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Abstract—This paper investigates the energy efficiency (EE)
optimization in a wireless communication network where
multiple UAVs serve different types of devices, namely,
information receivers (IRs) and energy receivers (ERs). The UAVs
transmit power signals towards the ERs, and then enable data
transmission to IRs on the downlink and from ERs on the uplink
with non-orthogonal multiple access (NOMA). The optimization
problem to maximize the overall EE is formulated and solved
using Lagrangian optimization and gradient-descent methods.
The optimization is decomposed into two sub-problems. Firstly,
by connecting the path loss of the devices’ channels with their
rate demands, the UAVs’ optimal positions are obtained. Then,
based on the obtained UAVs’ optimal positions and a closed-form
expression for the EE, a resource allocation aiming to maximize
EE is developed. For the simulations, two main scenarios for
single and multiple UAVs are considered. Numerical results and
comparisons are provided. In particular, for the single-UAV sce-
nario, the results show an enhancement in EE for the operation
with NOMA compared with OMA. For the multiple-UAV sce-
nario, several cases depending on different combinations of the
devices’ rate requirements are considered. The results show the
superiority of NOMA over OMA in all use cases. The results also
reveal the effect of considering the devices’ rate requirements on
the EE, where the case with equal rate requirements has the best
performance.

Index Terms—UAV, wireless power transfer, WIPT, NOMA,
resource allocation, energy efficiency.

I. INTRODUCTION

UNMANNED aerial vehicles (UAVs) are becoming more
reachable and available to be used in numerous applica-

tions. With their cost-effectiveness, flexibility, and 3D mobil-
ity, UAVs are considered to be an appealing and efficient
solution for many challenges. One of UAVs’ crucial appli-
cations is in the area of wireless communications, where
reliable and cost-effective services can be provided through
a network of single or multiple UAVs [1]. For example, UAVs
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can be deployed to enable power and information transfer in
Internet of things (IoT) networks, in which the devices are
energy-constrained and their limited battery capacity may not
allow communication over long ranges [2], [3]. Depending on
the application, an UAV can enable service to/from different
types of devices, namely, devices transmitting and/or receiving
data, termed information receivers (IR) hereafter, and devices
capable of harvesting energy and transmitting data, referred
to as energy receivers (ER) hereafter. In fact, UAVs can be
efficiently used to charge ERs via downlink wireless power
transfer (WPT) to enable their data communication on the
uplink, and also transmit data to IRs according to their service
requirements.

In many B5G use cases, its expected that UAVs will be
called to concurrently serve ERs and IRs to provide effi-
cient WPT along with reliable data services. The use of
such a concept needs to meet the radio resource sharing of
B5G, where non-orthogonal multiple access (NOMA) will
very likely be replacing the conventional orthogonal multiple
access (OMA) approach [4]. In fact, NOMA has recently
received significant attention for its promising performance.
However, this comes with additional complexity, where suc-
cessive interference cancellation (SIC) has to be performed for
reliable services [5], [6].

Although the use of UAV to serve multiple IRs and ERs
based on the NOMA scheme is interesting and promising, this
comes with many challenges, including the limited power bud-
get of the UAV, the constraints on its positioning, the devices’
quality of service (QoS) requirements, etc. Intuitively, addi-
tional complexities appear when the network involves multiple
UAVs, which is becoming essential in many use cases to
enhance the coverage of the network. For example, a colli-
sion avoidance scheme should be in place. Moreover, unlike
single-UAV networks, where all devices are linked to the same
UAV, the device association problem in deployment cases with
multiple UAVs has to be tackled efficiently.

A. Related Work

In the related literature, some works focused on the resource
allocation to enhance the performance of UAV-enabled WPT
or wireless information transfer. For instance, the work in [7]
addressed maximization of the system throughput by exploit-
ing trajectory design of the UAV jointly with the resource
allocation optimization, where a single UAV transfers power to
multiple ERs by changing its position periodically. The authors
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in [8] investigated the energy efficiency optimization in a WPT
network, where ERs are wirelessly powered from a single UAV
to enable their uplink information transmission, by optimizing
the transmit power towards each ER after getting the optimal
placement of the UAV. In [9], a placement algorithm was
proposed to optimize the UAV transmit power and maximize
the coverage of the ground nodes (GNs). Also, the authors
of [10] considered the perfect user location information (ULI)
to maximize the system throughput by optimizing the UAV
placement. In [11], on the other hand, partial ULI was used
to develop an adaptive UAV deployment scheme, where the
position of the UAV is optimized based on limited information
about the GNs.

Few other works considered networks where several IRs
and ERs are served by a single UAV. The work in [12] stud-
ied the problem of maximizing the end-to-end cooperative
throughput for a network of UAV-enabled simultaneous wire-
less information and power transfer (SWIPT), by optimizing
the UAV’s decision profile, power profile, and trajectory, for
different protocols. Also, [13] considered a SWIPT network
that consists of a single UAV and IoT devices, and applied
concave-convex procedure to maximize the devices’ minimum
rates. In [14], the authors considered a network of IoT devices
enabled by a single UAV, and tackled maximization of the
minimum harvested energy among the IoT devices by opti-
mizing the power allocation and the trajectory design of the
UAV. Leveraging the benefits of NOMA over OMA, the work
in [15] proposed a cooperative NOMA scheme to maximize
the weighted sum-rate of the UAV and GNs by optimiz-
ing the power allocations and the UAV’s rate. Furthermore,
minimization of the energy consumption of GNs with accept-
able QoS was tackled in [16], where offloading was enabled
by uplink and downlink communications between the GNs and
the UAV via NOMA or OMA protocols.

In addition to the above, few studies investigated the
performance of multiple-UAV communication systems. For
instance, the authors of [17] investigated the download cov-
erage probability in a network of multiple UAVs which were
modeled as a uniform binomial point process at the same alti-
tude. The work in [18] investigated stochastic modelling of
UAV base stations, where different coverage models were sug-
gested. Also, [19] studied the maximization of the minimum
data rate of GNs by jointly optimizing the 3D locations, user
association, and power allocation in multiple-UAV networks.

The aforementioned works have presented promising results
in this area, but there is considerable potential for further
gains. For example, many works considered single-antenna
UAV in the models, which basically degrades the UAV’s abil-
ity to meet the service requirements of the GNs. Also, only a
few works considered scenarios with multiple UAVs, which
are crucial to provide efficient coverage in most practical
cases. Furthermore, some systems were based on the OMA
scheme, with no consideration of NOMA. Moreover, most
works ignored the most critical aspect in this particular setup,
namely, energy efficiency (EE), which is extremely important
as we are dealing with limited on-board energy resources. Due
to its significant impact on performance, EE of UAV-aided
communication systems requires careful consideration.

B. Contributions

In this work, we address the optimization of the EE of a
wireless network, where several multiple-antenna UAVs serve
as simultaneous power and information transmitters towards
ERs and IRs, respectively, and where energy harvested by the
ERs is used for their uplink communications towards their
associated UAV, based on NOMA scheme. Considering par-
tial ULI about the ERs and IRs, we present a user distribution
and association model for each device cluster in the network.
We propose collision avoidance constraints to avoid UAVs’
collisions as they move to enhance the links for the ERs and
IRs. Moreover, a time allocation scheme is enabled to spec-
ify the optimal switching between the energy and information
transmissions. We also consider several constraints on the main
system parameters, including the required QoS of the devices,
and the thresholds to enable SIC. Considering the aforemen-
tioned constraints, we propose two algorithms to maximize the
EE by first optimizing the UAVs’ positions and then optimiz-
ing the power pertaining to the IR and ER devices in each
cluster.

Specifically, the main contributions of this paper can be
summarized as follows: (i) We present a system model of
multiple-UAV enabled WIPT with NOMA. We formulate and
solve a highly coupled non-convex optimization problem,
where the goal is to maximize the system’s EE while satisfying
constraints related to user association, power budget, collision
avoidance, acceptable QoS, and SIC thresholds. (ii) We pro-
pose two algorithms to solve the EE maximization problem
based on the Lagrangian multipliers and gradient-descent
method. Firstly, we optimize the UAVs’ locations to provide
better transmission links for the ERs and IRs; this is done
by introducing a demand requirement variable and connect-
ing it to the path loss of each device. Secondly, we optimize
the power for each ER and IR to maximize the EE. (iii) We
conduct extensive simulations to assess the effectiveness of the
proposed algorithms in two scenarios. For the single-UAV sce-
nario, we detail the superiority of the NOMA-based scheme
over the OMA scheme. For the multiple-UAV scenario, we
present different cases based on different combinations of the
devices’ QoS requirements, and provide a comparison between
all cases for the NOMA and OMA schemes.

Next, Section II details the network model. Formulation of
the EE is described in Section III-A. The optimization problem
is formulated and solved in Section III. Numerical results
are presented and discussed in Section IV. Finally, Section V
concludes the paper.1

II. SYSTEM AND CHANNEL MODELS

A. Multiple-UAV Based WIPT

A network of multiple devices that are enabled by multiple
UAVs is considered. There are two types of devices; IRs
and ERs. We consider M multi-antenna UAVs serving sev-
eral single-antenna devices that are distributed in a region of
interest (ROI) (Fig. 1). We assume that the ROI can be divided

1Notation: Symbol E{.} is used for the expectation operator, (.)† denotes
the conjugate transpose, |.| denotes the modulus, ‖.‖ is the Euclidian norm,
and [.]+ refers to max(0, .).
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Fig. 1. Multiple-UAV wireless information and power transfer network.

into a number of clusters that can be determined to provide
the required coverage for the ROI, such that each cluster of
devices will be served by a single UAV. A UAV does not
have perfect ULI of the devices in its cluster. The total num-
ber of antennas at the UAV is N = NE + NI, with NE used
for the ERs, and NI dedicated to the IRs; this is the same
for all UAVs. The time slot T is divided into two phases. In
the first phase, αmT (0 < αm < 1), each UAV transmits
energy signals to the scheduled ERs in its cluster. In the sec-
ond phase, (1 − αm )T , the ERs make use of the harvested
energy to transmit their always-available data to their associ-
ated UAV, while the UAV transmits information to the IRs,
simultaneously. The data transmissions on the uplink (U) and
downlink (D) are performed according to the NOMA protocol.
Without loss of generality, the time slot duration T is set to
unity. The position of UAVm , m = 1, . . . ,M , is denoted by
(xm , ym , hm ).

B. Distribution of Devices

We consider the partial ULI approach [20]. Initially, a UAV
will not have perfect information about the locations of the
GNs. Each UAV will be sent to a specific cluster in the ROI.
A cluster is defined as a circular coverage area of radius rm .
The partial information that is known by a given UAV is the
distribution of the GNs within its cluster [21]. Specifically, we
consider that a cluster is subdivided into rings and segments
as shown in Fig. 2. Denote the number of rings as Φ and the
number of segments as Ψ. The rings are co-centered around
the origin and are such that the radius of the outer circle of ring
φ is rmφ/Φ, and the angle between any two adjacent segments
is 2π/Ψ. At the beginning, each UAV will be hovering at the
minimum allowable height over the center of its corresponding
cluster, then the devices that need to be served will send side
information to the UAV with the best link to each of them,
which usually has the shortest distance to each of them. This
information is related to their identities, e.g., ID of the GN
located on the intersection between segment ψ and circle φ
is (ψ, φ) (cf. Fig. 2), along with their rate demands. Based
on the received information and the predetermined number
of scheduled GNs, the UAV chooses the devices that will be

Fig. 2. Distribution of devices in cluster m.

served within its cluster, and positions itself accordingly to
start sending power and sending/receiving data.

For simplicity of exposition, we replace the notation GNψ,φ
depending on the device type. The notation becomes ERm,j

for ER devices, IRm,k for the IR nodes. In each cluster,
there are J ERs and K IRs. The location of ERm,j is
denoted (xERj

, yERj
, hERj

), and the one of IRm,k is denoted
(xIRk

, yIRk
, hIRk

). A quantized level of the uplink rate require-
ment is sent from each ER to its associated UAV to indicate
its WPT demand. Based on this side information, and knowl-
edge of the rate requirements of the IRs, each UAV determines
the relative demand of each ER and IR, denoted ΥU

j and ΥD
k ,

respectively, such that
∑

j ,k Υ
U
j + ΥD

k = 1. Here, a larger
value of Υ means a higher rate demand. A binary variable
of ER association with a specific UAVm is denoted χm,j ,
and the one for IR is denoted χm,k . If ERm,j is served by
UAVm , then χm,j = 1, otherwise it is zero. Note that UAVm

can serve multiple ERs and IRs; but each device can only be
served by one UAV. These can be formulated as follows:

M∑

m=1

χm,j = 1, ∀j . (1)

M∑

m=1

χm,k = 1, ∀k . (2)

χm,j ∈ {0, 1}, ∀m, ∀j . (3)

χm,k ∈ {0, 1}, ∀m, ∀k . (4)

C. Channel Models

There are three types of channels in the network: 1) air-
to-ground (A2G) from the UAVs to IRs and ERs; 2) ground-
to-air (G2A) from the ERs to the UAVs; and 3) ground-to-
ground (G2G) between the ERs and IRs. Consider UAVm ,
m = 1, . . . ,M . The complex channel vector of the A2G
link UAVm -ERm,j is denoted gm,j ∈ C

1×NE , for j =
1, . . . , J . For the A2G link UAVm -IRm,k , k = 1, . . . ,K ,
the complex channel vector of the A2G link is denoted
hm,k ∈ C

1×NI . First, we have NI. First, we have gm,j =

g′m,j /
√

LD
ERm,j

, where LD
ERm,j

is the average path-loss, and
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g′m,j = [g ′m,j 1 , g
′
m,j 2

, . . . , g ′m,jNE
] is the normalized channel

fading vector. With Rician fading, g′m,j can be written as [8]:

g′m,j =
√ K
K+ 1

11×NE
+

√
1

K+ 1
g̃m,j , (5)

where K is the Rice factor, 11×NE
is a unity row vector, and

the non-line-of-sight (NLoS) fading component g̃m,j is a row
vector the elements of which are i.i.d. complex Gaussian ran-
dom variables with zero mean and unit variance, i.e., CN(0, 1).
The average A2G free-space distance-dependent path loss of
ERm,j , LD

ERm,j
in dB, is given by:

LD
ERm,j

= pLoSm,j
LLoSm,j

+
(
1− pLoSm,j

)
LNLoSm,j

, (6)

where the LoS and NLoS path losses are expressed as

LLoSm,j
= 20 log10

(
4πfdm,j

c

)

+ ξLoSm,j
, (7)

LNLoSm,j
= 20 log10

(
4πfdm,j

c

)

+ ξNLoSm,j
, (8)

in which f is the carrier frequency, c is the speed of light, and
ξLoSm,j

and ξNLoSm,j
are the average environment-dependent

excessive path losses in dB [22]. In (6), pLoSm,j
denotes the

probability that UAVm has LoS with ERm,j [22], given by:

pLoSm,j
=

1

1 + a exp
(−b

(
180
π θm,j − a

)) , (9)

where a and b are constant values related to the environ-
ment, and θm,j = arccos(hUAVm

/dm,j ) is the elevation angle
in radian between UAVm and ERm,j , where dm,j is the
Euclidean distance:

dm,j =

√(
xm − xERm,j

)2
+

(
ym − yERm,j

)2
+

(
hm − hERm,j

)2
.

(10)

Using (6)-(10), we obtain:

LD
ERm,j

=
ξLoSm,j

− ξNLoSm,j

1 + a exp
(−b

(
180
π θm,j − a

))

+ 20 log

(
4πfdm,j

c

)

+ ξNLoSm,j
. (11)

The A2G channel model described above w.r.t. ERs (g)
applies to the IRs (h) by replacing k with j and IR with
ER in (5)-(11). For the G2A link ERm,j -UAVm , the com-
plex channel vector is denoted zm,j ∈ C

NE×1, and we
also consider a Rician model as for gm,j , with zm,j =

z′m,j /
√
LU
ERm,j

, and LU
ERm,j

being the average G2A distance-
dependent path-loss. As for the G2G channels, the complex
channel of link ERm,j -IRm,k is denoted em,j ,k , m =
1, . . . ,M , j = 1, . . . , J , and k = 1, . . . ,K , which includes
the Rayleigh fading between ERm,j and IRm,k as well as the
path loss. Considering no LoS component as adopted in [23],
em,j ,k = e ′m,j ,k/

√
LNLoSm,j ,k

, where e ′m,j ,k is the normal-

ized channel fading, and LNLoSm,j ,k
is the average path-loss

similar to (8) with the distance being between ERm,j and
IRm,k .

D. Energy Transmission

For cluster m, UAVm transmits energy signal xm,1 ∈
C
NE×1, which consists of J energy beams, one for each ER,

i.e.,

xm,1 =
√
βmPm

J∑

j=1

wm,j s
ER
m,j , (12)

where Pm is the transmit power of UAVm , sERm,j ∈ CN(0, 1)
denotes the energy-carrying signal, and wm,j ∈ C

NE×1 is the
corresponding energy beamforming vector. Here, βm indicates
the percentage of power destined to the ERs in the mth cluster,
and (1−βm ) indicates the percentage of power destined to the
IRs. Hence, a larger value for βm means that higher priority
will be given to the WPT. For the j th ER served by the UAVm

in the mth cluster, its received signal is given by:

yERm,j = gm,j
√
βmPm

J∑

i=1

wm,i s
ER
m,i

+
M∑

l=1,l �=m

gl ,j
√
βlPl

J∑

i=1

wl ,i s
ER
l ,i + nER

m,j , (13)

where nER
m,j ∼ CN(0, σ2) is the AWGN, and assumed with

σ2 = 1 for all ERs. The second term in (13) represents the
effect on ERm,j from the simultaneous WPT from other UAVs
to the ERs in their clusters. It is assumed that the harvested
energy results from the energy signals in the cluster where
the device is located, and that noise does not take part in it.2

Assuming the availability of perfect channel state information
(CSI), the optimal weight vector w�m,j is g†

m,j /‖gm,j ‖. Hence,
the harvested energy by ERm,j during the first phase is
given by

Em,j = ζjαm

∣
∣
∣gm,jw

�
m,j

∣
∣
∣
2

J∑

i=1

PD
m,i = ζjαm

∥
∥
∥g′m,j

∥
∥
∥
2

LD
m,j

PD
m ,

(14)

where 0 < ζj ≤ 1 is the energy-harvesting circuit effi-
ciency [24], assumed the same for all ERs, and PD

m =
βmPm =

∑J
j=1 P

D
m,j is the sum-power dedicated by UAVm

to its J ERs.

E. Information Transmission

In the second phase, ERs use the harvested energy for their
uplink communication with the their associated UAV, simulta-
neously with the downlink transmission from the UAV to its
IRs.

1) Uplink Information Transmission: The transmit power
from the j th ER in cluster m served by UAVm is PU

m,j =
Em,j

1−αm
. The UAV receives the superposed message signal of J

ERs, and applies SIC to decode each device’s message. The

2Since the energy signals that come from other clusters will be smaller
compared to the signals that are beamed to the ERs in a specific cluster, we
assume that their effects can be neglected.



1910 IEEE TRANSACTIONS ON GREEN COMMUNICATIONS AND NETWORKING, VOL. 5, NO. 4, DECEMBER 2021

received signal at UAVm , is expressed as

ym =

J∑

j=1

√
PU
m,j zm,j s

ER
m,j

+ HSIm

√
(1− βm )Pm

K∑

k=1

vm,k s
IR
m,k + nm , (15)

where sERm,j ∈ CN(0, 1) is the normalized data symbol
of ERm,j towards UAVm , vm,k ∈ C

NI×1 is the corre-
sponding beamforming vector, sIRm,k ∈ CN(0, 1) denotes

the information-bearing signal of the k th IR, and nm is
the AWGN vector with zero mean and covariance matrix
E{nmn†

m} = σ2INE
, where INE

is the identity matrix.
Further, HSIm ∈ C

NE×NI is the self-interference (SI) channel
due to the simultaneous uplink and downlink processes [25],
with independent entries drawn from CN(0, σ2SI) where σ2SI
account for the residual SI power after suppression [26], and
it is assumed to be unity. We assume that powerful SI cancel-
lation is in place [25], but since some SI will remain [27], we
consider the effect of the residual SI.

2) Downlink Information Transmission: The data signal
xm,2 ∈ C

NI×1 sent by UAVm to its IRs consists of K
information beams, one for each IR:

xm,2 =
√
(1− βm )Pm

K∑

k=1

vm,k s
IR
m,k . (16)

In each cluster, each IR encounters interference from the
uplink signals of ERs towards the UAV, as well as interference
from the UAVs’ downlink beams to other IRs. Hence, the
received signal at IRm,k is given by

yIRm,k = hm,k
√

(1− βm )Pm

K∑

i=1

vm,i s
IR
m,i

+

M∑

m=1

J∑

j=1

√
PU
m,j em,j ,k s

ER
m,j

+

M∑

l=1,l �=m

hl ,k
√

(1− βl )Pl

K∑

i=1

vl ,i s
IR
l ,i + nIR

m,k , (17)

where nIR
m,k ∼ CN(0, σ2) is the AWGN, and assumed with

σ2 = 1 for all IRs. In the right-hand-side of (17), the second
term represents the interferences on IRm,k from the uplink
signals of ERs in all clusters, and the third term represents
the interferences on IRm,k from the downlink signals to IRs
in other clusters. For any IRm,k , since the interferences from
the ERs and IRs in other clusters are small compared to the
interferences from ERs and other IRs in its cluster, their effects
can be neglected. Assuming the availability of perfect CSI,
the optimal weight vector v�m,k is h†

m,k/‖hm,k‖. Hence, the
signal-to-interference-plus-noise ratio (SINR) at IRm,k is

γm,k =
QD

m,k

∣
∣
∣hm,k v

�
m,k

∣
∣
∣

2

(

QD
m − QD

m,k

)
∑K

i=1
i �=k

∣
∣
∣hm,k v

�
m,i

∣
∣
∣

2
+

∑J
j=1 PU

m,j

∣
∣em,j ,k

∣
∣2 + 1

,

(18)

where QD
m,k is the transmit power used for the data transfer

from UAVm to IRm,k , and QD
m = (1− βm )Pm is the power

dedicated to the IRs.

III. ENERGY EFFICIENCY MAXIMIZATION

A. Energy Efficiency Formulation

To formulate the EE of the system under consideration,
we have to construct the throughputs of the downlink and
uplink stages for all clusters. For the downlink information
NOMA setup, where the channel gains of IRs are increasing
when closer to the associated UAV (channel gain of IRm,1

is larger than IRm,2, and so on until IRm,K ) [28], then
based on (14) and (18), the rate related to a given IR can be
expressed in the unit of bps as shown in (19), at the bottom
of the page, where W is the bandwidth, assumed the same
for all GNs. According to the principles of power-domain
NOMA, for a given IR, the strong interfering signals are
mainly due to the transmissions towards devices with low
channel gains. The weakest-channel device, IRm,K , which
receives low interferences due to the relatively low powers of
devices’ messages with high channel gains, cannot cancel any
interference. However, the device with highest channel gain,
IRm,1, which receives strong interference due to the relatively
high powers of the transmissions to weak devices, can cancel
all interfering signals [4].

RD
m,k =(1−αm )W log2

⎛
⎜⎜⎜⎜⎜⎝
1+

QD
m,k

∥
∥
∥h′m,k

∥
∥
∥

2

LD
IRm,k

(1−αm )

(
(1− βm )Pm −QD

m,k

)∑K
i=1,i �=k

∥
∥
∥h′m,k

∥
∥
∥

2

LD
IRm,i

(1−αm )
+

∑J
j=1

ζPD
m,j

∥
∥
∥g′m,j

∥
∥
∥

2∥∥
∥z′m,j

∥
∥
∥

2∣∣
∣e′m,j ,k

∣
∣
∣

2
αm

LU
ERm,j

LD
ERm,j

LNLoSj ,k
(1−αm )

+ 1

⎞
⎟⎟⎟⎟⎟⎠

(19)

RU
m,j =(1−αm ) W log2

⎛
⎜⎜⎜⎜⎜⎝
1+

ζPD
m,j

∥
∥
∥g′m,j

∥
∥
∥

2∥∥
∥z′m,j

∥
∥
∥

2
αm

LU
ERj ,m

LD
ERm,j

(1−αm )

(
βmPm − PD

m,j

)∑J
l=j+1

ζ
∥
∥
∥g′m,l

∥
∥
∥

2∥∥
∥z′m,l

∥
∥
∥

2
αm

LU
ERm,l

LD
ERm,l

(1−αm )
+ (1− βm )Pm

∑K
k=1

∥∥∥HSIm vm,k

∥∥∥2 + 1

⎞
⎟⎟⎟⎟⎟⎠

(20)
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On the other hand, for the uplink NOMA throughput, know-
ing that the channel gains are stronger when ERs are closer
to their UAV (channel gain of ERm,1 is larger than ERm,2,
and so on until ERm,J ) [28], then based on (14) and (15),
the rate related to a given ER in a given cluster can be
expressed as shown in (20), at the bottom of the previous
page. The signal of the device with the highest channel gain,
i.e., ERm,1, is decoded first at the UAV. As a result, ERm,1

experiences interference from all other ERs. Then, the signal
for the second-highest channel gain device is decoded, and so
on until the last device, ERm,J , [4].

For a specific UAVm , let us define the uplink throughput as
the sum-rate of all ERs in the cluster, i.e., RU

m =
∑J

j=1R
U
m,j ,

and the downlink throughput as the sum-rate of all IRs, i.e.,
RD
m =

∑K
k=1R

D
m,k . The EE of the system is expressed as

η =

∑M
m=1 (Total Throughput)m

∑M
m=1 (Total Consumed Energy)m

=

∑M
m=1R

U
m + RD

m
∑M

m=1 PDCm
+ PD

m +QD
m(1− αm )

, (21)

where PDCm
is the constant power consumption of UAVm ,

and where PD
m = βmPm =

∑J
j=1 P

D
m,j and QD

m = (1 −
βm )Pm =

∑K
k=1Q

D
m,k are the powers dedicated to the ERs

and the IRs, respectively, i.e., Pm = PD
m +QD

m .

B. Problem Formulation

The optimization problem which aims to maximize EE is
formulated as follows:

(OP) max
PD
m,j ,Q

D
m,k ,dm,j ,θm,j

η

s.t.: Pm ≤ Pm,max, ∀m,
PU
m,j ≤ PU

m,j ,max, ∀j , ∀m,
αm < 1, ∀m,
0 ≤ βm ≤ 1, ∀m,
hm,min ≤ dm,j cos θm,j , ∀j , ∀m,
hm,min ≤ dm,k cos θm,k , ∀k , ∀m,
dm,max ≤ rm − rUAVm

, ∀m,
M∑

m=1

χm,j = 1, ∀j

χm,j ∈ {0, 1}, ∀j , ∀m
M∑

m=1

χm,k = 1, ∀k

χm,k ∈ {0, 1}, ∀k , ∀m
RU
m,j ≥ RU

m,j ,min, ∀j , ∀m,
RD
m,k ≥ RD

m,k ,min, ∀k , ∀m,

PU
m,thr ≤ PU

m,j zm,j −
J∑

l=j+1

PU
l ,j zl ,j , ∀j , ∀m,

QD
m,thr ≤

⎛

⎝QD
m,k −

K∑

i=1,i �=k

QD
m,i

⎞

⎠hm,K , ∀k , ∀m,(22)

wherePD
m,max andPU

m,j ,max are the maximum transmit powers
of UAVm and ERm,j , respectively, hm,min is the minimum
allowed height for UAVm , dm,max is the maximum allowable
distance thatUAVm can travel during T, rm is the cluster radius,
rUAVm

is the UAV radius, and where is the UAV radius, and
where RU

m,j ,min and RD
m,k ,min denote the minimum required

rates of ERm,j and IRm,k , respectively. Finally, PU
m,thr and

QD
m,thr are the SIC detection thresholds of the uplink and

downlink, zm,j (‖z′m,l‖2/LU
ERm,j

) is the channel gain between

ERm,k and UAVm , and hm,K (‖h′m,K ‖2/LD
IRm,K

) is the
channel gain between UAVm and IRm,K .

The optimization problem is a non-convex problem
with highly coupled variables; therefore, it is hard to be
solved directly by existing convex optimization methods.
Accordingly, we decompose the optimization problem into two
sub-problems. In the first one (OP1), we aim to find the UAVs’
optimum positions, i.e., the optimal distances and elevation
angles w.r.t. the ERs and IRs according to their demands and
their associations to the UAVs. After getting the UAVs’ opti-
mum positions, in the second problem (OP2), we determine
the optimal powers towards each GN in each cluster.

C. The UAV Positioning and Device Association

In OP1, we care about (θm,j , dm,j ) and (θm,k , dm,k ) which
are contained in (11), for all scheduled ERs and IRs that are
associated with any specific UAV in each cluster at the same
time. This can be achieved by connecting the path losses for
A2G channels related to each GN by the parameters pertaining
to the nodes’ demands. So, OP1 will be as follows:

(OP1) min
dm,j ,dm,k ,θm,j ,θm,k

∑

j

ΥU
j LD

ERm,j
+
∑

k

ΥD
k LD

IRm,k

s.t.: hm,min ≤ dm,j cos θm,j , ∀j , ∀m,
hm,min ≤ dm,k cos θm,k , ∀k , ∀m,
dm,max ≤ rm − rUAVm

, ∀m,
M∑

m=1

χm,j = 1, ∀j

χm,j ∈ {0, 1} ∀j , ∀m
M∑

m=1

χm,k = 1, ∀k

χm,k ∈ {0, 1} ∀k , ∀m. (23)

As mentioned, at the beginning of the process, each UAV
will be hovering at the minimum allowable height over the
center of its cluster, and each device (ERs or IRs) to be served
will send its ID to the UAV of its cluster. Accordingly, χm,j
of each ER and χm,k of each IR that ask to be served in each
cluster can be determined. This optimization problem can be
solved by introducing the Lagrangian multipliers ΩIRm

≥ 0
and ΩERm

≥ 0, where ΩIRm
= [ΩIRm,1

,ΩIRm,2
, . . . ,ΩIRm,K ]

and ΩERm
= [ΩERm,1

,ΩERm,2
, . . . ,ΩERm,J

]. The objective
function then becomes

L1
(
ΩERm

,ΩIRm
,dm,j ,dm,k , θm,j , θm,k

)



1912 IEEE TRANSACTIONS ON GREEN COMMUNICATIONS AND NETWORKING, VOL. 5, NO. 4, DECEMBER 2021

=

J∑

j=1

ΥU
j LD

ERm,j
+

K∑

k=1

ΥD
k LD

IRm,k

−
J∑

j=1

ΩERm,j

(
hm,min − dm,j cos θm,j

)

−
K∑

k=1

ΩIRm,k

(
hm,min − dm,k cos θm,k

)
. (24)

Exploiting the Karush-Kuhn-Tucker (KKT) conditions, one
can obtain the optimal position of the UAV by solving the
first derivatives of L1 w.r.t. dm,j , dm,k , θm,j and θm,k ,
respectively, as follows:

∂L1

∂dm,j
= ΥU

j

∂LD
ERm,j

∂dm,j
− ΩERm,j

cos θm,j

=
20ΥU

j

dm,j ln(10)
− ΩERm,j

cos θm,j = 0, (25)

∂L1

∂dm,k
= ΥD

k

∂LD
IRm,k

∂dm,k
− ΩIRm,k

cos θm,k

=
20ΥD

k

dm,k ln(10)
− ΩIRm,k

cos θm,k = 0, (26)

∂L1

∂θm,j
= ΥU

j

∂LD
ERm,j

∂dm,j
+ΩERm,j

dm,j cos θm,j

=
ΥU

j ab
180

π
(ξLoS − ξNLoS) exp

(−b
(
180
π θm,j − a

))
(
1 + a exp

(−b
(
180
π θm,j − a

)))2
+ ΩERm,j

dm,j cos θm,j = 0, (27)

∂L1

∂θm,k
= ΥD

k

∂LD
IRm,k

∂dm,k
+ΩIRm,k

dm,k cos θm,k

=
ΥD

k ab
180

π
(ξLoS − ξNLoS) exp

(−b
(
180
π θm,k − a

))
(
1 + a exp

(−b
(
180
π θm,k − a

)))2
+ ΩIRm,k

dm,k cos θm,k = 0. (28)

The new values of ΩERm,j
and ΩIRm,k

can be calculated
using the gradient-descent method [29]:

ΩERm,j
(i + 1)

=
[
ΩERm,j

(i)−ΔΩERm,j

(
hm,min − dm,j cos θm,j

)]+
,

(29)

ΩIRm,k
(i + 1)

=
[
ΩIRm,k

(i)−ΔΩIRm,k

(
hm,min − dm,k cos θm,j

)]+
,

(30)

where ΩERm,j
(i) and ΩIRm,k

(i) are respectively the values
of ΩIRm,k

and ΩERm,j
at the i th iteration, ΔΩERm,j

and
ΔΩIRm,k

are the iteration steps. The output of the optimization
will be the optimum positions of the UAVs. Algorithm 1 sum-
marizes the procedure. The results will be used in the second
optimization problem.

Algorithm 1 3D UAV Location Optimization

Input: ΥU
j , ΥD

k , ξLoS, ξNLoS a, b, hm,min, f, rm , rUAVm
,

and GNs’ ID, ∀j , ∀k , ∀m .
Output: (xm , ym , hm )∗, ∀m .

Initialization: (xm , ym , hm )0, ΩERm,j
= 0, ΩIRm,k

= 0,
∀j , ∀k , ∀m .

1: Determine χm,j , as per (1) and (3), ∀j , ∀m .
2: Determine χm,k , as per (2) and (4), ∀k , ∀m .
3: Update ΩERm,j

and ΩIRm,k
according to (29) and (30).

4: Solve (25) for dm,j , ∀j , ∀m .
5: Solve (26) for dm,k , ∀k , ∀m .
6: Solve (27) for θm,j , ∀j , ∀m .
7: Solve (28) for θm,k , ∀k , ∀m .
8: Compute the optimal (xm , ym , hm )∗, ∀m , by solving (23).

D. Energy-Efficient Resource Allocation

Based on the constraints that have been treated in OP1, and
the results of Algorithm 1, we formulate OP2 as follows:

(OP2) max
PD
m,j ,Q

D
m,k

η

s.t.: Pm ≤ Pm,max, ∀m,
PU
m,j ≤ PU

m,j ,max, ∀j , ∀m,
αm < 1, ∀m,
0 ≤ βm ≤ 1, ∀m,
RU
m,j ≥ RU

m,j ,min, ∀j , ∀m,
RD
m,k ≥ RD

m,k ,min, ∀k , ∀m,

PU
m,thr ≤ PU

m,j zm,j −
J∑

l=j+1

PU
m,l zm,l ,

∀j , ∀m,

QD
m,thr ≤

⎛

⎝QD
m,k −

K∑

i=1,i �=k

QD
m,i

⎞

⎠hm,K ,

∀k , ∀m. (31)

It is obvious that OP2 is a fractional optimization
problem with the variables PD

m,j and QD
m,k , and is

non-convex. Exploiting the idea in [30], the fractional
programming problem can be transformed into a con-
vex problem by introducing the variable F ∗ as the
optimal EE when we have the optimal power for each
ER and IR. Accordingly, the objective function becomes∑M

m=1R
U
m + RD

m − F ∗∑M
m=1(PDCm

+ PD
m + QD

m(1 −
αm)). By introducing ϑ ≥ 0, ςm ≥ 0, ε ≥ 0,
� ≥ 0, ϕm ≥ 0, λm ≥ 0, μm ≥ 0, and
ρm ≥ 0, as the Lagrange multipliers associated with
the constraints in OP2, where ϑ = [ϑ1, ϑ2, . . . , ϑM ],
ςm = [ςm,1, ςm,2, . . . , ςm,J ], ε = [ε1, ε2, . . . , εM ], � =
[�1, �2, . . . , �M ], ϕm = [ϕm,1, ϕm,2, . . . , ϕm,J ], λm =
[λm,1, λm,2, . . . , λm,K ], μm = [μm,1, μm,1, . . . , μm,J ], and
ρm = [ρm,1, ρm,1, . . . , ρm,K ], then the Lagrangian function
of OP2 can be formulated as:

L2

(
ϑ , ςm , ε, �,ϕm ,λm ,μm , ρm ,Q

D
m,k ,P

D
m,j

)
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=

M∑
m=1

RU
m + RD

m − F∗
M∑

m=1

(
PDCm + PD

m +QD
m (1− αm )

)

−
M∑

m=1

ϑm (Pm − Pm,max)−
M∑

m=1

J∑
j=1

ςm,j

(
PU
m,j − PU

m,j ,max

)

−
M∑

m=1

εm (αm − 1)−
M∑

m=1

J∑
j=1

ϕm,j

(
RU

m,j ,min − RU
m,j

)

−
M∑

m=1


m (βm − 1)−
M∑

m=1

K∑
k=1

λm,k

(
RD

m,k,min − RD
m,k

)

−
M∑

m=1

J∑
j=1

μm,j

⎡
⎣PU

m,thr − PU
m,j zm,j −

J∑
l=j+1

PU
m,l zm,l

⎤
⎦

−
M∑

m=1

K∑
k=1

ρm,k

⎡
⎣QD

m,thr −
⎛
⎝QD

m,k −
K∑

i=1,i �=k

QD
m,i

⎞
⎠hm,K

⎤
⎦. (32)

Our goal is to find the optimized QD
m,k and PD

m,j . We
assume that UAVm uses its maximum power, such that
βmPm,max = PD

m and (1 − βm )Pm,max = QD
m . Taking

into account that OP2 is a nonlinear programming problem,
this can be done through derivation of the Lagrangian func-
tion (32) w.r.t. QD

m,k and PD
m,j , and then setting them to

zero, i.e.,

∂L2

(
ϑ , ςm , ε, �,ϕm ,λm ,μm , ρm ,Q

D
m,k ,P

D
m,j

)

∂QD
m,k

= 0, (33)

∂L2

(
ϑ , ςm , ε, �,ϕm ,λm ,μm , ρm ,Q

D
m,k ,P

D
m,j

)

∂PD
m,j

= 0. (34)

The updating of the Lagrangian variables (ϑ , ςm , ε, �, ϕm ,
λm , μm , and ρm ) can be done using the gradient-descent
method:

ϑm (i + 1) =
[
ϑm (i)−Δϑm

(Pm,max − Pm )
]+

, (35)

ςm,j (i + 1) =
[
ςm,j (i)−Δςm,j

(
PU
m,j ,max − PU

m,j

)]+
, (36)

εm (i + 1) = [εm (i)−Δεm (1− αm )]+, (37)

�m (i + 1) = [�m (i)−Δ�m (1− βm )]+, (38)

ϕm,j (i + 1) =
[
ϕm,j (i)−Δϕm,j

(
RU
m,j ,min − RU

m,j

)]+
, (39)

λm,k (i + 1) =
[
λm,k (i)−Δλm,k

(
RD
m,k ,min − RD

m,k

)]+
, (40)

μm,j (i + 1)

=

⎡
⎣μm,j (i)−Δμm,j

⎛
⎝PU

m,thr − PU
m,j zm,j

−
J∑

l=j+1

PU
m,l zm,l

⎞
⎠
⎤
⎦
+

, (41)

φm,k (i + 1)

=

⎡
⎣φm,k (i)−Δφm,k

⎛
⎝QD

m,thr −
⎛
⎝QD

m,k −
K∑

i=1,i �=k

QD
m,i

⎞
⎠

hm,K

⎞
⎠
⎤
⎦
+

, (42)

Algorithm 2 Energy-Efficient Resource Allocation

Input: (xm , ym , hm )∗, ξLoS, ξNLoS, a, b, hm,min, GNs’ ID,
f, η, σ, RD

min and RU
min, ∀j , ∀k , ∀m .

Output: (QD
m,k ,P

D
m,j )

∗.

Initialization: (QD
m,k ,P

D
m,j )

0, ϑ = 0, ςm = 0, ε = 0,
� = 0 ϕm = 0, λm = 0 , μm = 0, ρm = 0.

1: Update the Lagrangian variables, ϑ , ε, �, λm , and ρm
based on (35), (37), (38), (40), and (42), respectively.

2: Solve (33) for QD
m,k .

3: Update the Lagrangian variables, ϑ , ςm , ε, �, ϕm ,
and μm based on (35), (36), (37), (38), (39), and (41),
respectively.

4: Solve (34) for PD
m,j .

5: Compute (QD
m,k ,P

D
m,j )

∗, ∀m , ∀k , ∀j , by solving (31).

where i is the iteration index, and the Δ’s are the iteration
steps.

The solution of OP2 is summarized in Algorithm 2.

E. Complexity Analysis

In the previous section, we explained that the optimization
problem under consideration is a highly coupled non-convex
problem, thus it is extremely difficult to be solved. However,
with the suggested sub-optimal approach, we decomposed
the problem into two sub-problems and were able to solve
them efficiently by with the proposed algorithms. Both algo-
rithms are based on the gradient-descent method, where the
worst complexity of such method is O(n × 1

ε ) [31], with n
being the number of optimization variables and ε the solution
accuracy. Thus, for Algorithm 1, the complexity depends on
the 3D plane size that the UAVs consider for moving, i.e.,
x × y × (hm,max − hm,min), where (hm,max − hm,min) is the
allowable altitude range for moving. For Algorithm 2, the com-
plexity depends on the numbers of UAVs (M), ERs (J), and
IRs (K). As such, the total complexity of the algorithms is
O(x × y × (hm,max − hm,min)× 1

ε ) +O(M × (J +K )× 1
ε ).

IV. NUMERICAL RESULTS

In this section, taking into account the details of the system
and channel models explained in Section II, we evaluate the
proposed algorithms’ effectiveness in single- and multiple-
UAV scenarios. In the special case of single-UAV system, we
show the details of the scheduled GNs and the effect of each
of them on the overall performance. This also reflects the sit-
uation in any given cluster in the multiple-UAV scenario. The
main simulation parameters are shown in Table I. We adopt
UAV parameters to meet the specifications of existing small
UAVs that can handle this kind of UAV-based communica-
tions [32], and assume urban propagation environment [22],
unless stated otherwise.

A. Single-UAV Scenario

In this scenario, which means there is only one cluster for
the ROI (100 × 100 m2), we consider that the center of the
region is (0, 0). For the GNs’ distribution, we consider that
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TABLE I
MAIN SIMULATION PARAMETERS

Fig. 3. Single-UAV scenario.

the circles are uniformly formulated by increasing 1 m for the
radius from the center, with the segments formed by increasing
the angle of a segment by π/2 from the positive horizontal
plane, i.e., φ = 1, . . . , 50, ψ = 1, . . . , 4. Fig. 3 illustrates
the single-UAV scenario. We consider four GNs requesting
service at the same time; two are ERs, and two are IRs. Nodes
GN1,1, i.e., ER1, and GN3,1, i.e., IR1, have fixed positions
and always ask to be served. The other two devices, ER2 and
IR2, are GN1,2 and GN3,2, in the simulations, we vary their
positions horizontally on both sides of the cluster center, ER2

in the side of ER1 and IR2 in the side of IR1. Note that ER1

and IR1 are always closer to the cluster center. All GNs have
the same rate demands, i.e., ΥU

1 = ΥU
2 = ΥD

1 = ΥD
2 = 0.25.

The UAV hovers at the minimum allowable height over the
cluster center, i.e., (0, 0, 10).

As a first stage of the process, β is determined before start-
ing the actual transmissions towards the devices. According
to the symmetrical positions of ERs and IRs in our setup, the
power budget is split equally between the energy and data
transmissions. Once β is obtained, the transmissions towards
the ERs and IRs start. Fig. 4 shows the throughput of each of
the two IRs along with the summation of those rates. It is clear
that the throughput of IR1 always outperforms that of IR2 for
both the OMA and NOMA schemes. For NOMA, throughput
is constructed according to (19). With the OMA protocol, the
UAV sends the information separately by dedicating half of
the transmission phase, (1 − α)/2, to each IR. The sum-rate
with OMA is better than with NOMA for small distances of
IR2 w.r.t. the UAV, while NOMA starts to outperform OMA
as the said distance increases, where the link of IR2 becomes
much weaker compared to the link of the strong GN. Energy
harvested by the ERs from the downlink WPT is used for their
NOMA uplink communication with the UAV.

Fig. 4. Downlink throughput in single-UAV scenario.

Figure 5 illustrates the throughput of each ER along with
the sum-rate. Results of conventional uplink OMA, where each
ER sends its information to the UAV during half of the sec-
ond phase, i.e., (1 − α)/2, are also provided. It is obvious
that the throughput of ER1 mostly outperforms the one of
ER2 in the OMA set-up. With NOMA, there are some varia-
tions and correlations between the rates of ER1 and ER2. As
observed, the throughput of ER1 decreases sharply when ER2

is closer to the UAV, which implicitly means that its transmis-
sion increases the interference on the signal of ER1. This can
be clearly noticed when the distance of ER2 is less than 13 m,
which means that it starts to have a strong connection with the
UAV. In the OMA and NOMA schemes, the rate of ER1 starts
to decrease when the distance of ER2 from the UAV increases,
which is due to the minimum rate constraints in both schemes.
As the rate of ER2 must also satisfy the said constraints, and
with decreasing channel gain with the distance, this is compen-
sated by dedicating more power towards ER2 on the account
of ER1, in both OMA and NOMA. It is clear that the NOMA-
based uplink’s sum-rate is larger than the OMA’s due to the
simultaneous transmissions from the ERs.

Figure 6 compares the effect of the access schemes on the
system’s EE. Results are plotted as a function of the distance
of ER2 from the UAV, taking into account that the downlink
throughput of IR2 is constructed from the same distance of the
uplink throughput of ER2. The EE with the NOMA scheme is
considerably better than that with OMA for different distances
of ER2 w.r.t. the UAV, and the difference increases as the
distance of ER2 from the UAV increases. It is important to
note that when the said distance is small and that the ERs and
IRs are close to each other, the difference in the performance
between OMA and NOMA is tight due to the loss of the
required distinctions between users in NOMA. However, the
interferences from the ERs to the IRs have more effect on the
OMA-based scenario as compared to NOMA.

B. Multiple-UAV Scenario

Now, we consider that there are 4 UAVs (M = 4) to cover
the ROI of 100x100 m2, which also means that we have four
clusters, each with a radius of 25 m. The centers of clusters
1, 2, 3 and 4 are (25, 25), (75, 25), (75, 75) and (25, 75),
respectively. For the GNs’ distribution, we consider that the
circles are formed by increasing 1 m the radius from the center
of each cluster, with the segments formed by increasing the
angle of a segment by π/2 from the positive horizontal plane
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Fig. 5. Uplink throughput in the single-UAV scenario.

Fig. 6. Energy efficiency in the single-UAV scenario.

in each cluster, i.e., φ = 1, . . . , 25, ψ = 1, . . . , 4, in each
cluster. For the simulations, we consider that 16 GNs ask to
be served at the same time, 4 in each cluster. In cluster 1,
GN1,5 and GN1,15 are ERs, and GN3,5 and GN3,15 are IRs.
In cluster 2, GN2,5 and GN2,10 are ERs, and GN2,15 and
GN2,20 are IRs. In cluster 3, GN1,25 and GN2,25 are ERs, and
GN3,25 and GN4,25 are IRs. In cluster 4, GN1,5 and GN1,15

are ERs, and GN2,5 and GN2,15 are IRs. In this multiple-
UAV scenario, we consider four different cases according to
different combinations of the GNs’ demands.

• Case-1 “No consideration for the GNs’ service demands”:
Each UAV will hover at the minimum allowable height
over the center of its cluster.

• Case-2 “Equal service demands for all GNs in a cluster”
(e.g., in any cluster, ΥU

1 = ΥU
2 = ΥD

1 = ΥD
2 = 0.25):

At the beginning of the process, each UAV hovers at the
minimum allowable height over the center of its cluster,
and then moves to the optimal position according to the
GNs’ service demands.

• Case-3 “Different service demand for each GN in a clus-
ter, ΥU > ΥD”: The service demands for ERs are higher
than those of IRs (e.g., in any cluster, ΥU

1 +ΥU
2 = 0.75,

and ΥD
1 + ΥD

2 = 0.25). First, each UAV hovers at the
minimum allowable height over the center of its cluster,
and then moves to the optimal position according to these
different GNs’ service demands.

• Case-4 “Different service demand for each GN in a clus-
ter, ΥD > ΥU”: The service demands of IRs are higher
than the ones of ERs (e.g., in any cluster, ΥU

1 + ΥU
2 =

0.25, and ΥD
1 +ΥD

2 = 0.75). Each UAV initially hovers
at the minimum allowable height over the center of its

Fig. 7. The locations of the UAVs in Case-1.

Fig. 8. The optimal locations of the UAVs in Case-2.

cluster, and then moves to the optimal position according
to the GNs’ service demands.

1) 3D Positions of the UAVs: As the GNs’ service demands
will not be taken into account in Case-1, the four UAVs will
be hovering at the minimum allowable height over the centers
of their clusters. These positions will be fixed in the whole
process. As shown in Fig. 7, the positions are (25, 25, 10)
for UAV1, (75, 25, 10) for UAV2, (75, 75, 10) for UAV3,
and (25, 75, 10) for UAV4, For the remaining cases (2, 3
and 4), the UAVs will move from the initial positions to the
optimal points according to Algorithm 1. In Case-2, this will
be depending on the same service demands of all GNs in each
cluster; hence, the optimal positions of UAV1, UAV2, UAV3

and UAV4 will be (25, 25, 10), (75, 37.5, 10), (75, 75, 10)
and (35,85,10), respectively, as shown in Fig. 8. We note that
each UAV will relocate its position to be somewhere between
all scheduled GNs in its cluster, as the demands are the same
for all of them.

In Case-3, where the demands of ERs are higher than the
ones of IRs, each UAV will take the optimal position to be
near the ERs to be able to meet their demands. Thus, the
optimal positions of UAV1, UAV2, UAV3, and UAV4 will
be (35, 25, 10), (75, 32.5, 10), (87.5, 87.5, 10) and (35, 75,
10), respectively, as shown in respectively, as shown in Fig. 9.

When the service demands of IRs are greater as compared
to the ones of the ERs as defined in Case-4, the UAV in each
cluster moves towards the IRs to satisfy their demands. Fig. 10
shows the optimal positions of the UAVs in the ROI. The
positions are (15, 25, 10) for UAV1, (75, 42.5, 10) for UAV2,
UAV2, (62.5, 62.5, 10) for UAV3, and (25, 85, 10) for UAV4.

Figure 11 shows the 2D optimal positions of the UAVs for
the four cases. This explains the changes of the positions of
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Fig. 9. The optimal locations of the UAVs in Case-3.

Fig. 10. The optimal locations of the UAVs in Case-4.

Fig. 11. The 2D optimal locations of the UAVs in the four cases.

the UAVs from one case to another. Note that the height is
fixed for all UAVs in all cases.

2) EE Optimization: We compare the performance resulting
from applying the algorithms to the four cases for NOMA and
OMA schemes as shown in Fig. 12, which illustrates the EE
w.r.t. the normalized charging time (α) which is set the same
for all UAVs. One can notice that NOMA outperforms OMA
in all cases. Also, the difference between the NOMA based
cases are more considerable than those of the OMA based
cases. However, the differences vary from case to case. It is
clear that the EE for Case-2, which considers equal service
demands for all GNs, is the best compared to the other cases
for NOMA and OMA schemes. Compared to Case-1, which
does not consider the GNs’ service demands at all, we notice
that the UAVs’ positioning in Case-2 enhances the system EE,
as all UAVs provide better links for all GNs in their clusters.
However, the EE in Case-1 outperforms those in cases 3 and
4, where the GNs’ demands are also considered, and this also
shows the effect of the distribution of the scheduled nodes
on the overall performance. For Case-3, where the demands

Fig. 12. System energy efficiency versus normalized charging time.

of ERs are more significant than the ones of IRs, the UAVs
move closer to the ERs, providing them with much stronger
links compared to the IRs. This degrades the total downlink
throughput for IRs, which is reflected in the system EE. For
Case-4, where the demands of IRs are more extensive than the
ones of ERs, the UAVs travel towards the IRs to meet their
needs. This severely degrades the total uplink throughput of
ERs, as they depend on the links for receiving the power on
the downlink and then use it on the uplink, so both links are
affected and this is reflected in the EE.

V. CONCLUSION

In this work, we investigated the resource allocation in a
network deploying multiple multi-antenna UAVs for trans-
mitting data to IRs and energy to ERs to enable their
uplink data communication. A general highly coupled non-
convex optimization problem was formulated to maximize
the network’s EE while satisfying many constraints related to
the user association, UAVs positions, power budgets, collision
avoidance, acceptable QoS, and SIC thresholds. The problem
was solved after decomposing it into two sub-problems by
minimizing the path losses of the A2G channels according to
the devices’ demands, and then optimizing the transmit pow-
ers towards maximization of the EE. The results showed the
superiority of the system operation with NOMA verus OMA.
Notably, for the single-UAV case, it was shown that EE of
the NOMA-based network outperforms that of OMA in most
cases w.r.t. the position of the weak user. Also, for different
multiple-UAV scenarios, the EE with NOMA was shown to
be better than that with OMA, where the case with equal rate
requirements has the best performance.
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