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Abstract. In the realm of Internet of Things (IoT) networks,
Backscatter communication (BackCom) is a promising tech-
nique that allows devices to send data through the reflecting
surrounding radio frequency (RF) signals. Integrating un-
manned aerial vehicles (UAVs) with BackCom technology
to establish UAV-assisted BackCom networks presents an op-
portunity to provide self-generated RF signals for backscatter
devices, establishing self-sustaining data collection systems.
This paper investigates directional UAV-assisted BackCom
networks where UAVs are equipped with directional anten-
nas, which differs from previous studies that mainly consider
omni-directional antennas. To ensure the quality of Back-
Com, we develop a theoretical model that analyzes the valid
altitude range of UAVs, which is often ignored in previous
studies. Based on the altitude range of UAVs, we then de-
rive the throughput of directional UAV-assisted BackCom
networks. Extensive simulations are conducted to verify our
theoretical model, revealing correlations between the UAV
altitude range, the throughput, directional antennas, and
other key parameters. Results indicate that UAVs need to
set the proper UAV altitude according to multiple parameters
to ensure successful communication. In addition, adjusting
the beamwidth of directional antennas can enhance both the
altitude range of UAVs and the throughput of networks.
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1. Introduction
With the rapid expansion of the Internet of Things (IoT)

networks, numerous low-power devices are expected to be
deployed in smart IoT networks such as smart cities and
farms to monitor and gather data to serve a variety of IoT
applications [1], [2]. Powering a multitude of devices in
such smart networks poses a significant challenge. Backscat-
ter communication (BackCom) is recognized as a promising
technology in IoT networks for enabling low-power IoT de-
vices to transmit data by reflecting RF signals with extra-low

energy consumption [1]. Furthermore, the integration of un-
manned aerial vehicles (UAVs) in data collection processes
has been extensively explored due to their flexibility and
ease of deployment [3–6]. The combination of UAVs and
BackCom forms UAV-assisted BackCom networks, provid-
ing self-generated RF signals for backscatter devices (BDs)
and establishing sustainable data collection systems [3], [6].
Hence, UAV-assisted BackCom networks have wide applica-
tions in smart network scenarios, particularly in remote areas
lacking infrastructure for RF signal provision.

Many studies analyze the communication performance
of UAV-assisted BackCom networks [3, 4, 6, 7] and the cor-
responding UAV trajectories [5, 8, 9]. In their analysis, most
consider that UAVs fly at a fixed altitude without investi-
gating the valid altitude range of UAVs or investigating the
correlation between the UAV altitude and their communi-
cation performance [3–9]. However, it is indicated in [10]
that the UAV altitude can directly affect the communica-
tion coverage in UAV-assisted networks. Moreover, different
from common sensor networks, because BackCom needs
to experience dual-path transmitting (i.e., receiving signals
and reflecting), BackCom is heavily sensitive to commu-
nication distance [11]. Additionally, since the activation
of BackCom relies on BDs to receive adequate energy, the
communication performance of UAV-assisted BackCom net-
works is far more sensitive to the altitude of UAVs. It is
shown in [12] that the altitude of UAVs significantly affects
the network throughput of UAV-assisted BackCom networks.
Therefore, investigating the UAV altitude range and analyz-
ing how the UAV altitude specifically affects the communi-
cation performance of UAV-assisted BackCom networks are
crucial for ensuring communication reliability. Althrough
omni-directional antennas are usually equipped on UAVs in
previous research [3–9], directional antennas are increasingly
used in 5G [13] and 6G [14] communication devices. In con-
trast to omni-directional antennas that uniformly emit/receive
signals to/from all directions in a plane, directional antennas
can offer targeted signal transmission/reception, enhancing
communication efficiency by mitigating dual-path propaga-
tion losses in BackCom systems [15], [16]. Consequently, the
investigation of directional UAV-assisted BackCom networks
is of great significance.
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To the best of our knowledge, there is no study ex-
ploring how the UAV altitude and directional antennas affect
the communication performance of UAV-assisted BackCom
networks. Hence, this paper aims to develop an analytical
model to investigate the valid UAV altitude range in direc-
tional UAV-assisted BackCom networks and evaluate their
effect on communication performance. The key contribu-
tions of this study are outlined below.

• We identify directional UAV-assisted BackCom net-
works. Then, we develop a theoretical model to inves-
tigate the valid altitude range of UAVs, highlighting the
relationship among the altitude range, the beamwidth
of directional antennas, and other key parameters.

• We investigate the throughput of directional UAV-
assisted BackCom networks, giving the correlation
among the throughput, the altitude of UAVs, and the
beamwidth of directional antennas.

• Extensive simulations are conducted to verify the theo-
retical model, revealing correlations between the UAV
altitude range, the throughput, the beamwidth of di-
rectional antennas, and other key parameters. Results
indicate that both the altitude range and the throughput
can be increased by decreasing antenna beamwidth.

The rest of this paper is organized as follows. In Sec. 2,
we present our system model. In Sec. 3, we analyze the al-
titude range and the throughput of directional UAV-assisted
BackCom networks. Next, Section 4 presents the simula-
tions. At last, Section 5 concludes this paper.

2. System Models

2.1 Network and Antenna Models
As shown in Fig. 1, we focus on a directional UAV-

assisted BackCom network consisting of a hovering UAV
and numerous BDs. In the network, BDs are distributed ac-
cording to a homogeneous Poisson point process (HPPP) with
a certain density 𝜆BD. Each BD is outfitted with an omni-
directional antenna to collect ground data from all directions.
Let𝐺0 represent the gain of omni-directional antennas, where
𝐺0 = 1. The radiation pattern of a realistic directional an-
tenna is illustrated in Fig. 2, including a primary lobe and
some side lobes [17]. The antenna gain of the directional
antenna is varied across different directions. This variability
in gain poses challenges when analyzing the performance of
directional UAV-assisted BackCom networks. To facilitate
analytical tractability, we adopt the sector antenna as our an-
tenna model (depicted in Fig. 2) [18], [19]. The antenna
gain of the sector model is constant within the beamwidth 𝜃d.
Specifically, the antenna gain of the sector model, denoted
by 𝐺d, can be shown below [18]:

o

h

dq
Antenna beamwidth

maxd

SBD

Fig. 1. Example of directional UAV-assisted BackCom net-
works.

x

y

z

dq

dG

Fig. 2. Example of directional antennas.

𝐺d (𝜃) =


2

1 − cos
(
𝜃d
2

) 𝜃 ∈ (0, 𝜃d),

0 others.

(1)

The coverage area of the UAV on the ground, repre-
sented by 𝑆, can be given by:

𝑆 = 𝜋 (ℎ tan (𝜃d/2))2 = 𝜋ℎ2 tan2 (𝜃d/2) . (2)

Meanwhile, the maximum distance from the UAV to
BDs within the coverage region of the UAV, expressed by
𝑑max, can be calculated as:

𝑑max =
ℎ

cos(𝜃d/2)
. (3)

The average number of BDs within the coverage region
𝑆 of a UAV, donated by 𝑁 , can be determined as follows:

𝑁 = 𝜆BD · 𝑆 = 𝜆BD𝜋ℎ
2 tan2 (𝜃d/2). (4)

In the process of communications, the time division
multiple access (TDMA) [20] is adopted. For a UAV sit-
uated at an altitude ℎ, we assume the UAV can establish
communications with 𝑁 BDs within the coverage region by
TDMA. Let 𝑇c denote the communication time of the Back-
Com. Then, the communication time 𝑇c can be subdivided
into 𝑁 uniform time slots. It is assumed that each BD is
assigned a single slot for transmitting data to the UAV.
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2.2 Channel Model
The attenuation of each transmission link between

a UVA to BDs consists of radio propagation path-loss and
small-scale fading. The radio propagation path-loss repre-
sented by 𝑔mix can be evaluated by the probability mixed
of a Line-of-Sight (LoS) condition and a non-Line-of-Sight
(NLoS) [10] condition. It is defined as follows [21]:

𝑔mix = 10−
(
𝑃LoS𝐿LoS+𝑃NLoS𝐿NLoS

10

)
(5)

where 𝑃LoS and 𝑃NLoS are the probability of the LoS condi-
tion and the NLoS condition, respectively, given by [21]:

𝑃LoS =
1

1 + 𝑢1 exp(−𝑢2 [𝜃z − 𝑢1])
, (6)

𝑃NLoS = 1 − 𝑃LoS (7)

where 𝑢1 and 𝑢2 are constant geographical surrounding pa-
rameters, 𝜃z denotes the elevation angle from the BD to the
UAV, written as [21]:

𝜃z =
180
𝜋

arcsin(ℎ/𝑑) (8)

where 𝑑 denotes the distance from the BD to the UAV.

The term 𝐿LoS and 𝐿NLoS in (5) are the path-loss atten-
uation of LoS and NLoS, respectively, which are given by:{

𝐿LoS = 10𝛼LoS log(𝑑)
𝐿NLoS = 10𝛼NLoS log(𝑑)

(9)

where 𝛼LoS and 𝛼NLoS are the path-loss coefficients of the
LoS and NLoS, respectively. Then, after combining (9), (7)
and (5), we can transform the expression of 𝑔mix as fol-
lows [21]:

𝑔mix = 𝑑−(𝛼NLoS−𝑃LoS · (𝛼NLoS−𝛼LoS ) ) = 𝑑−𝜒 (10)

where 𝜒 represents 𝛼NLoS − 𝑃LoS · (𝛼NLoS − 𝛼LoS).

The small-scale fading in our network utilizes the Nak-
agami fading model, which is a general channel model. Let
𝑔c characterize the gain of the Nakagami fading model. The
term 𝑔c follows a Gamma distribution with shape factor
𝑚 [22], [23]. The corresponding probability density function
(PDF) is described by [21], [23]:

𝑓𝑔c (𝑥) = 2𝑚𝑚𝑥2𝑚−1 e −𝑚𝑥2
Ω

Γ(𝑚)Ω𝑚
(11)

whereΩ represents the mean value, 𝑚 donates the Nakagami-
m fading parameter, and Γ(𝑚) =

∫ ∞
0 𝑡𝑚−1e−𝑡d𝑡 is the stan-

dard Gamma function.

2.3 Backscatter Communications
The backscatter communication utilized is illustrated

in Fig. 3 [24], [25]. The RF signals received by BDs play

two roles: signal transmission and energy harvesting. Part
of the signals is harvested to provide the energy for power
circuits, while the remaining portion is used to transmit infor-
mation [26]. When different bits need to be transmitted, the
reflected signals can be modulated by the micro-controller
module switching to various impedances to reflect signals
with different amplitudes [27]. Let 𝜌 represent the reflection
coefficient of the BackCom. The reflection coefficient is the
ratio of the reflected signals to the total received RF signals
at BDs. We assume that 𝑃UAV and 𝑃r

BD are the transmitted
power of the UAV and the received power of BDs respectively.
Then, the reflected/transmitted power of BD, represented by
𝑃ref

BD, can be expressed by:

𝑃ref
BD = 𝜌𝑃r

BD = 𝜌𝑃UAV𝐺d𝑔mix𝑔c. (12)

Subsequently, we consider the energy harvesting
scheme. Due to the TDMA scheme, each BD can only
transmit data to the UAV during one slot, leaving the re-
maining non-transmission slots available for energy harvest-
ing. Specifically, we let 𝐸

Tc
BDe

represent the received en-
ergy stored in BDs during 𝑇c. We then consider the en-
ergy harvesting conversion model. Conventional studies on
UAV-assisted BackCom networks consider a linear energy
harvesting model. However, the linear model cannot il-
lustrate the nonlinearity caused by hardware constraints in
practical energy harvesting circuits [28]. Therefore, follow-
ing [11, 29–32], we consider a non-linear energy harvesting
conversion model. Let 𝐸Tc

BDh
represent the harvested energy

during 𝑇c. Then, 𝐸Tc
BDh

can be given as follows [11, 28–32]:

𝐸
Tc
BDh

=
Φ − 𝐸EH

maxΩEH

1 −ΩEH
, (13)

ΩEH =
1

1 + e𝑏1𝑏2
, Φ =

𝐸EH
max

1 + e−𝑏1 (𝐸Tc
BDe−𝑏2 )

(14)

where 𝐸EH
max represents the maximum power output, while

parameters 𝑏1 and 𝑏2 are associated with the specific circuits
used for energy harvesting.

BD

Energy 
harvester

Micro-
controller

Variable impedance

Fig. 3. Backscatter communications.
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3. Altitude Range and Throughput

3.1 Altitude Range
The altitude range of the UAV can be assessed based

on conditions for successful BackCom between the UAV and
BDs. The successful establishment of communication links
between a UAV and BDs relies on two key conditions: 1) BDs
need to have adequate power for conducting BackCom, and
2) the UAV needs to effectively receive the BackCom signals,
ensuring that the signal-to-noise ratio (SNR) at the UAV is
higher than a certain communication threshold 𝛿0. These
conditions are referred to as the "BackCom condition" and
the "SNR condition", respectively. We first analyze these two
conditions and then give the valid altitude range.

BackCom Condition

Based on our TDMA scheme and harvesting strategy
mentioned in Sec. 2.1, the total energy received during the
time period𝑇c for harvesting at the BD, denoted by 𝐸

Tc
BDe

, can
be described as follows [20]:

𝐸
Tc
BDe

=(1 − 𝜌) · 𝑃r
BD · 𝑇c

𝑁
+ (𝑁 − 1) · 𝑃r

BD · 𝑇c
𝑁

=

(
𝑁 − 𝜌

𝑁

)
𝑃UAV𝐺d

(
ℎ

cos(𝜃d/2)

)−𝜒
𝑔c𝑇c.

(15)

Let 𝜂e represent the minimum power required for cir-
cuit operation in BackCom. Thus, the BackCom of BDs can
only be initiated on condition that the harvested energy 𝐸

Tc
BDh

during 𝑇c is greater than or equal to 𝜂e ·𝑇c/𝑁 , written as [20]:

𝐸
Tc
BDh

≥ 𝜂e · 𝑇c/𝑁. (16)

By combining (16), (13), and (14), Equation (16) can
be transformed as follows:

𝐸
Tc
BDe

≥ − 1
𝑏1

ln

(
𝐸EH

max (1 + exp(𝑏1𝑏2))
𝜂e𝑇c
𝑁 (ℎ) exp (𝑏1𝑏2) + 𝐸EH

max
− 1

)
+ 𝑏2. (17)

Let 𝐶 (ℎ) represent the right-hand side of (17), i.e.,

𝐶 (ℎ) = − 1
𝑏1

ln
(

𝐸EH
max (1+exp(𝑏1𝑏2 ) )

𝜂e𝑇c
𝑁 (ℎ) exp (𝑏1𝑏2 )+𝐸EH

max
− 1

)
+ 𝑏2. Subsequently,

through the combination of (17), (15), (3)1, (4), and (1), the
new BackCom condition can be expressed as:

2𝜋𝜆BD𝑃UAV𝑔c𝑇c𝜙1ℎ
2−𝜋𝜆BD𝜙2𝐶 (ℎ)ℎ2+𝜒− 2𝜌𝑃UAV𝑔c𝑇c

1 − cos (𝜃d/2)
≥0
(18)

where 𝜙1 and 𝜙2 are functions relies on the variable
of 𝜃d. 𝜙1 = tan2 (𝜃d/2)/(1 − cos(𝜃d/2)), and 𝜙2 =

tan2 (𝜃d/2)/cos𝜒 (𝜃d/2). Based on (18), the maximum al-
titude denoted as ℎBackC

max and the minimum altitude denoted
as ℎBackC

min can be calculated using MATLAB tool.

SNR Condition

To ensure successful communications between the UAV
and BDs, we need to consider the SNR condition: the SNR at
the UAV is not below 𝛿0. In our channel model, we consider
additive white Gaussian noise. Let 𝜎2 be the power of noise.
The SNR of the received signal at the UAV represented by
SNRUAV can be written as:

SNRUAV=
𝑃ref

BD𝐺d𝑔mix𝑔c

𝜎2 . (19)

After combining (19), (12), (10), and (1), Equation (19)
can be given by:

SNRUAV =
𝜌𝑃UAV𝑔

2
mix𝑔

2
c

𝜎2

(
2

1 − cos(𝜃d/2)

)2

=
𝜌𝑃UAV𝑑

−2𝜒𝑔2
c

𝜎2

(
2

1 − cos(𝜃d/2)

)2
.

(20)

We substitute 𝑑 in (20) with 𝑑max as defined in (3) (for
similar reason given in footnote 1), and then integrate it with
the condition SNRUAV ≥ 𝛿0 to yield the following equation:

ℎ ≤
(
𝜌𝑃UAV

𝛿0𝜎2

) 1
2𝜒

(
2

1 − cos(𝜃d/2)

) 1
𝜒

cos(𝜃d/2)𝑔
1
𝜒

c . (21)

It is evident from (21) that the maximum altitude, de-
termined by the SNR condition, is contingent on the variable
𝑔c. Subsequently, upon obtaining the expected value of 𝑔c,
we can express the maximum altitude ℎSNR

max as follows:

ℎSNR
max =

(
𝜌𝑃UAV

𝛿0𝜎2

)
1

2𝜒

(
2

1−cos(𝜃d/2)

)
1
𝜒 cos(𝜃d/2)

∫ ∞

0
𝑥

1
𝜒 𝑓𝑔c (𝑥)d𝑥

(22)

where 𝑓𝑔c (𝑥) is derived as (11).

Valid Altitude Range

In UAV-assisted BackCom networks, the valid altitude
range of the UAV not only depends on the inner commu-
nication restraints such as the BackCom condition and the
SNR condition, but also relies on outer local environmen-
tal constraints and UAV regulations. For example, some
limitation need to be considered on the minimum and max-
imum values of the altitude because of local environmental
factors such as trees and buildings or laws/regulations. We
assume that ℎout

min and ℎout
max denote the minimum altitude and

maximum altitude based on the above-mentioned outer con-
straints/law/regulations, respectively. Then, the valid altitude
range for the UAV can be formulated by:

1It is worth noting that we use 𝑑max to replace the variable 𝑑 in (15). This is because 𝑑max is the maximum distance between the UAV and BDs within the
coverage region of the UAV. In order to ensure all BDs in the coverage region of the UAV can have enough energy to conduct BackCom, we need to consider
the maximum distance 𝑑max.
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ℎ ∈ [ℎUAV
min , ℎUAV

max ],
ℎUAV

min = max{ℎBackC
min , ℎout

min},
ℎUAV

max = min{ℎBackC
max , ℎSNR

max , ℎ
out
max}

(23)

where both ℎBackC
min and ℎBackC

max can be given according to (18),
and ℎSNR

max is obtained by (22).

The valid altitude range of UAVs in UAV-assisted Back-
Com networks is dependent on ℎBackC

min , ℎBackC
max , and ℎSNR

max . It
can be observed that from (18) (the formula to obtain ℎBackC

min
and ℎBackC

max ) that the values of ℎBackC
min and ℎBackC

max are depen-
dent on three parameters: the antenna beamwidth 𝜃d, the
minimum power required for circuit operation 𝜂e, and the
density of 𝜆BD. In addition, from (22), we can find that ℎSNR

max
is relies on the antenna beamwidth 𝜃d. These phenomenons
indicate that the valid altitude of the UAV is dependent on
the directional antenna of the UAV, the BackCom scheme of
BD, and the distribution of BDs. Their specific relationship
will be investigated in the next section.

3.2 Throughput
In order to calculate the total throughput within a unit

time, let TTc
𝑖

be the throughput from the UAV to the 𝑖th BD
during 𝑇c time period. Then, the total throughput in 𝑇c time
period, denoted by TTc

total, can be expressed as:

TTc
total =

𝑁∑︁
𝑖=1

𝑇c
𝑁

· TTc
𝑖
. (24)

Subsequently, the total throughput Ttotal within the unit
time can be formulated as

Ttotal =
TTc

total
𝑇c

=
1
𝑁

𝑁∑︁
𝑖=1
TTc
𝑖

= E𝑖 [TTc
𝑖
] (25)

where E𝑖 [TTc
𝑖
] represents the mathematical expectation of

TTc
𝑖

.

Let SNR𝑖
UAV be the SNR for the BackCom at the UAV

from the 𝑖th BD, and 𝑑𝑖 represent the distance from the UAV
to the 𝑖th BD. Then, Equation (25) can be further formu-
lated as:

Ttotal =E𝑖 [𝐵 log2 (1 + SNR𝑖
UAV)]

=E𝑖,𝑔c

[
𝐵 log2

(
1+

𝜌𝑃UAV𝑑
−2𝜒
𝑖

𝑔2
c

𝜎2

(
2

1 − cos(𝜃d/2)

)2
)]

=E𝑖,𝑔c

[
𝐵 log2

(
1 + 𝜙3𝑑

−2𝜒
𝑖

𝑔2
c

)]
(26)

where 𝜙3 =
𝜌𝑃UAV
𝜎2

(
2

1−cos(𝜃d/2)

)2
, and 𝐵 is defined as the

bandwitdth of the BackCom between the UAV and BDs.

The term 𝑟𝑖 is the radius from the 𝑖th BD to the cov-
erage zone center of the UAV, where 𝑟𝑖 ∈ [0, ℎ tan(𝜃d/2)].
Accordingly, 𝑑𝑖 in (26) can be written as:

𝑑𝑖 = (ℎ2 + 𝑟2
𝑖 )1/2 (27)

where the PDF of 𝑟𝑖 can be given by [19]:

𝑓𝑟𝑖 (𝑟) =
2𝜋𝑟
𝑆

=
2𝜋𝑟

𝜋ℎ2 tan2 (𝜃d/2)
=

2𝑟
ℎ2 tan2 (𝜃d/2)

(28)

where 𝑆 is derived in (2).

Then, Equation (26) can be expressed as the following:

Ttotal=E𝑟𝑖 ,𝑔c

[
𝐵 log2

(
1 + 𝜙3 (ℎ2 + 𝑟2

𝑖 )
−𝜒𝑔2

c

)]
=𝐵

∫ ℎtan(𝜃d
2 )

0

(∫ ∞

0
log2 (1 + 𝜙3 (ℎ2+𝑟2)−𝜒𝑥2) 𝑓𝑔c (𝑥)d𝑥

)
𝑓𝑟𝑖 (𝑟)d𝑟

(29)

where 𝑓𝑟𝑖 (𝑟) and 𝑓𝑔c (𝑥) are derived by (28) and (11), respec-
tively.

According to (29), we can observe that the total through-
put within a unit time is dependent on multiple key parameters
such as the altitude of UAVs (ℎ), the beamwidth of directional
antennas (𝜃d), the minimum power required for circuit oper-
ation in BackCom (𝜂e) (determine the valid altitude range of
UAVs), and the density of BDs (𝜆BD). Based on the expres-
sion given in (29), we can adjust the altitude of UAVs and the
beamwidth of directional antennas to improve the throughput
according to different network settings (with various 𝜂e and
𝜆BD) in a given network environment.

4. Simulations
We perform simulations in MATLAB to validate our

analytical model. Values of all parameters in the simulation
are presented as follows: 𝑃UAV = 10 dBm, 𝛿0 = 5 dB [24],
𝑚 = 2 [21], Ω = 2, 𝜇1 = 4.88 [21], 𝜇2 = 0.429 [21],
𝑇c = 1 s, 𝐵 = 1 MHz [24], 𝑏1 = 150 [29], 𝑏2 = 0.014 [29],
𝐸EH

max = 24 mW [29], 𝜎2 = −60 dBm [24], 𝜌 = 0.375 [24]2,
ℎout

min = 10 m, and ℎout
max = 100 m. In the subsequent figures,

"ana" and "sim" denote outcomes from analysis and simu-
lations, respectively. Each simulation outcome is obtained
through Monte Carlo simulations involving an average of
2000 trials.

4.1 Altitude Range
Figures 4, 5, and 6 illustrate the altitude of the UAV

with varied minimum power required for circuit operation
(𝜂e), the directional antenna beamwidth of the UAV (𝜃d),
and the density of BDs (𝜆BD), respectively, where the corre-
sponding UAV altitude range is depicted in shadow. In these
figures, the agreement of the analytical and simulation results
verifies the precision of our analytical model.

2The term 𝜌 = 0.375 is acquired by assuming equiprobable symbols in the case of binary constellations, and antenna impedances in the BackCom module
are set to 0.5 and 0.75 [24].
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Fig. 4. The altitude range of the UAV (ℎ) versus the mini-
mum power required for circuit operation (𝜂e), where
𝜆BD = 0.1 /m2, 𝜃d = 𝜋/3, 𝛼LoS = 2.6, and 𝛼NLoS = 3.

Figure 4 depicts the altitude range of the UAV (ℎ) in
relation to the minimum power required for circuit opera-
tion (𝜂e). In Fig. 4, when 𝜂e < 0.0006 W, the maximum
altitude maintains at a stable value with the increment of 𝜂e.
This is because the maximum altitude is restrained by ℎSNR

max ,
while ℎSNR

max is not associated with 𝜂e; when 𝜂e > 0.0006
W, the maximum altitude differs with varied 𝜂e. The larger
𝜂e leads to the narrower UAV altitude range. This is be-
cause the maximum altitude under BackCom condition (i.e.,
ℎBackC

max ) decreases with the increment of 𝜂e, i.e., the larger
𝜂e brings the greater energy demand for BackCom, resulting
in the lower ℎBackC

max . In addition, we can also find that when
𝜂e > 0.0014 W, there is no suitable altitude for the UAV to
collect data. Under these circumstances, we need to adjust
other parameters such as increasing the UAV power to find
valid altitude. From this figure, we can find that it is sig-
nificant to investigate the altitude range to choose the proper
UAV altitude in UAV-assisted BackCom networks.

Figure 5 illustrates the altitude range of the UAV (ℎ)
in relation to the beamwidth of directional antenna (𝜃d). In
Fig. 5, it shows that the maximum altitude varies with differ-
ent beamwidth of directional antennas: both altitudes ℎBackC

max
and ℎSNR

max increase as the beamwidth of directional anten-
nas decreases. When the antenna beamwidth 𝜃d < 2.33
(rad), the maximum altitude of the UAV is restrained by
the maximum value of ℎBackC

max and ℎSNR
max ; when the antenna

beamwidth 𝜃d > 2.33 (rad), there is no suitable altitude for
the UAV to collect data. This is attributed to the narrower
beamwidth resulting in the higher antenna gain, leading to
increased harvested energy and SNR, and subsequently the
higher maximum altitude. This observation emphasizes the
significance of selecting the antenna beamwidth for direc-
tional UAV-assisted BackCom networks.

Figure 6 shows the relationship between the altitude
range of the UAV (ℎ) and the density of BDs (𝜆BD). In Fig. 6,
we can observe when the density 𝜆BD < 0.16, the altitude
range changes as 𝜆BD varies: the maximum altitude of the
UAV rises as 𝜆BD increases, and the maximum altitude of the
UAV is restrained by ℎBackC

max . This indicates that the altitude of

Fig. 5. The altitude range of the UAV (ℎ) versus the beamwidth
of directional antennas (𝜃d), where 𝜂e = 0.001 W,
𝜆BD = 0.2 /m2, 𝛼LoS = 2.6, and 𝛼NLoS = 3.

Fig. 6. The altitude range of the UAV (ℎ) versus the density of
BDs (𝜆BD), where 𝜂e = 0.001 W, 𝜃d = 𝜋/3, 𝛼LoS = 2.6,
and 𝛼NLoS = 3.

the UAV is influenced by 𝜆BD. When the density 𝜆BD > 0.16,
the maximum altitude of the UAV is a constant restrained by
ℎSNR

max . This is because ℎSNR
max is independent of 𝜆BD. From

Fig. 6, we can find that the altitude of the UAV needs to be
adjusted based on the specific density values of BDs.

4.2 Throughput
Figures 7(a) and 7(b) depict the total throughput in

unit time (Ttotal) versus the altitude of UAVs (ℎ), consid-
ering different path-loss coefficients of the LoS (𝛼LoS) and
antenna beamwidths (𝜃d), respectively. The consistency be-
tween the analytical and simulation results validates our an-
alytical model’s accuracy. We can observe from Fig. 7 that
the total throughput in unit time decreases as the UAV al-
titude increases. This indicates that a higher-altitude UAV
can cover a larger number of BDs for data collection, the
total throughput in unit time still diminishes. This is be-
cause the increased altitude leads to the reduction of SNR,
consequently yielding the lower average throughput within
a specified time period and thereby resulting in the lower
total throughput (Ttotal = E𝑖 [TTc

𝑖
] as defined by (25)).
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Fig. 7. The total throughput in unit time (Ttotal) versus the al-
titude of UAVs (ℎ). Other parameters: 𝛼NLoS = 3,
𝜆BD = 0.2 /m2 and 𝜂e = 0.001 W.

Furthermore, in Fig. 7(a), we can find that the valid
altitude of UAVs becomes narrower when the path-loss co-
efficient 𝛼LoS increases. In addition, the larger path-loss
coefficient 𝛼LoS leads to the lower total throughput in unit
time when given the same altitude of the UAVs. This indi-
cates that we need to consider different environments when
we choose the possible altitude for UAVs.

In addition, in Fig. 7(b), it can be observed that the
total throughput in unit time increases when the antenna
beamwidth decreases from 𝜋/2 to 𝜋/4 at a given UAV alti-
tude. This implies that adjusting the beamwidth of directional
antennas can enhance the total throughput in unit time.

5. Conclusions and Further Works
This paper analyzes the altitude range and total through-

put in unit time of directional UAV-assisted BackCom net-
works by considering both BackCom condition and SNR
condition. The accuracy of the analytical results is validated
by simulations. The extensive simulations evaluate the im-
pacts of key parameters (the minimum power required for

circuit operation in BackCom, the beamwidth of directional
antennas, and the density of BDs) on the valid altitude range
or the throughput. Based on our analytical model and results,
UAVs can set the proper UAV altitude and antenna beamwidth
of directional antennas to ensure successful communications
or improve the throughput.

Our further work will investigate the altitude range and
the throughput in directional UAV-assisted BackCom net-
works based on the non-orthogonal multiple access (NOMA)
since the NOMA technique is a key technique in both 5G
and 6G.
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