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W N e

Abstract: Unmanned air vehicle communication (UAV) systems have recently emerged as a quick,
low-cost, and adaptable solution to numerous challenges in the next-generation wireless network.
In particular, UAV systems have shown to be very useful in wireless communication applications
with sudden traffic demands, network recovery, aerial relays, and edge computing. Meanwhile,
non-orthogonal multiple access (NOMA) has been able to maximize the number of served users
with the highest traffic capacity for future aerial systems in the literature. However, the study of
joint optimization of UAV altitude, user pairing, and power allocation for the problem of capacity
maximization requires further investigation. Thus, a capacity optimization problem for the NOMA
aerial system is evaluated in this paper, considering the combination of convex and heuristic opti-
mization techniques. The proposed algorithm is evaluated by using multiple heuristic techniques and
deployment scenarios. The results prove the efficiency of the proposed NOMA scheme in comparison
to the benchmark technique of orthogonal multiple access (OMA). Moreover, a comparative analysis
of heuristic techniques for capacity optimization is also presented.

Keywords: NOMA; UAV communication; user pairing; altitude optimization; heuristic techniques

1. Introduction

Future wireless communication systems and technologies are expected to provide very
high data rates [1], consume very low energy [2], and provide massive connectivity [3] and
low latency [4]. Unmanned air vehicles (UAVs) have been used in numerous civil as well
as military applications, such as monitoring, surveillance, public safety, and transportation
management [5]. The main reasons of these applications are the mobility of UAVs and
the low manufacturing costs [6]. In the recent past, UAVs have also been investigated for
future cellular networks, data collection in the Internet of things (IoT) networks, mobility
support in mm-wave communications, and edge computing [7-9]. In particular, the work
in [7] studied the UAV data collection for 10T, its recent advances, and also highlighted
some future research issues and challenges. On the other hand, the research paper in [8]
provided opportunities for mm-wave in UAV communications. Moreover, the authors of [9]
investigated UAV in mobile edge computing by using artificial intelligence. Furthermore,
the works in [10-12] have presented different resource optimization algorithms for UAV
networks. UAVs act as flying ad hoc base stations (BS) to provide required capacity
and reliability demands [13,14]. It provides flexible mobility, allowing users to access
information at any time and from any location without the need for a fixed infrastructure.
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1.1. Related Literature

Power domain NOMA has recently attracted increased attention as a key solution to
the issues that next-generation wireless networks face [15]. When compared to orthogonal
multiple access (OMA) technologies used in 1G to 5G cellular networks, NOMA is shown
to have improved spectrum efficiency while sharing the same spectrum resources with
multiple devices [16]. NOMA ensures the fairness, quality of services, and capacity of the
systems [17]. By using successive decoding technique, multiple users in NOMA can receive
information from transmitters [18]. Recently, researches have significantly investigated
the traditional NOMA networks. For example, the work in [19] has applied reinforcement
learning for NOMA in mobile edge computing. Similarly, the authors in [20] have exploited
NOMA in full-duplex communications systems. Another work [21] has used NOMA
in cooperative transportation systems, where energy efficiency is maximized through
efficient resource allocation. Moreover, the study in [22] has adopted NOMA in intelligent
transportation system.

Similarly, the synergy between aerial communication systems and NOMA may pro-
vide improved QoS for the existing celluar/terresterial communication networks [23,24].
This helps to achieve wide coverage, cost-effectiveness, reliability, and on-demand deploy-
ment in cellular communications. Meanwhile, in the literature, non-orthogonal multiple
access (NOMA) has been proven to optimize the number of serviced customers while
maintaining the maximum traffic capacity for future aerial systems. However, additional
research into the combined optimization of UAV altitude, user pairing, and power distribu-
tion for the problem of capacity maximization is still in the early stages of development.

Recent research has considered NOMA-based UAV cellular communication to increase
the capacity of existing cellular networks. For the various communication models, the
authors in [25] addressed the fundamental trade-off between UAV altitude and antenna
beamwidth for throughput optimization. The appropriate UAV altitude and antenna
beamwidth were found to be fundamentally dependent on the communication model used.
The deployment of UAV-BS for optimal profitability in terms of data rate is addressed
in [26]. The optimization of UAV position and bandwidth, which was influenced by a
user’s desire to pay for a specific QoS, was designed to enhance overall throughput. In [27],
the authors adapted UAV communication and uplink NOMA to build high-capacity IoT
uplink transmission systems, in which UAVs served as airborne base stations for collecting
data from IoT nodes. The sum capacity of the vehicular network is maximized [28] by
optimizing the location of the UAV for visible light communication (VLC). The authors
in [29] considered UAV BS as the substitute for malfunctioning ground BS and aimed to
maximize the capacity of the network wherein the exact information of the user location
and channel model is unknown. In [30], dynamic programming is used to optimize the
trajectory of UAVs to achieve better coverage and maximize the per-user throughput.

The authors in [31] introduced the distributed NOMA (D-NOMA) scheme by exploit-
ing the intergroup gap in channel gains of the users to achieve higher data rates compared
to conventional NOMA (C-NOMA). An efficient pairing distance NOMA (EPD-NOMA)
is presented in [32], where the authors improved the overall throughput by using the
calculated non-maximum coupling distance and compared the performance with different
variants of NOMA in terms of user pairing techniques. For a multicell MIMO—NOMA
downlink scenario, both power allocation (PA), and user paring are jointly optimized
in [33], to improve energy efficiency. In [34], a user-distribution scenario is discussed where
more users are at a greater distance from the BS (with lower channel gains). The authors
presented a user pairing scheme wherein a nearby user is paired with two faraway users,
resulting in better ergodic sum capacity compared to OMA and C-NOMA. An adaptive
user-pairing algorithm considering imperfect successive interference cancellation (SIC)
scenario is presented in [35]. The proposed algorithm is shown to have better performance
in terms of user data rates compared to different NOMA user pairing schemes. Authors
in [36], used joint optimization of user pairing and power allocation in an uplink NOMA
communication scenario to maximize the sum capacity as well as data rates of paired users.



Drones 2022, 6, 234

30f15

Research work in [37], presented a novel UP and PA algorithm based on compressive
sensing theory that not only exhibits low complexity but also a higher sum rate.

A summary of the related literature is presented in Table 1. As the researchers have
mainly addressed the communication issues like energy efficiency, spectral efficiency,
optimal coverage, and capacity optimization in NOMA-UAV communication by using
the para s such as user pairing, power allocation, altitude, position, beamwidth, and
channel allocation. A combination of altitude, power allocation, and user pairing is seldom
used for a capacity optimization problem. Capacity optimization in NOMA-based UAV
communication is gaining popularity among researchers due to its various applications
requiring handling short-term erratic traffic demand [13].

Table 1. Summary of literature review.

Ref. OF uP PA AL PO BW CA
[13] EE v v v - - -
[14] CCo - - ] R R %
[15] EE - v - - - -
[18] SE - v - - - -
[24] F-SM - - v - - -
[25] ™ - - v - v -
[26] ™ - - - v - v
[27] Co - v - R - %
[28] Co - - - v - -
[29] Co - - - v - -
[30] CCo - - - v - -
[31] Co v - - - - -
[32] SM v - - - - -
[33] EE v v - R _ )
[34] sM v - - - - }
[35] Co v - - - - -
[36] Co v v - - - -
[37] SM v v - - - -
[38] EE, CCO - v v - - ;
oW SM v v v - - -

EE, energy efficiency; CCO, coverage & capacity optimization; SE; spectral efficiency; F-SM, fairness & sum rate
maximization; TO, throughput maximization; PA, power allocation; AL, altitude; UP, user pairing; PO, position;
BW, beamwidth; CA, channel allocation; OF, objective function; OW, over work.

1.2. Motivation and Contribution

The main motivation of our research is to investigate the effect of optimizing power
allocation, user pairing, and altitude on the system capacity. The joint altitude and user
pairing with different power allocations are formulated as a mixed-integer, non-linear
programming (MINLP) problem and it is solved through an optimization algorithm to
maximize the network capacity. The major contributions of the proposed scheme are
as follows:

1. The altitude optimization problem is formulated as a convex optimization problem
and the optimal altitude is evaluated.
2. The sum user capacity is optimized while satisfying the minimum QoS constraints.
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3. The comparative analysis of heuristic algorithms is proposed to optimize the user-
pairing matrix.

2. System Model

The proposed system model is expressed in Figure 1, where there are K number of
users distributed in a circular region of radius R, and communicate with UAV. We assume
that the channel state information is known in the network [39,40]. The users are placed
randomly, and it is assumed that their current position is ()(lp,ylp,O) and UAV-BS is assumed
at the centre (xo,y,). As a result, the horizontal distance between user and the vertical
projection of UAV-BS placed at (xo,y,,H) is calculated as

Dy = \/(le —x0)% + (yp — o). (1)

Following that, the distance between the user and the UAV-BS, as well as the corre-
sponding angle of elevation, are calculated as

Xy = /D2y + H? 2)

H
0y = arctan D 3)

The air-to-ground (A2G) channel for low-altitude platforms (LAPs) is governed by
both the line of sight (LoS) and the strong non-line of sight (NLoS) links generated between
the user and the UAV, which is in contrast to the LoS dominated A2G channel for high-
altitude platforms [41]. Accordingly, the likelihood of establishing an LoS link between
the communicating nodes is proportional to the angle of elevation; hence raising the
UAV’s height enables higher probability of an LoS communication link with the user on
the ground. Importantly, the link between the aerial and ground nodes consists of two
separate components defined by the level of scattering observed during the transition from
aerial node to the user on the ground. In the first phase, the A2G channel experiences
the minimum scattering environment near the UAV, and therefore the transmitted signal
faces only a free-space path loss. However, the transmitted signal passes through a high
scattering environment near the ground in the second phase of the transmission. Thus, the
signal has further losses, termed “excessive losses”. The high scattering environment near
the ground is enabled by the presence of manmade structures such as high-raised buildings
and their respective density on the ground. Accordingly, the probability of establishing
an LoS A2G link between the communicating nodes improves as the altitude of UAV-BS
increases at a fixed horizontal distance from the user. As a result, the likelihood of an LoS
link between the user and the UAV-BS is expressed as

1
1+ pexp(—vify — p]))’
where u and v are the scaling factors determined by the environment such as urban,
suburban, dense urban , rural etc. Therefore, the probability of NLoS is determined by

4)

Prros = (

Pryros =1 — Prros. ®)

Moreover, the path loss between the communicating nodes considering the excessive
path loss for the cases of LoS and NLoS is computed as

r— 1077l0g(Xy) + k08,
101l0g(Xy) + knrOS,
where 7 is the path loss exponent. Because it is not possible to categorize the established

link as either LoS and NLoS without prior terrain information, the overall channel condition
is defined by the mean path loss evaluated as
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I'(Dy, H) = PriosTLos + PrrosTnros- (6)

Line of Sight

Nor-Line

of Sight

——UAV altitude, F——

detection

Figure 1. System model.

Transmission Model

In contrast to orthogonal sharing of channel resources employed in OMA, the superim-
posed transmission of signals from multiple users forms the basis of NOMA. Meanwhile, it
is noted that the users selected to form a NOMA pair for simultaneous transmission allows
for improved performance when the selected users exhibit distinctive channel conditions.
According to (6), the sorted list of channel coefficients of users on the ground with increas-
ing horizontal distance can be presented as |h1|> > |h|> > - - - |hy|> > |hnf? [11]. Explicitly,
the users experience poor channel conditions as horizontal distance increases. Without loss
of generality, let users T and v be selected to form the mth pair, where 1 < m < M. Thus,
the superimposed signal for a pair is given as

=Y. VP, V1<m<M, (7)

I'=(t,V)m

where P is the transmission power for the T and v users. Next, the received signal at
each user is presented as

yT:hT(VP’L’%’L’+ \/Pv%v> + 1t
Yy :hv(VPT%T+ va%v) + 1y

where 7, represents the noise power and the A2G channel gain hr for each ground user is
computed as

®)

hy = ©)

1 +F(DH,H)
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An interference-free transmission rate assumes a perfect SIC at the tth user of each
pair [42]. On the other hand, the signal for the vth user is decoded without removing the
interference from the other constituent of the corresponding pair. Thus, the individual rate
of the Tth and vth users are represented as

Y; = log,(1+ P;O¢) (10)
Py
Y, =log,[1+ — ], 11
(g "
where ®; and ©, are given in (12) and (13), and P, is the noise power. We have
_ Ihef?
Or = P (12)
|y |?
o =3 (13)

Because the proposed scheme assumes a two-user pairing scheme, a user-pairing
matrix U is defined to ensure that a user can only pair with a single user and a single
channel resource block is shared by a maximum of two users. Additionally, the comparison
of NOMA performance with that of an equivalent OMA scheme is of paramount importance
for a fair analysis. As each user transmits interference-free in its designated time/frequency
channel resource, the individual data rate for each OMA user is defined as

1 P
Y9 = 210g2<1 + g:" hq}|2). (14)

The scalar factor % in (14) is defined as the multiplexing loss when OMA is assumed
for transmission in comparison to the NOMA scheme. Hence, the minimum transmission
rate for the proposed problem is constrained to be at least equal to the OMA rate computed
at various altitudes of the UAV. Therefore, the main objective is to maximize the total
capacity under certain constraints by optimizing the UAV altitude, pairing matrix, and the
corresponding power allocation to the NOMA users. The proposed capacity maximization
problem is formulated as follows:

K
F = max (Yk —l—Yk)
k w, Hn}kzl T v

Ci: Y¥>Y§ V1<k<K

K
Co: Y ug=1 V1<k<K (15)
k=1
K
C3: ZuZ:Z
1=1

Cy: prt+py < pmax

The constraint C; is the individual rate capacity for each NOMA user, which must
be equal to or greater than the data rates achievable through OMA for each user in the
coverage region. The following constraints C; and Cj is for the user pairing and it shows
that the single user must be paired once and there must be maximum of two users in a single
resource block, respectively. The maximum transmission power constraint is presented as
C4, which requires that the sum of powers allocated to Tth and vth user must be less than
or equal to p™**.
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3. Proposed Methodology

The objective function of (15) is optimized iteratively through heuristic algorithms,
wherein the joint-user pairing matrix U and UAV height H is optimized to achieve the
above objective. The solution to the formulated problem in (15) requires computation of
optimal altitude optimization and the corresponding user pairing scheme to maximize the
sum rate capacity of the system. Clearly, the problem of user-pairing optimization is a
combinatorial optimization problem which are in general non-convex problems. The ex-
haustive computation of optimal user pairing for the concerned objective function demands
investigation of a large number of user pairs, and it is deemed computationally expensive
for any meaningful implementation in a practical aerial NOMA system. Moreover, the
proposed altitude optimization to set the best possible combination of channel conditions
between the ground users and the UAV to maximize the sum rate of the system translates to
a complex optimization without a trivial solution. Therefore, an iterative strategy involving
joint optimization of UAV altitude, user pairing and the corresponding power allocation is
proposed to solve problem defined in (15). Explicitly, the problem user pairing U is solved by
using meta-heuristic techniques of a genetic algorithm (GA) and particle swarm optimization
(PSO). Whereas the problem of altitude H)Y optimization, which is a convex optimization
given a fixed user-pairing scheme, is solved by using the fmincon optimization tool of Mat-
lab [13]. Meanwhile, the closed-end equations for power allocation for each NOMA user in
each pair for sum rate maximization derived from (9) and (10) are given as

log, (1 + P;®;) > Y? (16)
2Vt 1
P, > 17
R (17)
P]/ YO

1 > 2%y 18
trte, (18)

1
P, > (2" —1)(Pc + =). (19)

O

The proposed algorithm for sum capacity optimization is given in Algorithm 1 The
users are divided into two groups, i.e., A & B, according to their distance from BS. Group A
users have better channel gains as compared to the group B are termed as the cell-center
users. Similarly, the users in the B group which are farther from the UAV are considered
as the cell-edge users. In order to reduce the search space, the user pairing is not allowed
between the users of the same group in the proposed scheme. This assumption is also
validated by the fact that NOMA performance is better when users with distinctive channel
conditions are grouped together [2]. Thus, the users farther from each other are the best
candidates for transmitting together as a pair. The user pairing is done when each user is
randomly paired with the user of an opposite group. Afterward, the optimal height is obtained
through a local search algorithm. Finally, the sum capacity is evaluated for each candidate
solution, sorted in descending order, and it is linked with each candidate solution.

The proposed scheme initiates by randomly assigning users from both groups to form
the NOMA user pairs. Subsequently, the fmincon tool is invoked to compute optimal
altitude given a fixed user pairing. Next, the steps associated with GA/PSO such as
cross-over, mutation, and position updates are employed to optimize the user pairing. The
objective function of (15) is updated at each step and the optimal solution is evaluated
iteratively while satisfying all the constraints. The proposed algorithm runs for the defined
number of cycles to output user pairing, altitude, and corresponding power allocation sum
rate maximization of the aerial NOMA system.
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Algorithm 1: Heuristic based joint user-pairing and altitude optimization (HUAO).
1 Initialize U, HY, K, SNR, 7, GA and PSO parameters

2 get Yg,

3 while YY < Y§ do

4 for i:l:% do

5 ifu;#1 || u; #2then

6 ‘ find pairing u;; b/w group A & B
7 end

8 end

o | while HN # HY do

10 find altitude HN

1 if Hmin < HN < H™Y then
12 if HN == HY then

13 ‘ break;

14 end

15 end
16 end

17 end
1 return YY, YN, HY

4. Simulation Results and Discussion

The detailed analysis of the impact of different user-pairing schemes and SNRs at
different altitudes (80m and 120m) on sum rate optimization is presented. The maximum
transmission power for a single pair of users is considered 1 watt throughout the simula-
tions. The simulation has been carried out in three different environments: suburban, urban,
and dense urban. The objective is to maximize the sum rate through (15) by satisfying the
subject constraints, and the comparison of GA- and PSO-based optimization is carried out
in this section. Simulation parameters are described in Table 2.

Table 2. Simulation parameters.

Parameters Values
K (users) 20
N (candidate
. 20
solutions)
Crossover Single point
. Roulette wheel
Selection .
selection
Mutation rate 1%
w (PSO: inertia) 0.7
Cq, C; (PSO: Random
constants)
Py 1w
1o (Free Space 2
pathloss exponent)
Environment suburban urban dense urban
U 4.886 9.6177 12.087
v 0.429 0.1581 0.1139
Q105 0.1 1 1.6

Qnios 21 20 23
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Figures 2 and 3 show the comparative analysis of GA- and PSO-based user pairing
for all the environments. Altitudes of NOMA-UAYV is fixed at 80 m and 120m m for the
simulations, and the results of the proposed HUAO algorithm are compared with OMA.
Sum rates are optimized through GA- and PSO-based schemes over various iterations. The
GA- and PSO-based user pairing in NOMA gives better performance as compared to the
OMA. The convergence of PSO is fast as compared to the GA.

Figure 2 shows the performance improvement of the proposed PSO compared to OMA
and GA, where 54.05% and 21.61% for suburban, 43.6% and 24.21% for urban, 39.45% and
12.32% improvement for dense urban is achieved. In Figure 3, PSO gives an improvement
of 58.3% and 16.7% for suburban, 46.38% and 3.8% for urban, 42.73% and 16.7% for dense
urban as compared to OMA and GA, respectively. The overall results show the superiority
of the proposed PSO-based user pairing. Therefore, PSO-based pairing is used for the
next sections.

4t -V" O'VlAsuburban 'G’ 'OMAurba” ]
"4"' OMAdenseurban - % 'NOMAGA'“rban
_A - NOMAGA-SUbUrban - ¢ = NOMAPSO'SUbUrban

NOMA 4

GA-denseurban

3.5 [|= % +NOMApgq iban
'"*"' NOMAPSO-denseurban

3r 3

e
.s
! s
D)
s
.
.

2.5 ko ;
$ L=
R R s "

e T R e T EiE
o ---ﬁ--—-ﬁ—-—- =—=AAm =T -—--%—-—.

= %. = X=-= Z'.$Z'.' = === == %. =.

Iteratlons

Sum Rate (bps/hertz)

Figure 2. GA- and PSO-based comparative analysis of sum rates: OMA altitude at 80 m.

4.1. Analysis of Pairing Schemes

In this section, three pairing schemes, i.e., adjacent pairing, random pairing and
HUAO-based pairing are analyzed with reference to the OMA altitude of 80 m at 20 dB
SNR. In adjacent pairing, closed users are paired (with minimum distance), users are paired
randomly in random pairing, and HUAO-based pairing is a proposed pairing scheme (as
discussed in the proposed methodology section).

Figure 4 presents a comparison of different pairing schemes for the suburban set-
ting. Adjacent pairing gives the performance improvement of 6.8%, and random pairing
gives 7.87%. HUAO-based pairing outperforms the other pairing schemes and gives an
improvement of 24.75%. Figure 5 shows the analysis of pairing schemes for the urban
environment. The performance improvement of adjacent pairing is 6.16%, the random
pairing is 8.7%, and HUAO is 25.06%. Figure 6 gives the comparative analysis for the dense
urban environment, where adjacent pairing achieves 10.33%, random pairing gives 12.32%,
and HUAO gives the performance improvement of 31.97%.
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Figure 4. Comparative analysis of user pairing: suburban.
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Figure 5. Comparative analysis of user pairing: urban.
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Figure 6. Comparative analysis of user pairing: dense urban.
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4.2. Impact of Varied SNRs: NOMA vs. OMA

The effect of different SNRs for all the environments at 80 m and 120 m is analysed in
Tables 3-5. Numerical results show that the proposed HUAO-based user pairing outper-
forms and the performance improvement for all the environments is listed in the tables.

Table 3. Sum rate comparison for suburban environment.

Percentage Percentage
SNR OMAgom OMA120m NOMA Improvement Improvement
(80 m) (120 m)
0 1.3964 1.2112 24111 42.08% 49.77%
5 3.9619 3.4893 6.7874 41.63% 48.59%
10 10.1226 8.9331 15.786 35.88% 43.41%
15 20.6275 18.9403 28.591 27.85% 33.75%
20 34.9609 32.6579 43.9261 20.41% 25.65%
Table 4. Sum rate comparison for urban environment.
Percentage Percentage
SNR OMAsgom OMA120m NOMA Improvement Improvement
(80 m) (120 m)
0 1.2376 1.152 2.1064 41.25% 45.31%
5 3.774 3.2793 5.3827 29.89% 39.08%
10 9.4486 8.6886 13.7745 31.41% 36.92%
15 20.1091 18.5457 24.8915 19.21% 25.49%
20 33.5871 31.8631 38.783 13.40% 17.84%
Table 5. Sum rate comparison for dense urban environment.
Percentage Percentage
SNR OMAgom OMA120m NOMA Improvement Improvement
(80 m) (120 m)
0 1.259 1.0674 1.7033 26.08% 37.33%
5 3.5599 3.0732 47133 24.47% 34.80%
10 9.6177 8.254 13.5567 29.06% 39.11%
15 19.6127 17.8929 24.684 20.54% 27.51%
20 33.8681 31.4524 37.7492 10.28% 16.68%

4.3. Impact of Environments: NOMA vs. OMA

The sum rate comparison is carried out for three different environments in Figure 7 for
an altitude of 80 m for OMA-UAV. The significant performance improvement of NOMA can
be seen clearly where it gives better performance for suburban environment at OMA-UAV
altitude of 80 m. User pairing is optimized through PSO and the simulations show that
NOMA gives performance improvement of 42% for suburban, 30.78% for urban, and 26.1%
for the dense urban environment.



Drones 2022, 6, 234

13 of 15

2.5 T T T T T T T

I NOMA
N OmMA

—_
()]
T

|

Sum Rate (bps/hertz)

0.5

0 1 1 1 1 1 1
Dense-Urban Urban Sub-Urban

Figure 7. Sum rate comparison for different environments: OMA altitude at 80 m.

4.4. Optimized NOMA Altitudes

The data rate achieved in OMA at 80 m and 120 m altitudes are taken as reference or
target thresholds for the NOMA. The optimized NOMA altitudes are evaluated for the
reference OMA altitudes, given in Table 6.

Table 6. Optimized NOMA altitudes.

NOMA
OMA
Suburban Urban Dense Urban
80 m 43.3014 m 94.2402 m 119.1598 m
120 m 49.7267 m 103.4393 m 158.4576 m

5. Conclusions

In this paper, a comparative analysis of the GA and PSO is presented for user pairing
in a NOMA-based UAV communication system. The problem of joint-user pairing and
altitude optimization is formulated, whereby the user pairing is done through GA and PSO,
and the altitude is optimized through an interior point algorithm. The simulations prove
the superiority of the proposed HUAO algorithm and PSO gives better improvement in the
sum rate as compared to the GA. Sum rate performance of the suburban environment is
better than the urban and dense urban environments.
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