user i to BS in cell k
gf s The channel gain from BS to DL user j in cell
hf; s The channel gain from UL user i to DL user j in same cell &
hf‘/"; The channel gain from UL user i’ in BS in cell k¥’ to BS in cell k
nE'k The channel gain from BS in cell &’ to BS in cell
n ]"Y The channel gain from UL user i’ in cell ¥’ to DL user j in cell k
gj’.‘,:’; The channel gain from BS in cell ¥’ to DL user " in cell k
pf." s The transmit power of UL user i to send message to it’s BS in cell k
qjs The transmit power of the BS to send message to DL user j in cell k
75-{ The total UL power budget available at UL user i in cell &
X {‘, Subcarrier allocation matrix, indicating the set of UL users in cell £
X L", Subcarrier allocation matrix, indicating the set of DL users in cell k

D. ORGANIZATION

The rest of the paper is organized as follows. We present the
system model and formulate the problem in Section II, and
define decoding orders for UL, DL NOMA in Section III.
In Section IV, we propose a heuristic that computes a subcar-
rier allocation and power allocation. In Section V, we discuss
sectorization of multicell cellular system. In Section VI,
we present the results of numerical computations and finally
Section VII concludes the paper.

Il. SYSTEM MODEL AND PROBLEM FORMULATION
Consider a cellular system comprising K cells sharing a

common spectrum for both UL and DL communication. Let
K =1{1,2,..., K} represent the set of cells. Each cell k € IC
is assumed to contain N; UL users and M; DL users. Let
Ne=1{1,2,...,N¢},and My = {1,2, ..., M;} denote sets
of UL and DL users in cell &, respectively. The total available
bandwidth of W Hz is divided into S subcarriers, which are
assigned to UL and DL users by their respective BSs for
communication. The bandwidth of each subcarrier is W /S
Hz,andletS = {1, 2, ..., S} represent the set of subcarriers.
For a cell k € K, we denote the channel coefficient from
UL user i to the BS over the subcarrier s € S by hf , and

the same from BS to DL user j is denoted by g]’i 5 Similarly,
the transmit powers of UL user i and DL user j are denoted
by pi." 5 q]]f ; respectively. Table 1 presents the complete set of
variables and their notation that we use in the paper.

Further, let x{fs represent the message from UL user i
and x}fs represent the message from BS to DL user j over
a subcarrier s in cell k. The message is considered to
be encrypted, which inherently ensures the security of the
transmission [39], [40]. We assume that the mean square
value of the transmitted messages to be unity, that is,

[|x | ] [lx;fs|2] = 1, Vi, j. Additionally, for all k € K,
we define a Ny x § matrix X’L‘, that specify a subcarrier
allocation to the set of UL users, N;. If UL user i € N,
is allocated a subcarrier s € S, then X{‘](l s) = 1, else

U(z s) = 0. Similarly, we define another matrix X}, k of order
M; x S, to denote the subcarrier allocation to the set of DL
users M;.

All the BSs utilize NOMA and IBFD transmissions across
all subcarriers. Specifically, BS in cell k¥ € K can allocate
a subcarrier s € S to more than one user in either UL or
DL direction, or both. Then, the received symbol at the BS
is given by (1), as shown at the bottom of the page. Here, the
first term is a consequence of NOMA and is the superposition

yg,s = Z hi{’v f s, st Z \/a Xj, st hk k\/ pz’ s z/ st Z hk g qj s ,s + ng,S' e))
X5 5)=1 JXEG.s)=1 k/;tk k' £k,
X (@ 9)=1 7XE (=1
y]]'(vS: z g]YV + Z hljS\/lTsxls—i_ Z hz]s ptvtks+ Z g] s\/ k +n (2)
JXE G s)=1 X% 3i,5)=1 k' #k, k' #k,
X (@ 9)=1 JXK (=1
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of the messages transmitted by the UL users in cell k that are
allocated the subcarrier s. The BS decodes these messages
using successive interference cancellation. The second term
is the self interference at BS due to IBFD transmission over
the same subcarrier. With the improvements in analog to
digital converter and digital to analog converters, it is possible
to achieve significant reduction in self interference through
analog and digital cancellation techniques [10]. We refer the
interferences that arise due to NOMA and IBFD transmission
within the cell as intracell interferences. Apart from these
interferences, there will be interferences at BS due to UL
and DL transmissions in the neighbor cells. We refer to these
interferences as intercell interferences and are given by third
and fourth terms of (1). The third term in (1) is due to the UL
transmissions and the fourth term is due to DL transmissions
over the subcarrier s in the neighbor cells. The last term
of (1), ng,s denotes the complex additive white gaussian noise
(AWGN) with distribution CA(0, o).

The received symbol at DL user j in cell k over subcarrier
s can be written in a similar manner and is given by (2),
as shown at the bottom of the previous page. Here, the
first term is due to superposition coding of NOMA of
DL users. The DL user j needs to decode its message
using successive interference cancellation. The second term
denotes interference at the DL user due to the transmission of
UL users over the subcarrier s. This co-channel interference
is present due to IBFD transmissions. The third term is
the intercell interference due to UL transmissions in the
neighbor cells over the same subcarrier. The fourth term is
the interference due to DL transmissions in the neighbor
cells. Finally, njk s 1s the complex AWGN noise and we
assume that it is distributed as CN/(0, aj2). We summarize the
system model and illustrate all signal transmissions in Fig. 1.
Specifically, the desired transmissions are shown with solid
line and intracell transmissions with dashed line. The intercell
transmissions are represented with dotted lines. Further, self
interference at the BS, due to IBFD transmission is indicated
with a double line.

We now compute interference powers at various receivers.
For this, assume that a subcarrier s € S is allocated to
UL user i and DL user j in cell k. Then, we can compute
the interferences at BS and DL users in cell k for a given
subcarrier allocation {(X k , X g), k=1,...,K}. Inparticular,
the BS k experiences interference from UL transmissions
in the neighboring cells denoted by Ig(s; UL). Similarly,
1 § (s; BS) denotes the interference due to DL transmissions
from the neighboring cells. These intercell interferences are
given in (3), and (4).

IfssULy=> >

K#k XK (it 5)=1

Ifs:BS)=> >

k#k j.xb (7 ,5)=1

k'k2 k'
Kk 12p (3)

[
kK'k2 k'
R @

The BS k, has residual self interference due to DL trans-
missions within the cell denoted by / § (s; SI). By employing
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analog and digital self interference cancellation techniques,
self interference can be suppressed up to the noise level [10].
The fraction of residual self interference at the BS is denoted
by y. Thus,

If(s; S =y Z qs- )

XK ,s)=1
Similarly, the DL user j experiences interference from UL
transmissions in the neighboring cells denoted by Ijk (s; UL).
The term, I/.k(s; BS) denotes the interference due to DL

transmissions from the neighboring cells. These are given
by (6), and (7).

k. k'k 2 k'
D=2 > AP ©)

k'#k i xk (i 5)=1

)=, 2,

k'#k jrxb (7 ,5)=1

K'k\2 k'
|gj/,xl qy s @)

Apart from these interferences, the DL user j, has
interference due to UL to DL transmissions within the cell
denoted by Ijk (s; UDI'), which is computed as

ffs:uph = > Ih Pl ®)
Xk (i,5)=1

Moreover, in addition to the intracell and intercell inter-
ferences experienced by the BS and DL users, there also
exists interference resulting from NOMA when signals are
multiplexed over a subcarrier. The interference due to NOMA
for UL user i at BS and DL user j in cell k is represented by
1 Z,f (s; i, NOMA), and Ijk (s; NOMA) respectively. However, it is
important to note that these interference terms are subject to
order of decoding in SIC at the receivers, which we discuss
in detail in Section III. Nevertheless, for the remainder of this
section, we assume these interference terms can be computed
and proceed to calculate the transmission rates for all UL and
DL transmissions.

Now, to compute the SINR of UL user i and DL user j,
over subcarrier s in cell k, let us denote / l’,f (s) to be the total
interference at BS k excluding the interference due to NOMA
and it is given by

15(s) = IX(s; UL) + I5(s; BS) + I5(s; SI). )

Similarly, let 1 /.k (s) denote the total interference at DL user j
in cell k and is given by

If(s) = If (s UL) + If(s: BS) + If (s: UDD).  (10)

Consequently, by assuming AWGN at all receivers, the
transmission rate of UL and DL transmissions in each cell
can be determined using Shannon’s formula. The SINR for
UL user i on subcarrier s in cell k is given as

k 12,k
®]_¢ — lhi,s' pi,s ) (11)
B IK(s) + I5(s; i, NOMA) + o

where, UI% is the power of the AWGN noise at the BS.
Likewise, the SINR of DL user j on subcarrier s in cell k is
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given as
k 2k
Tk _ |gjgs| q‘j’s
Js T Tk k. 2"
Ij (s) —|—1J- (s; NOMA) +o0;

(12)

where, o2 is the power of the AWGN noise at the DL user j.

In light of the aforementioned equations, the transmission
rates for UL user i and DL user j in cell k over subcarrier s
are expressed, respectively by the following equations

RY () = logy (1+ ©L,), (13)
and
Rl (5) = log, (1 n Tj’fs) . (14)

Allowing for the allocation of more than one subcarrier
to both UL and DL users within any cell, the overall
transmission rates for UL user i € N} and DL user j € M;
in cell k are given by

Ry =D X[ )RY (s). and Ry ; = D" X5, )R}, ;(s).
seS seS

Our goal is to find a subcarrier and power allocation that
minimize the total transmit power at the BS, while adhering
to the minimum transmission rates oz]f]’ ; and alk)’j for the UL
user i and DL user j in cell &, respectively. Accordingly, the

optimization problem is formulated as (15).

K S
min > XG0,

k yky k
KXo Xp)djs f=1 s=1 jeMy
st Cl: Y Ry ()= ap, VkeK,iel,
s

C2: D R (s) = af;, VkeK.je My,
S

C3: X[, ). Xp(.s) € {0, 1}, Vi.j.s.k,
C4:pi.qi, >0, Vijsk (15)

In this problem, the minimum transmission rates for both
UL and DL users are enforced by constraints C1 and
C2. Similarly, the constraint C3 highlights the discrete
nature of subcarrier allocation variables which indicates
subcarrier allocation to the given user, while C4 guarantees
non-negative powers for UL and DL users. Computing the
optimal solution to (15) is challenging due to the discrete
nature of certain variables. Moreover, the set of potential
subcarrier allocations grows exponentially with the number
of subcarriers and users. Consequently, an exhaustive search
for an optimal subcarrier allocation is not feasible. Therefore,
we propose a heuristic that divides (15) into two problems:
subcarrier allocation and power allocation. In the subsequent
section, we introduce the decoding order for UL and DL
NOMA and calculate the interference at UL and DL users
arising from NOMA. A heuristic approach for finding a
suboptimal power and subcarrier allocation is presented in
Section IV.
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1ll. DECODING ORDER FOR NOMA

The superposition coding scheme of NOMA provides
multiple users to access a subcarrier for both uplink and
downlink users. A NOMA receiver incorporate SIC to decode
its message. In which, a receiver decodes superimposed
messages of a few users while treating messages of remaining
users as noise. This depends on the decodability of a
receiver’s message at another receiver, defining a decoding
order at each receiver. Next, we discuss finding a decoding
order for UL-NOMA and DL-NOMA in the following
subsections.

A. UPLINK NOMA

For UL transmissions, a BS &k € K has the flexibility in
allocating a subcarrier s € S to any number of UL users
in M. Let Uy < N be the set of UL users allocated the
subcarrier s. For decoding, BS decodes the message of UL
user with the highest channel gain |hﬁs|2, for i € U, and
by treating the messages of other users as noise. It then
subtracts the decoded message from the received signal to
decode the message from UL user with the second-largest
channel gain. Iterating through this process, the BS decodes
messages from all the UL users in {/;. Please note that By
employing this decoding method, to decode the message from
the UL user with the smallest channel gain, the BS will not
have interference due to NOMA.

Assuming that the UL users i € U are indexed in
decreasing order of channel gains |h;‘) s|2, then the NOMA
interference at the BS to decode the message of UL user i
is

I§(s:i, NOMA) = D" |hf [I°pj . (16)
[>i+1

Please note that, the transmission rate of UL user i € UF is
given by (13). In the next subsection, we discuss the decoding
order for DL-NOMA.

B. DOWNLINK NOMA

For DL transmissions, initially we fix a cell k € K and a
subcarrier s € S. Similar to the case of UL-NOMA, a BS can
allocate s to a set of DL users Dy € M. To find a decoding
order, for each DL user j, we define

I} I?
= (17)
oi +17(s)

Consider the set Df = {j1,J2, - .., Jp} consisting ordered set
of DL users in the increasing order of F;‘S, that is

rk <rk <...<r*t (18)

J1,8 J2,S e JD,S*

Now, take two DL users denoted as j; and j,, such that [ < m.
We call the user j, stronger than j; or j; weaker than j,,.
Through SIC, the user j; decodes the messages of weaker
users and subtracts them from the received signal. Thus, the
user j; decodes the messages of ji,j2...,ji—1 in the order
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starting from j;. After removing the interference from weaker
users, user j; decodes its message, by treating the messages
of the stronger users as noise. Then, the NOMA interference
atjj is

D
k(. k 2 k
fhsvoma) = lgh | D ). a9)
d=I+1

Similarly, the transmission rate of DL user j; is given by (14),
which can be expressed in terms of Fz’ , after algebraic
manipulation as '

k k
sz,squ,x
k D k
1+ Fjl,s <Zd:l+1 qjd,s)

The following lemma shows that given (18), a DL user can
decode messages of weaker DL users.
Lemma 1: Let j; and j,, be two DL users in DX with [ < m.
Then, j,, can decode j;’s message for any set of UL powers.
Proof: For j;’s message to be decodable at j,,, we should
have

R (s)=1log, | 1+ (20)

ko Kk
0545
k D k
1+ ij,s (Zd=l+l qjd,s)

Here, the right-hand side of (21) represents the capacity
of j;’s message at user j,. It is worth noting that while
decoding the message of j; at j,, the NOMA interference
consists of all the powers of users jit1,...,jp. And, the
power of ji...,ji—1 will not contribute to interference as
they have been subtracted before decoding the message of j;.
Substituting (20) in (21), and simplifying through algebraic
manipulation, we get

R (s) <log, [ 1+ @1)

rk <rk

JisS = 7 jm,Ss*

(22)
Therefore, this condition is satisfied, based on the hypothe-
sis. Consequently, user j,, is capable of decoding the message
from user j; when [ < m. O
Using the decoding orders defined for UL and DL NOMA,

we propose a heuristic to solve (15) in the subsequent
section.

IV. RESOURCE ALLOCATION IN MULTICELL WIRELESS
COMMUNICATION SYSTEM

To solve problem (15), we note that the transmit power
required to meet the QoS requirement depends on the
interference at the corresponding receiver. Consequently,
to minimize total transmit power satisfying the rate con-
straints requires a subcarrier allocation that minimizes the
interference. Therefore, we decompose problem (15) into
two subproblems: subcarrier allocation and power alloca-
tion. We iteratively determine a subcarrier allocation that
multiplexes UL and DL users in a way that minimizes
total intracell and intercell interferences. After obtaining a
subcarrier allocation, we find a power allocation satisfying
transmission rate constraints for all users in all cells. In the
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Algorithm 1 Cell Based NOMA-IBFD Resource Alloca-
tion Algorithm

Initialize empty allocation for all cells k = 1,2, ..., K
ie. X} (. 5)=0,X} (. s) =0,
Vs €8S,ie Ni,je M;.
for n = 1 — Max number of iterations do
Subcarrier Allocation:
fork=1— K do
Allocate Subcarrier in cell k:
fori=1— N; do
| Compute S,(i) from (23), if Ry, ; < af;

forj=1— My do
L Compute S;(j) from (24), if R]b’j < ag’j

fors=1— Sdo
e Compute v(s; i, j) from (25), v(s; j)
from (26), and v(s; i) from (27)V i € N,
J € M requesting subcarrier s.
e Let (i, j) = argmax v(s; i, j), j* = arg max
L, J
v(s; j), i = argmax v(s; i).
i
if v(s; 1, 7) > v(s; j*) and v(s; i) then
| Xf G0 =1,X5,G.9=1
else if v(s; j*) > v(s; 2,}) and v(s; i) then
| X5.G% ) =1.
else
L Xf G0 =1.

Go back to Allocate Subcarrier until all users
are allocated a subcarrier
Power Allocation:
fori=1— N; do
k __ pk
L P is P iy
forj=1— M; do
L Compute qjl-f ; from (29).
| Compute Rates Vi € N, Vj € My
| Stop if all UL and DL users QoS is satisfied.

following subsection, we present a heuristic for subcarrier
allocation.

A. SUBCARRIER ALLOCATION

We find subcarrier allocations iteratively for all cells. Let
X lk]’n, X gn denote subcarrier allocations in cell k in iteration
n. In each iteration, we update subcarrier allocations cell
by cell starting from & = 1. Subcarrier allocation in
cell k£ depends on the allocations in neighboring cells. In
each iteration, we update subcarrier allocations cell by cell,
starting from k = 1 up to k = K. The subcarrier allocation in
cell k depends on the allocations in neighboring cells, so we
must consider the current and previous allocations iteratively.

Thus, X%‘]’n,Xg’n of cell k depends on (Xllj,n’X[l),n)’
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(Xlkfnl’ Xk ]) (Xﬁil_p XH] 1 (XU n—1 5,n—1)- For
n =1, we initialize subcarrler allocatlons for each cell to
be empty, ie., X} (i, s) 0, XK, s) 0, for all k =
1,2,...,K,i € Ni,j € My, and s € S. Subsequently we
update the subcarrier allocation only if QoS is satisfied for
the user.

After initializing the subcarrier allocation, each UL user
and DL user requests BS for a subcarrier. First, to find a
subcarrier allocation in cell k, each UL user i € N finds a
subcarrier, S, (i), that maximizes the ratio of its channel gain
to interference from all neighboring cells, given by

S0 = |h’.<|2
1) = ar ma
u S1e8 o2 + I5(s: BS) + I5(s: UL)

(23)

Similarly, each DL userj € M finds a subcarrier, Sy (j) given
by

Sa(j) = argmax ——— Ejlf’xlz k .
seS o + 17 (s; BS) + 17 (s; UL) + 1 (s; UDG)
24)
Nk
Note that the term, Ik(s UDG) = ZX A S)|h§s|2

represents UL to DL channel gains in the present cell
subcarrier allocation, and it is required to consider intracell
interference.

Now, the UL user i and DL user j requests their BS for the
subcarrier S, (i) and S;(j) respectively for data transmission.
The BS in cell k, after receiving requests from the UL and
DL users, allocates subcarriers by considering the intracell
and intercell interferences. For all UL users i € N and DL
users j € My requesting for subcarrier s, the BS computes

R PIgk 2
V(s i, ) = — (25)
|7k |
v(s: ) = Igh, 1%, (26)
V(s i) = | |2 27)

Then, the BS allocates, the subcarrier s to both UL,
DL users or UL user alone or DL user alone based on the
maximum value among (25), (26), and (27). To guarantee
minimum transmission rate for all users, a subcarrier should
be allocated to all users. Hence, this procedure is repeated
until each user is allocated a subcarrier. Thus, the BS allocates
a subcarrier to at most one user in a given direction, hence
there may be either UL or DL users that are not allocated any
subcarrier. To guarantee minimum transmission rate for all
users, a subcarrier should be allocated to all users. Therefore,
this procedure repeats until each user is allocated a subcarrier.
For minimizing interference at users, we allocate only one
subcarrier to each user. For this, a user, either UL or DL, stops
requesting the BS for a subcarrier if it has been allocated one
subcarrier.

The subcarier allocation can be summarized as follows:
The subcarrier allocation process is carried out iteratively
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for all cells. In each iteration, subcarriers are allocated cell
by cell, from the first cell to the last. Initially, all subcarrier
allocations are set to zero. For each cell in each iteration,
the algorithm determines the best subcarriers for UL and DL
users by considering the ratio of channel gain to interference.
The BS in each cell then evaluates subcarrier requests from
users and allocates subcarriers, aiming to minimize required
transmission powers by reducing interference. This iterative
process continues until each user is assigned at least one
subcarrier and ensures minimum rate requirements are met.
In the next subsection, we present computation of powers for
a given subcarrier allocation.

B. POWER ALLOCATION

Given a subcarrier allocation {(Xk,Xllg), k = 1,...,K},
we now compute the transmit power for both UL and
DL users. Let a subcarrier be assigned to UL users
{i1,...,i; € My} and DL users {ji, ..., jm € Ni}. To com-
pute the transmit power of the BS to DL users, we assume DL
users are in the increasing order of Fk Thus, user j; is the
weakest, and j,, is the strongest. For 1 < v < m, the rate of j,
is given by

gt 174
Rpj,(s) =logy | 1+ fo o’

m
2 k k2 k
O'jv + IjV(S) + |gjv,‘\-| Z qjd,s
d=v+1
(28)

Please note that, the term Ijlj (s) is the intercell and intracell
interference defined in (10). Therefore, for a minimum
transmission rate of o% D _ for DL user j,, we require

|gjv.s| Qj\,,s _ > 2015_/.‘7 _ 1
e ORI N IR
d=v+1
This implies,
2 k m
k + I (s)
g, = Q%0 — 1)(—k > qf) (29)
| | d=v+1

5 in (29) with
(s) we can compute DL

To minimize total DL power, we choose q
equality. leen the interference, /
powers q Jforallv=1,...,m, startlng from the strongest
DL user v = m. Notably, for v = m, there is no interference
due to NOMA, and the second term in (29) vanishes for
q]’fn’s. UL user transmit powers can be computed similarly to
guarantee minimum rate constraints for UL users. However,
UL power pf su=1...1 depends on BS transmit powers.
To remove 1nterdependence of pl s on qj ¢ and vice versa,
we fix a sufficiently large transmit power Pk so that UL
transmission rate Rk v.i, is greater than ch The subcarrier
and power allocation for NOMA-IBED multicell system is
summarized in Algorithm 1.
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Please note that, after power allocation in cell k = K,
users in cells k = 1,...,K — 1 may experience much
higher interference than used to compute the powers in their
respective cells. Consequently, the minimum rate constraints
may be violated. In order to avoid this problem, each user
estimates that the actual interference is higher than the
current interference by S percentage (typically set to 0.10,
representing a 10% increase) and compute the required power
to meet QoS constraint.

Thus, the power allocation process follows the subcarrier
allocation. For DL users, power is allocated starting with
the weakest user, ensuring that each user’s minimum rate
requirement is met. The power for each user is adjusted based
on the interference from other users and the channel gain.
For UL users, a sufficiently large transmit power is initially
set to guarantee the minimum transmission rate. However,
after the initial power allocation, users in earlier cells may
experience increased interference, so their power levels are
recalculated to ensure that the QoS requirements are still met.
This iterative process continues until both UL and DL users
in all cells meet their QoS. Next, we present sectorization
approach and discuss its effects on system performance.

]:1/.7:1

~7:10 ]:9

= UL Frequency Bin
= DL Frequency Bin

Subcarriers in
Opposite Bins

FIGURE 2. Sectorization in multicell cellular system.

V. MULTICELL NOMA-IBFD USING SECTORIZATION

Using the principles of sectorization and frequency reuse,
we can effectively mitigate intracell and intercell interfer-
ence. This involves partitioning a cell into multiple sectors,
each assigned a specific set of subcarriers for both uplink and
downlink transmission. Typically, 60° or 120° sectorizations
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are employed for frequency reuse, where the same set of
subcarriers can be reused in the sectors of neighboring cells
to alleviate interference effects. In our case, we adopt a
60° sectorization with six sectors per cell and define a
frequency bin, F, as a subset of S 1 In addition, we refine
the organization of our subcarriers by dividing them into
specific frequency bins denoted as Fi, F>, and so forth, up to
F12. Each of these bins represents a distinct frequency range
within the overall set S. It is important to note that we assume
S has multiples of twelve subcarriers, allowing us to divide
them into twelve nonempty disjoint frequency bins.

We introduce a frequency reuse strategy to minimize
both intercell and intracell interferences while emphasizing
enhanced QoS. The topology for frequency reuse is illustrated
in Fig. 2, where each sector is assigned a frequency bin,
and users transmit messages using subcarriers from the
designated frequency bin. Notably, a sector may contain both
UL and DL users. To mitigate intracell interference, two
frequency bins are allocated for UL and DL transmissions
in sectors opposite to each other, as shown in Fig. 2. This
approach effectively increases the distance between UL and
DL users, thereby reducing intracell interference. The use of
the same color in Fig. 2 indicates sectors that share frequency
bins.

We also aim to minimize intercell interferences at BSs and
DL users in all cells. For this purpose, we propose a frequency
reuse pattern across cells, as shown in Fig. 2. The objective of
this pattern is to increase the distance between users using the
same set of subcarriers for UL and DL transmission. Further,
this approach will increase the path loss between a UL user
in cell k and a DL user in cell k" # k, consequently reducing
intercell interference. In the proposed pattern, the distance
between a BS and an UL user utilizing the same subcarrier
in the neighboring cell is also substantial thereby mitigating
intercell interference at the BS through increased path loss.

Algorithm 2 Sector Based NOMA-IBFD Resource
Allocation Algorithm

Initialize empty allocation for all cells k = 1,2, ..., K
ie, X ,(i.$) =0, X} (j.s) =0,

Vs € 8,i € Nyj € M.

for n = 1 — Max number of iterations do

fork=1— K do
e Find possible UL and DL users on all sectors

based on frequency bins.
e Perform Allocate Subcarrier and then Power
Allocation as per Algorithm 1 for all possible
UL and DL users.
e Compute Rates Vi € Ny, Vj € M

| Stop if all UL and DL users QoS is satisfied.

The proposed frequency bin pattern can be generalized and extended to
higher order sectorization and other network layouts. However, to balance the
trade-off between complexity and performance we employ 60° sectorization.
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After sectorizing the multicell cellular system, we initialize
subcarrier allocations for each cell to be empty, i.e.,
X5, s) = 0,X5G.s) = O, forall k = 1,2,...,K,
i € Ni,j € Mg, ands € S. Next, given a cell k € K,
we find all possible UL and DL users in opposite sectors
that uses same set of subcarriers. This can be accomplished
with the help of frequency bins, where each bin consists
of distinct set of subcarriers within the overall set S. Then,
we proceed with subcarrier allocation until all users in cell
k are allocated a subcarrier and perform power allocation as
described in Section IV-B. It is worth noting that, compared to
cell based resource allocation, each sector has fewer number
of subcarriers, which could result in performance degradation
compared to the cell. The sector based, subcarrier and power
allocation for NOMA-IBFD multicell system is summarized
in Algorithm 2.

A. COMPUTATIONAL COMPLEXITY

The computational complexity of the proposed resource
allocation algorithms can be analyzed as follows: consider
an equal number of UL and DL users present in a given cell
k to be Ny = M; = N. Then, for a cell based or sector
based resource allocation algorithm, the number of operations
required to obtain a subcarrier allocation for all UL and DL
users is O2K N2 4 7KNS). Next, we consider the power
allocation. The computational overhead for UL users’ power
allocation can be neglected, as it is assumed they transmit
with maximum power. However, the computational cost for
the DL users’ power allocation is O(KNS). Thus, the overall
computational complexity of proposed resource allocation
algorithms is O(2K2N? + 8KNS).

Further, the resource allocation approach presented in [14]
for a single cell NOMA-IBFD system has a complexity
of O(N%). Using exhaustive search, to find a subcarrier
allocation that minimizes transmit power requires exploring
QMe+M _ 1) combinations. Therefore, compared with the
exponential complexity associated with exhaustive search,
the proposed approaches has much lower complexity.

Please note that the number of operations required per
iteration with and without sectorization is same. However, the
sector based algorithm requires more iterations to converge
due to the limited availability of subcarriers at the sector level.
We present numerical results in the next section.

VI. NUMERICAL RESULTS

We implement the proposed algorithms for a 7-cell cel-
lular system with wraparound to conform with practical
scenarios [41]. In which, we consider a hexagonal cellular
network with a radius of 300 meters, ensuring a minimum
separation of 30 meters between a BS and a user. The carrier
frequency is 2.1 GHz and bandwidth of each subcarrier is
B = 180 kHz. The power spectral density of AWGN noise
is No = —174 dBm and the noise variance at a receiver is
BNy. We assume that self interference at BS can be cancelled
by a factor of 110 dB. All the UL users transmit with a power
of 24 dBm. The channels were generated in accordance with
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Hata propagation model for urban environments [42]. A
summary of the simulation parameters is presented in Table 2.

TABLE 2. Simulation Parameters.

Parameter Value
Cell type Macrocell

7 cells, each
Cellular layout with 6 sectors
The radius of a cell 300 meters
BS height 30 meters
UL, DL user height 1.5 meters
Carrier frequency 2.1 GHz
Subcarrier bandwidth 180 kHz
SI cancellation constant, -110dB
Total UL user power budget 24 dBm
Min. rate of transmission, o, ; = aj,; | 2 bps/Hz
Noise power at the receivers, N, -174 dBm

We consider a non-uniform minimum rate constraints for
the UL and DL users. The minimum guaranteed rate of UL
and DL users, a’l‘], ; and O‘Ik), j»are chosen proportionally to the
channel gain between the user and the corresponding BS. As a
result, the cell edge users may have a lower QoS constraint.
We demonstrate the performance of algorithms for proposed
system without sectorization (C-NOMA-IBFD) and with
sectorization (S-NOMA-IBFD). The proposed NOMA-IBFD
system is benchmarked ? with traditional OMA system with
IBFD (C-OMA-IBFD), in which a subcarrier is allocated
to at most one user in any direction. We also compare the
proposed system with NOMA in DL transmission alone
(C-NOMA-DL), in which UL users are not present. We used
MATLAB for simulations and the results were averaged over
1000 fading channel realizations.

n
o

—@— S-NOMA-IBFD
—sf— C-NOMA-IBFD
1ol ~ s = C-OMA-IBFD

A =t C-NOMA-DL

Average DL power required in a cell (dBm)

Number of iterations

FIGURE 3. Convergence performance of the proposed resource allocation
algorithms.

2The simulation comparison with the works in [31] and [32] is not
possible due to differences in objective functions, algorithm designs and
system scenarios. While these works focus on improving multicell system
performance for a fixed power budget, our focus is on finding the minimum
required power budget to meet the QoS requirements of all users.

VOLUME 12, 2024



A. K. Karem et al.: QoS-Based Resource Allocation in Multicarrier NOMA-IBFD Cellular System

IEEE Access

TABLE 3. Performance comparison of proposed algorithms with benchmarks for S = 36 subcarriers and Ny, = My = 10 users.

S-NOMA-IBFD C-NOMA-IBFD C-OMA-IBFD C-NOMA-DL

Iter- | DL Power QoS Iter- | DL Power QoS Tter- DL Power QoS Tter- DL Power QoS

ation Required Satisfaction | ation Required Satisfaction | ation Required Satisfaction | ation Required Satisfaction

No. (dBm) Rate (%) No. (dBm) Rate (%) No. (dBm) Rate (%) No. (dBm) Rate (%)
1 8.55 52.85 1 -0.453 47.15 1 0.493 54.28 1 -2.697 97.14
2 15.75 95.71 2 3.625 84.29 2 4.833 81.42 2 -2417 98.57
3 16.85 95.71 3 4.087 98.57 3 5.853 98.57 3 -2.397 100.00
4 17.52 97.14 4 4.331 100.00 4 6.183 100.00 - -2.397 100.00
5 18.05 98.57 - 4.331 100.00 - 6.183 100.00 - -2.397 100.00
6 18.55 98.57 - 4.331 100.00 - 6.183 100.00 - -2.397 100.00
7 18.85 100.00 - 4.331 100.00 - 6.183 100.00 - -2.397 100.00

60

T
—#— S-NOMA-IBFD, N, — 15
— ® = S-NOMA-IBFD, N, =5

50 ||+ fperes SSNOMA-DL, Ny =0
=g C-NOMA-IBFD, N, = 15
C- =5

Average DL power required in a cell (dBm)

. . .
5 10 15 20 25
Number of DL users M. in a cell

FIGURE 4. Comparison of DL power required for cell based and sector
based algorithms by varying number of DL users in each cell.

Now, we demonstrate the performance of the proposed
algorithm in terms of convergence in Fig. 3. For this,
we consider an equal number of UL and DL users i.e.,
Ni = M = 10 and set the number of subcarriers to S = 36.
Within each iteration, the algorithm checks whether the QoS
requirements of all UL and DL users are satisfied. If they
are met, the algorithm stops and outputs the final allocation
of subcarriers and powers for each cell. In Fig. 3, we can
observe that the proposed algorithms are converging in less
number of iterations, and the convergence speed of proposed
C-NOMA-IBFD is similar to that of C-OMA-IBFD, despite
having more interference terms. Sectorization requires more
iterations as the algorithm needs to run for each sector,
and convergence criterion should be met for all sectors.
This leads to a longer convergence for S-NOMA-IBFD.
Further, C-NOMA-DL requires fewer iterations due to the
reduced number of interfering links experienced by downlink
users in half duplex operation. In Table 3, we compare the
performance of proposed algorithms with benchmarks in
terms of required DL power and QoS satisfaction rate of
DL users over the iterations. The proposed C-NOMA-IBFD
requires less transmission power compared to the traditional
C-OMA-IBFD algorithm to provide QoS satisfaction for all
users. The higher transmission power required for S-NOMA-
IBFD is due to the limited available subcarriers at sector level.
The half duplex C-NOMA-DL requires less transmission
powers due to the reduced interference from UL users. Please
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note that, the dash (-) in the table indicates that no further
iterations are needed once all users’ QoS requirements are
satisfied.

In Fig. 4, we compare the average DL power required
to meet the QoS for different number of UL users, N, =
0,5,and 15. For this, we have chosen § = 36. The
transmit power of 24 dBm for UL users is large enough to
achieve a minimum transmission rate of 2 bps/Hz. We take
note of the following observations. First, we can observe
a significant increase in the power requirements of the
base stations for C-OMA-IBFD compared to C-NOMA-
IBFD. This is due to the advantage of NOMA multiplexing
of multiple users on the same subcarrier, in contrast to
OMA. In general, multiple UL and DL users may have
their best channels over a subcarrier. In the case of IBFD,
only one user in a direction gets the best channel allocated.
Hence, the remaining users may be allocated a poor channel
depending on the number of users and subcarriers in the
system. But, in the case of NOMA-IBFD, the UL and
DL users may be allocated to their best subcarrier. This
results in lower transmit power to meet the requirement.
Second, a higher margin between OMA and NOMA schemes
can be observed with a large number of users due to the
competition among them for allocation of resources. This
observation holds true for both half duplex and full duplex
scenarios. Third, due to the absence of intracell interference
components, the power required for HD transmission is less
compared to FD. Thus, unlike OMA, which is restricted
to one user per subcarrier, NOMA efficiently explores the
diversity among available resources and offers significant
low powers. Further, we observe a significant increase in
power requirements for sectorization (S-NOMA-IBFD). The
noticeable gap between sector based and cell based resource
allocation is attributed to the limited availability of resources
at the sector level. That is, when subcarrier allocation is done
without sectorization, all subcarriers have been considered
for allocation to a user. But with sectorization, only the
subcarriers in that sector are considered for allocation.

Similar inferences can be drawn from Fig. 5, which shows
the minimum power requirements by varying QoS for various
UL and DL user settings with § = 60 subcarriers. As the
QoS increases, the required DL power also increases. This
results in higher power requirements to satisfy the minimum
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FIGURE 5. Comparison of DL power required for cell based and sector
based algorithms by varying required minimum rates in each cell.
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FIGURE 6. Comparison of DL power required for cell users and cell edge
users by varying the cell radius.

transmission rates for all users in the cellular system. Please
note that in sector based algorithm, all the users within
a sector need to be served using the limited available
subcarriers. As a result, a user may not always receive the
best possible channel, especially if that channel is in another
sector. This increases required DL power in sector based
algorithm compared to cell based algorithm.

To further examine this, we analyze the performance of
proposed algorithms under two scenarios with an increased
cell radius, as shown in Fig. 6. The required powers are
observed for Ny = M; = 15 and subcarriers S = 36.
First, we find the required DL powers for users within the
cell, referred to as cell users and observe the effects of
cell based and sector based algorithms. Next, we investigate
system performance with cell edge users only. In this
scenario, we assume that all users are positioned near the cell
edges, specifically within the outer 20% of the cell radius.
We observe that although the required powers increases with
an increase in cell radius, the sector based approach performs
better than the cell based approach for cell edge users. As the
cell radius increases, the users are scattered across the cell
and hence distance from the BS increases. Consequently, the
minimum DL power to meet QoS also increases for both cell
based and sector based algorithms. When it comes to cell
edge users only, the sectorization manages the interferences
effectively, as a result the minimum DL power required
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to meet QoS is lower for sector based resource allocation
algorithm compared to the cell based algorithm.

60

weffif S-NOMA-IBFD
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C-NOMA-DL

- = C-OMA-DL

Average DL power required in a cell (dBm)
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Number of Subcarriers S in a cell

FIGURE 7. Comparison of DL power required for cell based and sector
based algorithms by varying number of subcarriers in each cell.

In Fig. 7, we observe the average DL power required for
a BS to meet QoS by varying the number of subcarriers with
N = M = 30. Here, we observe that the total DL power
required decreases as the number of subcarriers increases.
This is due to the fact that, with increased availability
of subcarriers, users are provided with a broader selection
of options to access resources, consequently minimizing
interference. However, the performance gap between cell
based and sector based schemes is primarily attributed to
resource scarcity at the sector level. Additionally, with
appropriate bin mapping which diversifies the availability
of subcarriers in sectors, we can further reduce the required
powers by effectively mitigating interferences. This is due to
the fact that the best subcarrier for a user may be located
in a bin allocated to a different sector. We illustrate this
in Fig. 8 to demonstrate the performance of S-NOMA-
IBFD with random bin mappings by varying subcarriers.
Moreover, by following an appropriate arrangement of
frequency bins from the defined sets Fi, F2,..., F12 in
each sector and then efficiently mapping the subcarriers
to these frequency bins ensures a diverse distribution of
subcarriers and potentially lead to performance improvement
with sectorization. However, it is important to note that
this introduces another optimization challenge, and thus,
we consider it for future work.

The sum rate performance of the multicell system for
proposed scenarios is shown in Fig. 9 for Ny = 10 and
S = 36. NOMA based schemes achieves higher sum rates
than OMA by multiplexing more users on the same subcarrier
through exploiting users with the best channels. However,
with sectorization the sumrate is reduced due to limited
availability of subcarriers at the sector level. Additionally, the
performance gain of FD over HD can be clearly observed,
which is due to the efficient spectrum utilization achieved by
combining NOMA and IBFD technologies.

The energy efficiency of cell based and sector based
algorithms is demonstrated in Fig. 10 for Ny = 10 and

VOLUME 12, 2024



A. K. Karem et al.: QoS-Based Resource Allocation in Multicarrier NOMA-IBFD Cellular System

IEEE Access

65 T T T T T T T T

!
3 —#— Random bin mapping-1

= 60 g Yoy ==pp== Random bin mapping-2 | -
NN = < = Random bin mapping-3

55

50

45

40

35

30

Average DL power required in a cell (dBm

15 . . . . . . .
35 40 45 50 55 60 65 70 75 80 85
Number of Subcarriers S in a cell

FIGURE 8. Comparison of DL power required for S-NOMA-IBFD with
random bin mapping by varying number of subcarriers in each cell.

——fii— S-NOMA-IBFD
—a— C-NOMA-IBFD
—-g-= C-OMA-IBFD
—ag— C-NOMA-DL

!

Average Sumrate of multicell system (bps/Hz)

0 . . .
5 10 15 20 25 30
Number of DL users M, in a cell

FIGURE 9. Comparison of Sumrate performance in each cell for cell based
and sector based algorithms by varying number of DL users in each cell.
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FIGURE 10. Comparison of energy efficiency of cell based and sector
based algorithms by varying number of DL users in each cell for cell users.

S = 72 by varying number of DL users in each cell.
Energy efficiency is computed as the ratio of the total sum
rate to the total transmitted power per utilized subcarriers
[29]. We make the following observations from Fig. 10.
First, it can be observed that C-NOMA-IBFD performs better
than C-OMA-IBFD due to the fact that NOMA explores
subcarrier diversity and provides better sumrates. However,
as the number of users increases, the complexity of decoding
and power allocation in NOMA also increases. Second, the
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FIGURE 11. Comparison of energy efficiency of cell based and sector
based algorithms by varying number of subcarriers in each cell for cell
users.

performance S-NOMA-IBFD is less due to limited resource
availability in the confined area. Hence, starting from number
of DL users M; = 15 with available subcarriers § =
12 at sector level, the performance of sectorization degrades
compared to HD at cell level as shown in Fig. 10. But, as the
number of subcarriers increases, the user can be provided
with the opportunity to select the best subcarrier, enabling
better energy efficient transmission. This can be observed in
Fig. 11, by varying the number of subcarriers in a cell, for
Ny = My = 10. Here, it is evident that the improvement in
energy efficiency enhancement of C-NOMA-DL is limited
due to the fixed resource allocation, while an increase in the
number of subcarriers results in enhanced energy efficiency
for the full duplex systems.

x10%
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N C-NOMA-DL

Energy Efficiency of multicell system (bits/Joule)

5 10 15 20 25 30
Number of DL users M. in a cell

FIGURE 12. Comparison of energy efficiency of cell based and sector
based algorithms by varying number of DL users in each cell for cell edge
users.

Further, the energy efficiency performance of cell based
and sector based algorithms for cell edge users is plotted in
Fig. 12 for Ny = 10 and § = 72 by varying the number of
DL users in each cell. In particular, it can be observed that
although the S-NOMA-IBFD algorithm necessitates higher
transmission powers due to limited subcarrier availability at
sector lever, it’s energy efficiency is higher than that of cell
based approaches for cell edge users. This is due to the fact
that, the proposed frequency bin arrangement in Section V,
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FIGURE 13. Comparison of energy efficiency of cell based and sector
based algorithms by varying number of subcarriers in each cell for cell
edge users.

effectively mitigates intracell, intercell interferences. Addi-
tionally, the difference in performance between C-NOMA-
IBFD and C-OMA-IBFD is due to better spectrum utilization
of NOMA compared with OMA by accommodating multiple
users on the same subcarrier. Similar conclusions can be
drawn from Fig. 13 for Ny = M = 10. As the number of
subcarriers increases, sectorization allows for more effective
subcarrier utilization by offering minimized transmission
powers and results in higher energy efficiency for cell edge
users.

A. DISCUSSION AND PRACTICAL IMPLICATIONS

The proposed subcarrier and power allocation algorithms for
the NOMA-IBFD approach are designed to minimize the
transmission power required to meet the QoS requirements
for all users in a multicell cellular system. In modern
5G/6G architectures, where BSs are interconnected via a
centralized Cloud Radio Access Network (C-RAN), our
method facilitates coordinated subcarrier and power allo-
cation across the network. This coordination allows each
BS to accurately determine the required downlink power
while considering interference from neighboring cells. These
algorithms can be implemented either centrally in the cloud
or distributed across BSs, provided there is knowledge
of the subcarrier and power allocations of neighboring
BSs. Additionally, our proposed sectorization techniques
offer significant benefits in densely populated urban areas,
where maximizing spectrum efficiency is critical. Our bin
mapping and frequency allocation methods help reduce both
intracell and intercell interference, thereby enhancing overall
system performance. However, sectorized environments also
introduce challenges, such as managing the limited subcarrier
availability to prevent increased interference and necessitates
careful resource allocation strategies.

B. LIMITATIONS

The limitations and trade-offs of the proposed work can be
summarized as follows.

o Computational Trade-offs: In our approach, heuristic-
based algorithms are employed. Unlike traditional
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optimization algorithms, which aim to find a local
optimal solution but often face prohibitively high com-
putational costs, especially in complex NOMA-IBFD
systems, our heuristics offer a practical alternative.

o Resource Trade-offs: In sectorized environments, effi-
cient mapping of subcarriers to the frequency bins is
challenging. The best subcarrier for a users in a sector
could be in a bin allocated to some other sector. This
may affect the minimum transmission power required.

C. FUTURE SCOPE
The future scope includes several potential areas for further
investigation.

o Advanced Algorithm Development: Develop more
advanced algorithms that can balance computational
efficiency with the need for optimal or near-optimal
solutions in multicell NOMA-IBFD cellular systems.

« Enhanced Sectorization Techniques: Explore improved
sectorization methods that can better manage subcarrier
availability and reduce interference to further enhance
QoS satisfaction rates. This could involve more sophisti-
cated bin mapping and frequency allocation strategies to
enhance system performance in densely populated urban
areas.

« Alternate Approaches: To address the problem of sub-
carrier and power allocation in a multicell NOMA-IBFD
enabled cellular system, several alternate approaches
can be considered. Optimization-based methods, such
as convex optimization and mixed-integer linear pro-
gramming (MILP), offer precise solutions but may
face scalability issues. Heuristic and meta-heuristic
algorithms, such as genetic algorithms, particle swarm
optimization provides practical solutions by exploring
the solution space efficiently at the cost of increased
computations. Finally, machine learning techniques, like
deep learning and reinforcement learning (RL), can
dynamically adapt to changing network conditions and
predict resource allocations with reduced computational
complexity.

VIl. CONCLUSION

In this paper, we have investigated a multicell NOMA-IBFD
enabled cellular system with a focus on providing QoS for
all users while minimizing required downlink user powers
in the network. The system model is developed using the
concept of cell wrapping to align with practical scenarios.
To ensure the minimum rate requirement for each user,
a subcarrier and power allocation algorithm is proposed.
Initially, we implemented the resource allocation algorithm
at cell level and subsequently at sector level to address the
capacity requirements of users within a specific cell area.
Further, we examined the maximum power required by a DL
user to fulfill the QoS requirements. Notably, sectorization
which is a special case of multicell system, necessitates
higher power levels due to limited resources within a confined
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coverage area. We also explored the potential improvement
in sectorization through the optimization of random bin
arrangement. However, we regard this extension as a subject

for

future work. Simulation results demonstrate that by

multiplexing more number of users on each subcarrier, the
proposed system provides enhancement in energy efficiency,
through efficient utilization of multiuser diversity. Finally,

we

conclude that through the proposed algorithm, the

user with a weak channel condition can also meet the
QoS requirement, while the user with a strong channel
condition enables to increase the sum throughput of the
system.
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