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Abstract: Utilizing unmanned aerial vehicles (UAVs) to facilitate wireless communication has
emerged as a viable and promising strategy to enhance current and prospective wireless systems. This
approach offers many advantages by establishing line-of-sight connections, optimizing operational
efficiency, and enabling flexible deployment capabilities in various terrains. Thus, in this paper,
we investigate UAV communication in a relaying network in which a UAV helps communication
between a source and two destination users while flying to a location. To have a complete view of our
proposed system, we consider both orthogonal multiple access, such as OFDMs and non-orthogonal
multiple access (NOMA) scenarios. Moreover, we apply successive convex optimization (SCO) and
the block-coordinate gradient descent (BCGD) for the sum-rate optimization problems to improve the
system performance under constraints of total bandwidth and total power at the ground base station
and UAV. The experimental results validate that the achievable secrecy rates are notably enhanced
using our proposed algorithms and show optimal trends for critical parameters, such as transmit
powers, the flight trajectory and speed of the UAV, and resource allocation of OFDM and NOMA.

Keywords: UAV-NOMA; UAV-OFDM,; successive convex optimization; sum data rate; block-coordinate
gradient descent

1. Introduction

Over the past decade, unmanned aerial vehicles (UAVs), with their advantages of high
mobility, low cost, and rapid deployment, have been used in diverse applications, including
surveillance, rescue, cargo transport, and data collection in wireless sensor networks [1,2].
The research community is highly interested in the newest emerging application of UAVs,
that is, UAV-assisted wireless communication (UAVWC). Communication with the support
of UAVs is an effective wireless network deployment solution for future communication
models, specifically for 6G network systems [3]. Unlike terrestrial wireless networks,
where the wireless channel undergoes multi-path fading, UAVWC can provide line-of-sight
connections to wireless devices by using aerial base stations; hence, UAVWC is expected
to have a higher performance than existing terrestrial wireless systems. Moreover, the
mobility and flexibility of UAVs allow UAVWC to operate with broader coverage or in
dangerous areas that require high deployment and maintenance costs for the base stations.
To exploit the great benefits of UAVWC, many recent studies on wireless communication
have carried out a lot of work to solve technical challenges and optimize the performance
of UAVWC [4-6].

Furthermore, UAVs have gained extensive utilization within wireless sensor networks.
As mobile access points or base stations, UAVs present a promising resolution to address
the substantial storage demands prevalent in wireless sensor networks [2,7]. By facilitating
UAV-assisted data aggregation from numerous sensor nodes equipped with wireless capa-
bilities, the singular-antenna UAV empowers all sensor nodes within its coverage scope to
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transmit data. Consequently, these sensor nodes relay their collected information back to
the UAV. Given the significant implications identified, there exists an imperative necessity
to delve into research regarding the NOMA-UAV model. Thus, the model communication
of the NOMA /OFDM-UAYV combination can significantly enhance the performance of wire-
less networks in a broader context and specifically contribute to advancing wireless sensor
networks. Consequently, greater attention and scrutiny are warranted to comprehensively
explore the NOMA /OFDM-UAV model’s capabilities and implications.

1.1. Related Work

To optimize the performance of UAVWC and exploit its benefits, recent studies on
wireless communication have worked on overcoming various technical challenges. In [8],
the authors examined and provided statistical models for an air-to-ground radio frequency
(RF) channel in a dense urban environment, then air-to-ground RF statistical models
for different conditions were investigated in [9]. These results allow network designers
to make easier planning and performance evaluations for WN-aNWs. The studies of
UAVWLC can be classified into two groups, one using UAVs as static aerial transceivers and
another exploiting the mobility of UAVs, known as static and mobile UAVWCs, respectively.
Moreover, in [10], the authors proposed a UAV deployment algorithm to minimize the
number of UAVs needed to provide wireless coverage for a given area. In [11], the authors
solved the uplink sum-rate maximization problem of a static wireless-powered UAVWC.
The authors in [12] optimized the UAV’s location and user association for UAV-assisted
mobile networks, with the goal of making the traffic loads of UAVs almost equal so that
the networks can be stable. In [13], the authors considered a low-altitude aerial platform
(LAP) for the urban environment and provided a mathematical model of the altitude and
wireless coverage, allowing network designers to predict the optimum altitude of the
static UAVWC.

NOMA has been evaluated as a potential solution for future networks, such as beyond
fifth-generation (B5G) and sixth-generation (6G) networks, because its benefits can meet
the new 6G performance requirement, especially for huge connectivity [14-17]. NOMA
is a multiple-access technique that facilitates concurrent sharing of identical frequency
and temporal resources among users [18]. This is achieved by means of power domain
multiplexing, wherein users are assigned distinct power levels, contingent upon their
respective channel conditions, thereby enabling users with weaker signal strengths to
utilize the shared resources alongside stronger signal counterparts concurrently. On the
other hand, orthogonal frequency division multiple access (OFDMA) is a modulation and
multiplexing technique employed in transmitting data across communication channels.
OFDMA partitions the available frequency spectrum into multiple orthogonal subcarriers,
facilitating simultaneous and parallel data transmission [19]. Thus, many publications have
investigated the application of NOMA for UAV networks. Notably, the authors in [20] out-
lined new opportunities and challenges with NOMA with the assistance of UAVs in more
significant rate regions, balanced performance between system throughput and fairness,
and reduced delay. In [21], the authors evaluated the outage probability of UAV-aided
non-orthogonal multiple access (NOMA) networks and uplink and downlink transmissions.
In [22], the authors analyzed a UAV-aided device-to-device network’s sum rate and average
coverage probability for both static and mobile UAV scenarios. Moreover, the authors
in [23] investigated the delay-constrained performance analysis of a multi-antenna-assisted
multiuser NOMA-based spectrum sharing system and examined the sum effective rate
for the downlink NOMA system. The work in [24] solved the problem of improving the
secrecy performance in UAV-assisted NOMA communication by jointly optimizing the
UAV’s trajectory and the transmit powers of legitimate users. A UAV-enabled space-air—
ground integrated relay system applying the NOMA technique is presented in [25]. In this
publication, the authors summarized the UAV-ground NOMA communication into a max—
min problem regarding UAV’s energy efficiency. The use of artificial intelligence-driven
UAV-NOMA to improve the quality of experiences of terrestrial multi-users is studied
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in the works [26,27]. Moreover, the authors in [28] investigated the UAV in PD-NOMA
with concurrent uplink transmission of the aerial user (AU) and terrestrial user (TU). To
enhance the achievable data rate of both AU and TU, these authors developed an analytical
framework to calculate the probability of rate coverage; the results showed that the min-
height of the AUE is contingent upon its distance from the BS as it follows a designated
trajectory. This underscores the significance of accurately modeling the AUE trajectory
within cellular-connected UAV systems. In [29], a heuristic algorithm and logarithmic
approximation are applied to solve the problem of the total energy efficiency for UAV
communication in a downlink NOMA network. In summary, these related works exploring
UAV facilitating NOMA communication are delineated in Table 1, presented below.

Table 1. Summary of related works.

Previous Works

System Models

Operation Type

Primary Findings

[20]

(21]

[25]

[26]

[27]

(28]

[29]

UAV—downlink NOMA,
multiple terrestrial BSs,
terrestrial users, aerial users

UAV—uplink and downlink
NOMA

UAV with phased-array
antennas and NOMA scheme

UAV—NOMA with Al

UAV with the uplink
PD-NOMA and IRS

UAV and power-domain
aerial-terrestrial NOMA
(uplink scheme)

UAV—downlink NOMA

Ground-to-air connections:
modeling, analyzing, and
simulating via two metrics as
coverage probability and average
user rate

Full-duplex and half-duplex
schemes over Nakagami-m channel:
modeling, analyzing, and
simulating via main metric as
outage probability (OP)

Modeling, analyzing, optimizing,
and simulating via main metrics
such as energy efficiency (EE),
trajectory, NOMA scheduling, and
NOMA power allocation
Proposing some Al techniques that
can apply for UAV communication,
using NOMA to serve terrestrial
mobile users: analysis and
presentation

Multi IRS-UAV with ground BS and
NOMA users: modeling, analyzing,
optimizing, and simulating
Concurrent uplink transmission of
the aerial user (AU) and terrestrial
user (TU) in uplink to UAV:
modeling, analytical framework,
simulating via the probability of
achievable data rate

Optimizing joint resource allocation
and UAV trajectory to maximize the
total EE: using heuristic algorithm
and logarithmic approximation

Balanced performance between
system throughput and fairness,
and reduced delay

Exploiting the benefits of UAV as a
relay, save bandwidth, improving
the data transmission efficiency,
deriving closed-form expressions
for OP

Their proposed system achieves
high EE, and NOMA was shown to
outperform OMA in UAV EE.

Main techniques such as federated
learning and reinforcement learning
(RL) to address the intelligent task
offloading and computing resource
allocation

Two different RL-based algorithms
(DDQN and PPO) to minimize the
average age of information of user

Determining the minimum height
that AU needs to fly, enhancing the
quality of services and showing the
importance of modeling AU
trajectory in UAV system

Improving the total energy
efficiency and transmit power
allocation, data rate, and
computational complexity

1.2. Main Contributions

As the analysis has shown above, specifically in Table 1, the studies of UAV flight
trajectory, its influence, and transmitted power allocation to the NOMA-UAV network
using mathematical methods are limited. Therefore, in this paper, we investigated a UAV
relaying system including two users, a near user and a far user. The UAV’s flight path is
from a beginning position to an ending position, and it assists in communication between a
ground base station (GBS) and two destination users (DUs). Two multiple access techniques,
orthogonal frequency division multiple access (OFDMA), in which the frequency resource
is split for each user, and non-orthogonal multiple access (NOMA), in which the user’s
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signals are transmitted on the same frequency resource with different power levels, are
examined. The contributions of our work are encapsulated as follows:

e We have proposed a model for leveraging UAV-assisted ground communication in
specialized communication scenarios where data stations are deployed in complex ter-
rains without direct connectivity to the base station. Our objective is to devise optimal
algorithms for the operation of UAVs and ground stations to achieve the maximum
system capacity for two scenarios employing NOMA and OFDMA, under constraints
of energy, travelling time of the UAV, and required total data from further users;

e We formulated optimization problems to maximize the system sum data rate for both
NOMA and OFDMA scenarios. Since these problems are not convex, we transformed
them into equivalent forms that can be readily solved using block-coordinate gradient
descent (BCGD) and successive convex optimization (SCO) techniques to find the
optimal parameter set. We demonstrated that our proposed algorithm guarantees
convergence and significantly improves the system sum data rate metric.

The remainder of this article is arranged as follows. The system model and preliminary
results for OFDMA-/NOMA-based UAV relaying (OFDMA-/NOMA-UAVR) protocols
are described in Section 2. The problem formulation and solution for the sum-rate maxi-
mization for OFDMA-/NOMA-UAVR protocols are presented in Section 3. The overall
algorithm and convergence analysis are presented in Section 4. The simulation results and
discussion are presented in Section 5. Finally, the conclusions are presented in Section 6.

2. System Model

We consider a UAV relaying system, as illustrated in Figure 1, in which a UAV, R, flies
at a fixed altitude H from an initial location R; (R, Ry ) to a final location Rf (Rry, Rry),
and helps a source S communicate with two users. Due to the utilization of the same
decoding approach by SIC receivers in NOMA for the signals of closer users, research on
NOMA typically investigates the 2-user model, consisting of a closer user and a further
user. Furthermore, the receivers in OFDMA decode the received signal in a similar manner.
As a result, our study concentrates on a UAV-assisted cooperative communication scheme
for the 2-user scenario, aiming to minimize mathematical complexity while maintaining the
overarching objective of the optimization problem. Nonetheless, the obtained results can
be easily extended to scenarios involving multiple users, i.e., a closer user U; and a further
user Uy. S, Uy, and U, are terrestrial single-antenna nodes. R uses the decode-and-forward
(DF) protocol and the half-duplex mode to assist the communication. As R operates in half-
duplex mode, each transmission time slot is divided into two sub-time slots. Two multiple
access techniques, specifically, OFDMA and NOMA, are investigated in this study. The
transmission in each sub-time slot for the OFDMA-based UAV relaying (OFDMA-UAVR)
and NOMA-based UAV relaying (NOMA-UAVR) is illustrated in Figure 2. We assume that
(i) there is no direct link between S and users because of obstacles; (ii) the relay’s operation
is over a length of time T; (iii) the UAV takeoff and landing are not considered, and we
concentrate on the UAV operation period and altitude H; (iv) since U is located far from
S, it necessitates the system to provide a minimum required sum rate, R?jz ;and (v) T is

split into N equal time slots 5]- =dy S %, 1 <j < j, where §y is adequately small, such that
the position of the UAV can be determined as a constant during §;. Finally, in this paper,
system variables for this system model are summarized in Table 2.

The horizontal positions of S, Uy, Uy, and R during J, are represented by S (S s Sy),
Uy (Uix, Usy), Uz (Uay, Uzy), and wij](xj, yj), 1 < j < j, respectively. The channel gain from
R to a ground source node X, X € {S, U, Uz} during J; is given by

hrx[f]* = Po : 1
|rxlj]] B2+ wlj] — X[ (1)

Here, B is the channel gain at dy = 1 (m).



J. Sens. Actuator Netw. 2024, 13, 18

5o0f24
First sub time slot
----- Second sub time slot
v o =9 UAV
N
Ny \\\\ s\~~\\1w2
N "RU, s
()
(@) -
((<;>)) v,
S Obstacles U1
Figure 1. The proposed system model.
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Figure 2. (a) The bandwidth allocation in the OFDMA-UAVR scheme and (b) the power allocation in
NOMA-UAVR scheme at S and R during the communication in each time slot.

Table 2. Summary of system variables.

No. Symbol Description

1 P Transmit power
2 B Bandwidth

3 H Fixed altitude

4 R; Initial location
5 Rg Final location

6 T Length of time
7 N Time slots

8 hx Channel gain
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Table 2. Cont.

No. Symbol Description

9 a;[f] Bandwidth allocation factor in OFDM
10 R Instantaneous rate

11 R Required sum rate

12 nx Additive white Gaussian noise

13 bi[j] Power allocation factor of NOMA

14 Py Power budget

15 Py max Maximum transmit power

3. Preliminary Results and Sum-Rate Optimization Problem Formulation
3.1. Preliminary Results

In this subsection, the signal transmission equations between S, R, Uj, and U, are
presented. Subsequently, the data rate expressions for each user’s signal are established.
The results for the OFDMA-based UAV relaying (OFDMA—UAVR) and NOMA-based
UAV relaying (NOMA-UAVR) schemes are presented as follows.

3.1.1. OFDMA-Based UAV Relaying Protocol

S transmits the signals in the initial sub-time slot within ¢; that are s; [j] and s5[j], with
the power Ps[j] on the bandwidths a1 [j]|B, and a;[j] B, respectively, where B is the system
bandwidth, 4;[j],i € {1,2} is the bandwidth allocation factor of OFDMA and satisfies both
a1[j] + a2[j] = 1 and a;[j] >amin, with 0 < amin < 0.5 as the smallest value of 4;[i]. The
received signal and instantaneous rate at R are given by

ymalj] = /s ilhsr [l + nrili), @

. 112
RS ] — oo, (1 . Bslj] %;s i ) )

where npg ;[j] ~ CN (0, Np) is the additive white Gaussian noise (AWGN) at R.

During the following sub-time slot within ¢;, the relay node will forward s1 [j] and s, [j]
to Uy and Uy, respectively, on their corresponding bandwidths. The received signal and
instantaneous rate at U; are given by

yR8ma(j] = /Pl [1silj] + ju 1), @)

) 112
R[] = aifjlog, (1 + W) §

where Pg[j] is the transmitted power of node R and ny,[j] ~ CN(0, Np) is AWGN at U;.
Due to the R node acting as the DF relay, the end-to-end instantaneous rate of s;[j] for
guaranteeing successful decoding at U; is given by

R;)ifdma — min (R?{f,(sj,-ma []], R(zlfi?a }) . (6)

3.1.2. NOMA-Based UAV Relaying Protocol
In the initial sub-time slot within ,, S broadcasts the superimposed signals, s1[j]

and s;[j], with the powers b1[j]Ps[j] and b;[j]Ps[j], respectively, on bandwidth B, where
bi[j],i € {1,2} is the power allocation factor of NOMA and satisfies both by [j] + by[j] = 1



J. Sens. Actuator Netw. 2024, 13, 18

7 of 24

and b;[j] >bmin, with 0 < byin < 0.5 as the smallest value of b;[j] . The received signal at R
node can be expressed as

YR Ul =

MRWM%M(V%M%M+ @m@m)+mm. )

Using SIC (successive interference cancellation), R decodes s,[j] first and then elimi-
nates sy [j] from the received signal before decoding s; [j]. The instantaneous rates of s [f]
and s;[j] for guaranteeing successful decoding at R are given by

Rrﬁc’)sr?a } — logz <1 —+ bl [j]PS [QlthR m 2)/ (8)
coma i _ 1o ba[j]Ps ] s )|
R = log, (1 b 171Ps il skl P +No>' ©

In the second sub-interval slot within d,,, node R will forward s;[j] and s;[j] with the
powers by [j]Pr[j] and by [j]Pr[j] , respectively, on bandwidth B. The received signal at U; is
given by

g ) = Peliis (o1 )+ el
+ ny; [/] (10)

At Uy, SIC is employed to decode s;|[j] before decoding s; [j]. The instantaneous rates
of s1[j] and s;[}] for guaranteeing successful decoding at U, are given by

by 1P 1. 112
RIS ] = log, <1+ 10] RUZUO ru ] ) (11)
. . q12
Ryl = o 1+ A, 1
b1 [Pl hru ] + No
The instantaneous rate of s, [j] at U, is given by
b (1P [ Hro 1112
Rzl = o 1+ LRIl )
b1 [j)Pr[j] | R, [7]|” + No

Since R is the DF relay, the end-to-end instantaneous rate of s;[j] for guaranteeing
successful decoding at U; is given by

RI™ = min (R[], RET2(1)). "

3.2. Sum-Rate Optimization Problem Formulation

In this section, we utilize the findings from Section 3.1 to formulate the optimization
problem of maximizing the sum data rate for both the OFDMA-UAVR and NOMA-UAVR
schemes under the constraint of achieving the required sum rate at U, the power budgets,
the trajectory of UAV, and the resource allocation factors.
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Letting Py s and Py pax denote the power budget and maximum transmit power
during 6, of node Y € {S, R}, we have the following inequalities:

™=z

Pslj] < Ps, (15)
j=1

Ps[j] < Psmax, 1 <j < j, (16)
N
Y Prlj] < Pry, (17)
j=1

PR[ﬂ < PR,max/l < ] < ] (18)

With the above assumptions from Section 2, the constraints of the UAV trajectory or of
R are expressed as

w(l] =Ry, (19)
[w[j+1] = w[j]]| < Vinaxdo, 1 <j<j—1, (20)
HRF - W[]}H < Vimaxdo- (21)
N
(P1) a3 (ol min (R, REI 1) + ol min (REE(L RN ) 2)
PraW =
s.t. Amin < 41 []] < 1—amin, 1<j<yg, (22b)
mll+afl=1  1<j<j, (22¢)
N df; df; th
Y, (ool min (REE™ 0, REEZ"11) ) = R, (22d)
]:
(15 — 21).

3

in(REE ), REE) -+ min (R REEG) ), 23)

N

(P2) ps,rﬁ}%w]; ( Unsr home

s.t. bmin < by m <1 — byin, 1 S] < j/ (23b)
hil+bf]=1,1<j<], (23¢)
Rip, < Riing (23d)
. h
Y. (min (REZ"(1, REZRT (1)) = R, (23¢)
]:
(15— 21).

Next, letting Ps = [Ps[1],...,Ps[j]] , P = [Pr[1],...,Pr[jl] , a & [m1[1],...,a1[f]] ,
b =2 [b1[1],...,b1[j]], and W £ [w[1],...,w][j]], the issues related to maximizing the sum-
rate of our proposed system for both the OFDMA-UAVR and NOMA-UAVR protocols are,
respectively, formulated as in (22) and (23), shown at the top of the page.

For the NOMA-UAVR protocol, the SIC of U; must decode s, [j] before trying to detect
the signal s1[j]; hence, the constraint in Equation (23d) is the condition for successfully
decoding s,[j] at Uy, which allows the SIC at U, to operate correctly.
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4. Proposed Alternative Optimization Problem

In Section 3, we have presented the formulation of the sum data rate optimization
problem for the considered system. However, it is important to note that the objective
functions in (22a) and (23a) are neither convex nor concave. Therefore, (P1) and (P2)
are not in the form of convex optimization problems and cannot be solved using convex
optimization tools such as CVX. For that reason, we propose alternative solutions that allow
us to tackle these non-convex problems using the BCGD and SCO approaches. In particular,
we apply the BCGD approach to optimize individual variable blocks of (P1) and (P2) while
maintaining the other variable blocks unchanged. For a given resource allocation factor a
(or b) and transmit powers P 2 {Ps, Pr}, we optimize the trajectory of R, W (defined as
(P1.1) and (P2.1) for the OFDMA-UAVR and NOMA-UAVR protocols, respectively). For a
given UAV’s trajectory W and a (or b), we optimize the transmit powers P (defined as (P1.2)
and (P2.2) for the OFDMA-UAVR and NOMA-UAVR protocols, respectively). Finally, for
a given W and P, we optimize a for the OFDMA-UAVR protocol (defined as (P1.3)) and
b for the NOMA-UAVR protocol (defined as (P2.3)). The non-convex objective functions
are addressed by applying the SCO method. Ultimately, we introduce the comprehensive
algorithms and prove the convergence behaviour of these proposed methods.

4.1. UAV Trajectory Optimization (TO)

In this subsection, we use the SCO method to optimize the trajectory of R for the
OFDMA-UAVR and NOMA-UAVR protocols.

4.1.1. TO in OFDMA-Based UAV Relaying Protocol
Substituting (1) into (3) and (5) yields

RY™a(j] —g,(jllog, (1 PR il 2), 1)
H2 + i - S|

Agfdma []] >

H? + ||w[j] - U;|?

R{T?1j] =ailj]log, (1 + (25)

where Aofdma []] _Fs [ilBo and Aofdma[ ] _ B [11Bo
1 No 2 J No -

It is seen that, although (24) and (25) lack convexity concerning w/j], they exhibit
convexity in relation to ||w[j] — S||* and ||w[j] — U;||?, respectively. This attribute allows
us to derive lower bounds for R%fgima [j] and R‘L’Ifﬁlsr?a [j] that are convex with respect to wj].

Specifically, at a given point W/ £ [wl [1,...,w [}]} (we assume that W' is the optimal

UAV’s flight trajectory obtained after the [-th iteration), the following lower bounds can be
obtained using the first-order Taylor expansion [17] :

REI™(j] > RY™j]
= a;[j) (A§™2 ) [wlj] — S| + Byfma j)), (26)
RYfAm[j] > RYfAmj]
= a;[j) (AP ][ wli] — U + Beg™[7]). 27)

where ASfdma[j] Aofdmafj] gofdma[;] and pofdmalj] are given by
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f f I 2\
Agtama ) — (agom )+ 2+ w5
2 -1
_ (H2+ Hw’m sz ) , (28a)
2 -1
At = (g + 2+ [wi] - )
2 -1
— (H2+ Hw’m ~ U, > , (28b)
ofdmar;
Bi)fdma []] —In <1 + A1 U] . >
H2-+[|w']j] - SH
Aofdma[ ]H lm (28¢)
ofdmar;
Blo_if_cima[ ] =1In (1 + AZ []] 2)
H2 + ||w![j] = U
— At j]| | w'[j] - U (28d)

Using (26) and (27), at any given a, P and W, (P1) is approximated by (P1.1) (or (29))

shown below:
7 i (AT ] wlj] - S|J* + Byma),
a min ; : '
(P1.1) max 1 i 0 ( ‘AOdfmam HW[/] - U1||2 + Bgdfma[]]
. 0 ma 2 odfmar;

s.t.

, (292)
ol + Byt )

s, Y
Ry}, (29b
U+ gy ) | = R @50)

j=1 —sz[j]min( odfma[]me

(AR w]
() & ( 0 ( A5 ]

(19 —21).

It is seen that (P1.1) is a convex optimization problem that can be efficiently solved by
standard convex optimization solvers (such as CVX implemented in Matlab 8.1).

4.1.2. TO in NOMA-Based UAV Relaying Protocol
Substituting (1) into (8), (9), and (11)—(13) and after some manipulations, we have

where AJ™M[j] = —m Apomafs] =

Iﬁoma :log 1 + A]iloma[]} (30)
T i) -8
Anoma Anoma
RROM =log, | 1+ Ul U] 5 |, (31)
Aemaj] + H2+|[w(j] S|
Anomam
RPO™Ma —]og |1+ (32)
i g2< 2+ [wlj] - U1||2>
Anoma[ ]Anoma [/]
RIOMA —]0o 1+ , 33
e g2< Agomalj] + H2 4 wlj] — Uy | )
Anoma Anoma
Rr&‘;“;‘; =log, [ 1+ U] U] 5 | (34)
AROMa[j] + H2+4 | wlj] — Up|

J]Ps [11Bo b1[j1Pr[j1Bo )

No

] , an d Anoma U]
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Following the similar approach as in Section 4.1.1, we can obtain the following in-
equalities using the first-order Taylor expansion:

R[] > R

£ apema(j)|wlj] — S|+ B, (3)
RI(j) > RI(
£ 42032 ] wlj] — Uil + B3], (36)

Where Anoma []} Anoma [7] Anoma[ ] Anoma []} Bnoma[ ] Bnoma[ ] Bnoma []} and Bnoma []] are
given in (37) shown below:

Anomal :( 8| apemep] + H2) o (le[j] s+ Hz) - (372)
-1 ) -1
Apomar;] :( SH + (AFO™ + 1)ATO™ + H2> (HWZ lj] — SH + AT + HZ) , (37b)
2 -1 2 -
Agomal] _( Ui +A§°ma+H2> - (le[i] U +H2) , (370)
Anoma[ i _( W UZH +( Anoma +1)ADoma | H2> - (le U] — UZHZ + Agoma 4 HZ) 71, (37d)

noma _ A?Oma i I1s — 2
B —log(1+ , . Ale il -sll, (37¢)
H2 + ||w![j] - 8|
noma A noma
Broma[] Zlog( 1+ A" A 3 | = A wlli] -8 g (37)
AYem? + H2 + [|w![j] - S|
B ] = log <1+ A ) ~ AWl - u| (7g)
H2 4 [wi[j] - Gy |
noma A nhoma 2
Byomafj] =log( 1+ ApTATT 3 | = AR ]| |wi] - 0| (37h)
A3+ H2 - [[w![j] - U

Next, using (33) and (34), Constraint (23d) can be rewritten as
Iwii] = U1 * < [wlj] — Ua . (38)

It is seen that (38) is not a convex constraint. Since the right-hand side of (38) is convex
with respect to w[j], (38) can be rewritten by applying the first-order Taylor expansion
as follows:

I~ U <(Wj] — 02) (wlj] — U2)
~wi - U2H2. (39)

Using (35), (36), and (39), for any given a, P, and W, (P2) is approximated by (P2.1)
(or (40)) shown at the top of the next page:
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1 & min(Agom wlj] — 82 4 Bieme, Azome wlj] — Uy || + Bgom)
(P2.1) max Y , ) , ) , (40a)
W In(2) 5\ 4 min (Agom2 wj] - S|1* + Bgoma, A3 wlj] - Up|* + Bgem? )
1 : noma : 2 noma 4noma : 2 noma
st @]; (min (Ao w(j] — S|1” + B5o™, AP wlj] — Up|* + BIo™) ) > R, (40b)
(19 — 21, 39).
It is seen that (P2.1) is a convex optimization problem, and we can apply standard convex
optimization techniques to address this efficiently.
4.2. Transmit Power Optimization (TPO)
In this subsection, we optimize the transmit powers of S and R for the OFDMA-UAVR
and NOMA-UAVR protocols.
4.2.1. TPO in OFDMA-Based UAV Relaying Protocol
Substituting (6) into (22), at a given a and w/, (P1) can be expressed as (P1.2) (or (41)),
shown below:
1 N[ a1[j]min (log2 (1 + Bgfdmapg []]), log, (1 + Bgfdmapy [/]) )
(P1.2) max ] " ] " ] , (41a)
In(2) S\ +azj] min (log, (1 + BS™Ps[j] ), log, (1 + B4™Pef]))
1T . .
s.t. T Z (ﬂz []} min (1Og2 (1 + ]B’i’fdmaps []] ) , 10g2 (1 + ]BgfdmaPR [/]) ) ) R;l;, (41b)
]:
(15 —18),
where Bofdma — ‘hRS Ik Bofdma — |thIJ\}0m| nd Bofdma — |th§ ]”2

It is seen that (Pl 2) represents a convex optlmlzatlon problem amenable to efficient
resolution using standard convex optimization solvers.

4.2.2. TPO in NOMA-Based UAV Relaying Protocol

For any given a and w!, (9) and (13) can be rewritten as

Ry = logy (14 B Ps[j]) —logy (1 + By Ps[j]), (42)
U5y = 10gy(1+B5*™Pr[j]) —log, (1 + B3 Pr[f]), (43)

Bgoma — ‘hRLI%OUHZ )
Let PL £ {Pé,P%} , where P £ [Pgm,. .., P [j]] and P 2 [P}Q[l],...,PIIQ[j]} are the

optimal transmit powers of S and R, respectively, obtained after the I-th iteration. The

application of the first-order Taylor expansion allows us to derive the following inequalities:

. a2
noma _ b1 []”hSR[]”Z noma __ bl[]”hRUz DH noma __ Vh@RUHZ
Where Bl = T,Bz = T’Bé} = TO, and

R > R
= o7z 1+ BE™™ P () — CRPSlf] i), (44)
Rigne > R
= L (In(1 4+ Bom Py [f]) — CROPg[f] — CB9), (45)

In(2)
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where CJo™, C{‘;ma, C3oma, and C?ﬁma are given by

Bnoma
Cpome =— L (46a)
T+ B p]
cpgme =tn(1+ B PL(1]) — cpempj) (46b)
Enoma
e =2 (46¢)
1+ By Pl ]
ez =tn(1+ B P[] ) — CRom PR ). (46d)
Substituting (8), (11), (44), and (45) into (23), (P2) can be approximated by (P2.2)
(or (47)), shown below:
1 N min (In(1 + B°™aPgj]), In(1 + BEo™2 PR [f]))
(P22) max V- guin( (L EPTRG) — (CEmep w7
j=1 In(1 4 BRomapg[j]) — (CRomaPpg[j] + CHom)
1 N 11’1(1 + BnornapS []]) _ (Cnomaps []] + Cnoma) >)
t — 4 : la poe o)) >R, 47b
° @) & (min((in {1+ momor 1) (chimar - o) ) ) = R o
(15—18
. q12
where B3° = W It is seen that (P2.2) is a convex problem that can be efficiently

addressed by using conventional convex optimization solvers.

4.3. Optimizing the Resource Allocation (ORA)

In this subsection, we optimize the bandwidth allocation factor a and power allocation
factor b for the OFDMA-UAVR and NOMA-UAVR protocols.

4.3.1. ORA in OFDMA-Based UAV Relaying Protocol
For any given P and W, (P1) can be rewritten as (P1.3) (or (48)), shown below:

N
(PL3) max ) (7] min (R[], REma17]) + as 7] min (REH[j], Roffma 7]} ), (48a)
=
N df dfi h
s.t. Y (@[] min (R, RgfR(j)) ) > RE, (48b)
j=1
(22b — 22¢).

It is seen that (P1.3) is a convex optimization problem that can be efficiently addressed by
using conventional convex optimization solvers.

4.3.2. ORA in NOMA-Based UAV Relaying Protocol
For any given P and W, (9) and (13) are rewritten as

1 4 Cnoma
IIE(/)SI;a = logZ <b1 []] + (Erfoma) 2 %?;;a

£ log, (14 C1°™) — Dby [j] — Dyp, (49)

1 _"_ Cnoma
12 = o 5 o ) = RIS

£ log, (1 + C5°™) — Dyab: [j] — Dop, (50)

where Choma — % ,Choma — _ No ,and CRoma — N
U T RllselIP T Bl ey U S Rl
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Substituting (8), (11), (49), and (50) into (23), (P2) can be approximated by (P2.3)

(or (51)), shown below:
1 N min (hl( + (é’r}o[r]]la ) , 11'1(1 + (cnoma ))

(PZS) mbaX ID(Z) Z + min 11’1(1 + Cnoma) Dlabl []] le/ ’ (513)

=1 In(1+ C5°™) — Dayby [j] — Doy

1 . ln(l + C?Oma) — D1ab1 []] — D1y, th

.t — . >

ot In(2) ]; <mm< In(1 + C§°™2) — Dyyby [j] — Doy = Rijys (1b)
(23b).

We can see that (P2.3) is also a convex optimization problem that can be ably addressed by
standard convex optimization methods.

5. Proposed Comprehensive Algorithm

In this section, we present the outline of the overall algorithm, denoted as Algorithm 1,
for optimizing the sum rate of the considered system using the BCGD technique and
alternative optimization problems formulated in Section 4. Additionally, to satisfy the
required sum rate constraint at Uy, an initialization scheme, denoted as Algorithm 2, is
designed to find valid initial parameter sets for Algorithm 1.

Algorithm 1 The Sum-Rate Maximization Algorithm for OFDMA-/NOMA-UAVR Protocols.

1.
2.

3.

*

Initialize {W°, P°,0°}. Let I = 0.

Repeat

With given {P!,8'}, solve (P1.1) or P(2.1) to find and then update
the optimal UAV’s trajectory to W' 1.

With given {W/*1,6'}, solve (P1.2) or P(2.2) to find and then
update the optimal transmit powers to P/*1.

With given {W/*1, P11 solve (P1.3) or P(2.3) to find and then
update the optimal PS ratio to 6.

Updatel =1+1.

Until The fractional increase of the objective value is below a small
threshold e.

Algorithm 2 The Initialization Scheme for Algorithm 1.

N =

® NG

—_ =0
— o

Initialize {Wiy;q, PV s }. Let ] = 0.

Repeat

With given {W! ..o, PL .}, solve (P3.1) or P(4.1) to find and then
update the optimal UAV’s trajectory to wlhﬁs

With given {WImtS, PImtS} solve (P3.2) or P(4.2) to find and then

update the optimal transmit powers to Pﬁlls.
Update I =1+1.

Until The objective value #s is higher than R , or | > Lmax-
If NnitS > R h
0 p0 Q0 1+1 [+
{W P70 } {WlmtS’ PImtS’ elnitS}
Else

(P1) and (P2) are infeasible optimization problems.
End if
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5.1. Overall Algorithm

In this part, we introduce the comprehensive algorithms for obtaining efficient ap-
proximate solutions for (P1) and (P2) through utilization of the BCGD method. We also
present the outcomes of suboptimal problems, namely, (P1.1), (P1.2), (P1.3), (P2.1), (P2.2)
and (P2.3). More precisely, the optimization variables consist of three blocks {W, P, 0},
where 0 is the resource allocation factor, i.e., 8 = a for the OFDMA-UAVR protocol and
6 = b for the NOMA-UAVR protocol. Each block of {W, P, 8} is optimized via addressing
(P1.1), (P1.2), and (P1.3) (or (P2.1), (P2.2), and (P2.3)) correspondingly while fixing the
values of the rest blocks. The obtained solution after optimizing each block is updated to
{P,W, 0} correspondingly. This process is repeated until a certain condition is met. The
details of this algorithm are summarized in Algorithm 1.

In the following, we show the convergence of Algorithm 1. Let (W, P, 0), 17&),” (W,P,0),
17%13 z (W,P,0),and q},b’l (W, P, 0) be, respectively, the objective functions of either (P1), (P1.1),
(P1.2), and (P1.3) for the OFDMA-UAVR protocol or of (P2), (P2.1), (P2.2), and (P2.3) for

the NOMA-UAVR protocol. First, at any provided point {Pl W 6! }, the subsequent
inequalities are derived through the execution of Step (3) in Algorithm 1:

1 (wl, P, ¢ ) @ kot (wl, P, ¢ ) (52a)
(%) 77&)’,1 (Wl+1, Pl 61) ) (52b)
(g;y(wl“,P’,el), (52¢)

where (a) holds, since the first-order Taylor expansions at (26), (27), (35), and (36) are
performed at the point {Wl, P, o } ; (b) holds, since W' is the optimal solution of (P1.1)
(or P(2.1)); and (c) holds, since the objective functions of (P1.1) and (P2.1) are the lower
bounds of those in (P1) and (P2), respectively.

Using similar explanations for (P1.2), (P1.3), (P2.2), and (P2.3), the inequalities in
(53) and (54) can be proven as follows. At any provided point {Wl+1, P, o }, we can obtain
the following inequalities via Step (4) in Algorithm 1:

U(Wl-&-l’Pl,Bl) _ 17}}9,1 (Wl+1,Pllel), (53a)
< ’7%?,1 (W[H,Plﬂ, 61>, (53b)
< (WL o). (53¢)

Next, at any provided point {Wl +1pitl g } , we also obtain the following inequalities
via Step (5) in Algorithm 1:

" (Wl+1, pltl 91> - <W1+1, pitl 91> ) (54a)
< %b,t (Wl“, P+l 61“), (54b)
< (W’“, pltl 91+1) ) (54c)

Finally, we have
1 (Pl, w! 91) <y (wl+1, pitl 6”1) _ (55)

This observation reveals that the objective values of (P1) and (P2) are non-decreasing
trends throughout iterations. Furthermore, the optimized values of (P1) and (P2) are finite,
ensuring the guaranteed convergence of Algorithm 1.
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(P4.1)

s.t.

5.2. Initialization Scheme

In this part, we introduce Algorithm 2, which aims to discover an attainable initial
variable block { W°, P?, g7 } for Algorithm 1. Due to the constraint of the sum data rate of Uy,
the key concept behind Algorithm 2, that is, maximizing the sum-rate of U, for the OFDMA-
UAVR and NOMA-UAVR protocols, respectively defined as (P3) and (P4). Note that the
values of ap[n] and by [n] are set at their highest values; hence, Onits = (1 — amin)| L. v,dl 1"

N elements

for the OFDMA-UAVR protocol and it = (1 — bmin)[ 1, - - . ,1 ]T for the NOMA-UAVR

N elements
protocol. If the maximum achievable sum rate with Algorithm 2 surpasses that of Rﬁ‘z,

the current optimal flight trajectory and transmit powers are W and P?, respectively;
otherwise, (P1) and (P2) are infeasible optimization problems. By modifying (P1) and (P2),
we can obtain (P3) and (P4) as

N

_ . : odfmar; odfmar;
(P3) I ((1 = amin) min (R[], REF2(])),  (56a)
s.t. (15 — 21). (56b)
N o I
(P4) %, 1 (min (RS, REEZ 1) ). (572)
Tow &
s.t. (15 — 21, 23d). (57b)

1= amin & (A ] — S| + Bydmaly
P3.1 1 1 , 58
P30 m i) & (mm< , A ] [wj] — U2 + Bgmalj o5

s.t. (19 — 21). (58b)
1 N : noma ; noma noma ; noma
m‘sxm]; (min (A3 [wlj] - S|* + B5o™, A" lwlj] - G| + Bj™™) ), (5%)
(19 — 21, 39). (59b)
1— i &
(P3.2) min in(1 1+ Bofdmap : , 1 1+ Bofdmap : , (60 )
e L (il (1 -+ 1) b 1+ B, 0
st.  (15—18). (60b)
1 Y/ In(1+Bemaps[j]) — (CRoPs[] + CRe), ))
®2 <y 1 (s mrerad) - (s ) )
s.t. (15— 18). (61b)

Similarly, the problems in (P3) and (P4) are not convex optimization. Therefore,
we have introduced alternative solutions for (P3) and (P4), employing the BCGD and
SCO approaches. Concretely, the optimization variables consist of two blocks {W, P}.
Subsequently, the BCGD technique is employed to perform optimization for each of these
variable blocks within the context of (P3) (or (P4)), while holding the other variable blocks

constant. With transmit powers P 2 {Ps,Pr}, we optimize W (defined as (P3.1) and
(P4.1) for the OFDMA-UAVR and NOMA-UAVR protocols, respectively) and, for a given
UAV’s trajectory W, we optimize P (defined as (P3.2) and (P4.2) for the OFDMA-UAVR
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and NOMA-UAVR protocols, respectively). The result achieved through the optimization
of each block is then adjusted in accordance with {W,P}. This iteration continues until
a specific criterion is satisfied. Furthermore, the objective functions with non-convex
characteristics are addressed by applying the SCO technique.

By applying (29) and (40), the optimization problems in (P3.1) and (P4.1) at any given
P and W are, respectively, given by (58) and (59), shown on the previous page.

Using (41) and (47), the optimization problems of (P3.2) and (P4.2) at any given P’ and
W are, respectively, given by (60) and (61), shown on the previous page.

Ultimately, a summary of Algorithm 2 can be located in Table 2, where Ly is the
utmost limit of iterations.

Algorithm 2 begins with an initial flight path of the UAV, which consists of a straight
line connecting points RI and RF and maintains a constant velocity of V0, where

V0 = LTRH Additionally, the initial transmission power settings are established as
PS imitslj] = Ps.x /N and Pg 1slj] = Prx /N.

6. Simulation Results

This section presents numerical findings to validate the effectiveness of our pro-
posed optimization algorithms. The system parameters are set up in our simulations as
T =300 (s), N =60, fo = 1, 5= = Zmx — 30 (dB), Py = 15Ps maxN, Prx. = 7R PRmax]N,
71s = 0.25, 1r = 0.1, Vimax = 20 (m/s), H = 70 (m), and Ny = 1. The measured coordinates
in meters for S, Uy, Uy, Ry, and Rp are, respectively, set as [0, 0], [1000, 0], [1500, 200], [0, 1000],
and [200, —1000].

6.1. UAV'’s Fight Trajectory and Velocity Analysis

In Figures 3 and 4, we investigate the optimum flight path and velocity of R obtained
using the proposed algorithms. The trajectory of R is separated into three phases. During
the initial phase (n < 13), the positions of R are far from the source and users; this
leads to low-efficiency communication. For this reason, during the initial phase, R almost
does not forward any information to users and it flies quickly to efficient communication
regions (ECRs) where it can assist the commutation at higher data rates. At the second
phase, the efficient-communication phase (ECP) (14 < j < 48), R operates over the two
specific ECRs, the ECRy;, ECRy; = {ECRy1a, ECRyyp }, for providing the good S — U
communication and ECRyy; for providing the good S — U; communication. ECRy; and
ECRy; are illustrated in Figure 3. Depending on the configuration of the system, the
size of ECRs can be larger or smaller. It is seen that the ECRs are between the source
and users that agree with the assessment for the optimum location of the static relay in
the conventional relaying systems. As shown in Figure 4, R spends a duration (around
28 < j < 32) to stay at ECRyj; to guarantee the required sum rate of Uy, Rz}[‘z, and also to
maximize the system sum rate. When U, requires more data, i.e., Rtblfz increases, R tends
to spend more time at ECRy. This can be confirmed using the results for velocity for the
case of Rtfl‘z = 7 (bits/s/Hz). For the NOMA-UAVR protocol, the trajectory significantly
changes as Rtllfz increases from 6 to 6.5 (bits/s/Hz); otherwise, it almost does not change.
For the OFDMA-UAVR protocol, the trajectory substantially changes with the increase in
RtL}I‘Z. For high values for Rthz, R flies with a similar trajectory in both NOMA-UAVR and
OFDMA-UAVR protocols. At the final phase (1 > 49), R stops forwarding the information
to users and quickly flies from ECRy; and/or ECRyy; to the final location.
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Figure 3. The optimal flight path for the UAV under varying Cg‘z values.
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Figure 4. The optimal velocity of the UAV under varying Rtsz values.

6.2. Transmission Powers and Resource Allocation Analysis

In Figures 5 and 6, we present the optimal transmitted powers and resource allocation
elements (i.e., 2 and b) obtained using the proposed algorithms. In these figures, we focus
on the patterns in the transmission power levels, a and b, during the ECP (14 < j < 48).
Particularly, these trends are separated into three sub-phases. During the first sub-phase of
the ECP, the transmit powers increase as R flies closer to ECRyy,, then reach a peak and
decrease as R flies far away from ECRyy, to transit to ECRy;. Next, during the second
sub-phase of the ECP, the transmits powers increase again as R flies toward to ECRyy,
then they slightly vary as R flies in ECRyy;, and, finally, they decrease as R flies far away
from ECRy; and transits to ECRyyp, The trends in the transmit powers in the last sub-phase
of the ECP are the opposite trends from the first sub-phase of ECP. Moreover, the trends
observed at low values of REI‘Z (e.g. Rtfl‘z < 7) are more obvious than those observed at high
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values (e.g., Rtl}l‘2 = 7 (bits/s/Hz)). As shown in Figure 6, the general trend of a1 (or by) is

receiving high values as R flies near ECRy and low values as R flies near ECRyy;. Similarly,
we can also explain the trend in a1 (or b;) using the effects of the trajectory of R, ECRyy,
and ECRyy; on the instantaneous rates at U7 and U,.

800 T

——Rj =3
th
goo | O Fr =5
——R{, =7
Py 400}
200 |
0
10 20 30 40 50 60
n
400
300
Pr 200
100 |-
0
0 3 60
n
(a)
1000
800 |
py G0F
100 F
200 |
0
0 60
300
250 |
200 |
P
B 150l
100 |
501
0
0 : 60
n

Figure 5. The transmit powers (Pg, Ps) of the (a) OFDMA-UAVR and (b) NOMA-UAVR protocols
with different values of R"L}[‘Z.

6.3. Analysis of Instantaneous Rate and Sum Data Rate of Each User

Figure 7 examines each user’s optimal patterns in the instantaneous rate. The instan-
taneous rate is positive during the ECP and equal to zero during the rest phases. The
instantaneous rate of U receives high values at the beginning and end of the ECP, while
the instantaneous rate of U, receives elevated values in the middle of the ECP. These
patterns can be elucidated by referring to the outcomes regarding the flight trajectory of R,
transmission power levels, and a (or b). When Rtf[; increases, the instantaneous rate of U,
for each time slot becomes higher; moreover, the high-rate region of U, expands on both
sides of the n axis, while the high-rate region of U; follows the inverse trend.

Figure 8 presents the trend in the optimal sum data rate for x; of U; and the optimal
sum data rate for x; of Up. The purpose of our proposed algorithms is to maximize the
system total data rate; however, Figure 8 shows that the obtained efficient solution using
the proposed algorithm aims to maximize the sum data rate of U; while guaranteeing
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the required sum data rate of U,. This is a reasonable result due to the disadvantageous
position of U. Comparing OFDMA-UAVR and NOMA-UAVR protocols, we realize that
the OFDMA-UAVR protocol outperforms the NOMA-UAVR protocol at very low or very
high values for Rthz, whereas the NOMA-UAVR protocol outperforms the OFDMA-UAVR
protocol at medium values for RtL}[‘2 (such as R"L}[‘2 =5or RtL}I‘2 = 6). These results emphasize

the benefits of the NOMA-UAVR protocol in providing fair communication service for the
multi-user system.

OFDMA-UAVR

Figure 6. The allocation parameter for resources under varying thz values.
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T T T
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S
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E 021
]
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@
Figure 7. Cont.
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Figure 7. The instantaneous rate at each user
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7. Conclusions

In this paper, we proposed algorithms to solve the system sum data rate maximization
problem of a UAV-based relaying two-user system for two multiple access techniques,
OFDMA and NOMA. Our proposed algorithms aim to guarantee service for the far user
while maximizing the sum data rate for both users. By applying the SCO and BCGD
techniques, the proposed algorithms optimized the UAV’s flight trajectory, factors of
resource allocation, and transmit powers. The numerical results confirmed that the system
sum data rate significantly improved coverage. Furthermore, the optimal patterns in critical
parameters, such as transmitted powers from GBS, the flight path and velocity of the UAV,
and the resource allocation ratio, were revealed. Notably, the UAV tends to fly near or
stay in specific areas, allowing efficient communication between the source and each user.
The proposed algorithms tend to guarantee the minimum required sum data rate at the
further destination user and maximize the sum data rate at the closer destination user.
Finally, the obtained results demonstrate that the NOMA-UAVR protocol outperforms the
OFDMA-UAVR protocol for the fair user-service scenario, whereas the OFDMA-UAVR
protocol outperforms the NOMA-UAVR protocol in maximizing the system sum rate
for very low or very high required sum rate for the far user. In this study, the optimal
results were computed using solvers from the CVX optimization toolbox in Matlab for
performance verification. However, in practical applications, CVX is not suitable due
to its slow processing speed. To facilitate implementation on embedded hardware, real-
time optimization solvers such as Structure-Aware Linear Solver [30] and CVXGEN [31]
can be employed.
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