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Abstract—As a newly emerging communication assistant
equipment, unmanned aerial vehicles (UAVs) can be exploited
to dispatch data files quickly to specific areas and support rapid
deployment of communication links in complex terrain, which is
of great significance for specific communication demands in dis-
aster and remote areas. Nonorthogonal multiple access (NOMA),
as a rosy technology in the fifth generation (5G) and future mobile
communication systems, has been widely studied because of its
ability in improving spectral efficiency and reducing transmis-
sion latency to enhance the overall Quality of Service (QoS) and
meet the strict communication requirements. Based on these, in
this article, we propose a device-to-device (D2D)-enhanced UAV-
NOMA network architecture, in which D2D is introduced to
increase the file dispatching efficiency. In our proposed D2D-
enhanced UAV-NOMA network, the ground users (GUEs) that
have already received file blocks (FBs) are allowed to reuse
the time–frequency resources assigned to NOMA links to share
their FBs with other GUEs, which significantly improves the
efficiency of file dispatching. But this also leads to a compli-
cated interference environment. In order to effectively manage
the interference and minimize the UAV-assisted file dispatching
mission time, we propose a graph-based file dispatching (GFD)

Manuscript received October 30, 2019; revised February 27, 2020, April
6, 2020, and April 20, 2020; accepted April 30, 2020. Date of publication
May 15, 2020; date of current version September 15, 2020. This work was
supported in part by the Ministry National Key Research and Development
Project under Grant 2017YFE0121400, in part by the National Science
Foundation under Grant CNS-1932413 and Grant ECCS-1935915, in part by
the National Natural Science Foundation of China under Grant 61901302,
in part by the Open Research Fund of National Mobile Communications
Research Laboratory, Southeast University under Grant 2020D01, and in part
by the Open Research Fund from Shenzhen Research Institute of Big Data
under Grant 2019ORF01006. (Corresponding author: Rongqing Zhang.)

Baoji Wang is with the State Key Laboratory of Advanced Optical
Communication Systems and Networks, Department of Electronics, School
of Electronics Engineering and Computer Science, Peking University,
Beijing 100871, China, and also with the National Mobile Communications
Research Laboratory, Southeast University, Nanjing 211189, China (e-mail:
bjwang@pku.edu.cn).

Rongqing Zhang is with the School of Software Engineering, Tongji
University, Shanghai 201804, China, and also with the National Mobile
Communications Research Laboratory, Southeast University, Nanjing 211189,
China (e-mail: rongqingz@tongji.edu.cn).

Chen Chen, Xiang Cheng, and Ye Jin are with the State Key Laboratory
of Advanced Optical Communication Systems and Networks, Department
of Electronics, School of Electronics Engineering and Computer Science,
Peking University, Beijing 100871, China (e-mail: c.chen@pku.edu.cn;
xiangcheng@pku.edu.cn; jinye@pku.edu.cn).

Liuqing Yang is with the Department of Electrical and Computer
Engineering, Colorado State University, Fort Collins, CO 80523 USA (e-mail:
lqyang@engr.colostate.edu).

Hang Li is with the Data-Driven Information System Laboratory,
Shenzhen Research Institute of Bid Data, Shenzhen 518172, China (e-mail:
hangdavidli@163.com).

Digital Object Identifier 10.1109/JIOT.2020.2994549

protocol, in which the complicated joint optimization problem
is decomposed to be solved efficiently and graph theory-based
algorithms are proposed for resource allocation. The simulation
results verify the advantages of our proposed D2D-enhanced
UAV-NOMA network architecture and the efficiency of our
designed GFD protocol in minimizing the total UAV-assisted file
dispatching mission time.

Index Terms—Device to device (D2D), file dispatching,
nonorthogonal multiple access (NOMA), unmanned-aerial-
vehicle (UAV) communications.

I. INTRODUCTION

IN RECENT years, the application of unmanned aerial vehi-
cles (UAVs) has explosive growth, especially in the military

and commercial fields. Various implementations of UAVs
have gradually emerged in the civil field as well. In some
places, where traditional terrestrial transportation is inconve-
nient or where natural disasters occur, UAVs can be deployed
rapidly and complete various missions, such as reconnaissance,
surveillance, mapping, and disaster rescue [1].

In addition to these applications, UAV-assisted communica-
tions have been of particular interest owing to its significant
advantages. Compared with the terrestrial communication
systems, the deployment of UAVs is more convenient and flex-
ible. Communication links can be quickly established by the
UAVs, which eliminates the wiring link on the ground [2], [3].
The UAVs can be flexibly deployed or recycled when work-
ing as mobile base stations (MBSs) for file dispatching to
solve the tide effect of business demand and reduce network
costs. Meanwhile, UAV-assisted communication systems may
have wider coverage and better channel conditions because the
UAVs are more likely to have line-of-sight (LOS) links when
flying above the ground users (GUEs) as an MBS [4], [5].
The 3rd Generation Partnership Project (3GPP) has already
proposed various possibilities of the UAV-assisted communi-
cations and carried out a series of relevant researches, since
2017 in the release R15 [6], [7]. For many of the applications
in the Internet of Things (IoT) such as information broad-
casting/multicasting, where the target users/nodes are quasis-
tationary, UAV-aided communications can really improve the
flexibility and efficiency of completing the mission [8]. An
example is a scenario that the vehicles in large parking lots
have the request for preloading data files, which can be maps
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or media data, or the scenario that edge computing is applied
to fully utilize the computational resources of the vehicles in
parking lots [9]–[11]. UAV-aided communications can be used
as the supplement or offloading of traditional communication
networks [12], [13].

Power-domain nonorthogonal multiple access (NOMA) is
a promising key multiple access technology in the fifth-
generation (5G) communication systems [14], [15]. The main
idea of NOMA is to realize multiple access through differ-
ent power levels via the same time–frequency resource block
(RB), which can improve the spectral efficiency and access
quantity. Thus, NOMA meets the explosive data growth and
access demand of 5G systems [16], [17]. Since NOMA is suit-
able for the future system deployment [18], [19], it becomes
fashionable to adopt NOMA in UAV-assisted communication
networks for file dispatching.

Considering the advantages of NOMA, we apply NOMA in
the UAV-assisted communication systems to support multicast
services. The requested data files can be dispatched with the
help of NOMA, which can improve the transmission effi-
ciency, save the UAV’s energy, and reduce the mission latency.
In order to utilize the UAV’s flying time effectively and fur-
ther improve the system performance, the device-to-device
(D2D) communication technique is adopted among the GUEs
to share the received data files. D2D communications have
been considered to be an effective way of cellular data offload-
ing [20], [21]. With appropriate resource management and
power control, the D2D links can reuse the same resources
with the NOMA links based on spatial reuse to reduce the
transmission load of the NOMA-based file downloading and
further reduce the mission latency [22], [23].

In this article, we investigate the mission latency
minimization problem of UAV-assisted file dispatching in a
large-scale network. To this end, we apply NOMA in the
multicast service of the file dispatching from the UAV to the
GUEs. Besides, the UAV divides the data files into different
file blocks (FBs) so that the GUEs can share their received
FBs using D2D communications to reduce the transmission
load of the UAV and improve the network performance. In
the D2D-enhanced UAV-NOMA network, spatial reuse-based
resource sharing between the NOMA links and the D2D links
is allowed under centralized management. Hence, the network
has a dynamic topology since the D2D links are established
based on the GUEs’ received FBs after the NOMA trans-
mission. The interference environment is complicated because
of the co-existence of the intragroup interference caused by
NOMA and the intergroup interference caused by dynamic
resource reuse. At the same time, the optimization problem is
also complicated due to the overlap of the UAV’s flying time,
the NOMA transmission time, and the D2D transmission time.
In order to solve the mission latency minimization problem, we
propose a graph-based file dispatching (GFD) protocol in our
investigated D2D-enhanced UAV-NOMA network by dividing
the problem into three subproblems. First, we optimize the
UAV’s trajectory to make the path of the UAV that traverses
the whole studied area as short as possible while ensuring the
coverage of all the GUEs. Afterward, when the UAV flies over
each coverage area, the UAV dispatches FBs with the help of

NOMA. In this part, we use the graph theory to group NOMA
users and allocate transmit power in order to maximize the effi-
ciency of the UAV file dispatching. Finally, the GUEs that have
received complete FBs are allowed to share their FBs using
D2D via the same resources used by the NOMA links. The
simulation results verify the efficiency of our proposed GFD
protocol. The main contributions are summarized as follows.

1) For the first time, we propose to effectively combine
NOMA and D2D file sharing together to support the
UAV-assisted file dispatching in a large-scale network,
in order to minimize the mission latency and improve
the network performance. In such a system, the UAV
flies over the entire studied area to cover all the GUEs
and uses NOMA to dispatch FBs to the GUEs, while
the GUEs with different FBs can share their FBs via the
same resources at the same time.

2) In order to efficiently deal with the dynamic network
topology, the complicated interference environment,
and the working time overlap, we decompose the
optimization problem into three subproblems and pro-
pose a novel and efficient GFD protocol to solve them.

3) In the proposed GFD protocol, the UAV’s trajectory and
the NOMA user groups are optimized reasonably, and
the interference between the NOMA links and the D2D
links is well controlled by graph-based algorithms. As a
consequence, the UAV’s efficiency in accomplishing the
file dispatching mission is well improved.

The remainder of this article is organized as follows.
Section II introduces the related works. In Section III,
the system model of the proposed D2D-enhanced UAV-
NOMA networks and the problem formulation are presented.
Section IV gives the details of the proposed GFD protocol. In
Section V, the simulation methods, features, and results are
introduced and evaluated. We finally conclude this article in
Section VI.

II. RELATED WORK

In UAV-assisted communications, UAV deployment is
a major issue. In the literature, the problems of UAV
deployment have been studied from different perspectives.
Alzenad et al. [24] proposed a 3-D placement scheme for the
UAVs being applied as base stations (BSs), to maximize the
coverage of the GUEs with different Quality-of-Service (QoS)
requirements. Mozaffari et al. [25] proposed a UAV deploy-
ment scheme to provide mobile wireless communications,
when the UAVs are utilized as BSs. Wang et al. [26] proposed
an adaptive deployment scheme for a UAV-aided communica-
tion network, where the UAV serves randomly moving users’
instantaneous traffic in the target cell.

In practice, the UAVs are not always stationary and they
need to move according to different missions. Thus, the trajec-
tory of the UAV needs to be designed in order to minimize the
cost of completing the mission. Zeng et al. [27] investigated
the trajectory optimization problem in UAV communication
systems. They compared the performance of four trajectory
optimization schemes on the completion time of broadcast-
ing and obtained an optimized trajectory design that makes
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Fig. 1. Illustrated D2D-enhanced UAV-NOMA network.

the UAV take a short time duration to complete the mission.
The energy efficiency maximization problem of the fixed-
wing UAVs was studied in [28] and [29], through the joint
design of the UAV’s trajectory and transmit power. Besides, a
UAV can also be used as a relay to support communications.
Zhang et al. [30] studied a multihop relay system with multiple
UAVs as relays and they maximized the network throughput
by jointly optimizing the trajectories and transmit power.

Recently, the combination of NOMA and UAV-assisted
communications has attracted a lot of attention, and the related
issues have also been studied in the literature. Zhao et al. [31]
studied the problem of maximizing the sum rate of UAV-
assisted NOMA networks through an optimized trajectory of
the UAV and precoding vectors of the NOMA BS. In [32], the
UAV’s placement issue was studied with the aid of machine
learning techniques in the UAV-NOMA networks, where three
case studies were presented. Sohail et al. [33] investigated
the sum-rate maximization problem with reduced energy con-
sumption and proposed a methodology to maximize NOMA
performance in the UAV-assisted communication systems.

III. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Description

As illustrated in Fig. 1, we consider a typical UAV-assisted
communication system with M GUEs denoted by M. All the
GUEs request for receiving the same data file with the size
of W bits, which may be an image tile for a map or a video,
etc. A rectangular coordinate system is established in a spe-
cific area to contain all the GUEs and the location of GUE
m ∈M within the region is denoted by wm ∈ R

2×1. In this
article, we assume that the GUEs do not move quickly, which
means that the GUEs are relatively in a quasistatic manner
on the ground. In practice, the GUE can be a sensor node, a
military installation, a traffic facility, or some other intelligent
devices that are fixed somewhere and have the request for data
files. For example, the target users/nodes of military installa-
tions that are scattered in the mountains or places have just

experienced disasters may not have the facilitation to access
to the Internet. These installations generally do not have the
ability to move arbitrarily. The GUEs’ locations are collected
by the UAV through information feedback. In the investigated
scenario, one UAV behaves as the transmitter flying over the
considered region while dispatching the requested data file.
The altitude of the UAV is fixed to H. Note that the terrain
and signal coverage should be taken into account when a spe-
cific UAV’s altitude is set. Generally, a higher altitude leads to
a larger signal coverage but an increased corresponding large-
scale fading. On the contrary, a reduced UAV’s altitude may
lead to a better channel gain but the ability to cope with com-
plex terrain will decline [34]. Assume that the UAV uses a
directional antenna, and thus the projection of the beam onto
the ground is a circle, which is highlighted by the red dashed
circle in Fig. 1. The circle with radius R represents the signal
coverage of the UAV. The set of Z coverage circles is denoted
by Z , in which all the GUEs should have a guaranteed QoS. dz

is the distance between two circle centers. The UAV’s trajec-
tory projected onto the ground with respect to time t is denoted
by q(t) ∈ R

2×1, and the horizontal flying speed is v m/s.
In our proposed UAV-NOMA system, the UAV dispatches

files to the GUEs within its current coverage to support
multicast services with the help of NOMA. Two phases are
contained in the network, that is, the NOMA phase in which
the UAV dispatches files using NOMA and the D2D phase in
which the GUEs exchange their files. Specifically, when files
are dispatched through NOMA, the files can be divided into F
different FBs, denoted by F , and distributed to different GUEs
using NOMA in the NOMA phase. After that, the GUEs that
have different FBs can form U D2D pairs, denoted by U ,
and share FBs with each other in the D2D phase in order to
improve the overall efficiency of file dispatching and reduce
the total mission latency Ttotal of the UAV. C RBs, denoted
by C, are allocated appropriately to different communication
links. Therefore, in addition to optimizing the UAV’s trajec-
tory, the communication phase (i.e., the NOMA phase and
the D2D phase) switching/coexisting issue should be effec-
tively scheduled and the RBs should be allocated reasonably
to avoid strong interference and reduce the failure probability
of file transmission.

B. Successive Interference Cancellation

Similar to code-division multiple access (CDMA) commu-
nication systems, the introduction of overlapped information
at the transmitter not only improves the spectral efficiency but
also brings the problem of multiple access interference (MAI).
In NOMA communication systems, orthogonal frequency-
division multiplexing (OFDM) technology can still be utilized
for subchannel transmission. The subchannels are orthogonal
with each other without any interference. However, a sub-
channel can be shared by multiple users in NOMA, which
will result in MAI. As for the MAI elimination problem,
plenty of achievements have been made in the research process
of the third-generation (3G) mobile communication systems.
The SIC is one of the effective technologies to eliminate
the MAI [35], [36]. With NOMA, different signal power

Authorized licensed use limited to: TONGJI UNIVERSITY. Downloaded on September 23,2020 at 04:44:32 UTC from IEEE Xplore.  Restrictions apply. 



8618 IEEE INTERNET OF THINGS JOURNAL, VOL. 7, NO. 9, SEPTEMBER 2020

Fig. 2. NOMA with successive interference cancellation.

is allocated to different users based on their channel state
information (CSI) to distinguish the users on the same sub-
channel. Then, NOMA receivers use SIC to realize multiuser
detection.

The basic principle of SIC is to subtract the interference
generated by the signal with a higher allocated power level
step by step. The SIC receiver makes multiple-user detection
one by one in the received signal. When a user is detected,
the MAI caused by this user’s signal is subtracted at the same
time. The detection is operated according to the order of sig-
nal power, which means that the signal with the maximum
power is detected first. This detection and eliminating cyclic
operation will keep working until all MAI is eliminated.

In a typical NOMA system, as shown in Fig. 2, the BS sends
superimposed messages to the users with different power. User
A has the shortest distance to the BS, which means it has the
best channel condition compared with the other users, whereas
user C has the worst channel condition. To make sure all
the users can decode their own messages successfully, the BS
needs to allocate transmit power in the order of C > B > A.
Then, user C can decode its own message immediately by
regarding the other users’ messages as the noise. User B has
to first decode user C’s message and then subtract it from its
received signal to get user B’s own message, whereas user A
has to decode both user B’s and A’s messages before decoding
its own message, which shows that the more users participate
in NOMA, the more complex the receiver is. Therefore, the
number of NOMA users cannot be increased blindly to avoid
excessive processing delay for the users with the best channel
condition.

C. Channel Analysis

In our investigated D2D-enhanced UAV-NOMA system,
there are two main types of communication links, that is, the
UAV-GUE link and the D2D link. Correspondingly, we have
to consider two different channel models.

1) UAV-GUE Link: Denote Hm as the channel coefficient
between the UAV and GUE m, which can be given as

Hm =
√

βmgm (1)

where βm denotes the path loss and gm is the fading coef-
ficient. The path loss usually depends on the distance

which can be given as

βm = β0d−α
m (2)

where β0 denotes the channel power gain at a unit dis-
tance, α denotes the path-loss factor, and dm is the
distance between the UAV and GUE m at time t, which
can be given as

dm =
√
‖q(t)− wm‖2 + H2. (3)

As for the fading coefficient gm, it usually contains
shadowing and various small-scale fading. Typically, the
UAV-GUE links consist of a LoS link and a large number
of independent links, so the channel can be characterized
as a Rician fading model [27], [37]. Thus, we have

gm =
√

κm

κm + 1
gmain

m +
√

1

κm + 1
gscatter

m (4)

where the first item corresponds to the LoS link arriving
with uniform phase, and the second item corresponds to
the aggregation of all the reflective and scattering links,
independent of the LoS link. κm denotes the Racian fac-
tor, which is the ratio of the energy in the LoS link to
the energy in the scattering links. The greater the κm is,
the stronger certainty the channel is. gmain

m is the channel
component of LoS link with |gmain

m | = 1 ·gscatter
m denotes

the channel component of the scattering link, which is
a circular symmetric complex Gaussian random variable
with gscatter

m ∼ CN (0, σ 2) [38].
2) D2D Link: Denote Hu as the channel coefficient between

the GUEs in D2D pair u ∈ U . The GUEs in one D2D
pair may also have a LoS link between them, and thus
the channel of D2D links can be characterized as a
Rician fading model as well. Then, we have

Hu =
√

βugu

=
√

β0d−α
u

{√
κu

κu + 1
gmain

u +
√

1

κu + 1
gscatter

u

}

(5)

where βu denotes the path loss, gu denotes the fading
coefficient, du denotes the distance between GUE u1 ∈ U
and u2 ∈ U in D2D pair u, and κu denotes the Racian
factor. gmain

u is the channel component of the LoS link
with |gmain

u | = 1, and gscatter
u is the channel component

of the scattering link with gscatter
u ∼ CN (0, σ 2). du is

given by

du = ‖wu1 − wu2‖ (6)

where wu1 and wu2 are the locations of the two GUEs
in D2D pair u.

D. Problem Formulation

Generally, the number of GUEs included in one NOMA
group is random. A fixed number of GUEs in one
NOMA group can limit the multiuser interference within the
NOMA group and reduce the computational complexity. The
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set of E NOMA groups is denoted by E , and we assume that
there are Q GUEs in each NOMA communication group. Note
that M = Q×E. The UAV flies over the whole area for file dis-
patching. In each coverage area, the UAV dynamically chooses
GUEs (based on the NOMA principle) to set up NOMA groups
and sends different FBs with different power to the GUEs.
Meanwhile, the GUEs can share different FBs using D2D via
appropriate RB to minimize total mission latency Ttotal. As a
result, the investigated problem can be divided into three parts.

1) The first part is to optimize the UAV’s trajectory to make
the UAV’s flight distance as short as possible. The flying
time of the UAV has a great affect on Ttotal because
the UAV’s flying speed is limited. Therefore, it is very
important to optimize the UAV’s trajectory reasonably.

2) The second part is to form NOMA groups carefully
when the UAV is dispatching FBs in each coverage
area. With appropriate management, NOMA can sig-
nificantly improve the spectral efficiency, support more
GUE connections, and reduce the latency.

3) The last part is to schedule the NOMA phase and the
D2D phase and make sure that the two phases do not
cause too much interference while resource sharing.

1) UAV Trajectory Optimization: The center of each UAV’s
coverage area, that is, the spot where the UAV can hover at,
can be regarded as an MBS point (MBSP). The UAV has to
cover as many GUEs as possible at each MBSP with the cov-
erage radius R. The UAV can dispatch files during the flight or
when hovering at each MBSP. However, the UAV needs to fly
over all the Z MBSPs. Hence, our objective here is to deter-
mine the locations of MBSPs reasonably and then schedule
the visiting order so as to minimize the total flying time tf .
The flying time minimization problem can be expressed as

(G1) : min tf =
∑

z∈Z

dz

v
(7a)

∥∥wz
m − wz

∥∥ ≤ R ∀z ∈ Z (7b)

where dz denotes the distance between two MBSPs, given by
‖wz1−wz2‖, wz ∈ R

2×1 denotes the location of the MBSP in
coverage z ∈ Z , and wz

m ∈ R
2×1 denotes the location of the

GUE within z. Equation (7b) ensures that all the GUEs are
traversed by the UAV.

2) NOMA Group Construction: In our investigated sce-
nario, the main task of the UAV is to dispatch data files. We
divide W bits file into F FBs and dispatch the FBs to Q GUEs
using NOMA so that the advantages brought by NOMA can
be made full use of. Note that Q ≥ F. In the NOMA group
e ∈ E , the received signal on RB c ∈ C at user mq ∈ M
(q = 1, 2, . . . , Q) can be expressed as

ye
mq
=

Q∑

i=1

Hmq

√
ae

mi
Pexmi +

∑

u∈U
ηu

eHuq

√
Puxu + ζmq (8)

where Hmq and Huq denote the channel gains from the UAV
and the transmitter of D2D pair u ∈ U to the GUE mq,
respectively, which are given in Section III-C. ae

mi
denotes

the transmit power allocation coefficient of NOMA with
0 < ae

mi
< 1. Pe and Pu denote the total transmit power

allocated by the UAV to each NOMA group and the GUE’s

transmit power, respectively. xmi and xu denote the transmit
signals from the UAV and D2D pair u, respectively. ζmq is the
additive white Gaussian noise (AWGN) with variance σ 2. The
RB allocation indicator is denoted by ηu

e . ηu
e = 1 when e and u

are working through the same RB simultaneously, otherwise,
ηu

e = 0.
Therefore, the received SINR at mq can be given as

ϕmq =
∣∣Hmq

∣∣2
Peae

mq

Imq + Iuq + σ 2
(9)

where Imq and Iuq denote the interference caused by the super-
position signals of NOMA and the interference caused by the
resource reusing by D2D pairs, respectively.

Assume that Q GUEs in the NOMA group e are sorted in
the increasing order of dm, that is, dm1 < dm2 < · · · < dmQ .
Then, the interference can be expressed as

Imq = Pe
∣∣Hmq

∣∣2
q−1∑

i=1

ae
mi

(10)

Iuq =
∑

u∈U
ηu

e

∣∣Huq

∣∣2
Pu. (11)

Based on (9) and the Shannon formula, we can obtain the
transmission rate of mq as

Rmq = BWe · log2
(
1+ ϕmq

)
(12)

where BWe denotes the bandwidth allocated by the UAV to
the NOMA group e.

Therefore, the objective in this part is to maximize the min-
imum rate of all the UAV-GUE links, and thus reduce the time
of the UAV’s file dispatching, which can be expressed as

(G2) : max min
{
Rmq

}
(13a)

s.t.
Q∑

q=1

ae
mq
= 1 ∀e ∈ E (13b)

∑

e∈E
Pe ≤ Puav (13c)

Q ≥ F (13d)

ϕm ≥ ϕ0 ∀m ∈M (13e)

where (13b) limits the total power allocated to the GUEs
within each NOMA group to Pe, (13c) limits the total power
allocated to all the NOMA groups to Puav, and (13d) ensures
that all the FBs are available within each NOMA group. ϕm

denotes the SINR received by GUE m ∈M. Equation (13e)
ensures that the received SINR at each GUE is greater than
the demodulation threshold ϕ0.

3) Phase Switching Control: When receiving a complete
FB, the GUEs with different FBs can be chosen to work
in the D2D phase for file sharing. In order to improve the
spectral efficiency, D2D links are allowed to reuse the RBs
used by NOMA links. It is vital to ensure that no substan-
tial interference exists between D2D and NOMA links, and
thus an efficient interference control and resource allocation
scheme is necessary. In addition, priority should be given to
the NOMA transmission when inevitable strong interference
between D2D and NOMA links exists.
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When the received SINR at NOMA users is analyzed, the
influence of D2D links has been already taken into account as
shown in (8). Correspondingly, when the GUEs are working
in the D2D phase, the signal yu and the SINR ϕu received by
the receiver in D2D pair u are given by

yu = Hu

√
Puxu +

∑

e∈E

Q∑

i=1

ηu
eHu

√
ae

mi
Pexmi

+
∑

u′∈U ,u′ 
=u

ηu′
e Hu′

√
Pu′xu′ + ζu (14)

ϕu = |Hu|2Pu

Iu′ + Ie + σ 2
(15)

where Hu′ denotes the channel gain from the transmitter of
D2D pair u′ ∈ U (u′ 
= u) to the receiver of D2D pair u,
Pu′ denotes the transmit power of u′, xu′ denotes the transmit
signal in D2D pair u′, and ζu is the AWGN with variance σ 2.
ηu′

e is the RB allocation indicator with the same meaning of
ηu

e , that is, ηu′
e = 1 when e and u′ are working through the

same RB simultaneously, otherwise, ηu′
e = 0. The interference

caused by the resource reusing with other D2D pairs (Iu′) and
NOMA groups (Ie) can be expressed as

Iu′ = Pu′ ·
∑

u′∈U ,u′ 
=u

ηu′
e |Hu′ |2 (16)

Ie =
∑

e∈E
ηu

e |Hu|2Pe. (17)

Then, the transmission rate of D2D pair u can be
expressed as

Ru = BWu · log2(1+ ϕu) (18)

where BWu denotes the bandwidth allocated to D2D pair u.
Therefore, the objective here is to maximize the minimum

rate of all the D2D pairs, which can be given as

(G3) : max min {Ru} (19a)

s.t. ϕu ≥ ϕ0 ∀u ∈ U (19b)∑

c∈C
ηu

e ≤ 1 ∀e ∈ E, u ∈ U (19c)

∑

e,u

ηu
e ≤ ρ ∀c ∈ C (19d)

where (19b) guarantees each GUE working in the D2D phase
to have a required QoS. Equation (19c) limits the number of
RBs allocated to each communication group to 1. Equation
(19d) restricts the amount of communication links that can
reuse the same RB at the same time to ρ so as to ensure that
each communication link in the same RB can obtain a required
QoS.

The time of NOMA transmission tzN and D2D transmission
tzD can be expressed as

tzN =
W

F ·min
{
Rmq

} (20)

tzD =
W

F ·min{Ru} . (21)

Therefore, the ultimate objective based on the above anal-
ysis can be given as

(G) : min Ttotal =
∑

z∈Z
max

{
tzf , tzN

}
(22a)

s.t.
∑

z∈Z tzD ≤ Ttotal

(7b)

(13b)–(13e)

(19b)–(19d). (22b)

Note that FBs can be dispatched/shared when the UAV is
flying or hovering. In our proposed scenario, the NOMA phase
and the D2D phase are working simultaneously during the
UAV’s flight. Thus, in problem G, if the time of file trans-
mission is less than that of the UAV’s flight between different
coverage circles, the UAV will fly at its maximum speed. In
this case, what needs to be optimized is the file transmission
rate so that the NOMA transmission will take as short time
as possible. On the contrary, if the time of file transmission
is more than that of the UAV’s flight between different cover-
age circles, the UAV has to reduce its flying speed to ensure
file transmission. In this case, the UAV’s flying time is the
determinant of Ttotal. Equation (22b) ensures that the D2D
phase can be completed before the UAV completes its flight.
For convenience, the notations used throughout this article are
summarized in Table I.

IV. GRAPH-BASED FILE DISPATCHING PROTOCOL

In order to solve the resource allocation problems in our
proposed UAV-NOMA scenario, and to enable the UAV to
complete the file dispatching mission with the shortest time,
we propose a GFD protocol in this section. In the GFD proto-
col, the UAV should first determine the locations of MBSPs to
cover all the GUEs in the whole area with the minimum num-
ber of MBSPs, then plan the path traversing all the MBSPs
to minimize the total flying distance. After that, the UAV will
fly sequentially to each of the MBSPs along the planned path
to dispatch FBs using NOMA (the NOMA phase). The GUEs
with different FBs will start to share FBs after receiving FBs
(the D2D phase). Similar to the problem formulation, the GFD
protocol will be described in three parts in the following and
the flowchart of the GFD protocol is provided in Fig. 3.

A. UAV Trajectory Optimization

1) MBSP Location Determination: With a given area that
contains M GUEs, the first step of solving the problem G1
is to find the appropriate locations of the MBSPs, so as to
minimize the total number of MBSPs and ensure that each
GUE is covered by at least one MBSP. The location deter-
mination problem of the MBSPs is a typical geometric disk
cover one [39] and we solve this problem by applying the
spiral MBS placement (SMBSP) algorithm proposed in [40].

First, all the outermost GUEs are categorized as boundary
GUEs GUEbo and arranged in counterclockwise order. The rest
of the GUEs that are not on the boundary naturally become
inner GUEs GUE in. A boundary GUE mbo ∈ GUEbo is ran-
domly selected as the first MBSP z at the beginning. Next,
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TABLE I
SUMMARY OF NOTATIONS

the location of MBSP z is adjusted so that it can cover as
many other boundary GUEs as possible while guaranteeing
that GUE mbo is covered. Then, the location of MBSP z will
be adjusted again so as to cover the inner GUEs as many
as possible on the premise of guaranteeing the currently cov-
ered boundary GUEs. Now, the first MBSP is located. After
that, the new boundary GUEs are refound in all uncovered
GUEs. The above processes are repeated until all the GUEs
are covered. Finally, all the appropriate locations of MBSPs
are obtained. The detailed operation of the SMBSP algo-
rithm is summarized in Algorithm 1 with the complexity of
O(M2 log M), and the derivations and detailed proof can be
found in [40].

In Algorithm 1, λ denotes the set of uncovered GUEs and μ

denotes the initial boundary GUEs. In Algorithm 2, μ1 denotes
the initial boundary GUEs and μ2 denotes the uncovered inner
GUEs.

2) Flying Path Scheduling: After the locations of MBSPs
are determined, the next step is to schedule the path of the
UAV to fly over all the MBSPs, that is, the visiting order
of all MBSPs so as to minimize the total flying distance.
This problem can be modeled as a traveling salesman (TSM)
problem, which is a classical NP-hard problem. The TSM
problem is to find the minimum path of a traveler starting
from a specific point, passing through all the given points,
and finally returning to the original point. The most evident

Algorithm 1: SMBSP Algorithm
Input: M, R, wm.
Initialization: λ←M,Z = ∅, i = 1.
while λ 
= ∅ do

Find all the boundary GUEs GUEbo arranged in
counterclockwise order, and the inner GUEs GUE in.
if i = 1 then

Randomly select a boundary GUE mbo as the first
MBSP z. Let wz ← wmbo .

end
Call [wz, μ] =LocalCover(wz, {z},GUEbo−{z}).
Let μ0 ← μ.
Call [wz, μ] =LocalCover(wz, μ0,GUE in).
Let λ← (λ− μ),Z ← Z ∪ {z}.
Select the first uncovered boundary GUE m′bo

counterclockwisely next to mbo from GUEbo − μ0.
Let mbo ← m′bo, i← (i+ 1).

end
Output: Z .

algorithm is the exhaustive method, which is to find all the
combinations and pick the shortest one. The permutation num-
ber of the exhaustive method is n! (where n is the number of
nodes), which can be solved in O(n2 ·2n) time using dynamic
programming. It also has many approximate solutions, such as
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Fig. 3. Flow diagram of the GFD protocol.

Algorithm 2: LocalCover Algorithm
[wz, μ1] =LocalCover(wz, μ1, μ2)

Input: wz, μ1, μ2.
while μ2 
= ∅ do

Update μ2 by excluding GUEs more than 2R away
from any GUE in μ1.
Update μ1 (μ2) by including (excluding) GUEs
within distance R to z.
Find GUE m ∈ μ2 with the shortest distance to z.
if m can be covered by refining wz via solving the
1-center problem then

Add (remove) m to (from) μ1 (μ2)
else
Stop.

end
end
Output: wz, μ1.

the simulated annealing algorithm, greedy algorithm, genetic
algorithm, ant colony algorithm, etc. [42], [43].

In this article, we apply the solver-based TSM (S-TSM)
algorithm [41], which is a suboptimal method, to solve the
TSM problem using binary integer programming. The main
idea of the S-TSM algorithm is to solve an initial problem
first to get the subtours of the solution. This transitional
solution does not give one continuous path through all the

Fig. 4. Example of the optimized UAV trajectory.

points but instead has several disconnected loops. Then, an
iterative process will be used to determine the subtours and
add constraints until the subtours are eliminated. The detailed
procedure of the S-TSM algorithm is given in [41] with the
complexity of O(Z2). An example of the optimized UAV
trajectory is shown in Fig. 4.

In Fig. 4, the blue dashed circle denotes the coverage of
each MBSP with a radius of R. The UAV will fly over the
first MBSP to dispatch FBs to the GUEs within its coverage
and then fly to the next MBSP sequentially. Finally, the UAV
will fly to the starting MBSP when the whole area is traversed.

B. NOMA Group Construction

After the optimization of the UAV’s trajectory is com-
pleted, we focus on the efficiency of file dispatching when
the UAV is flying over each MBSP in the problem G2. The
UAV first divides all the GUEs within the coverage of z ∈ Z
into E NOMA groups based on their CSI when the UAV
flies in coverage z. In the literature, a lot of efficient meth-
ods have been proposed for NOMA user grouping and power
allocation [44]–[46]. In this article, we assume perfect SIC
conditions, that is, the GUEs with better channel conditions
can completely subtract the signals of the GUEs with weaker
channel conditions. Then, we propose a suboptimal solution to
solve the problem G2, which contains two steps. The GUEs are
first divided into NOMA groups with a fixed power allocation
coefficient and the next step is to refine the power allocation
coefficient to further improve the performance.

1) NOMA User Grouping: In order to imitate the
interference environment and form NOMA user groups, we
apply the graph theory, which is widely used in wireless
resource scheduling [47]–[49], to solve the problems. To
solve the NOMA user grouping problem in G2, we propose
a hypergraph-based grouping (HG-G) algorithm. The HG-G
algorithm introduces the concept of hypergraph [18], [19].

Let HG = (HV,HE) be a hypergraph, where HV is the
set of vertices representing the GUEs within the coverage of z
and HE is the set of hyperedges representing the matching
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Fig. 5. Example of the HG-G algorithm with Q = 2.

relationships between vertices. Q GUEs are connected by
hyperedge he ∈ HE forming an NOMA group e. The weight
ω of hyperedge he is set to be the minimum SINR of Q
GUEs in the NOMA group e. Here, the NOMA user grouping
problem can be modeled as a valid matching in the weighted
hypergraph HG.

Definition 1: In a hypergraph HG = (HV,HE), strongly
delete a vertex vx ∈ HV from HG means removing all the
hyperedges containing vx from HE and then removing vx
from HV .

First, all the hyperedges are arranged in the descending
order of their weights. Then, the hyperedge with the small-
est weight is deleted sequentially until a vertex vx1 ∈ HV that
connected by only one hyperedge he1 ∈ HE comes up. Thus,
vertex vx1 and the other vertices contained in he1 form an
NOMA group naturally.

Next, vx1 and the other vertices contained in he1 are strongly
deleted from HG. Then, vx1 and he1 are updated by finding the
vertex again that connected by only one hyperedge. If more
than one vertex meets the criterion, the hyperedge with the
heaviest weight will be selected to be a new matching. The
finding and deleting cyclic operation will be repeated until all
the hyperedges in the hypergraph have been deleted.

Finally, the suboptimal NOMA groups satisfying problem
G2 are obtained. Fig. 5 illustrates an example of the HG-G
algorithm with Q = 2. A hypergraph will degenerate into an
ordinary graph when each hyperedge contains only two ver-
tices. As we can see in Fig. 5 1©, the hypergraph (graph) is
constructed with six users and the hyperedges (edges) rep-
resent the potential NOMA groups. Vertex F connected by
only one edge appears, after all the edges with the minimum
weight are deleted sequentially, which is shown in Fig. 5 2©.
Then, we can make the decision that user F and E can form an
NOMA group. The graph becomes what is shown in Fig. 5 3©

Algorithm 3: HG-G Algorithm
Input: Z, wz

m.
Initialization: i← 1.
Construct hypergraph HG = (HV,HE).
HE sort=sort(HE ,‘descent’).
while HG 
= ∅ do

Find the vertex vx1 that connected by only one
hyperedge he1.
while length(vx1)= 0 do

Delete the hyperedge with the smallest ω

end
if length(vx1)> 1 then

Find the vertex vx1 with the biggest ω.
Update vx1 and he1.

end
if length(vx1)= 1 then

ei ← ei ∪ he1.
Strongly delete vx1.
i← i+ 1.

end
end
Output: E .

when vertices F and E are strongly deleted. We can also see
in Fig. 5 3© that both vertices A and D are connected by only
one edge. Assume that ω2 > ω3, and thus we choose vertices
A and B to form an NOMA group leaving vertices C and D
form an NOMA group naturally as shown in Fig. 5 4©.

The detailed procedure of the HG-G algorithm is summa-
rized in Algorithm 3. Because of the double loop and the
sorting process in the algorithm, the worst case complexity of
the HG-G algorithm is O(E2).

2) Power Allocation: Given the NOMA groups E , power
allocation optimization is performed within each NOMA
group to further improve the performance of NOMA.
Ali et al. [44] proposed an optimal transmit power and corre-
sponding necessary conditions for NOMA transmission based
on the minimum data rate requirement of NOMA users. For
convenience, we name the algorithm proposed in [44] “OPA
algorithm.” In this article, we adopt the OPA algorithm to get
a power allocation solution. Next, we find the smallest trans-
mission rate Rop from the solution as the respective minimum
rate requirement of the OPA algorithm. Then, we run the OPA
algorithm again to get an improved smallest transmission rate
Rne. The iteration will be terminated until Rne − Rop ≤ ε,
where ε is a given stopping criterion. The power allocation
algorithm is summarized in Algorithm 4.

3) Solution Updating (SU): The position relationship
between the GUEs and the UAV will change along time
because the UAV is flying continuously. Therefore, it will
cause strong interference, if the solution of user grouping and
power allocation is not adjusted. In order to solve the problem
of relative position changing caused by the UAV’s mobility,
we set up a scheme updating mechanism, that is, the NOMA
user grouping and power allocation schemes will be updated
periodically after time interval τ . Because the UAV’s trajec-
tory is preplanned and known, and the moving distance of the
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Algorithm 4: Power Allocation Algorithm
Input: E, wz

m.
Initialization: Flag← 1.
Run ‘OPA’ algorithm.
Find the smallest transmission rate Rop.
while Flag= 1 do

Run ‘OPA’ algorithm with Rop as the respective
minimum rate requirements.
Find the smallest transmission rate Rne.
if Rne −Rop ≤ ε then

Flag← 0.
end

end
Output: ae

mi
, i = (1, 2, · · · , Q).

UAV is limited in milliseconds, the periodic SU mechanism
can well compensate for the mobility issue of the UAV.

C. Phase Switching Control

Based on the GFD protocol proposed in the UAV-NOMA
scenario, the D2D phase and the NOMA phase are working
simultaneously. Hence, the file dispatching load of the UAV
can be further reduced through D2D file sharing.

The GUEs will start to work in the D2D phase as long as
they have finished FB receiving through NOMA. We use z ∈ Z
to represent the circle of the coverage of each MBSP as well.
Then, the problem is to allocate RBs to D2D pairs in the same
circle and determine which of the circles can reuse the same
RB. To this end, we propose two alternatives in the following
[i.e., the basic D2D scheme and the generalized D2D (GD2D)
scheme].

1) Basic D2D Scheme: In this scheme, FBs are shared
between every two GUEs. GUEs with different FBs are paired
until all the GUEs get a whole data file. Here, we apply graph
theory again.

We construct an ordinary graph G = (V, ED) in which
the vertices represent the GUEs and the edges represent that
the two connected vertices have different FBs to share. The
weight of each edge represents the transmission rate between
the GUEs in each D2D pair without interference. Then, the
edge with the heaviest weight is selected as the currently estab-
lished D2D pair sequentially and the two vertices connected
by this edge are strongly deleted from G. After all the D2D
pairs are selected, a round of FB sharing is completed. Then,
a new graph is reconstructed based on the current condition
and the above processes are repeated so that all the FBs can
be shared.

In the D2D phase, different D2D pairs are allowed to share
the same RB, that is, two D2D pairs u1 ∈ U and u2 ∈ U
can share the same RB if the mutual interference between
them is less than a threshold �ϕ . Different circles z1 ∈ Z
and z2 ∈ Z can share RBs when the distance between the
corresponding MBSPs is greater than a threshold �d > 2R.
The proposed graph-based D2D pairing algorithm is provided
in Algorithm 5.

2) Generalized D2D Scheme: This scheme is a terrestrial
broadcasting scheme. In this scheme, all the GUEs with the

Algorithm 5: Graph-Based D2D Pairing Algorithm
Input: M.
Initialization: Flag← 1.
while Flag= 1 do

Construct graph G = (V, ED).
Calculate the weight of each edge.
while ED 
= ∅ do

Find the edge ed with the largest weight.
U ← {ed}.
Strongly delete the vertices connected by ed.

end
Call Algorithm 6.
if No GUE needs FBs then

Flag← 0
end

end
Output: U .

Algorithm 6: RB Reusing Algorithm
Input: M.
Initialization: Flag← 1, ηu

e ← 0(∀u ∈ U).
Construct graph G′ = (V ′, ED′) in which the vertices
represent D2D pairs and the edges represent the
interference relationships.
Calculate the weight ω′ of each edge which means the
interference between the D2D pairs.
for u = 1 : U do

if ω′u > �ϕ then
ηu

e ← 1
end

end
Output: U , ηu

e (∀u ∈ U).

same FB in the same circle z form an FB group ℵ. The GUE
within group ℵ that has the nearest average distance to the
GUEs of other groups is selected to broadcast its FB so that
only F GUEs work as the broadcasting transmitters at the
same time to complete the FB sharing among GUEs within
circle z. RBs are also allowed to be shared between different
circles when the distance between the corresponding MBSPs
is greater than the threshold �d.

Therefore, the problem here is to find the GUE in the group
ℵ to broadcast its FB. Obviously, the most straightforward
method is to select the most appropriate GUEs after calculating
the distance between each two GUEs, which requires a large
amount of computations. In order to reduce the processing
complexity, we find the most appropriate GUEs in each FB
group separately. First, the GUEs with FB1 form a group ℵ1
and the remaining GUEs in z form another group ℵ1. The
GUEs within ℵ1 form a polygon with its centroid VC1. Then,
the GUE with the shortest distance to VC1 in ℵ1 is picked to
be the transmitter to share FB1. After that, the transmitters to
share all the other FBs are picked in the same manner in turn.
An illustration of this method is shown in Fig. 6 with F = 3.

3) Solution Updating: In practice, some of the scenarios
in IoT may include mobile GUEs. Thus, the mobile GUEs
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Fig. 6. Illustration of the GD2D scheme with F = 3.

are in danger of getting out of all the designed circles, which
makes them unable to participate in the NOMA transmission.
Specifically, it can be classified into two categories according
to the GUEs’ moving range during the whole mission.

1) If the mobile GUEs are still in the predesigned circles
that they belong to, the GUEs’ movement can only affect
the NOMA and D2D user grouping. Noticing this, the
SU mechanism has already solved the corresponding
problems.

2) If some of the GUEs are out of their own circles, the
GUEs that are not in any circle can still participate in
the D2D phase to receive/share FBs.

Therefore, we set up an SU mechanism in the D2D phase
as well. The D2D grouping will be updated periodically to
make sure the GUEs that are out of circles can participate in
the D2D transmission in time.

V. NUMERICAL RESULTS AND DISCUSSION

Our simulation setup considers a 3 km×3 km square area
covered by one UAV, and we randomly arrange M GUEs in the
considered area on the ground. For simplicity and without loss
of generality, we set Q = F = 2. As described in Section III-D,
Q = 2 means that each NOMA group has two receivers and
F = 2 means that the data file with the size of W bits is divided
into two FBs. Thus, the UAV can dispatch the two FBs to the
two GUEs within the same NOMA group. Note that different
values of Q and F can only affect the processing complexity
of the receiver. A higher value of Q means more intragroup
interference to the receivers, but at the same time it will further
improve spectral efficiency. In our proposed HG-G algorithm,
GUEs are grouped based on the same strict principle regardless
of the value of Q. Thus, the system performance will not be
greatly influenced by the value of Q. All the other parameters
applied in our simulation are summarized in Table II.

TABLE II
SYSTEM PARAMETERS

Fig. 7. Mission latency comparison when the UAV dispatches FBs during
its flying.

In order to compare the file dispatching efficiency in dif-
ferent cases, we also include the situation that the UAV flies
to the location of each MBSP and hovers for file dispatching.
The D2D phase starts to work after the UAV completes the
NOMA phase in one of the coverage circles, that is, the D2D
phase is working when the UAV is flying between two MBSPs
to avoid interference between the D2D phase and the NOMA
phase, and utilize the UAV’s flying time.

Given the coverage radius R and flying speed v of the
UAV, the number of GUEs M affects the total mission latency
Ttotal. Figs. 7 and 8 compare the total time for the UAV to
complete the data file dispatching as the number of GUEs
increases.

Fig. 7 shows Ttotal varies with M in case that the UAV dis-
patches FBs during its flying. As shown in Fig. 7, the mission
latency of both NOMA+D2D and NOMA+GD2D schemes
is increasing with the increase in the number of GUEs. This
is because the increase in the number of GUEs leads to a
widening range for the UAV to travel. On the other hand, it
also increases the potential interference brought by resource
reusing. When the number of GUEs further increases, the
increasing rate of the total mission latency slows down. This is
because the newly added GUEs can be directly assigned to the
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Fig. 8. Mission latency comparison when the UAV flies to the location of
each MBSP and hovers for file dispatching.

existing coverage circles without replanning a new trajectory
when the number of GUEs is large. We can also see that the
performance of our proposed protocol with the NOMA+D2D
scheme and the NOMA+GD2D scheme has only slightly dif-
ference. With the application of the NOMA+GD2D scheme,
the total mission latency is a little less than that of the
NOMA+D2D scheme. This is because the NOMA+GD2D
scheme generates less interference to the NOMA users com-
pared with the NOMA+D2D scheme, and thus the NOMA
phase can complete FB transmission with less time. The
system can choose which scheme to apply according to differ-
ent requirements and situations. In addition, we also include
the simulation when Q = F = 3 and Q = F = 4 (i.e.,
NOMA3+GD2D and NOMA4+GD2D in Fig. 7). As we can
see, with more receivers contained in each NOMA group, it
takes less time to dispatch the data file, which verifies that
the application of NOMA can improve the performance and
reduce the mission latency. However, it will lead to higher
complexity and more interference at the receiver when the
number of NOMA users increases. In practice, the UAV can
determine the number of NOMA users based on the mission
requirements.

Fig. 8 shows Ttotal varies with M in case that the UAV first
flies to the location of each MBSP and hovers for file dispatch-
ing, and then flies to the next MBSP. As we can see, in this
case, the mission latency is much longer than that of the case
that the UAV dispatches FBs during its flying. Although the
frequent updates of resource allocation schemes are avoided,
the flying time of the UAV between MBSPs is not effectively
utilized, which results in longer time to complete the mission.

Fig. 9 shows the performance improvement of our proposed
GFD protocol with D2D-enhanced UAV-NOMA communi-
cation architecture compared with other published schemes.
Zeng et al. [27] listed three different schemes aiming at min-
imizing the total time consuming in the field of UAV-assisted
file dispatching. Completion time minimization with strip-
based waypoints (CTM-SW) indicates the strip-based scheme,

Fig. 9. Mission latency comparison with other schemes when the UAV
dispatches FBs during its flying.

which programs the UAV to fly along predesigned rectangu-
lar strips that ensures full area coverage and to dispatch files
through random linear network coding (RLNC). In completion
time minimization with GUEs as waypoints (CTM-GW), the
UAV has to fly over every GUE and dispatches files through
RLNC. The scheme completion time minimization with vir-
tual BSs as waypoints (CTM-VW) represents that the UAV is
scheduled to fly over every center of the predesigned coverage
circle and dispatches files through RLNC. Besides, we apply
the branch-and-bound method (BBM) proposed in [50] with
the TSM algorithm (i.e., BBM-TS). The group-based trajec-
tory optimization algorithm (GTOA) proposed in [51] is also
applied by setting the maximum radius of the transmission
region as R. As we can see in Fig. 9, our proposed scheme
has at most 10% performance improvement than the CTM-VW
scheme.

As a baseline, we also employ different file dispatching
schemes in the investigated scenario for UAV-assisted file dis-
patching. Figs. 10 and 11 compare the total time of the UAV
to complete the data file dispatching as the number of GUEs
increases with different file dispatching schemes.

Fig. 10 shows the case that the UAV dispatches FBs dur-
ing its flying. In Fig. 10, the scheme “noNOMAnoD2D”
represents that the UAV uses OFDMA to dispatch files and
ensures that each GUE receives a complete data file. As
we can see, the noNOMAnoD2D scheme is much less effi-
cient than our proposed NOMA+D2D/GD2D scheme. Our
proposed GFD protocol with NOMA+D2D/GD2D scheme
will have more advantages especially when the number of
the GUEs increases. The scheme “onlyNOMAnoD2D” rep-
resents that the UAV exploits NOMA to dispatch files without
the assistance of D2D. In this case, the UAV has to send all
FBs to each GUE through NOMA. Obviously, the onlyNO-
MAnoD2D scheme takes less time than the noNOMAnoD2D
scheme, due to the application of NOMA. However, because of
the lack of D2D support, the flying time of the UAV between
MBSPs is not fully utilized. Hence, the onlyNOMAnoD2D
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Fig. 10. Mission latency comparison with different schemes when the UAV
dispatches FBs during its flying.

Fig. 11. Mission latency comparison with different schemes when the UAV
flies to the location of each MBSP and hovers for file dispatching.

scheme still takes more time to complete the mission than the
NOMA+D2D/GD2D scheme.

Fig. 11 shows the case that the UAV flies to the location
of each MBSP and hovers for file dispatching. As we can see
in Fig. 11, the mission latency of our proposed GFD protocol
with the NOMA+D2D/GD2D scheme is about 30% shorter
than that of the noNOMAnoD2D scheme and 20% shorter
than that of the onlyNOMAnoD2D scheme.

Afterward, we analyze the influence of the UAV coverage
radius R on the mission latency with M = 80, which is shown
in Figs. 12 and 13.

Fig. 12 shows the case that the UAV dispatches FBs dur-
ing its flying. As we can see that the mission latency of our
proposed GFD protocol with the NOMA+D2D/GD2D scheme
first decreases and then increases with the increase of R. This
is because the UAV can only cover a very small area at a time
when R is small and more MBSPs are needed to complete
the mission. With the increase of R, the number of MBSPs

Fig. 12. Mission latency comparison with different schemes when the UAV
dispatches FBs during its flying.

Fig. 13. Mission latency comparison with different schemes when the UAV
flies to the location of each MBSP and hovers for file dispatching.

can be reduced. Hence, the UAV’s flying path is shortened
and more GUEs can be covered at the same time, resulting
in a smaller Ttotal. However, although the number of MBSPs
decreases with the further increasing of R, the GUEs that are
far away from the UAV are also included in the coverage.
Thus, the transmission rate becomes lower, and the UAV has
to fly at a lower speed to ensure the correct file dispatching,
resulting in an increased Ttotal. At the same time, it can be
seen that the mission latency of the noNOMAnoD2D scheme
almost keeps increasing with the increase of R. This is because
the noNOMAnoD2D scheme does not have any assistance, and
thus, the UAV has to wait for the finish of file transmission, no
matter how far away the GUE is from the UAV and how bad
the channel state is, resulting in big time consuming. While
the efficiency of the onlyNOMAnoD2D scheme is between
that of the other two schemes because of the use of NOMA.

Fig. 13 shows the case that the UAV flies to the location
of each MBSP and hovers for file dispatching. The curves in
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Fig. 14. Mission latency comparison with different schemes when the UAV
dispatches FBs during its flying.

Fig. 13 show the same trend as that of Fig. 12. But in Fig. 13,
the total mission latency increases sharply with the increase
of R, due to the waste of flying time.

In addition, we also simulate the performance under dif-
ferent updating intervals, which is shown in Fig. 14. As we
can see that the mission latency decreases with the decrease
of updating interval because a shorter updating interval makes
the current resource allocation more suitable for the real chan-
nel conditions. When the updating interval further decreases,
the mission latency will no longer decrease because the updat-
ing interval is small enough for the variation of channel state.
Therefore, the updating interval should be set based on the
actual situation. It will not bring expected improvement of the
performance but increase the system processing load in vain
if the updating interval is set too small.

Fig. 15 shows the influence of the GUEs’ movement. We
assume that each GUE moves in a random direction along the
axis and has fixed speed vg. As we can see in Fig. 15,
with the growing of vg, the mission latency becomes larger.
When the GUEs cannot move quickly, the system performance
has not been greatly affected, because most of the GUEs are
still in their original circles and no additional time-wasting
operation is needed. When the GUEs have higher speed, it
takes more time to complete the mission because some of
the GUEs are out of their own circles. This makes the GUEs
that are not in any circle receive their file data through D2D
only, which seriously affects the efficiency of the system but
reduces the load of NOMA links, and less GUEs can partic-
ipate in the NOMA transmission, which makes the UAV can
fly at a higher speed, thus the increased mission latency can
be offset to some extent.

Through all these simulation results, it is verified that the
performance of our proposed GFD protocol is in line with
the expectation. Next, we discuss the possibility of applying
the proposed GFD protocol to the real environment. First, the
investigated UAV communication scenario has a lot of prac-
tical applications as described in Sections I and III. Second,
our proposed GFD protocol is designed completely based on

Fig. 15. Mission latency comparison with different velocities of GUEs.

strict derivation, following the basic physical concepts and
mathematical logic as described in Section IV. Finally, in
the simulations, all the parameters are set based on practi-
cal scenarios. Therefore, our proposed GFD protocol designed
through such a reliable procedure can be feasible in practical
applications as well.

VI. CONCLUSION

In this article, we investigated the mission latency
minimization problem in the UAV-NOMA networks, where
NOMA, D2D, and resource sharing based on spatial reuse
were employed to improve the network performance. In order
to solve the optimization problem efficiently, we divided the
problem into three subproblems and further proposed the GFD
protocol. In the proposed GFD protocol, the UAV dispatched
files during its flying using NOMA. The GUEs were allowed
to share FBs using D2D via the same RB used by NOMA
links under interference management. Graph-based algorithms
were utilized in the processes of NOMA user grouping and
interference management. The simulation results verified the
efficiency of the proposed GFD protocol.
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