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Abstract: Utilizing unmanned aerial vehicles (UAVs) to facilitate wireless communication has
emerged as a viable and promising strategy aimed at enhancing both 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 as OFDM
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 by using our proposed algorithms and show optimal trends for critical
parameters, such as transmit powers, the flight trajectory and speed of UAYV, and resource allocation
of OFDM and NOMA.

Keywords: UAV-NOMA; UAV-OFDM,; Successive convex optimization SCO; Sum data rate; Block-
coordinate gradient descent BCGD.

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 new 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 UAVWCs to operate with broader coverage or in
dangerous areas that require high deployment and maintenance costs of the base stations.
To exploit the great benefits of UAVWC, many recent studies on wireless communication
have done 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.
Functioning as mobile access points or base stations, UAVs present a promising resolu-
tion 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 capabilities, the singular-antenna UAV empowers all sensor nodes within
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its coverage scope to 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 UAV-NOMA combination can significantly enhance the per-
formance of wireless networks in a broader context and specifically contribute to advancing
wireless sensor networks. Consequently, greater attention and scrutiny are warranted to
explore the NOMA-UAV model’s capabilities and implications comprehensively.

1.1. Related work

To optimize the performance of UAVWCs and exploit their 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 planning and performance easier evaluations for WN-aNWs. The studies of
UAVW(Cs 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 up-link sum-rate maximization problem of a static wireless-powered UAVWC.
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]. Thus, many
publications have investigated the application of NOMA for UAV networks. Notably,
authors in [18] outlined new opportunities and challenges with NOMA with the assistance
of UAV in more significant rate regions, balanced performance between system throughput
and fairness, and reduced delay. In [19], the authors evaluated the outage probability of
UAV-aided non-orthogonal multiple access (NOMA) networks and uplink and downlink
transmissions. In [20], 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,
authors in [21] 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 of [22] solved the problem of improving
the secrecy performance in a 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 [23].
In this publication, 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 in the works [24,25]. Moreover, authors in [26] 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 [27], a heuristic algorithm and logarithmic
approximation are applied to solve the problem of the total energy efficiency for UAV
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Table 1. Summary of Related works

Previous works System Models Operation type

Primary findings

[18]

UAV - downlink NOMA, multiple

terrestrial BSs, terrestrial users, aerial users

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

and average user rate

Balanced performance

between system throughput and fairness, and reduced delay

[191

UAV-uplink and downlink NOMA

Full-duplex and half-duplex schemes

over Nal channel: modeling,

and simulating via main metric as outage probability (OP)

Exploiting the benefits of UAV as a relay,

save bandwidth, imp! the data

efficiency, deriving closed-form expressions for OP

[23]

UAV with phased-array antennas

and NOMA scheme

Modeling, analyzing, optimizing and simulating
via main metrics as energy efficiency (EE), trajectory,

NOMA scheduling and NOMA power allocation

Their proposed system achieves the high EE,

and NOMA was shown to outperform OMA in UAV EE.

[24]

UAV - NOMA with Al

Proposing some Al techniques can apply for
UAV communication use NOMA to serve terrestrial

mobile users: analysis and presentation

Main techniques as federated learning and reinforcement learning (RL)

to address the i task offloading and c resource allocation

251

UAV with the uplink PD-NOMA and IRS

Multi IRS-UAV with ground BS and NOMA users:

modeling, analyzing, optimizing and simulating

Two different RL based algorithms (DDQN and PPO)

to minimize the average age-of information of user

[26]

UAV and power-domain aerial-terrestrial

NOMA (uplink scheme)

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

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

1271

UAV-downlink NOMA

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

logarithmic approximation

Improving the total energy efficiency and transmit

power allocation, data rate and computational complexity

communication in a downlink NOMA network. In summary, these related works exploring
UAV facilitating NOMA communication are delineated in Table 1 and presented below.

1.2. Main contributions

As the analysis has shown above, specifically in Table 1, we see that the studies of the
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 will assist 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 signals are transmitted on the same frequency resource with different
power levels, are examined. The contributions of our work are encapsulated as follows:

*  We consider non-convex problems of maximizing the system sum rate of the proposed
UAVWC system under constrained conditions of the total bandwidth, total transmitted
power at GBS and the UAV, and required sum rate of the far user for the NOMA and
OFDMA scenarios;

e We propose algorithms using the SCO and BCGD techniques to identify excellent
solutions for the proposed non-convex optimization problem of sum rate based on the
UAV’s trajectory and transmitted power. We show that our algorithms are guaranteed
to coverage;

*  Achievable simulated results Achieve simulated results reveal that the system sum
data rate is remarkably ameliorated by applying our proposed algorithms and pointing
out the optimal trends of critical system parameters with both NOMA and OFDM.

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 maximiza-
tion for OFDMA /NOMA-UAVR protocol are presented in Section 3. The overall algorithm
and convergence analysis are presented in Section 4. The simulation results and discussions
are presented in Section 5. Finally, the conclusions are presented in Section 6.
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2. System model 120
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Figure 1. Proposed system model.
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Figure 2. The communication models in each time slot for (a) the OFDMA-UAVR protocol and (b)
the NOMA-UAVR protocol.

We consider a UAV relaying system, as illustrated in Fig. 1, in which a UAV, R, flies at 1
a fixed altitude H from an initial location R; (R o R Iy) to a final location Rp (R Fxs pr), and 1»
helps a source S communicate with a closer user U; and a further user Up. S, Uy, and Up 12
are terrestrial single-antenna nodes. R uses the decode-and-forward (DF) protocol to assist 124
the communication. We assume that: (i) there is no direct link between S and users because 125
of obstacles; (ii) the Relay’s operation is in a length of time T; (iii) the UAV taking off and 12
landing are not considered, and we concentrate on the UAV operation period and altitude 1

H; and (iv) T is split into N equal time slots (5]- =y £ %, 1 <j < j, where Jp is adequately 12
small such that the position of UAV can be determined as a constant during ¢;. Finally, in 12
this paper, system variables for this system model are summarized in Table 2. 130
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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 Rr Final location
6 T Length of time
L7 N Time slots
18 hx Channel gain
9 a;[j] Bandwidth allocation factor in OFDM
10 | R Instantaneous rate
11 | rR™ required sum-rate
12 | nx The additive white Gaussian noise
13 | b;fj] The power allocation factor of NOMA
14 | Pyy The power budget
15 Py max Maximum transmit power

The horizontal positions of S, Uj, Uy, and R during J,, are represented by S (S X Sy), 131
Uy (Usx, Usy), Uz (Uay, Uzy), and wij](xj, yj), 1 < j < j, respectively. The channel gain from 1z
R to a ground source node X, X € {S,U;, Uy}, during (Sj is given by: 133

hrx[i]* = Po : 1
[rxlj]] B2 1 wlj] X[ (1)

here, By is the channel gain ata dg = 1 (m). 134

In the following, we present the transmission in each time slot for the OFDMA-based 13
UAV relaying (OFDMA-UAVR) and NOMA-based UAV relaying (NOMA-UAVR) protocols 13
in the half-duplex mode. Thus, the communication for each time slot is split into two sub- 1
time slots, as shown in Fig. 2. 138

2.1. OFDMA-based UAV relaying protocol 139

S transmits the signals in the initial sub-time slot within ¢; that are s [j] and s> [j], with 10
the power Ps[j] on the bandwidths a4 [j]B and a;[j] B, respectively, where B is the system 1a
bandwidth, a;[j],7 € {1,2} is the bandwidth allocation factor of OFDMA and satisfies both 1.
a1[j] + a2[j] = 1 and a;[j] >amin With 0 < amin < 0.5 is the smallest values of 4;[i] . The s
received signal and instantaneous rate at R are given by L4

R ) = o Bslilhs sl + naill ?

. . Ps]i]|hrs]i]|?
R}){f;lima ] :ai[]]logz <1+ S[]HNRS[]H )1 (3)
0
here ng ;[j] ~ CN (0, Np) is the additive white Gaussian noise (AWGN) at R. 145

During the following sub-time slot within J;, Relay node will forward s1[j] and sa[j] s
to Uy and Uy, respectively, on their corresponding bandwidths. The received signal and 1

instantaneous rate at U; are given by 148
Y (i) = v/ Prlilru [flsilf] + ju i), )
) 212
. ) Prljl|hru;
RE21j] = ailjllog, (1 + Pelillreu (1 N Ul ) (5)

here, Pr[f] is the transmitted power of R node and ny,[j] ~ CN(0, Np) is AWGN at U;. 19
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Due to R node acts as the DF relay, the end-to-end instantaneous rate of s;[j] for
guaranteeing successful decoding at U, is given by

ROMMa — min ( Rgfdmarj], Rpfdma -]) : (6)

2.2. NOMA-based UAV relaying protocol

In the initial sub-time slot within d,, S broadcasts the superimposed signals, s1[j]
and s,[j], with the powers b1[j|Ps[j] and by[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
and b;[j] >bmin with 0 < bpin < 0.5 is the smallest values of b;[j] . The received signal at R
node can be expressed as

YR Ul =

Pslnaslil (/o lisa 7+ folfsal]) + )

Using SIC (successive interference cancellation), R decodes s;|j] first and then elimi-
nates s;[j] from the received signal before decoding s1[j]. The instantaneous rates of s1]j]
and s [j] for guaranteeing successful decoding at R are given by

. . .12
R%?;?a } _ 10g2 <1 + bl []]PS[Z]\}]OI’ZSRM >’ (8)

b1 Ps ] sk [ ) ©)

Rz 2\ bali)Psli] hskli]? + No

In the second sub-interval slot within d,,, R node will forward s; [j] and s;[j] with the
powers a1 [j]Pr[j] and ay[j] Pr[j] , respectively, on bandwidth B. The received signal at U; is
given by

g ) = Peliies (o sa ) + ealal)
+ Tlu]. []] . (10)

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

by 1P 1. 112
Rijsy 1] = log, <1+ 1l R[’ZUORul il ) (11)
b L1 P 1 r 7112
Rzl = o 1+ DI, 2
b1 [j)Pr[j] | Ry [7]|” + No
The instantaneous rate of s, [j] at U, is given by
b 1P er e 7112
RIEma[j] = log, <1+ 20)P ] ] ) (13)
b (1P| hru, [ + No

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

REO™ = min (RR™ ], REE27]). "
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3. Analysis of Sum-Rate optimization problem

Within this section, we define the problem of maximizing the sum rate of the proposed
system under the constraint of the required sum rate at Uy, Rtfl‘z, for both OFDMA-UAVR
and OFDMA-UAVR protocols. Letting Pyy and Py . denote the power budget and
maximum transmit power during J, of node Y € {S, R}, we have the following inequalities

ZPS < PS > (15)
P m < PS,male < ] < j, (16)
PR[]} < pR,maxr1 < ] < ] (18)

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

[w[j+1] = w[j]]| < Vimaxdo, 1 <j<j—1, (20)
HRF - W[]H\ < Vimaxdo (21)

() max 2 ( aalf] min (Rgima[j], Rggfmaj]) -+ aslf] min (Reima[j], Rggfmaj]) ),
(22a)
s.t. Amin < a7 m <1 — amin, 1< ] < j/ (22b)
mljl+all=1 1<j<j, (22¢)
N
Y (aalj] min (Rgfma 7], REfma7]) ) > RYE, (22d)
j
(15 —21).
N
(P2) PS/rggngl( min (RE™ (7], Rgma j] ) + min (Rpome i}, REgme(f]) ), (25a)
s.t. bmin < by m <1—=bmin, 1 <j <, (23b)
bilf] +b2[j] =1,1<j <, (23¢)
T <RI 3
N
; (min (R (7], REg™(1]) ) > RY, (23¢)
]:
(15 —21).
Next, letting Ps = [Ps[1],...,Ps[jl] , Pr = [Pr[1],...,Pr[jl] , a £ [m[1],...,a1[j]],
b £ [by[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 next page.

For the NOMA-UAVR protocol, the SIC of U; must decode s;[j] before trying to detect
the signal sq [j]; hence, constraint in equation (23d) is the condition for successful decoding
sp[j] at Uy that allows the SIC at U; to operate correctly.
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Since the objective functions in (22a) and (23a) are neither convex nor concave, (P1) and
(P2) is not convex optimizing problems. Subsequently, we propose alternative solutions
for these 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.

3.1. UAV Trajectory Optimization

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

3.1.1. OFDMA-based UAV relaying protocol
Substituting (1) into (3) and (5) yields

ofdma M
R§fAmafj] —=g,(j]log, <1 + L ) (24)
o H2 + ||wlj] - S|?
Aofdma []]
RYfAmafj] =g, j]log <1 + 2 , (25)
Hisi U H2 4wl - P

where Aofdma m _ Ps[jlBo and Aofdma['] _ PRlilBo
1 No 2 ] 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?{ffima [j] and R‘L’Iflfiﬁa [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 I-th iteration), the following lower bounds can be
obtained using the first-order Taylor expansion [17].

Rgfdmalj] > Refdmalj)
= a[j] (AT ) [wj] = S|1* + B[] ), (26)
RO (j] > RYAm(j]

= a,[j] (AZE™ [ wi] — Uil + BEg™7), 7)
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where Agfdma[j] Aofdmaf;] pofdma;} and Bofdmalj] are given by

o\ —1
A(l)fdma[]‘] — (A?fdmam + H2 + le []] o SH )

_ (H2+ lem _st) 71, (28a)
aptim i = (gl i+ g —uif)
-1
—<H2+Hw’m—U, ) , (28b)

ofdmar;
Bi)fdma[]-] =In| 1+ A1 U] >
H2+||w![j] - S||

— Agfma )| w![j] - (280)
Aofdma []]
Bofdma —1 1 2
i+1 ] n( +H2+le[] _UH2>
ofdma le[] ‘ (28d)

Using (26) and (27), at any given a, P and wi, (P1) is approximated by (P1.1) (or
(29)) shown at the top of the next page. It is seen that (P1.1) is a convex optimization

o Ai)dfmam me _ 5”2 + B?dfmam, )
“”hm<Aﬁmeme+@“Wﬂ (292)
Aﬁmmem—sW;B$MWL>

Agme ] wij] = Uy | + B2

UGG AQmaf) | wj] — |7+ Bydfmalj], "
st Z(”Wmmm<A$mmeﬂ—mW+B$MW] =Ry D)

(P1.1) max
+a;[j] min

problem that can be efficiently solved by standard convex optimization solvers (such as
CVXimplemented in Matlab).
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212
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3.1.2. NOMA-based UAV relaying protocol 213
Substituting (1) into (8), (9), (11), (12) and (13) and after some manipulations, we have 2
Anoma []'}
Roma —log, [ 1+ ! , (30)
for T ( F2+ ] - sf)

noma __
R,sp _10g2

Agoma []] Arlmma [ ]} ) 1)
S||

ATOmal] + H2+||wlj] -

Anomam )
1+ 2 , (32)
H24[|lw]j] — U ||?

RIO™S _jog (1 L ARPEART (] _ ”2>, )
1

noma __
RU1 S1 _logz

Uy,s2 Agomam + H2+HW[]] _

Anomars] anomar;
Rnoma =10g2 14+ — ‘0 [.l] 2 [/] >
AZoma[j] + H4-|lwlj] — Uz

Usz,s2

(34)

where Apoma(j] = 2, agoma[j] — BlIEIIP ang pgomayj) — iRl
Following the similar approach as in 3.1.1, we can obtain the following inequalities 2
using the first-order Taylor expansion. 217

REE(j] > R

2 Anemalj](lwlj] — S|* + Broma[j], (35)
REP™aj] > RYPmaj]
2 Anomalj](lwlj] — Uyl + Brozaj), (36)

Where A?oma []] , Agoma [/]I Agoma []] , Azoma [/]I B?oma []] , Bgoma [/]I Bgoma []] and Bgoma []] are 218
given in (37) shown at the top of the next page.

2 -1 2 -1
A?Omam:< w[i] - 3| +A‘1‘°ma[j]+H2> —<HWIU]—SH +H2> : (37a)
2 -1 2 -1
Agomam=< - 5| +(A3°ma+1)A1;°ma+H2) - (HWIU]—sH +A5\°ma+H2> ,
(37b)
2 -1 2 -1
Ag\omam=< Wil - Uy +Ag°ma+H2> - (HWI[]']—U1H +H2) , (370
2 -1 2 -1
Af;omam=< -0 +(A3°ma+1)A;j°ma+H2) - (HWI[]']—U2H +Ag°ma+H2>
(37d)
Anoma 2
Bremafj] =1lo g<1+ 1 >—A1 wj] -S|, (37¢)
H2 + |w![j] - §|? H
AnomaAnoma 2
Bnoma 1+ 0 1 —A I+ -S|, 37f
2] = g( AToma 4 2 1 ||wl[j] SH2> zHW [/] (371)
Broma[j] =log <1+ A ) A Hw’ i-u’ (37g)
- — A3 — V1§ ~
H2 4 [wi[j] - Uy
AnomaAnoma 2
Bnoma -1 1+ 0 2 _ Anomar; Wl 11— U ) 37h
o ) el o
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1 min (AR [w[j] — S||* + Bjoma, Azoma [w[j] — Uy |[* 4 Byome )
(P2.1) max Z | ) 2 . 5 ,
w In(2) = +mln<.,45‘°ma||w[]} — S| + Broma, Anema||w[j] — Uy||? + Bzoma>
(40a)
1 : noma 1 Q2 noma 4 noma q 2 noma th
st @]; (min (A5 [w(j] — S|* + B3o™, A3 w[j] — Up > + B ) > RE},
(40b)
(19 — 21,39).
Next, using (33) and (34), Constraint (23d) can be rewritten as 210
lwi] = U1 [|* < [|w[j] — Uy % (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 applying the first-order Taylor expansion as
follows.

. 2 I T .
Iwlil = Ui < (W'lj] = U2) - (wlj] = U2)
2
— Wi - w | (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. It is seen that (P2.1) is a convex optimization

problem, and we can apply standard convex optimization techniques to address this
efficiently.

3.2. Transmit Power Optimization
In this subsection, we optimize the transmit powers of S and R for the OFDMA-UAVR

and NOMA-UAVR protocols.
3.2.1. OFDMA-based UAV relaying protocol
Substituting (6) into (22), at a given a and w!, (P1) can be expressed as (P1.2) (or

112 h 112
(41)) shown at the top of the next page where B¢fdma = %,Bgf‘ima = % and

1 N[ a1[j]min (log (1 + pofdmap, []]) ,log (1 + Bofdma p, [j]) )
P12 mpx oy X ( +aj min (lozgz (1  Bynar, m),lozgz 1 + Binap, i) )’
(41a)
st lnlz)]é (17 min (log, (1 -+ BYF™ P [j]), log, (1 + B§™Pe[j]) ) ) > R,
(41b)
(15— 18),

212
Bgfdma _ |hRLZI\%[]]| .

0
It is seen that (P1.2) represents a convex optimization problem amenable to efficient
resolution using standard convex optimization solvers.
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3.2.2. NOMA-based UAV relaying protocol

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

Re = 10g (14 By Ps[j]) — logy (1 + By Ps[j]), (42)
Ripys, = logy(1+ B3 Pr[j]) —log, (1 + B3 Pr[f]), (43)

h Rhoma — blUHhSRm‘Z [gnoma _ bl[j]|hRU2U]|2 [Rnoma — |hSR[]'H2 d Bhoma _— |hRUzm|2
where 5777 = No /B2 = No PBgTT =N, and By = R
A

Let P, 2 {PIS,P%} , where Pl 2 [Pé[l],...,Pé[j]] and Pl 2 [Plla[l],...,PIl{[j]} are the
optimal transmit powers of S and R, respectively, obtained after the /-th iteration. The

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

RRG® > RR5"

1 ) ’
— M(ln(l + B}o™2Ps[j]) — CY9Ps[j] — C1y), (44)
Rnoma > pnoma

Up,xp = “Up,xp

1 ) ‘
— m(ln(l + BRO™MaPr[j]) — C5OPR[j] — C3Y), (45)

noma noma noma noma ]
where C77™?, C7™@, C50™@ and Cjp™* are given by

noma
IB31

™ = Wmapé[]] , (46a)

fome = In(1+ By P4[j]) — Cheme P[], (46b)

Ca™ :%, (46¢)
L+ B3 Py[j]

C3™ =In(1+ B PR ) — C3em PR (46d)

Substituting (8), (11), (44) and (45) into (23), (P2) can be approximated by (P2.2) (or (47))

2
by [j]| ]
shown at the top of the next page where B3°® = M It is seen that (P2.2) is a convex
0

o ol e )
P2.2) max . n(1+ Bj°™Ps[j]) — nmas'+nma’> /
1 2— . + %oma ; 1r{10ma ; 11201118
P In(2) = mm( In(1 + BRo™2Pglj]) — (CRO™2Pgj] + CHo™2)
(47a)
1 Y/ In(1+Bomapg[j]) — (CRomapg[j] 4 Choma), th
st M; (mm( In(1 + BEO™ Py j]) — (CHom Py j] + C5™) )) = far (G70)
(15— 18

problem that can be efficiently addressed by using conventional convex optimization
solvers.

3.3. Optimizing the Resource Allocation

In this subsection, we optimize the bandwidth allocation factor a and power allocation
factor b for the OFDMA-UAVR and NOMA-UAVR protocols.
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Uy,xq R,xo Uz, x2

(P1.3) max}%l (a1 rrun(ROdfma [], Roctfma ]) + a3 /] min(ROdfma [], Rctfma []])),
(48a)
st. ﬁ ( mm<R%dg“a[j],R‘ggf;ga [j])) > R, (48b)

j=
(22b — 22¢).

3.3.1. OFDMA-based UAV relaying protocol

For any given P and W, (P1) can be rewritten as (P’1.3) (or (48)) shown at the top of
the next page. It is seen that (P1.3) is a convex optimization problem that can be efficiently
addressed by using conventional convex optimization solvers.

3.3.2. NOMA-based UAV relaying protocol

For any given P and W, (9) and (13) are rewritten as

noma __ 10g2< 1 + Cnoma ) > Rnoma

R,s, W Rs,
2 log, (1 + C1™) — Dby [j] — Duy, (49)
1 _j’_ (Cnoma
REER: =108, (1 s ) = ROE:
£ log, (1 + C5°™) — Dyyb1 [j] — Doy, (50)
where Choma — # ,(Choma — _ Np a noma _ __ Np
Ps[jlnsg /1P Pell e [* 7% el ey [

Substituting (8), (11), (49) and (50) into (23), (P2) can be approximated by (P2.3) (or
(51)) shown at the top of the next page. We can see that (P2.3) is also a convex optimization

min(ln(l + é’r}o[rjlla),ln(l + Cnoma))

1
(P23) mbaX 11'1(2) Z + min 11’1(1 + Cnoma) Dlubl []] ler s (513-)
j=1 (1 + Cnoma) DZabl []] D
1 [ In(1+Cyo™) —Dy,by[j] — D1y, < pth
st n(2) ]; (mm< 1n§1 + cgoma; —Dybi[j] Dy ) ) = Rt (51b)
(23b).

problem that can be ably addressed by standard convex optimization methods.

4. Proposed Comprehensive Algorithm
4.1. Proposed algorithm

In this part, we introduce the comprehensive algorithms for obtaining efficient ap-
proximate solutions for (P1) and (P2) through the utilization of 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, 6}
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Table 3. Algorithm 1: The Sum-Rate Maximization Algorithm for OFDMA /NOMA-UAVR Protocols.

1. Initialize {W° P%,6°}. Let! = 0.

2. 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,

4. With given {W/*1,8'}, solve (P1.2) or P(2.2) to find and then
update the optimal transmit powers to P'*1.

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

6. Updatel =1+ 1.

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

threshold .

N

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, 8), 17&’,’1 (W,P,0),
17i,b A (W,P,0) and ﬂ},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, Gl} , the subsequent
inequalities are derived through the execution of Step (3) in Algorithm 1:

7 (wl, r, ¢ ) @ kot (wl, P, ¢ ) (52a)
(2 17&;[,1 (Wl“, P, 61), (52b)
(g 1 (Wl+1/ P, 91>’ (52¢)

where (a) holds, since the first-order Taylor expansions at (26, 27, 35, 36) are performed
at the point {Wl, P, 61} ; (b) holds, since W't 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 of (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. Then, at any provided point {Wl +1pl e }, we can get
the following inequalities via Step (4) of Algorithm 1:

1 (WIH, P, 91> _ ﬂga,l (W’“, P, 91)/ (53a)
< ;7%}),1 (WZH,PZH, Bl>, (53b)

<y (Wl+1,Pl+1,Bl). (53¢)
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Next, at any provided point {WZH, pitl 61} , we also get the following inequalities
via Step (5) of Algorithm 1:

1 (Wl+1, pi+1 61) _ %b,l (W’“, P+l 91>, (54a)
< nlﬂb,l (WHl,Pl“,BZH), (54b)
<y (Wl“, P+l 6”1) ] (54¢)

Finally, we have
7 (lewl, 91) <y (Wl+1, Pl+1, 6’“). (55)

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

4.2. Initialization scheme

In this part, we introduce the Algorithm 2 which aims to discover an attainable initial
variable block {WO, PO, g° } 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 a[n] and by [n] are set at their highest values; hence, Opnits = (1 — amin) [ L. V;]; 1"

N elements

for the OFDMA-UAVR protocol and Oyits = (1 — bin ) | 1‘, ..,1]T for the NOMA-UAVR

N elements
protocol. If the maximum achievable sum rate with Algorithm 2 surpasses that of Rthz,
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
: df; . df .
" /5, 1 (1 o) min (REZ) REG)), G
s.t. (15 — 21). (56b)
N . .
™ mas, L (min (R R ) ). 672)
Pow £
s.t. (15 — 21,23d). (57b)

Similarly, the problems of (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} . Sub-
sequently, 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 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
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gy (A ] - S| By
(P3.1) max min 1 , ) 1 ) ,  (58a)
W Tog2) & ( ( | A ] | [j] — Uy + Bgema

s.t. (19— 21). (58b)
1 ; noma : 2 noma 4 noma ; 2 noma
(Pa1) max oo ) (min (A5 wl] = S+ B, A wl] - Ul + B ) ),
j=1
(59a)
st (19 —21,39). (59b)
1- Amin N . m ; m; :
(P3.2) max nQ2) ) (mm (log2 (1 + BSfdmapg []]), log, (1 + BSfdmapy [}}) ) ), (60a)
=1
st. (15— 18). (60b)

1 X/ In(1+Byemaps[j]) — (CRoPs[f] + CR9),
(P42)  max ) (mm( In(1 +B§°mapfa[j]) B (C%‘;Pi[]] +le’5) )), (61a)

sit. (15 — 18). (61b)

criterion is satisfied. Furthermore, the objective functions with non-convex characteristics s

are addressed by applying the SCO technique. 314
By applying (29) and (40), the optimization problems of (P3.1) and (P4.1) at any given s
P and W' are respectively given by (58) and (59), shown in the top of the next page. 316
Using (41, 47), the optimization problems of (P3.2) and (P4.2) at any given Pland W s
are respectively given by (60) and (61), shown in the top of the next page. 318
Ultimately, a summary of Algorithm 2 can be located in Table 2, where Lyay is the s
utmost limit of iterations. 320
Algorithm 2 begins with an initial flight path of the UAV , which consists of a straight = s
line connecting points RI and RF and maintains a constant velocity of V0, where V0 = s
w. Additionally, the initial transmission power settings are established P%,InitS [l = =
Py /Nand P | slil = Prz/N .
5. SIMULATION RESULTS 325

This section presents numerical findings to validate the effectiveness of our proposed s
optimization algorithms. The system parameters are set-up in our simulations as: T=300 (s), =
N =60, B =1, 5= = T&mex — 30 (dB), Psx = 75PsmaxV , Prx = IRPRmaxN , 15 = 025 2
, MR = 0.1, Vimax = 20 (m/s), H = 70 (meters) and Ny = 1. The measured coordinates in s
meters for S, Uy, Uy, Ry and Rp are respectively set as [0, 0], [1000, 0], [1500,200], [0, 1000] 30
and [200, —1000] 331

5.1. UAV's fight trajectory and velocity analysis 332

In Figs. 3 and 4, we investigate the optimum flight path and velocity of R obtained s
using the proposed algorithms. The trajectory of R is separated into three phases. At s
the initial phase (n < 13), the positions of R are far from the source and users; this s
leads to low efficient communication. For this reason, during the initial phase, R almost 13
does not forward any information to users and it flies quickly to efficient communication s
regions (ECRs) where it can assist the commutation at higher data rates. At the second s
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Table 4. Algorithm 2: The Initialization Scheme for Algorithm 1

1. Initialize {W{ g, PV .s}. Let] = 0.
2. Repeat
With given {W/ s, PL .1, solve (P3.1) or P(4.1) to find and then
update the optimal UAV’s trajectory to Wlhﬁs
4. With given {Wirﬁs, P{nits}, solve (P3.2) or P(4.2) to find and then
update the optimal transmit powers to Pi:i%s.
5. Update I =1+ 1.
6. Until The objective value #jnjts is higher than RtL}I‘2 orl > Lmax.
7. If NnitS > Rg}
8. {wo,p0 60} (Wil P 6ryis )
9. Else
10. (P1) and (P2) are infeasible optimization problems.
11. End if
1000 — — Initial W |
NOMA-UAVR
OFDMA-UAVR
500 | e
' Noma-uAvR Users
‘\ R = 3,5, 7 bits/s/Hz ser
P OF m \ ® Userl =
Source | ///l
\
\
\
-500 \ e
\ NOMA-UAVR:
! R ={3, 5, 6}, 6.2, {6.5, 7}
\ bits/s/Hz
\ 4
-1000 |- 1 i 1 1 1 I
0 400 800 1200 1600
X azxis

Figure 3. The optimal flight path for the UAV under varying Ctuh2 values.

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
ECRyy; are illustrated as in Fig. 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 Fig. 4, R spends a duration (around 28 < j < 32) to stay
at ECRy; to guarantee the required sum-rate of Uy, Rtfl‘z, and also to maximize the system
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Figure 4. The optimal velocity of the UAV under varying Rg‘z values.

sum-rate. When U, requires more data, i.e., Rtfl‘z increases, R tends to spend more time s«
at ECRyy. This can be confirmed using the results for velocity for the case of R"L}[‘2 =7

(bits/s/Hz). For the NOMA-UAVR protocol, the trajectory significantly changes as RE}I‘Z 349
increases from 6 to 6.5 (bits/s/Hz), otherwise it almost does not change. For the OFDMA- 350
UAVR protocol, the trajectory substantially changes with the increase of RtL}I‘Z. For high s

values for Rtb}l‘z, R flies with a similar trajectory in both NOMA-UAVR and ODFMA-UAVR s

protocols. At the final phase (n > 49), R stops forwarding the information to users and s
quickly flies from ECRyy; and/or ECRy; to the final location. 354

5.2. Transmission powers and resource allocation analysis 355

In Figs.5 and 6, we present the optimal transmitted powers and resource allocation s
elements (i.e., a and b) obtained using the proposed algorithms. In these figures, we focus 35
on the patterns in the transmission power levels, a and b) during the ECP (14 < j <48). s
Particularly, these trends are separated into three sub-phases. During the first sub-phase of 35
the ECP, the transmit powers increase as R flies closer to ECRy1,, then reach a peak and s
decrease as R flies far away from ECRyy, to transit to ECRyy. Next, during the second e
sub-phase of the ECP, the transmits powers increase again as R flies toward to ECRyy, then e
they slightly vary as R flies in ECRyj, and finally, they decrease as R flies far away from e
ECRyy; and transits to ECRyqp The trends of the transmit powers in the last sub-phase of ~ ze
the ECP are the opposite trends for that during the first sub-phase of ECP. Moreover, the s
trends observed at low values of Rtf[‘z (e.g. Rtl}l‘2 < 7) are more obvious than those observed e
at high values of (e.g. Rﬁ‘z = 7 (bits/s/Hz)). As shown in Fig. 6, the general trend of a; &
(or by) is receiving high values as R flies near ECRyy; and low values as R flies near ECRy. 368
Similarly, we can also explain the trend of a; (or by) using the effects of the trajectory of R, 36
ECRy; and ECRyy; on the instantaneous rates at U; and U,. 370
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Figure 5. The transmit powers (Pg, Ps) of the (a) OFDMA-UAVR and (b) NOMA-UAVR protocols
with different values of RtLlI‘Z.
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Figure 6. The allocation parameter for resources under varying Rflhz values.

5.3. Analysis of instantaneous rate and sum data rate of each user an

Figure 7 examines each user’s optimal patterns in the instantaneous rate. The instan- s
taneous rate is positive during the ECP and equal to zero during the rest phases. The s
instantaneous rate of U receives high values at the beginning and end of the ECP, while s
the instantaneous rate of U, receives elevated values in the middle of the ECP. These s
patterns can be elucidated by referring to the outcomes regarding the flight trajectory of R, s
transmission power levels, and and a (or b). When Rtb}[‘2 increases, the instantaneous rate 3
of U, for each time slot becomes higher; moreover, the high-rate region of U, expands on sz
both sides of the n axis, while the high-rate region of U follows the inverse trend. 379

Figure 8 presents the trend of the optimal sum data rate for x; of U; and the optimal s
sum data rate for x, of Up. The purpose of our proposed algorithms is to maximize the s
system total data rate; however, Fig. 8 shows that the obtained efficient solution using e
the proposed algorithm aims to maximize the sum data rate of U; while guaranteeing s
the required sum data rate of U,. This is a reasonable result due to the disadvantageous  ze
position of Up. Comparing ODFMA-UAVR and NOMA-UAVR protocols, we realize that s
the OFDMA-UAVR protocol outperforms the NOMA-UAVR protocol at very low or very s
high values for Rg‘z whereas the NOMA-UAVR protocol outperforms the OFDMA-UAVR s

protocol at medium values for RE}I‘Z is medium (such as R{}I‘Z =b5or Rch = 6). These results 33
emphasize the benefits of the NOMA-UAVR protocol in providing fair communication ss
service for the multi-user system. 390

6. Conclusions 301

In this paper, we proposed algorithms to solve the system sum data rate maximization s
problem of a UAV-based relaying two-user system for two multiple access techniques, s
OFDMA and NOMA. Our proposed algorithms aim to guarantee service for the far user 3o
while maximizing the sum data rate for both users. By applying the SCO and BCGD s



Version December 13, 2023 submitted to Journal Not Specified 21 of 24

NOMA-UAVR
L T
— Ry for R’Uh2 =3
06L - Ry for Rl =3 i
—0— Ry, for R =5
=5 ~-0-= Ry for R =5
g "1 ——Rafor RY =7 1
g o= Rys for R =
= 0.4+ J
&
2
£
w 0.3+ J
=
5]
(<]
= A L
g -~ -
= 0.2+ d
3
7
=
R
0.1+ J
0 L o—e—8— I I P |
0 10 20 30 40 50
n
(2)
0.5 OFDMA-UAVR
. T T T
— R,y for R’{Z =3
—emime Ry forRYl =3
—0— R, for R’{Z =5
0.4L *'O'*'Rxg for Rtth =5 ‘ |
= —x— R, for R’{Z =7 AV N /i
e —x— Ry for R =7
= v
&
> 03] |
5)
&
2
<
-
wn
=
202t |
=1
3
)
=]
5
7
A=
0.1+ il
0
0 60
n
(b)

Figure 7. The instantaneous rate at each user for (a) NOMA-UAVR and (b) OFDMA-UAVR protocols
with different values of Rg‘z.
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Figure 8. The optimal sum-rate at each user under varying of Rtf[1 values.
2

techniques, the proposed algorithms optimized the UAV’s flight trajectory, factors of
resource allocation, and transmission 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 rate for the far user.
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The following abbreviations are used in this manuscript:

BCGD Block-coordinate gradient descent

DU Destination user

GBS Round base station

NOMA  Non-Orthogonal Multiple Access

OMA Orthogonal Multiple Access

OFDMA  Orthogonal frequency division multiple access

SCO Successive Convex Optimization

SIC Successive Interference Cancellation
SINR Signal-to-Interference and Noise Ratio
UAV Unmanned aerial vehicles

UAVR UAV relaying
UAVWC  UAV-assisted wireless communication
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