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Abstract: Spectral efficiency is a crucial metric in wireless communication systems, as it defines how
much information can be transmitted over a given amount of spectrum resources. Non-orthogonal
multiple access (NOMA) is a promising technology that has captured the interest of the wireless
research community because of its capacity to enhance spectral efficiency. NOMA allows multiple
users to share the same frequency band and time slot by assigning different power levels and
modulation schemes to different users. Furthermore, channel assignment is a critical challenge in
OFDMA-NOMA systems that must be addressed to achieve optimal performance. In this context, we
propose a solution for both channel and power assignment based on channel condition by splitting
the problem into two parts: first, we introduce a novel algorithm to solve the channel user allocation
problem, which we refer to as Channel User Sorting and Filling (CUSF). Then, we solve the power
allocation problem in two steps: we apply the water filling algorithm at the power assignment
and then we implement the Fractional Transmit Power Control (FTPC) algorithm in the NOMA
power assignment.

Keywords: 5G and beyond; resource allocation; non-orthogonal multiple access (NOMA); power
allocation; fractional transmit power control (FTPC)

1. Introduction

Numerous 5G business models and applications are continuously emerging and devel-
oping due to the rapid growth of the Internet of Things (IoT), cloud services, and pervasive
mobile devices and applications. To efficiently address the rising demand for bandwidth
and services in this expanding environment, cutting-edge wireless technologies must be
introduced [1].

The superiority of NOMA systems was theoretically shown in the straightforward
scenario of a single base station and two users [2]. Since then, other works using various
radio techniques and scenarios have addressed the assignment problem. The base station
receives all signals in the up-link direction and can easily decode and cancel the individual
data streams in a specific order. Each user must contend with this interference in the down-
link direction, since each user receives both their signal and all of the signals meant for the
other users assigned to the same channel. Therefore, the receiver attempts to eliminate the
signals interfering with its signal reception whenever it is practical. This results in a set
of restrictions on the minimum rate that the receiver observes for each data stream to be
terminated, which makes the receiver’s job substantially more complex. The advantages of
NOMA compared to traditional systems can be summarized as enhanced flexibility, more
equitable access, and more significant spectral efficiency.

Since interference significantly impacts NOMA, channel and power optimization are
crucial to its performance. Over the past 20 years, much research work has been carried
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out on power and sub-channel allocation [3]. The challenge of joint optimization of user
association and power regulation to maximize the overall spectral efficiency is proposed,
assuming that user-specific quality-of-service and total power transfer are guaranteed.
The mixed-integer non-convex programming issue is addressed using a new transformation
technique, which initially demonstrated that the non-convex channel allocation issue could
be resolved nearly optimally in the Lagrangian dual domain [4].

In NOMA systems, attempting to overlay all users onto a single resource block is inef-
ficient and unpractical in real systems and scenarios, due to the extensive decoding delay
and the potential for severe error propagation in the Successive Interference Cancellation
(SIC) process at the receiver. Hence, it becomes essential to decrease the count of users
being superimposed on a given channel by distributing users considering the conditions
of the channels and according to the complexity and delay requirements of the SICs. This
process will result in groups of users, and each group can be handled as a NOMA group.
By Employing effective algorithms for user grouping and power allocation, the signal
interference can be mitigated, which leads to overall system capacity enhancement.

In this paper, we show that the joint resource and power allocation is a non-convex
and NP-hard problem. Furthermore, we decouple the sub-channel and power allocation
problems, We show that sub-channel allocation can be viewed as a matching procedure,
where users and sub-channels are two sets that need to be paired together. This pairing
aims to maximize the achievable data rate between them. We propose a novel resource
allocation scheme by dividing the non-convex problem; first, we introduce a new one-to-
many resource allocation by assuming equal power allocation over sub-channels. The main
idea is to use one-to-many heuristics to predict the optimal resource allocation. Then,
we tackle the power allocation by deriving an iterative water-filling scheme for sum-rate
maximization for down-link NOMA systems. The optimal scheme can be obtained by
formulating a power allocation as a sum rate maximization problem and then exhaustively
searching for the solution to the formulated problem.

The rest of this paper is organized as follows. Related work is introduced in Section 2.
The system model and problem formulation are introduced in Section 3. The proposed
resource allocation is detailed in Section 4. The proposed power allocation scheme is
presented in Section 5. The simulation results are shown in Section 6. Finally, the conclusion
is drawn in Section 7.

2. Related Work

Numerous studies have gone into great detail concerning optimizing resource man-
agement for NOMA transmission. The subject has attracted a great deal of interest in the
literature. The discipline of wireless communications optimization has made outstanding
strides in recent years as wireless communications technology continues to develop and
grow. One of the key developments in this area was published in [4], which showed that
using the Lagrangian dual domain to solve the non-convex channel allocation problem
nearly optimally as possible.Since then, numerous studies have concentrated on resolving
allocation issues in various contexts and with different radio technologies.

For instance, Ref. [5] proposed cross-layer solutions, Ref. [6] investigated cognitive
radio, Ref. [7] analyzed small cell and heterogeneous networks, the authors in [8] explored
cloud radio access networks, and in [9], they investigated Multiple-Input Multiple-Output
(MIMO) systems. These studies exemplify the extensive research efforts to optimize wireless
communications systems through effective resource allocation strategies. By tackling the
challenges posed by non-convex optimization problems, researchers have made significant
progress toward developing efficient and practical optimization techniques for wireless
networks. These efforts are essential for meeting the ever-increasing demands of modern
society for reliable and high-speed wireless connectivity. In [10], a straightforward case
study using one base station and two users illustrated the NOMA system’s theoretical
superiority. The findings of this study provide compelling evidence that NOMA may
be preferable to other multiple-access systems, even in critical situations. The authors
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in [11] studied different NOMA techniques, challenges, and its implementations in 5G and
beyond networks.

As part of the extensive research on optimizing resource management for NOMA
transmission, the work in [12] presents a proposed framework to address a resource man-
agement problem in two-user NOMA systems. The authors aim to enhance the sum
capacity of the system by first providing the minimum Quality of Service (QoS) for one
mobile user and then allocating the remaining power to the other user to maximize overall
capacity. This approach provides a potential solution to the challenge of resource allocation
in NOMA transmission, and contributes to the ongoing efforts to improve the performance
of these systems. The key challenge in managing resource allocation for NOMA trans-
mission is addressing the multi-user interference stemming from non-orthogonal channel
access. However, this challenge is complicated by the non-convex essence of the allocation
problem, which requires advanced and complex algorithms to solve. A potential solution
to this challenge is presented in [10], where the authors demonstrate that the NOMA Full-
Duplex (NOMA-FD) mode is theoretically feasible and can provide substantial gains over
NOMA Half-Duplex (NOMA-HD) and orthogonal multiple access. However, this approach
demands proper co-channel multi-user interference management for optimal implemen-
tation. The greedy asynchronous distributed interference avoidance algorithm (GADIA)
based power allocation strategy for NOMA-based communications was discussed in [13].

The authors in [14] presented a price-based power optimization scheme for down-link
wireless networks to maximize both revenues and the average achievable rate of the net-
work. To achieve this objective, the authors adopted a game-theoretic approach. Since the
resulting optimization problem was non-convex, they decoupled it into more manageable
sub-problems and utilized an alternating optimization algorithm to obtain an efficient
solution. By doing so, they were able to effectively address the complexity of the problem
and provide a viable approach for optimizing power allocation in wireless networks.

Several power control algorithms have been proposed for NOMA systems, such as the
algorithm proposed in [15], which aims to maximize the transmission rate of users while
minimizing the transmission power. The authors in [15] proposed a distributed power
adaptive algorithm that adjusts the transmission power of a user based on the signal quality
of adjacent users. These algorithms can help improve the performance of NOMA systems
by optimizing power allocation. A low-complexity power allocation method was put forth
in [16] to enhance the weighted sum capacity in down-link NOMA systems. The method
took into account both a two-user case and a multi-user one. It employed closed-form
solutions to tackle the non-convex optimization issue effectively.

The effect of power distribution on the equity of the down-link NOMA system was
examined in [17]. The authors of [18] suggested an energy-efficient power distribution plan
that addressed the Single Carrier NOMA (SC-NOMA) system’s sum rate maximization
problem. Energy-efficient power allocation for a hybrid system with NOMA connected to
OMA was researched in [19]. For unsatisfactory NOMA-based down-link heterogeneous
networks, the problem of cluster formation and power-bandwidth allocation is addressed
in [20]. As a function of QoS requirements, SIC efficiency, and allotted bandwidth, refer-
ences [21,22] concentrate on the up-link resource allocation and user pairing and determine
the greatest practical NOMA cluster size.

In [23], the authors accomplished energy-efficient resource management in NOMA
Heterogeneous Networks (HetNets) by employing a transformation technique that con-
verted the original non-convex optimization problem into a convex problem. Subsequently,
they employed a dual method for effective sub-channel and power allocation, enabling
efficient utilization of network resources while maintaining energy efficiency. A plan to
optimize user association and spectrum allocation was put out in reference [24]. The strat-
egy is intended to boost system performance while considering the fairness restriction.
However, NOMA networks are not covered by the present approaches, which exclusively
deal with the problem of user association in conventional heterogeneous networks.
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The performance of NOMA for massive MIMO (mMIMO) networks, which is depen-
dent on beam-forming and user clustering, was studied by the authors in [25]. The work
in [26] presents a distributed approach for resource allocation and interference manage-
ment in wireless networks, focusing on energy efficiency. The proposed solution allows for
flexible and dynamic resource partitioning between macro and small cells, enabling energy-
saving resource allocation. In their study, the authors in [27] presented a straightforward
NOMA system configuration involving a single base station and two users. The analysis
considered the Nakagami-M fading channel model, accounting for the statistical charac-
teristics of the channel state information. Specifically, the authors formulated the outage
probability of the NOMA network, offering insights into the system’s performance under
the influence of fading channels. While NOMA offers several advantages, such as high
spectral efficiency and support for massive connectivity, its successful implementation is
not without challenges. One significant challenge arises from the large number of users
sharing the same system resources, which enormously increases the complexity of the SIC
process at the receivers. To address this issue, the performance of NOMA-FD systems has
been investigated under the presumptions of imperfect SIC and channel state information
(CSI) errors in studies such as [28,29]. Efficient utilization of network resources through op-
timal resource allocation is necessary to overcome limitations and improve the performance
of NOMA-based systems [30].

3. System Model

In this section, we assume a down-link Base Station (BS) serving a set of users denoted
by K, where K = {1,2,...,K}. The available Bandwidth (BW) is divided into A/ sub-
channels, where V' = {1,2,..., N}, and each sub-channel with a BW b = B/N. Also, CSI
is fully available at BS. The users are assigned, according to NOMA, to the sub-channels
based on their CSI in a manner that each sub-channel serves a sub-group of users. The total
power transmitted is denoted by Pr, and each sub-channel is assigned a power P, such
that 0 < P, < Pr with n € N. Also, users are assigned power p,x where n € N and k € I,
such that ) ycic pur < Pu. Let the channel between a user k and BS on sub-channel # be hy,,.
The channel matrix H between user k and BS can be seen as H,, € CL*M with L, M being
the number of received and transmitted antennas, respectively.

Without loss of generality, we assume L = 1 (this can be seen as a single antenna user
or a single link between BS and one received antenna). In a rich multi-path environment (as
is usually the case in cellular systems) and benefiting from the central limit theorem [31],
the channel vector can be modeled as complex Gaussian with hy, ~ CN (px,, Rin), where
p# € CM represents the line of sight propagation, and the covariance matrix Ry, € CM*M
represents the variable nature of the channel. This model is called Rayleigh fading in case
Ukn = 0, otherwise it is a Rician channel. The off-diagonal elements in Ry, represent the
spatial directivity. 3GPP has modeled the channel attenuation as [32]:

B = —128.1 — 37.6log,,d 1)
where d is the separation in kilometers. Furthermore, the noise power can be represented as:

0?(dBm) = —174 + 10log; o (b) + ns )

where b is in Hertz, and 7y is the hardware noise figure in dB. The data rate depends on
Signal to Noise Ratio (SNR) and, hence, by assuming that the transmitted signals from
each antenna are independent and identically distributed (i.i.d.) with a total power py,,
we obtain:

_ pkntr(Rkn)
Mo?2 7

SNRy,,
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where fr(.) is the trace of a matrix, and g, = % is the average channel gain. From (3),

we can notice that the SNR for a single user with the optimal preprocessing (like matched
filtering) transforms the Multiple-Input Single-Output (MISO) channel into an equivalent
Single-Input Single-Output (SISO) channel.

3.1. NOMA System

A significant classification for multiple access systems based on orthogonality has
surfaced. Various techniques such as time, frequency, coding, and space can be utilized
to achieve the orthogonality of communication resources. When these resources, or their
combination, achieve orthogonality, the communication schemes can be classified as Or-
thogonal Multiple Access (OMA). In contrast, NOMA is gaining popularity due to its
potential to enhance spectral efficiency, user fairness, reliability, and to accommodate more
users. Numerous options, including coding and power, can be used to implement NOMA.
Coding achieves multiplexing through the code domain. The code domain shares time and
frequency, much like Code-Division Multiple Access (CDMA). In contrast, user-specific
spreading sequences that are either sparse or non-orthogonal cross-correlation sequences
with low correlation coefficients are used by code-domain NOMA [33]. On the other
hand, NOMA power-domain multiplexing is generally regarded as less complex than
code-domain. In power-domain NOMA, fractions of power (that sum up to a total of
P) are allocated to users, thereby increasing the rate of OMA. The receiver differentiates
users based on channel strength, with stronger channel users using the SIC method and
weaker channel users treating the other signals as noise and decoding the correct signal. It
is worth noting that the user’s power fraction is not solely dependent on the user’s channel
condition; it can be controlled to regulate the rate per user to make the system fair.

The number of users served by the NOMA system or, more specifically, SIC, should be
limited to a certain threshold mainly for two reasons: reducing complexity and minimizing
error propagation. If we denote the sub-group of NOMA users on sub-carrier ¢, as S, € K
such that 1 < |S,| < S, then we can express users of main group as u; € K, and users
belong to same NOMA sub-group on ¢, as us; € Sy.

Consider that the users us, are arranged in descending order according to their gains,
such that:

81n=8n=>8n= - = §Sn 4)

Then, according to the NOMA principle, the power will be assigned as:

PlnSPZHSgSnS---SgSn (5)

The input signal u;, is received and subjected to SIC by subtracting the signal in-
tended for a later receiver from the composite signal. This leads to an improvement in the
signal-to-interference-plus-noise ratio (SINR). To decode its own signal, u, first decodes
the interfering signals intended for the later receivers u;,, where i > jand 7,j € S;;. The in-
terfering signals with lower order are not decoded and are treated as noise. Thus, the SINR
prior to SIC can be expressed as follows:

SINRj, = —s— 18" ©)
E,‘:Li;&j pingjn + 05

Then, after SIC, the estimated SINR is written as:

_ Pingjn
SINRj, = 5 —— @)
Zizl pingjn + Ox
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Based on the SINR from (7), the user rate can be expressed as:

R;, = log, (1 + ]1’”]&> ®)
Zi:1 pingjn + (7;%

3.2. Joint Channel and Power Allocation

In our work, we consider the system performance as the total sum rate of all users.
Then, the optimization problem is written as:

P1: max Z oy 2 RinXn (9a)
VP kK  neN
st. ) Y pun < Pr, (9b)
keK neN
Y. Pin < Pa (99)
neN
51< Y X, <S (9d)
ke
X € {0,1) (%)
0< Pkn (9f)

The objective is to maximize the weighted utility function (9a), where Ry, can be found
in (8). ay is the weight coefficient of uy, k € K. The choice of these weights significantly
impacts how resources are distributed among the users, and these weights can be employed
to guide the resource distribution towards different objectives, such as giving priority to
specific users and ensuring fairness by assigning a higher weight to a user with a relatively
weaker channel. Constraint (9b) guarantees that the power budget will not be exceeded.
Constraint (9¢) is to ensure that the total sub-channel allocated power does not exceed a
certain threshold. Constraints (9d) and (9e) ensure, respectively, that each sub-channel
is both upper and lower bounded by the number of users, and u; is multiplexed in c;.
Constraint (9f) ensures that power gives positive values.

The problem P1 is non-convex due to the existence of the binary object and interference
term in the objective function. Furthermore, it is NP-hard; this can be seen if we make
S = 1, which reduces into Orthogonal Frequency Division Multiple Access (OFDMA),
where its NP-hardness can be seen in [34]. Because of the NP-hardness of this problem,
we can no longer insist on having an efficient algorithm that can find its global optimum
in polynomial time. Instead, we have to settle for less ambitious goals and find approx-
imate solutions. In the next section, we address the sub-channel and power allocation
problems independently.

4. One-to-Many NOMA Algorithm

In this algorithm, we are looking for matching between sub-channels and users without
considering power assignment. We assume that channels have preferences over users in a
way that they are able to rank order them based on their channel gain, and the same goes
for users. However, each channel will be able to choose more than one user, and users will
be able to choose one channel in a one-to-many scenario.

As mentioned above, we consider two finite and disjoint sets K, ' for users and chan-
nels, respectively. Each channel has preferences over users, and each user has preferences
over channels. In our model, the preferences are considered transitive such that, if a user
prefers channel n, over n,, and prefers n, over n;, then it definitely prefers n, over n..
The preferences (ordered from best to worst) for both users and channels can be expressed
as follows:

Fluy) = ng, ny, uy, ne, . .. (10)
F(ny) = ug, up, tie, Ny, Ug, . . . (11)
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It can be noticed from (10) that u, finds both n,, 1, acceptable, and discards other
channels below certain channel gain threshold. Also, the same applies for (11) in which
channel n, accepts only users u,, uy, 1, and discards 1, because of channel gain. We also
denote ny >, ny as: user uy prefers ny at least as ny, and uy >y, uy as: channel 7y prefers
uy at least as u,. The expected outcome of such a model is that each user is matched to at
most one channel, each channel is matched to a specific quota (based on NOMA complexity
and error propagation requirements), and the matching is bilateral in a way that a user is
paired with a channel if and only if the channel is paired with the user. Based on the above,
let us define the matching process 7y as follows:

1. |y(u)| =1 forevery user and y(u) = uif y(u) ¢ N;
2. |y(n)| = S for every channel, any unfilled position with users will be filled with #;
3. |y(u)|=n <= ucyhn).

Since channels in the matching algorithms serve a specific quota of users, the match-
ing algorithm should allow the channel to compare groups of users and compare differ-
ent matching.

Next, inspired by the National Intern Matching Program (NIMP) [35], we present
our modified algorithm, which we name the Channel User Sorting and Filling (CUSF)
algorithm. The functioning of the algorithm is outlined as follows:

e  Entry stage:
First, the base station orders the users who have applied based on each channel’s rank-
ing. Any user with an unacceptable channel gain is eliminated, and each user ranks the
channels, and any channel with an unacceptable channel gain is eliminated from the
users’ lists. Next, the lists enter a list processing, beginning with the matching stage.

*  Matching stage:
In the matching stage, the algorithm searches for user—channel pairs that are top-
ranked in each other’s ranking. If no matches are found, it proceeds to the next
step, where the second-ranked channel on each user’s ranking is compared with the
top-ranked user in that channel’s ranking. The generic step seeks to find user-channel
pairs such that the user is top-ranked on the channel’s ranking and the channel is
ranked ky, by the user. If matches are found, the algorithm goes to the next stage.

*  Provisional assignment and update stage:
In this stage, k : 1 matches are tentatively made, and each user who is the top-ranked
choice of their ky, choice channel is tentatively assigned to that channel. The rankings
of users and channels are then updated, and the algorithm returns to the start of the
matching stage, which examines the updated ranking for new matches. The algorithm
continues until no new tentative matches are found, at which point tentative matches
become final.

The CUSF algorithm is shown in Algorithm 1.

Algorithm 1 CUSF algorithm

1.  Rank order both channel and user lists according to channels gains, respectively,
as £,
2. while (there are requested S:1 matches)
*  Assign all items that have been marked as tentative;
* Remove any channels with lower ranks from the list of users who have
been assigned;
* Eliminate any users who were tentatively assigned from the list of channels they
ranked lower than their tentative assignment.

3. End

Stability Assumption: The Matching <y Is Stable If It Is Not Blocked by Any Channel-User Pair

A matching v is said to be blocked by a channel n and a user u if they are currently
not matched to each other in -, but both would prefer to be matched with each other rather



Sensors 2023, 23, 8040

8 of 14

than their current assigned matches, where we consider (n,u) as a blocking pair because of
the simultaneous occurrence of y(u) # n, n >, v(u), and u >, y(n).

Theorem 1. CUSF is a stable algorithm.

Proof. After the algorithm stops, each channel 7; is paired with the best S options from its
updated rank-ordered list. This is because the algorithm only stops when it is no longer
possible to find tentative k:1 matches. The resulting matching is considered stable, as any
user u; that was initially ranked higher by channel #; than one of its final choices has been
removed from n; list due to being provisionally assigned to a higher-ranked channel on
uj list. Therefore, the final assignment provides u; with a position that he prefers over n;.
Consequently, the final matching is not unstable in terms of any n; or u; of this kind. [

At this stage, we should have a new channel-user assignment. Next, we move to
power assignment-based CUSF algorithm outcome.

5. Power Allocation

After assigning channels to users, we look now into the power allocation. For this
purpose, we divide the problem into two parts: allocating power per sub-carrier, then
allocating power to users that are superimposed on a single carrier.

To allocate power per sub-channel, we consider sub-channels with only one user per
sub-channel. Next, we establish an optimization problem based on maximizing the total
sum rate as follows:

P2:max ) Ry, (12a)
Pnyen

st. Y pn < Pr, (12b)
neN

0<pn (12¢c)

where problem P2 is strictly convex with respect to p,, and so it has a unique solution. We
can solve P2 by Karush-Kuhn-Tucker (KKT) conditions. To simplify the notations, we
assume that % = H,. Let us establish the Lagrangian function as follows:

L(p,A) =) logo(1+ puHn) =AY pu— Pr) (13)
neN neN

When we solve for p,,, and A (see Appendix A for derivations), then (13) gives:

1 1

"= oA Hy' 14)

The power allocation in (14) is called water filling. From (13) and (14), we derive the
procedure to obtain the optimal values for p, as follows:

+
Aipr=A—A [PT -y Pn} (15)
neN

where A is step size, and [.] T is a non-negative number. So far, the results give us power
allocations considering only one user per channel. The next step is to allocate power for
each sub-channel superimposed NOMA users. For this purpose, we benefit from Fractional
Transmit Power Control (FTPC) [36] as follows:

Pn H—IXFTPC (16)

= —aprpc ©kn
ZiGS Hin

Pkn
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where S number of superimposed users in sub-channel 1, 0 > apypc > 1 is the decay factor.
The case of aprpc = 0 corresponds to equal transmit power allocation among the users.
The more aprpc is increased, the more power is allocated to the user with lower channel
gain Hy,. The power assignment algorithm is shown in Algorithm 2.

Algorithm 2 Power allocation

Initialize /\(0) > 0, set iteration number i = 0, set differential tolerance value ¢
While ‘/\i-i-l — Ai| > ¢ do

Calculate p,, from (14)

Update A;j;1 in (15)

i+ i+1

End while.

Calculate py,, from (16)

NG LN =

6. Results and Discussion

In the simulation section, we study the capacity of the system with the parameters
mentioned in Table 1. Furthermore, we compare the scheme with another algorithm which
is the Channel State Sorting-Pairing Algorithm (CSS-PA) [37]. The use of SIC in wireless
communication requires a significant difference in signal-to-SINR between paired users
to prevent error propagation, and CSS-PA addresses this by pairing a user with a good
channel condition with one who has a bad channel condition. This improves fairness and
increases the capacity of the system. Additionally, OFDMA is used to evaluate the impact
of NOMA on the overall system performance.

Table 1. The list of simulation parameters.

Simulation Parameters Parameter Value
Cell radius 500 m
The minimum distance between BS and UEs 50 m
The minimum distance between user and user 40 m
System bandwidth 5 MHz
The maximum number of UTs 60
Noise power spectral density —174 dBm/Hz
Difference tolerance in Algorithm 2 0.01
The base station peak power Ppg 30 dBm

Figure 1 illustrates the network capacity curve as the number of users in a cell increases
from 10 to 60. The channel capacity is calculated by multiplying (8) with the bandwidth
of each sub-channel, then we summed the capacities of all sub-channels. We assumed
the bandwidth of each sub-channel equals the total bandwidth divided by the number of
sub-channels. The capacity of the cell system also increases with the number of users.

CUSEF provides the highest system capacity for the NOMA system compared to other
algorithms studied. At 40 users, the CUSF algorithm outperforms CSS-PA by approximately
15% and OFDMA by 60%. This is due to the limitations of OFDMA for using only one user
per sub-channel, which results in the BS being unable to fully utilize the spectrum resources.

In Figure 2, we show the capacity of the system distributed over channels. By studying
the figure, despite different channel conditions (we have assumed a fading Rayleigh channel
condition), we can notice that the algorithm manages to provide good fairness of capacity
between channels. In other words, the system has distributed the users per channel in
an optimized way based on their channel conditions. Furthermore, a detailed capacity
distribution per user per sub-channel is shown in Figure 3. In the figure, we can see that
the algorithm has optimally distributed the users on sub-channels in a way that each
sub-channel serves a user with a good channel condition and a user with a severe channel
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condition, and this scenario will maximize the capacity per sub-channel and hence will
increase the overall system capacity.

45 T T T T T T T T T
—6— OFDMA
----- #- CUSF

................... —-A~- CSSPA 1#

S
o
*

The capacity of the system(Mbps)
M2 7%
[&)] =
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(=]

T

F. I
o
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The number of the users at BS

Figure 1. Capacity of the system versus different numbers of users.

3 T T T T T T

25 1

Capacity (Mbps)
o .

-
T
1

0 5 10 15 20 25 30
Subchannel ()

Figure 2. System capacity distributed over channels.

The impact of different power assignments is shown in Figure 4. It can be seen that
the capacity increases inversely proportional to alpha. Furthermore, for the case of five
channels and 10 users, we show a list of users sorted by each channel according to their
respective gains before applying the CUSF algorithm in Table 2. Then, after applying
the CUSF algorithm (before power assignment), we see the channel-user assignment in
Table 3. According to the distribution of users, we see that the algorithm has, to a good
degree, fairly distributed the users on channels, which helps in optimizing the overall
system performance.
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Table 2. Channel list of users sorted according to their gain.
Channel Number User Number
1 3 1 2 5 6 8 4 7 10 9
2 3 4 1 6 10 2 8 5 7 9
3 1 4 3 5 2 8 6 9 10 7
4 3 1 5 9 2 4 10 8 6 7
5 1 3 4 2 8 9 10 5 7 6
42 T T T T T T T T T
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The capacity of the system(Mbps)
[#5] [#5)
[=>] 2]

35

:34- 1 1 1 1 1 1 1 1 1
10 15 20 25 30 35 40 45 50 55 60

The number of the users at BS

Figure 4. System capacity for different alpha values.
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Table 3. Channel user assignment using CUSE.

Sorted Users Channel Assigned
1 3
3 1
4 3
2 1
5 4
9 4
6 2
8 5

10 2
7 5

7. Conclusions

In this paper, we have introduced an optimization problem for channel user allocation.
We have shown that the optimum channel allocation is non-convex and NP-hard. To solve
this problem we have decoupled resource and power allocation into two parts. We have
introduced a novel algorithm in which the channel user allocation is based on one-to-many
channel allocation. Furthermore, we have introduced a power optimization problem,
which we have solved in two steps: firstly, by introducing a convex problem for channel
assignment, and secondly, by benefiting from the FTPC algorithm for NOMA power
assignment. In future work, we will build upon the results and study the effect of applying
CUSF on other multiple-access baselines, like conventional Multi-User Linear Precoding
(MU-LP) [38].

Author Contributions: Q.A., as the principal investigator, conceived the study and was in charge of
this study and analyzed the findings; H.A.-A. and T.C. were involved in planning and supervised
the study, and participated in its design and coordination and helped to draft the manuscript. All
authors have read and agreed to the final manuscript.

Funding: This work was supported by the CHIST-ERA grant SAMBAS (CHIST-ERA-20-SICT-003)
funded by FWO, ELKH, ANR, NKFIH, and UKRIL

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: This research is supported by Tempus Public Foundation, Stipendium Hungar-
icum Scholarship Programme and High-Speed Networks Lab, Department of Telecommunications
and Media Informatics, Budapest University of Technology and Economics.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Power Allocation Water Filling Algorithm

The power allocation problem using the water-filling algorithm can be solved using
the Karush—Kuhn-Tucker (KKT) conditions, which are a set of necessary conditions for a
solution to be optimal for the optimization problem P2. The Lagrangian function for this
problem is:

L(p,A) = Y loga(1+ puHu) =AY pn— Pr) (A1)
neN neN
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where A is the Lagrange multiplier. The KKT conditions for this problem are:

1.  Stationarity:

L
J =0,forn=0,1,2,...,N (A2)
oPn
2. Primal feasibility:
N
Z pn < Pr (A3)
n=1
pn =0 (A4)
3. Dual feasibility:
A>0 (A5)

By obtaining the derivative of the Lagrangian with respect to p, of (A1) and the
primal feasibility condition, we find the solution from the stationarity condition, which is

written as:
Hy
- A A6
Then, we can use (A6) to solve for py, as:
1 1
= — — — A7
P = imA T H, (A7)
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