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Abstract—To alleviate the explosive growth of data traffic
caused by the increased use of smart devices, new transmission
techniques are needed to increase the utilization of limited
bandwidth resources and for providing high transmission rates
in future wireless networks. On the other hand, due to their
flexibility and autonomy, unmanned aerial vehicles (UAVs) are
considered as a potential candidate to support ubiquitous connec-
tivity and operate as flying base stations, where the deployment
of UAVs can affect the quality of experience (QoE) of users.
Hence, in this paper, we employ UAVs as aerial base stations
to transmit data to ground users (GUs) via air to ground (A2G)
communication links, where we show how content awareness can
help improve the data rate. Specifically, we design two content-
sharing (CS) data transmission schemes to improve the average
data rate of the GUs. Additionally, two UAV deployment strate-
gies, namely the fixed-point deployment scheme and traverse-
search deployment scheme, are proposed based on the proposed
CS transmission schemes. The simulation results demonstrate
that our proposed data transmission schemes combined with
their proposed deployment schemes outperform the traditional
transmission scheme by 26 bits/s/Hz and 51 bits/s/Hz, respectively.

Index Terms—UAV, content-aware, OFDMA, aerial base sta-
tion, resource allocation, deployment.

I. INTRODUCTION

NOWADAYS, the development of wireless communica-
tion technologies and the termination techniques has

trigged the explosive increasement of mobile data traffic [1].
The increasing mobile data traffic is mainly caused by the
emerging applications of mobile devices, such as the Internet
of Things, Internet of Vehicles and virtual/augmented real-
ity, which heavily rely on high data rate and low-latency
transmission [2]. However, the aforementioned applications
bring new challenges to the existing mobile networks. To
meet the unprecedented traffic demand and to overcome the
challenges, the computing and the caching capabilities at the
edge of networks are considered as a promising solution to
yield significant gains for both users and operators [3], [4].
The idea of caching was first introduced in computer systems
for describing a memory with small capacity but with fast
access requirement. Then, this idea was applied to the Internet
for retrieving a webpage from small servers instead of a
central server or core network, which helps to reduce the
bandwidth usage and the access time [5]. Afterwards, the
idea of caching was considered in wireless communication
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networks to improve the content delivery process [6]. In cache-
enabled wireless networks, the popular contents are usually
fetched from the core network during off-peak times [7], [8],
and the users can directly receive the requested contents from
the edge nodes rather than from the core network. As a result,
the transmission latency can be significantly reduced since the
data is closer to the users.

Meanwhile, unmanned aerial vehicles (UAVs) have been
receiving high attention for their mobility, manoeuvrability,
and broad range of application domains in future wireless
communication networks [9], [10]. The UAVs are capable of
flying freely and they can either be autonomous or controlled
by ground stations [11]. The application of these UAVs of-
fers promising new ways to accomplish civilian and military
missions [12], [13]. It can be found that UAV-assisted appli-
cations, which support ground users (GUs), existing terrestrial
infrastructures and communication entities, are experiencing a
significant increase in research interests [14]. In cellular net-
works, UAVs have been adopted as aerial base stations (BSs)
to offload data from conventional BSs during events [15], [16]
or to provide rapid and emergency wireless communication
service in disaster struck areas, for example, [17] and [18].
On the other hand, UAVs can also function as flying user
equipments, which is known as cellular-connected UAVs, in
coexistence with GUs [19]. More specially, the main mo-
tivation of deploying UAVs as aerial BSs is due to their
ability to adjust their altitude, avoid obstacles, and enhance
the likelihood of line of sight (LoS) communication links to
GUs [20]. Additionally, the cellular-connected UAV is a cost-
effective solution since building new cellular infrastructures is
expensive. Therefore, deploying UAVs as aerial BSs has many
opportunities to explore in the future. Besides, UAVs are ca-
pable of serving as edge network controllers for their onboard
computing abilities and storage resources [21]. Consequently,
popular contents can be closer to end users by utilizing the
storage resources at the edge nodes [22]. Therefore, to further
alleviate the pressure of cellular networks and reduce the cost
of densely deployed terrestrial BSs, caching capability can be
deployed at the UAVs [23].

Additionally, by exploiting the property of contents reuse,
multicast communication becomes one of the promising so-
lutions for the explosively growing content-centric applica-
tions [24]. The authors of [25] proposed a content-aware
and energy-efficient resource allocation scheme for multi-user
orthogonal frequency-division multiplexing (OFDM) systems
based on the perceptual quality aspects of the transmitted
video. In [26], a content-aware cooperative transmission strat-
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egy was proposed to improve the transmission data rate by
offloading users from macro BSs to small BSs. Besides, a con-
tent and computation-aware communication control framework
was proposed in [27] based on the software defined network
paradigm to realise an adaptable and programmable user-
controlled platform. Moreover, the authors of [28] jointly opti-
mized the locations and beamforming for cooperative content-
aware UAVs to maximize the user admission. Furthermore,
the authors of [28] extended the work by considering the
limited storage capacity on UAVs to meet the demand of
minimum rate required by users in [29]. In addition, the works
of [30] developed a fountain-coding aided secure image trans-
mission approach by considering delay and content awareness.
Subsequently, a reinforcement learning based content-aware
resource allocation scheme was proposed in [31] to meet users’
requested data rate.

Furthermore, a multiple access scheme based on the concept
of rate splitting (RS) and linear precoding, referred to as
rate splitting multiple access (RSMA), has been investigated
in [32], [33]. The concept of RS has been studied in [34],
where the authors developed a transmission scheme that divide
its message into private and common parts in a two-user sce-
nario, which can achieve the boundary of the capacity region
with optimal power and rate allocation policies. Afterwards,
the authors of [35] extended the idea of RS into multi-user
scenario by considering multi-input multi-output (MIMO) and
multi-input single-output (MISO). Recently, the RS has now
been extended to RSMA that combines space-division multiple
access and non-orthogonal multiple access by linear precoding
to flexibly manage interference [36]. However, before the
existence of RSMA, the most widely used multiple access
techniques is orthogonal frequency-division multiple access
(OFDMA) [37]–[39], which is widely used in today’s wireless
communication systems. The main advantage of OFDMA
when compared with OFDM is that it has a more flexible
utilization of subcarriers, which allows multiple access to the
air interface at the same time [37].

On the other hand, compared to the traditional terrestrial
counterparts that have stable power supply from the power
grid, a number of technical challenges, such as deployment
and resource allocation, need to be addressed before integrat-
ing UAVs to the existing cellular networks. Several recent
studies have been carried out to design UAV deployment
strategies, where a constrained k-means clustering based real-
time deployment in disaster communication was proposed
in [40]. Besides, the authors of [17] jointly considered the
optimization of UAV deployment and resource allocation by
fast k-means algorithm for disaster relief. The authors of [41]
proposed a 3-dimensional deployment scheme for supporting
all GUs in multi-UAV communication frameworks, which
aims for throughput maximization in the presence of co-
channel interference. In [42], an adaptive UAV deployment
scheme is proposed to solve the coverage problem of UAV-
assisted communication system, which aims to optimize the
location of the UAV to cover as many GUs as possible and
reduce communication energy consumption. Subsquently, a
two-layer joint optimization method was proposed in [43] in
order to minimize the average task response time by by jointly

optimizing UAV deployment and computation offloading. In
addition, the authors of [44] proposed an improved mean
shift algorithm, which jointly optimizing the location and
number of UAV edge servers, to optimize the total energy
consumption and deployment cost of UAVs. Furthermore, the
authors of [45] proposed an effective multi-agent collabora-
tive environment learning algorithm to realize the dynamic
resource allocation of UAV networks to optimize the coverage
and utility.

Compared to those previous works, we utilize the concept
of content awareness to improve the average data rate of
GUs in a cache-enabled UAV-assisted wireless communication
system and we develop two UAV deployment schemes based
on our proposed transmission schemes. Hence, given the
above background, we propose to use UAV as aerial BS to
increase the probability of having LoS communication links.
Meanwhile, we employ OFDMA based techniques to support
multiple GUs simultaneously, where content awareness can
help to effectively utilize the limited bandwidth resources in
our UAV-assisted wireless communication system. This allows
to increase the average data rate by sharing the contents among
GUs. However, it is worth noting that GUs can only fetch
contents from those accessible subcarriers that include the
contents they need. Accordingly, we propose two content-
sharing (CS) schemes, the private content-sharing (PCS) and
the common content-sharing (CCS) schemes, to improve the
utilization of bandwidth resources by sharing the contents
requested by GUs. Furthermore, the deployment of UAVs will
also affect the transmission rates of the GUs. Therefore, we
develop a fixed-point iteration based deployment scheme for
PCS and a traverse-search deployment scheme for CCS to
further improve the average rate of GUs in the target area [46].
Ultimately, our contributions can be summarized as follows:

1) In this work, we design a new data transmission scheme
refered to as CS in a content-aware scenario to effectively
utilize the limited bandwidth resources of UAVs by
sharing different components of each content, where the
different components of each content carried by different
subcarriers are not dedicated to one specific GU and can
be obtained by more GUs if accessible and needed.

2) Moreover, this allows more flexibility in the allocation
of contents in these subcarriers. To further exploit the
utilization of bandwidth resources of the UAVs, we
propose an improved CS method, where the information
each subcarrier can carry is expected to be a mixture of
contents’ components. Therefore, the average rate of GUs
can be further improved by optimizing the weight of each
content in each subcarrier.

3) Additionally, a fixed-point iteration based deployment
scheme is proposed for deploying the UAV in our pro-
posed PCS transmission scheme. However, considering
that the sum weight is different at different locations for
the CCS method, a traverse-search based deployment is
employed to accomplish the task of UAV deployment.

4) Finally, we shows that the UAV is capable of finding
the appropriate position to deploy itself according to
the location of GUs in a short time. Moreover, the
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proposed transmission scheme significantly increases the
SE to about four times of that in traditional OFDMA
communication system.

The rest of this paper is organized as follows. In Section
II, we present the transmission model of our proposed UAV-
assisted communication system. Then, the deployment of UAV
is introduced in Section III. Afterwards, we analyze our
simulation results in Section IV followed by our conclusions
in Section V.

II. TRANSMISSION MODEL

In this paper, we consider a UAV-assisted communication
system in a downlink scenario to serve a number of GUs in
its target area, as shown in Fig. 1. In this case, the UAV
is employed as a flying BS to establish stable and reliable
air to ground (A2G) communication links to serve the GUs1.
Besides, the UAV is equipped with caching capability2, where
the data requested by the GUs can be cached and ready for
transmission to the GUs. Moreover, the UAV is capable of
flying horizontally and hovering at a certain altitude of hd
and it also knows the locations of the GUs [47]. Meanwhile,
OFDMA technique is employed to support the A2G commu-
nication links between the UAV and the multiple GUs. Here,
the bandwith resource is divided into subcarriers, which are
assigned to GUs according to their real-time requirements [48].

A2G link

UAV

Fig. 1: UAV-assisted network model that provides service of
wireless communication for GUs.

Additionally, we assume that all GUs generate their own
request periodically based on their preferences, which can be
represented by a set of distributions. Fig. 2 shows an example
of GU’s preference represented by the distribution of available
contents, where a total of 50 different contents have been
taken into consideration and each can be thought of as a
category (e.g. sports, weather, literature.). The probability is
used to measure the level of user interests in each content,
where the higher the probability, the greater the chance of
being requested. However, since the requested contents are

1 The case illustrated here is one UAV with its associated GUs. However, the
scheme can also be applied to a scenario of multiple UAVs and each UAV
has their own associated GUs.

2 The store of contents may cause additional power usage and affect the battery
life of the UAV, which will be investigated in our future work.

all known by the UAV as a flying BS and the bandwidth
resources on the UAV is limited, it is necessary to design new
transmission schemes to fully utilize the limited bandwidth
resources. Besides, the UAV’s deployment location also needs
to be adjusted to further improve the downlink performance
by exploiting the flexibility and maneuverability of the UAV.
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Fig. 2: An example of GU preference represented by content
distribution.

Moreover, we assume that all GUs are capable of achieving
their maximum achievable rate on their assigned subcarrier in
an OFDMA system. For simplicity, the whole bandwidth will
be equally divided into subcarriers according to the number of
GUs Nu and each GU will be assigned one subcarrier, which
means the number of subcarriers Ns = Nu. The achievable
rate is only related to the received signal power Pr, when the
bandwidth B and the noise power spectral density (PSD) N0

are fixed. Besides, due to the dynamic A2G distances of the
GUs, the different GUs will receive the OFDM modulated
signal with different received signal power. Therefore, the
achiveable rate of each subcarrier is different for different
GUs. For example, consider a system supporting two GUs and
each is assigned with one subcarrier, where the received signal
power of the first GU is assumed stronger than that of the
second GU (P 1

r > P 2
r ). In this case, the data throughput that

the first GU can be supported based on its assigned subcarrier
is higher than that of the second GU. Additionally, we consider
the case that each subcarrier is modulated depending on the
received signal power of its assigned GU. Hence, the first
GU is capable of correctly recovering the information on
both subcarriers while the second GU can only recover the
information of its own subcarrier. This is because the power
needed to demodulate the information of the first subcarrier,
which is also the first GU’s subcarrier, should be greater than
or equal to P 1

r , while the second GU has a lower received
power.

In our system, subcarriers are preallocated to GUs before
the transmission and the information is encoded based on the
channel condition of the GUs. Accordingly, it can be found
that one GU can only demodulate the subcarriers that have
a reduced received power in our proposed communication
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system. In the following, we will present the channel model
of the proposed UAV-assisted communication followed by the
structure of our proposed CS-OFDMA. Afterwards, two CS
schemes, namely PCS and CCS, will be detailed.

A. Channel model
Since the UAV is operating as an aerial BS to serve the

GUs at a certain height hd in our system, the communication
links between the GUs and the UAV can be considered to be
in strong LoS propagation environment [49]. Therefore, the
Rician fading channel model [50], which is composed of a
dominant LoS path and some non line of sight (NLoS) paths, is
considered to model the signal propagation environment [51].
The Rician channel employed in our A2G communication de-
composes the channel into two components [52]: deterministic
LoS component hLoS and stochastic NLoS component hNLoS.
Then, the channel h is given by:

h =

√
K

1 +K
· hLoS +

√
1

1 +K
· hNLoS, (1)

where hNLoS is used to describe the scattered multipath propa-
gation of signals, while the Rician K factor is the power ratio
of the LoS path and the NLoS paths. Accordingly, the Rician
K factor in our UAV-assisted communication system ranges
from 0.51 to 6.31 [53], to generate a LoS dominant channel.

On the other hand, path loss is commonly considered to
measure the signal attenuation in A2G communication system.
Path loss is closely linked with the environment, where the
transmitter and receiver are operating [54]. Generally, the
propagation path loss Pl can be expressed by [55]:

Pl =

(
4π

λ

)2

dα, (2)

where d indicates the distance between the transmitter and
receiver, while the path loss exponent α, which ranges from
2 to 6, indicates the nature of the propagation environment.
The wavelength λ = c

fc
is defined as the ratio of the speed

of light c in m/s to the carrier frequency fc in Hz. Therefore,
the received signal power Pr given a transmission power Pt
is formulated as [56]:

Pr =
Pt
Pl

= Pt

(
c

4πfc

)2(
1

d

)α
. (3)

In our UAV-assisted communication system, the UAV is con-
sidered to fly at a given altitude of hd = 100 m [57] and the
LoS communication links are assumed to exist for most of
the time [49]. Under the LoS model, the free space path loss
exponent α = 2 is chosen to describe the signal attenuation.
Then, the received signal power Pr can be represented as:

Pr = Pt

(
c

4πdfc

)2

. (4)

Additionally, one important criterion to measure the per-
formance of a system is the achievable rate and the channel
capacity C in bits per second (bits/s) that uses the received
signal power Pr perturbed by additive white Gaussian noise
(AWGN) of PSD N0 with bandwidth B is given by [58]:

C = B log2

(
1 +

Pr
BN0

)
. (5)

B. Proposed content-sharing based transmission

In this work, we consider a UAV-assisted communication
system for supporting GUs, where content awareness can be
utilized to improve the average data rate. Accordingly, it can be
seen that two parameters, the power allocation coefficient and
the composition of content, can be optimized to improve the
utilization of the limited bandwidth resources, which is similar
to the concept of RS. Therefore, inspired by the concept of
RS that splits the message into common and private parts, we
apply the RS concept to traditional OFDMA modulation in
order to improve the throughput due to the fact that a common
part will be shared by multiple users, which would largely
increase the bandwidth utilization. Moreover, we assume that
all contents cannot be transmitted by just one transmission,
which means each OFDM frame can carry only parts of those
requested contents by preallocated subcarriers. Therefore, if
three users request the same content and each user is assigned
one subcarrier, then these three subcarriers carry three different
parts of this content.

Fig. 3 shows the structure of the proposed CS-OFDMA
system, where instead of separating the users by different
power layers in RSMA, the users are partitioned by frequency
(subcarriers). Then, we consider a two-layer RS structure in
each subcarrier to separate the private and common messages
since users are already separated by subcarriers. In each
subcarrier, the private message means the content requested
by the GU assigned with this subcarrier, while the common
message is a mixture of all possible contents considered in
this system but with different proportion. Moreover, given that
Ns = Nu, the information to be conveyed to the ith GU is
carried by the ith subcarrier, which means the private message
carried by the ith subcarrier is modulated based on hii, where
hii is the channel gain of the ith GU at the ith subcarrier.
Meanwhile, a threshold hT is set to modulate the common
message, which will be further explained in the following
sections. Therefore, the contents conveyed by each subcarrier
cannot be demodulated by all GUs, especially for the common
message. Then, the contents modulated on the common part
in each subcarrier need to be adjusted based on the number
of GUs who can successfully demodulate the information
conveyed by the specific subcarrier and the contents requested
by those accessible GUs. As a result, the transmitted signal
modulated on the ith subcarrier can be expressed as:

xi =
√
pix

i
c +

√
1− pixip, (6)

where pi is the power allocation coefficient of the common
message in the ith subcarrier, subject to the constraint 0 ≤
pi ≤ 1, while xic and xip represent the common message
and the private message of the ith subcarrier, respectively.
Consequently, the total received signal of the uth GU at the
ith subcarrier is given by:

yiu = hiuxi + ni =
√
pih

i
ux

i
c +

√
1− pihiuxip + ni, (7)

where hiu represents the channel gain including the path loss
of the uth GU at the ith subcarrier and ni is the AWGN with
variance σ2 at the ith subcarrier. In the following, it should
be noted that we will use hi to represent hii for brevity.
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Fig. 3: A toy example of CS-OFDMA in frequency domain with RS in each subcarrier, where “P” indicates the private message
and “C” indicates the common message.

As mentioned before, each GU is only allowed to demodu-
late those subcarriers that have weaker received signal power
or weaker channel condition than its allocated subcarrier.
It is worth noting that we consider the scenario where the
weakest channel condition can also support the basic A2G
communication. Here, the common message is public for all
GUs, while the private message cannot. Besides, it can be seen
that the common message in a subcarrier can be demodulated
or utilized by more GUs if a weaker channel power is used to
modulate the common message. In an extreme case, the system
employs the weakest channel among those GUs as hT to
modulate the common message, then the common message in
each subcarrier is available for all GUs. However, it is highly
possible that the sum rate can be lower even though the number
of GUs who can access the subcarriers is increased, because
the channel condition employed is too weak to support a high-
speed data transmission. As a result, a threshold hT needs to
be firstly set for the received signal power over all subcarriers
before formulating the rate of the common message. In fact,
the threshold is used to control the accessibility of the common
message in each subcarrier and further affect the sum rate.
As an example, let us consider a two-GUs scenario that has
|h1|2 > |hT |2 > |h2|2. Then, only the first GU can obtain
the common message on both subcarriers as well as its private
message modulated on its own subcarrier, while the second GU
can only obtain the private message on its assigned subcarrier
since the common message of all subcarriers is modulated
based on hT .

Based on the above discussion, we know that a GU can
only demodulate the subcarriers that have a poorer channel
condition. Therefore, to calculate the data rate of the system,
a filter vector Fi ∈ CNs×1 needs to be defined to demonstrate
the accessibility of the ith subcarrier, which is used to count
the utilization of the common message. For instance, we
consider a group of 6 GUs and each of them is assigned with
one subcarrier. Besides, the channel gain of each GU in a
descending order is represented by |h2|2 < |h3|2 < |h1|2 <
|h5|2 < |h6|2 < |h4|2. Consequently, the filter vector of each
subcarrier can be expressed by:

F1 = [1, 1, 1, 0, 0, 0]
T
, F2 = [0, 1, 0, 0, 0, 0]

T
,

F3 = [0, 1, 1, 0, 0, 0]
T
, F4 = [1, 1, 1, 1, 1, 1]

T
,

F5 = [1, 1, 1, 0, 1, 0]
T
, F6 = [1, 1, 1, 0, 1, 1]

T
.

(8)

In F1, the power of the first subcarrier p1 ranks third among
all subcarriers, and the two that have stronger received signal

power are GU2 and GU3. Hence, only the first three positions
of F1 have been set to “1”.

Meanwhile, the weight vector Wi ∈ WI =
{W1,W2, . . . ,Wi, . . . ,WNs} is used to indicate the
percentage of content in the common part of the ith subcarrier,
for i = 1, 2, 3, . . . , Ns. Wi represents the weight vector of the
ith subcarrier, given by Wi = [wi1, wi2, . . . , wij , . . . , wiNc ],
where wij is the weight of the jth content in the ith

subcarrier. Additionally, the weight vector Wi is also subject
to the constraint

∑Nc
j=1 wij = 1, where 0 ≤ wij ≤ 1 and

Nc is the number of contents considered in the system.
Afterwards, a selection matrix S ∈ CNc×Nu is necessary to
link the Nu GUs with their corresponding contents and the
selection matrix S is in the form of:

S =


s11 s12 · · · s1Nu
s21 s22 · · · s2Nu

...
...

. . .
...

sNc1 sNc2 · · · sNcNu

 , (9)

where sju represents the flag of the jth content from the
uth GU, for j = 1, 2, 3, . . . , Nc and u = 1, 2, 3, . . . , Nu.
Hence, sju will be set to “1” if the uth GU asks for the jth

content, otherwise, it will be set to “0”. To further illustrate
the format of S, an example that considers 6 GUs with totally
4 contents is included. Firstly, the contents requested by 6
GUs is {c1, c4, c3, c4, c2, c4} and the order of these contents is
arranged sequentially based on the index of GUs. As a result,
the selection matrix for this example is given by:

S =


1 0 0 0 0 0
0 0 0 0 1 0
0 0 1 0 0 0
0 1 0 1 0 1

 . (10)

It can be seen that the first, the second and the third contents
are requested once by the first, the fifth and the third GUs,
respectively. While the forth content is three times requested
by the other GUs. Therefore, the position of the requested
content in each column of the corresponding GU is set to “1”,
while the rest will be set to “0”.

Since all the factors that will be used have been provided,
the derivation of data rate in our proposed CS-OFDMA
communication system will be detailed in the following by
two scenarios:

1) Scenario 1: In the first scenario of CS-OFDMA, we
consider that the private message has a higher power allocation
in each subcarrier. Besides, since the bandwidth assigned to
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each GU is equally divided, the bandwidth is removed from the
equations in the following sections. Consequently, the private
rate Rip and the common rate Ric of the ith subcarrier can be
given by:

Rip = log2

(
1 +
|hi|2 (1− pi)
|hi|2pi + σ2

)
, (11)

Ric = Ai log2

(
1 +
|hT |2pi
σ2

)
. (12)

Again, hi is the metric that is used to modulated the private
message at the ith subcarrier. While Ai = WiSFi is a
coefficient for the utilization measurement of common mes-
sage in the ith subcarrier named by “sharing times”. Back
to the definition of Ai, it can be found that Wi represents
the proportion of each content, S links the GUs to their
corresponding content and Fi helps to find out the accessible
GUs of the ith subcarrier. Therefore, the sharing times of
each content can be obtained based on the proportion of each
content and the number of accessible GUs requesting for this
content. Accordingly, it is straightforward to see that Ai is
actually the sum sharing times of all contents carried by the
ith subcarrier. Therefore, the sum rate of the ith subcarrier
can be obtained by:

Ris = Rip +Ric (13)

= Ai log2
(
|hT |2pi + σ2

)
− log2

(
|hi|2pi + σ2

)
+ C1,

where C1 = log2
(
|hi|2 + σ2

)
− Ai log2

(
σ2
)
. Then, the

derivative of Ris with respect to pi can be calculated as:

∂Ris
∂pi

=
Ai|hT |2

|hT |2pi + σ2
− |hi|2

|hi|2pi + σ2
. (14)

Hence, the extremum pe of the power allocation coefficient pi
for Ris can be obtained by setting ∂Ris

∂pi
= 0, which is given

by:

pe =
|hi|2 −Ai|hT |2

Ai − 1
· σ2

|hT |2|hi|2
. (15)

Since Ai ≥ 1, we have three conditions if |hT |2 < σ2

Ai−1 :
pe > 1, if |hi|2 > Ai|hT |2σ2

σ2−(Ai−1)|hT |2 ;

0 ≤ pe ≤ 1, if Ai|hT |2 ≤ |hi|2 ≤ Ai|hT |2σ2

σ2−(Ai−1)|hT |2 ;

pe < 0, if |hi|2 < Ai|hT |2.
(16)

However, it always satisfies the condition that pe ≤ 1 if
|hT |2 ≥ σ2

Ai−1 . Hence, we have:{
0 ≤ pe ≤ 1, if |hi|2 ≥ Ai|hT |2;
pe < 0, if |hi|2 < Ai|hT |2.

(17)

According to the above derivation, if we aim to maximize
the sum rate of all users, pi = 1 as Ris is monotonically
increasing when pe < 0, while pi = 0 as Ris is monotonically
decreasing when pe > 1. Moreover, the montonicity of Ris
when 0 ≤ pe ≤ 1 indicates that the maximum value of Ris
can be achieved at either “0” or “1” since it is monotonically
decreasing from “0” to “pe” and only one extremum pe

is obtained. In summary, the value of pi must satisfy the
following constraint:

pi = 0, if pe > 1;

pi = 1, if pe < 0;

pi = argmax
pi∈{0,1}

Ris (pi) , if 0 ≤ pe ≤ 1.
(18)

2) Scenario 2: The second scenario considers the case that
the common part has a higher power allocation with power
allocation coefficient 1 − p′i. Therefore, the private rate Ri

′

p

and the common rate Ri
′

c of the ith subcarrier are given by:

Ri
′

p = log2

(
1 +
|hi|2p′i
σ2

)
, (19)

Ri
′

c = Ai log2

(
1 +
|hT |2 (1− p′i)
|hT |2p′i + σ2

)
. (20)

Accordingly, the sum rate of the ith subcarrier can be ex-
pressed by:

Ri
′

s = Ri
′

p +Ri
′

c (21)

= −Ai log2
(
|hT |2p′i + σ2

)
+ log2

(
|hi|2p′i + σ2

)
+ C2,

where C2 = Ai log2
(
|hT |2 + σ2

)
−log2

(
σ2
)
. Similarly, based

on the monotonicity of Ris in different conditions, if we aim
to maximize the sum rate of all users, the value of p′i must
satisfy the following constraint:

p′i = 1, if p′e > 1;

p′i = 0, if p′e < 0;

p′i = argmax
p′i∈{0,1}

Ri
′

s (p′i) , if 0 ≤ p′e ≤ 1.
(22)

Therefore, it could be found that the power allocation
coefficient is either 1 or 0 based on (18) and (22), which means
that the ith subcarrier should transmit all private message or
all common message based on the condition of the threshold
hT and the channel gain of the ith subcarrier hi. In other
words, the subcarrier should serve GUs either privately or
publicly based on the channel condition, and hence there
is no combination of them to serve GUs in a hybrid way.
Inspired by this results, the idea of directly sharing the contents
in subcarriers among all GUs to increase the utilization of
limited bandwidth resources is proposed. In the following two
sections, two CS schemes will be introduced in details.

C. Proposed Private Content-Sharing Scheme

The first CS scheme is inspired from the first conclusion of
CS-OFDMA, namely each subcarrier will only carry the in-
formation of the content that is requested by its corresponding
GU. Therefore, it can be found that this scheme is operated in
a relatively “private” way, which can be referred to as private
CS (PCS).

As shown Fig. 4 the subcarriers that carried the same kind of
contents have been marked by the same colors in CS scheme.
Instead of considering to transmit the contents in a hybrid
way (private and common), the system directly shares the
contents requested by each GU. As a result, the data rate
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Subcarrier1 Subcarrier2 Subcarrier3 Subcarrier4 Subcarrier5 Subcarrier6 Subcarrier7 Subcarrier8

Fig. 4: Illustration of PCS in the frequency domain of OFDMA communication system.

could be improved if we allow those GUs who request the
same content to share their contents with each other. For
instance, we take the GUs who are requesting the same “Grey”
content in the first and third subcarriers as an example, if the
corresponding two GUs can only demodulate their allocated
subcarriers, the same data need to be transmitted repeatedly
on their subcarriers. However, the data rate can be increased if
they are allowed to share their subcarriers, because the UAV
can now transmit two packages of this content. Here, it is
worth noting that the content need to be transmitted by several
data packages. Therefore, the GU with a higher channel gain
can directly obtain the first data from the GU that has a lower
channel gain and obtain the second one by his own subcarrier,
which means the GUs with higher channel gain can utilize the
data package from other GUs who requested the same content
and reduce the duplicate transmissions.

So far, it is straightforward to see that most of the sub-
carriers can be shared by other GUs if available. In order to
calculate the average data rate of the PCS scheme, we take
the 4th, 6th and 8th subcarriers that all requested the “Aqua”
content in Fig. 4 and we assume that the achievable rate of
each subcarrier is in the descending order of 4-6-8. Then, the
corresponding sharing times of these 3 subcarriers is 1, 2 and
3, because only these 3 GUs need this content while the others
do not. It could be found that the utilization of subcarriers is
significantly improved. Finally, the average rate RA of all GUs
in PCS transmission scheme can be formulated as:

RA =
1

Nu

Ns∑
i=1

Ai log2

(
1 +
|hi|2

σ2

)
, (23)

where Ai is the sum sharing times of the ith subcarrier.
However, to further improve the average data rate of PCS,
we propose an advanced CS method, referred to as common
CS (CCS).

D. Proposed Common Content-Sharing Scheme

As mentioned before, the GU in PCS can only obtain the
information from the subcarriers of GUs that request the same
content but have weaker received signal strength. However,
GUs will not be restricted by the category of contents since
all subcarriers are able to carry all related contents in a pure
“common” way, which means GUs are capable of demodu-
lating all available subcarriers. Then, the utilization of each
subcarrier can be further improved. Besides, the data rate can
also be controlled by adjusting the proportion of contents in
each subcarrier. Here, an example of one subcarrier with 5

contents represented by different colors is shown in Fig. 5
to illustrate the format of CCS in one subcarrier, where the
message is composed by all contents considered in the system
but different proportion.

Proportion

Content 1 Content 2 Content 3 Content 4 Content 5

Fig. 5: An example of content proportion in one subcarrier
with 5 contents.

Similar to the common part in CS-OFDMA, a filter vector
Fi is used to select those accessible GUs for the ith subcarrier.
Accordingly, the rate of the ith subcarrier in CCS scheme can
be calculated by:

Ri = WiSFi log2

(
1 +
|hi|2

σ2

)
= Ai log2

(
1 +
|hi|2

σ2

)
,

(24)
where Ai = WiSFi is the sharing times of the ith subcarrier
in CCS scheme. Here, Note here that the difference between
PCS and CCS is the calculation of the sharing times. Conse-
quently, the average data rate RA of the CCS scheme can also
be expressed by (23).

Our objective is to maximize the average data rate RA by
optimizing the weight vector of each subcarrier, under the
weight constraint

∑Nc
j=1 wij = 1 and the individual minimum

rate requirement Rmin of the GUs. Hence, it is necessary to
formulate the rate of each GU before the optimization, where
the rate of the uth GU is defined by Ru. Since Ru is related
to different components of one content in each subcarrier,
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a content based weight vector W̃j is then given by W̃j =

[w1j , w2j , . . . , wij , . . . , wNsj ]
T , for j = 1, 2, 3, . . . , Nc, where

wij is the weight of the jth content in the ith subcarrier. Simi-
lar to Wi, the weight vector of the uth GU across all subcarri-
ers is given by Wu ∈ WJ =

{
W̃1, W̃2, . . . , W̃j , . . . , W̃Nc

}
.

Here, it is worth noting that Wu is selected based on the
content requested by the uth GU.

Besides, the vector V that indicates the achievable
rate of each subcarrier has the following form V =
[v1, v2, . . . , vi, . . . , vNs ]

T , where vi is the achievable rate of
the ith subcarrier obtained by (5). Then, the rate of the uth

GU can be written accordingly as:

Ru = W T
u (Fu � V ) , (25)

where Fu ∈ CNs×1 is the filter vector of the uth GU and the
symbol � denotes the Hadamard product. Here, Fu is used
to filter out the subcarriers that the uth GU can access. For
example, if we consider a group of 6 GUs and |h1|2 > |h2|2 >
|h3|2 > |h4|2 > |h5|2 > |h6|2, then, the third GU’s filter
vector can be represented by F3 = [0, 0, 1, 1, 1, 1]T . Hence, a
weight matrix W ∈ CNs×Nc that includes all weight elements
is given by:

W =



W1

W2

...
Wi

...
WNs


=
[
W̃1 W̃2 · · · W̃j · · · W̃Nc

]
,

(26)

for Wi ∈ WI and W̃j ∈ WJ . As a result, it can be seen that
Wi is the row vector of W and W̃j is the column vector of
W . Also, NT

i = SFi is a vector that represents the number of
accessible GUs requesting each content in the ith subcarrier,
which is given by Ni = [ni1, ni2, . . . , nij , . . . , niNc ], where
nij is the number of accessible GUs requesting the jth

content in the ith subcarrier. Moreover, we define a vector
f = [v1N1, v2N2, . . . , viNi]

T , for vi ∈ V . Finally, the
average data rate of CCS can be represented by:

RA =
1

Nu

Ns∑
i=1

Ai log2

(
1 +
|hi|2

σ2

)
=

1

Nu
fTvec (W ) ,

(27)
where vec (·) is an operator to vectorize a target matrix into
a column vector based on the row of the target matrix. As
a result, it can be found that the optimization of the average
data rate in the CCS is translated into a linear programming
problem by adjusting the weight of contents in each subcar-
rier [59]. Mathematically, the average data rate maximization
problem can be formulated as:

max
W

RA ⇐⇒ max
W

fTvec (W ) , s.t.


0 ≤ wij ≤ 1,∑Nc
j=1 wij = 1,

Ru ≥ Rmin.
(28)

III. UAV DEPLOYMENT

In the case of a UAV-assisted communication system, the
advantages of rapid establishment and controlled mobility
should be utilized to enhance the communication quality of
GUs when compared with traditional fixed terrestrial BSs.
Therefore, we propose two different deployment schemes to
optimize the average rate of our proposed CS transmission
schemes by utilizing the content awareness. Here, we need
to emphasize that the user association [60], [61] has been
completed before UAV deployment, which is considered ac-
cording to the associated GUs. Then, the data transmission
will be conducted after the UAV deployment. Hence, a one-
UAV scenario is provided here to illustrate the process of UAV
deployment. Firstly, inspired from the traditional k-means
clustering algorithm, a fixed-point based deployment scheme
is designed for the PCS transmission scheme. Afterwards, a
traverse-search based deployment is proposed for the CCS
transmission scheme.

Here, we consider a LoS dominant communication envi-
ronment in our UAV-assisted communication system, which
means that the received signal power is determined by the
path loss between the UAV and the GUs. Besides, the time
scales of UAV deployment is much larger than that of fast
fading, which means the hNLoS is rapidly changing during
the process of deployment. Since we cannot keep up with
the changes of hNLoS, only the hLoS and the path loss are
considered to optimize the deployment of UAV. Firstly, we
assume that the UAV is flying at a fixed height of hd, and the
coordinate of the UAV can be expressed by G = [xa, ya, hd].
Similarly, the coordinate of the uth GU can be represented
by Uu = [xu, yu, 0]. Here, the height of GUs is negligible
compared with the A2G distance. Additionally, we also define
the terrestrial coordinates G̃ = [xa, ya] and Ũu = [xu, yu] to
represent the terrestrial coordinates of the UAV and the GUs,
respectively. Therefore, the A2G distance du between the uth

GU and the UAV is given by:

du = ‖G−Uu‖ =
√

(xa − xu)2 + (ya − yu)2 + h2d. (29)

Additionally, hLoS can be expressed by hLoS = e−j
2π
λ d [62],

where d is the distance in meter between the transmitter and
the receiver. Consequently, the received signal power of the
uth GU in the LoS dominant environment is given by:

Prs = Pt|hLoS|2
(

c

4πdufc

)2

= Pt

(
c

4πdufc

)2

. (30)

The traditional k-means clustering algorithm uses the
squared Euclidean distance to find out the mean of the points in
that cluster iteratively. Here, we choose the achievable rate as
the “distance metric” in our PCS based communication system,
where the deployment of the UAV can be transformed to the
following optimisation problem:

max
G̃

Nu∑
u=1

Au log2

(
1 +

Pt
σ2

(
4πfc‖G−Uu‖

c

)−α)
, (31)

where Au is the sharing times of the uth subcarrier, while G̃
is the ground coordinates of the UAV and can be represented
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by G̃ = (xa, ya). Furthermore, the transmit power Pt is large
enough to cover all GUs in the target area, which means the
received signal to noise power ratio (SNR) is high. Therefore,
we may use the following approximation:

max
G̃

Nu∑
u=1

Au log2

(
Pt
σ2

(
4πfc‖G−Uu‖

c

)−α)
, (32)

which is equivalent to:

max
G̃
−α

Nu∑
u=1

Au log2 ‖G−Uu‖. (33)

As mentioned before, the free space path loss exponent α = 2
is selected in the LoS dominant environment. Thus, (33) can
be further simplified as:

min
G̃

Nu∑
u=1

Au log2 ‖G−Uu‖2. (34)

Taking the gradient with respect to G and setting it to zero,
we get

∑Nu
u=1

Au(G̃−Ũu)
‖G−Uu‖2 = 0. Then, simplifying this equation,

we obtain:

G̃ =

∑Nu
u=1

AuŨu
‖G−Uu‖2∑Nu

u=1
Au

‖G−Uu‖2
. (35)

Afterwards, we use fixed-point iteration to obtain the solution
as follow [46]:

G̃(t+1) =

∑Nu
u=1

AuŨu
‖G(t)−Uu‖2∑Nu

u=1
Au

‖G(t)−Uu‖2
. (36)

It can be seen that G̃ is the linear combination of Ũu, where
Ũu is a convex hull. Therefore, the UAV will be restricted
in the convex hull (target area) and will be rapidly dragged
into the convex hull even if the initial point is selected outside
the convex hull. Furthermore, we set E = Au(G̃−Ũu)

‖G−Uu‖2 and the
Hessian matrix with respect to G based on E can be expressed
by:

∂E

∂G
=
Au

(
2I‖G−Uu‖2 − 4(G̃− Ũu)(G̃− Ũu)

T
)

‖G−Uu‖4
,

=
Au

(
2I‖G−Uu‖2 − 4‖G̃− Ũu‖2ZZT

)
‖G−Uu‖4

, (37)

where Z = G̃−Ũu
‖G̃−Ũu‖

is the direction vector of G̃ − Ũu,
which can also be represented in parametric form as: Z =
[cos θ, sin θ] and the direction angle θ can be obtained by
θ = arccos(cos θ). However, the Hessian matrix will be
positive definite only when enough number of GUs are in the
target area, otherwise, it cannot be determined. Additionally,
it is worth noting that the expectation of ZZT with respect
to the direction angle θ satisfies the following condition:

Eθ
{
ZZT

}
=

[
cos θ2 cos θ sin θ

cos θ sin θ sin θ2

]
=

1

2
I, (38)

when a large number of GUs are distributed in the target area.
According to (37) and (38), we take the expectation of (37)
with respect to the direction angle θ as:

Eθ
{
∂E

∂G

}
=

2AuI

‖G−Uu‖4
(
‖G−Uu‖2 − ‖G̃− Ũu‖2

)
=

2AuIh
2
d

‖G−Uu‖4
. (39)

Therefore, it can be proved that (39) is positive definite and
the objective function (34) is convex when a large number
of GUs are distributed in the target area, which means that
the proposed deployment can always “converge” to the global
optimum position.

The above deployment process is also applicable in the
classic OFDMA scenarios, where non-content-sharing (NCS)
is employed, by simply setting the coefficient Au to 1. Here,
it can be found that the sum of Au in both of the cases is
a constant no matter how the location of the UAV changes.
To further illustrate this phenomenon, we consider that three
GUs request the same content under this condition. Then,
the corresponding sharing times Au must be one of the
cases illustrated by Table I based on the order of received
signal power. Therefore, it is clear that the sum of Au is
always a constant even during the process of deployment, i.e.∑Nu
u Au = 6.

TABLE I: The combinations of weight vector when 3 GUs
request the same content in content-sharing scheme.

w1 1 1 2 2 3 3
w2 2 3 1 3 1 2
w3 3 2 3 1 2 1

However, this is not the case in the CCS scenario. It is
known to us that the contents in each subcarrier as well as
the weight of each content will be obtained simultaneously
by linear programming. This means the Au in CCS case
keeps changing when the UAV is moving. In other words,
the gradients of different locations are different, which results
in disabling the fixed-point iteration. At different locations, the
optimization process cannot guarantee that the weight vector
Wi is fixed because different positions will result in different
rates for the GU. Therefore, to meet the demand of the basic
data requirement Rmin, the system has to adjust the weight of
each content, which will result in varying the weight vector.
Besides, the change of locations will also change the filter
vector and further affect the sharing times Au. Moreover, it
can be found from (36) that the update of the UAV’s location
is based on the sharing times and the previous location of the
UAV, which means the update of the UAV’s location based on
(36) does not work when the sharing times keeps changing in
the CCS.

As shown in Fig. 6(a), the sum of sharing times at different
deployment locations of the UAV in a scenario of 50 GUs in
a 1 km × 1 km target area is varying at different places.
Also, the red point in Fig. 6(a) indicates the position that
produces the highest sum of Au. Since the sharing times is
related to the location of the UAV, the deployment scheme
proposed in PCS scheme is not applicable for the CCS



10

(a) Sum of sharing times.
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(b) Grids on the ground.

Fig. 6: The sum of sharing times in CCS scenario at different deployment locations in 1 km × 1 km area with 50 GUs.

case any more. Therefore, we design a traverse-search based
deployment scheme for our proposed CCS scenario. Firstly,
we divide the whole target area into small grids as shown in
Fig. 6(b). Afterwards, all possible locations (points) are tested
and then the point achieving the maximum average data rate,
as illustrated in Fig. 6(a), is selected as the final deployment
location. Consequently, the computation complexity is directly
related to the size of the grids. Fortunately, this procedure can
be accomplished by sending the location information back to
the terrestrial BS via backhaul links as the computation ability
of terrestrial BS is much stronger than that on the UAV or
it can also be accomplished by the UAV itself if the UAV’s
computation capability is good enough to support this process.

IV. SIMULATION RESULTS

In this section, we investigate the performance of our
proposed content-aware communication system in a 1 km ×
1 km square area with a total of Nu = 50 GUs uniformly
distributed on the ground. Besides, the UAV flies at a height
of hd = 100 m and operate at a frequency band of fc = 5.8
GHz for the A2G communication. Under the LoS model, the
path loss exponent α is set to 2. Meanwhile, the noise PSD
N0 is set to -174 dBm/Hz and the transmission power Pt of
the UAVs is 26 dBm. Additionally, OFDMA is employed to
support multi-user communications, where the total bandwidth
B allocated to all GUs is 40 MHz. In our system, the whole
bandwidth is equally divided into Ns = 50 subcarriers and
each GU will be assigned one subcarrier. Moreover, we assume
that the interests of GUs are stable within a long period,
which means the distribution of GUs interests is fixed in our
simulation time3. In the following, we first analyze the effect
of the UAV deployment based on the average rate of all GUs.
Afterwards, the average rate of each transmission scheme will

3 The UAV has to request the new contents from the core network if new
contents are requested by GUs. Therefore, this will cause a request delay
since the new contents have not been cached in advance but the proposed
transmission scheme can still be applied when the new contents are obtained.

be investigated. The detailed simulation parameters are listed
in Table II.

In our proposed CS transmission schemes, the average rate
of each GU is taken as the objective function for optimising the
UAV deployment. Fig. 7 depicts the performance of our pro-
posed deployment schemes in the scenario of one UAV with 50
associated GUs in its target area. In our simulation, we tested
3 different deployment schemes, which are classic k-means
algorithm, fixed-point algorithm and traverse-search algorithm.
In Fig. 7, the fixed-point deployment scheme is applied on two
scenarios, where we use NCS to indicate the scenario that
uses fixed-point deployment without CS transmission scheme,
while use PCS to indicate the scenario that uses fixed-point
deployment with PCS transmission scheme. Then, CCS is used
to illustrate the deployment by traverse-search algorithm with
CCS transmission scheme. Moreover, in order to reveal the
generality of our proposed deployment scheme, we randomly
set the initial points of the fixed-point deployment scheme
with two different setups as seen in Fig. 7(a) and Fig. 7(b).
Here, two different setups means the locations of GUs and
the requested contents are different. Additionally, the GUs
are classified by the requested times of contents, which is
pointed out by the number in the legend. For example, those
GUs marked by small blue “O” in Fig. 7(a) means that their
requested contents occurred only once, but it is worth noting
that the same requested times does not mean they requested
the same content.

As shown in Fig. 7(a) and Fig. 7(b), we consider a scenario
with 50 GUs in a target area served by one UAV with different
deployment schemes under the constraint of Rmin = 0.5 and
9.5 Mbits/s, where CCS1 is the final deployment location
when Rmin = 0.5 Mbits/s and CCS2 is the final deployment
location when Rmin = 9.5 Mbits/s. It can be seen that the final
deployment locations of k-means and fixed-point without CS
are very close in a LoS dominant environment, which means
the distance based and average rate based deployment schemes
offer similar results as the rate is directly related to the A2G
distances in a LoS environment. Besides, the sharing times
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TABLE II: Simulation parameters
Parameter Symbol Value Parameter Symbol Value
Bandwidth B 40 MHz Noise PSD N0 -174 dBm/Hz

Carrier frequency fc 5.8 GHz Path loss exponent α 2
Transmission power Pt 26 dBm UAV height hd 100 m

Speed of light c 3× 108 m/s Number of contents Nc 50
Number of GUs Nu 50 Number of subcarriers Ns 50
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Fig. 7: Illustration of the UAV deployment with 50 GUs and Rmin = 0.5 and 9.5 Mbits/s by the proposed deployment algorithm,
where NCS, PCS and CCS denote non-content-sharing, private content-sharing and common content-sharing, respectively. While
the repetition-x indicates the requested times of contents for GUs represented by the same markers is x. Moreover, the subscripts
I and F indicate the initial locations and the final locations, respectively.

of the contents, which are indicated by repetition-x in Fig. 7,
plays an important role in the deployment of UAV in each
setup. Compared to the first two deployment schemes that
stay at around the centroids of all GUs, the final deployment
position of PCS is more biased to those GUs with contents
that have high sharing times. In both setups, if we focus on
the GUs of “Rept-9” in Setup 1 and the GUs of “Rept-10” in
Setup 2, the final positions of PCS are around the center of this
two groups. However, the deployment CCS is accomplished
based on an exhaustive search of the whole area based on
the threshold Rmin. Then, unlike PCS, CCS does not show
any bias to specific group of GUs as the final position is
also controlled by the repeated times and the rate of GUs.
Again, there is a need to emphasize that the rates at different
locations are different. Thus, this results in the weight obtained
from the optimization to vary at different locations, which
further causes the variation of sharing times. As a result, it
is hard to conclude that the deployment of UAV in CCS will
bias to any specific group. Nevertheless, if we focus on the
final deployment positions of the two minimum values in both
setups, the deployment position of small threshold is usually
far from the centroids of those GUs, while the deployment
position of high threshold is usually around the centroid of
those GUs. This is because the small threshold will sacrifice
the performance of those GUs with low-frequency requested
contents to increase the overall performance. As a result, the
deployment position should be far from those GUs with low-
frequency requested contents but close to those GUs with high-
frequency requested contents. On the contrary, a high threshold

means those GUs with high-frequency requested contents have
to “allocate” part of their rate to those GUs with low-frequency
requested contents, which means the optimization will finally
find a balanced place and this place is usually around the
centroid of all GUs.

Additionally, Fig. 8 illustrates the convergence progress of
fixed-point deployment algorithm in NCS scenario. For con-
ciseness, the scenario of PCS will not be repeatedly illustrated
here to show the same property. It can be found from Fig.
8(a) and Fig. 8(b) that two different initial points (within and
outside convex hull) have been selected to test the performance
of the proposed fixed-point deployment scheme in the same
distribution of GUs. These two figures show that the UAVs
will iteratively converge to the final deployment position no
matter where the initial point is selected. Besides, it can be
seen that the convergence is very fast. If we consider other
iterative algorithm, such as gradient algorithm, the speed of
convergence will be very slow when the step size is too small.
On the other hand, the final results may not be satisfactory if
the step size is too big. Therefore, our proposed deployment
scheme can rapidly and precisely find the position where the
maximum average rate can be achieved.

In Fig. 9, the average SE is obtained by Monte Carlo sim-
ulation, where we run a large number of setups with different
locations of GUs with different requested contents for testing
the performance of our system. Fig. 9(a) shows the average SE
of different investigated transmission schemes. Here, the data
transmission will always be conducted after the deployment of
UAV, which implys that the deployment has been considereded
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Fig. 8: Convergence progress of the UAV deployment with 50 GUs by fixed-point deployment algorithm in NCS method.
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Fig. 9: Illustration of the average spectral efficiency by different deployment schemes and transmission schemes, where NCSk
and NCSf indicate the NCS transmission schemes that are deployed by k-means and fixed-point, respectively.

when discuss the performance of transmission schemes. From
the aspect of transmission schemes, we use NCSk and NCSf
to indicate the NCS schemes that are deployed by k-means
and fixed-point respectively. It can be seen that the average
SE of NCSk and NCSf are very close, which means that both
distance based and the rate based deployment scheme give us
similar performance in a LoS dominant environment without
CS. However, if PCS is considered in the data transmission
with fixed-point deployment scheme, the average data rate
is almost tripled when compared to the previous two cases.
Besides, it is worth noting that k-means is solely depend on
the A2G distance and cannot be combined with the proposed
the PCS scheme. Moreover, the minimum data rate threshold
will affect the performance of CCS. Hence, we set Rmin = 9.6
Mbits/s (12 bits/s/Hz) based on the average minimum data rate
of the first two scenarios for a fair comparison among these
4 cases. Here, the Rmin is not obtained from the minimum
data value of all setups, it was calculated by collecting the

minimum data rate in each setup and the average of these
minimum values was taken. Therefore, it is clear to see from
Fig. 9(a) that the average SE of PCS is about 3 times as much
as that of NCSk and NCSf. Additionally, the average SE of
CCS under this Rmin condition is close to 1.5 times of PCS,
which further improves the SE of GUs. Furthermore, it could
be found from Fig. 9(b) that the increase of threshold Rmin

will gradually reduce the average SE of CCS, which means
that the system cannot exploit more subcarrier resources from
those GUs with low-frequency requested contents when their
data rate demand is higher. In other words, the optimization
need to increase the weight of those low-frequency requested
contents in subcarriers to achieve the minimum SE set by
Rmin. Consequently, this will conversely reduce the weight
of those high-frequency requested contents since the sum of
weight is always fixed to 1.

In the above discussion, we have analyzed the SE of our
proposed transmission schemes in LoS dominant scenario.
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Fig. 10: Illustration of how the K-factor affects the per-
formance of different transmission schemes with Rmin = 1
Mbits/s.

However, it is highly possible that the environment is not
LoS dominant in some cases. Therefore, Fig. 10 illustrates
how the Rician K-factor affects the performance of different
transmissin schemes. The x-axis in Fig. 10 shows the Rician
K-factor, where the value 100 is presented to show a LoS
dominant environment. Also, the threshold Rmin is set to 1
Mbits/s. Firstly, it can be found from Fig. 10 that the perfor-
mance of all these four transmission schemes will be improved
with the increase of the K-factor, since the data rate is more
related to the A2G distances or hLoS. However, it can also be
argued that NCSk, NCSf and PCS are slightly affected by the
K-factor compared to the CCS. This phenomenon is closely
related to the optimization process of CCS. As mentioned
before, the final deployment location is based on the outputs
of the optimization at different locations by considering a LoS
dominant environment. Hence, if the environment is not LoS
dominant, the deployment could mismatch the real channel
condition, which will cause a degradation in the performance.
In other words, the deployment of CCS in an environment
with NLoS component cannot guarantee that the deployment
location found by traverse-search is the place where the highest
data rate can be achieved. This is also the cause for the other
three cases, but it affects more on CCS due to the optimization
process conducted in the CCS case.

V. CONCLUSION

In this work, we proposed two CS transmission schemes,
namely PCS and CCS, for UAV-assisted wireless commu-
nication by utilizing the content awareness, which aims to
increase the SE of GUs. Based on the proposed PCS and CCS
schemes, we designed two UAV deployment techniques to find
the appropriate UAV position that maximizes the average data
rate of the GUs. Our results show that our proposed PCS and
CCS transmission schemes as well as their corresponding de-
ployment strategies can significantly improve the average data
rate. The simulation results prove that our proposed two CS
transmission schemes outperform the traditional transmission
scheme by 26 bits/s/Hz and 51 bits/s/Hz, for the PCS and
CCS, respectively.”
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