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Abstract—The integration of cellular networks and unmanned
aerial vehicle (UAV) swarm communications is expected to be a
promising technology to provide ubiquitous network connectivity
for various UAV assisted Internet of Things (IoT) applications.
To support these IoT applications with stringent requirement
of rate performance, this paper explores the maximum sum
rate performance for the cellular-connected UAV swarm communications. The sum rate maximization can be formulated
as a nonlinear and nonconvex optimization problem with the
constraints of transmit power of UAVs, elevation angle, azimuth
angle and height of antenna array equipped at base station
(BS). According to the Karush–Kuhn–Tucker (KKT) optimality
conditions and the standard interference function, we propose
an iterative algorithm to solve the problem, wherein the problem
is transformed into a concave optimization problem by utilizing
the rate approximation and logarithmic transformations. The
iterative algorithm is proved to converge to a global solution
for the approximated concave optimization problem. Finally,
simulation results are provided to indicate the effect of some
important system parameters on the sum rate performance in
the system.
Index Terms—IoT, UAV swarm, cellular networks, sum rate,
power control, directional antennas.

I. I NTRODUCTION
Owing to distinctive advantages of unmanned aerial vehicles (UAVs) such as high flexibility, cost-effective and swift
deployment, UAV communications have become appealing
solutions for widespread Internet of Things (IoT) applications including video streaming transmission, remote sensing,
search and rescue communications, etc [1], [2]. Particularly,
UAV swarm communications can cooperate with each other
to perform complex tasks by overcoming the disadvantages
of limited power and the number of on-board sensors for a
single UAV. However, available UAV communications mainly
use unlicensed spectrum (e.g., 2.4 GHZ band) to send simple
peer-to-peer messages. Such communications have the features
of low rate, unreliability and short coverage range, which are
a serious obstacle to widely deploy UAV assisted communication systems [3], [4].
To overcome the obstacle for realizing their large-scale deployment, an appealing solution is to integrate UAVs into cellular networks guaranteeing the communication performance
with high rate, reliability and remote data transmission. For the
cellular-connected UAV communications, UAVs can use the

licensed spectrum of cellular networks and ubiquitous ground
base stations (BSs) to achieve long-distance communication
services in comparison with the traditional UAV communications operated over the unlicensed spectrum.
A comprehensive understanding on performances of UAV
communications is critical to support their various applications [5]–[7], [7], [8]. Available works mainly examine
the performances in terms of rate, sum rate, max-min rate,
coverage and energy efficiency for the UAV communications
without the ground BSs, whereby UAVs act as either aerial
BSs or user equipments (UEs). The works aim to optimize the
following parameters to improve the performances for UAV
communications: UAV altitude [9], UAV trajectory or UAV
placement [10], [11], joint UAV trajectory and power allocation [12], joint UAV trajectory and communication scheduling [13], joint UAV altitude and antenna beamwidth [14],
joint UAV trajectory, power allocation and communication
scheduling [15], joint UAV trajectory, and power allocation
and bandwidth [16].
Only some initial works are devoted to the study of performances for the cellular-connected UAV communications
in terms of rate, sum rate, coverage, mission completion
time by setting different parameters such as UAV cache size
and density [17], UAV trajectory [18], joint power allocation and beamforming [19], joint UAV speed and channel
allocation [20], and joint power allocation and UAV placement [21]. In these works, power allocation and bemforming
are two importance methods to enhance the communication
performances. An increase of transmit power can increase the
received signal strength at a receiver while incurring severe
interference. On the other hand, beamforming technique is
promising to mitigate the interference. Recently, we investigate
the performances for millimeter wave (mmWave) cellularconnected UAV swarm communications with angle-dependent
directional antennas in terms of sum rate, fairness index, maxmin rate and proportional fairness, whereby the UAVs and BS
use fixed transmit power to transmit messages at mmWave
bands [22]. However, the performances are still unknown for
the traditional cellular-connected UAV swarm communications
operated at sub-6 GHZ bands with the constraints of variable
UAV transmit power and beamforming of antenna arrays.
Motivated by this observation, by jointly optimizing the

power allocation and beamforming, this paper investigates
the fundamental performance of maximum sum rate for the
cellular-connected UAV swarm communications with sub-6
GHZ bands, where each UAV and BS are equipped more realistic angle-dependent directional antenna arrays. To this end,
we formulate the sum rate maximization as an optimization
problem and solve it. This is the first work to jointly optimize
the power allocation and elevation angle, azimuth angle and
height of antenna array associated with beamforming to maximize the sum rate for the cellular-communications UAV swarm
communications. The main contributions are summarized as
follows.
• We formulate the sum rate maximization as a nonconvex
optimization problem subject to the constraints of UAV
transmit power, elevation angle, azimuth angle and height
of antenna array at BS. Sepcially, a more realistic angledependent directional antenna array is used to model the
three dimensional (3D) antenna beamforming gain for
cellular-enabled UAV swarm communications.
• To solve the nonconvex optimization problem, it is transformed into a concave optimization problem by rate
approximation and logarithmic transformations. Then, we
propose an iterative algorithm to solve the concave optimization problem according to the Karush–Kuhn–Tucker
(KKT) optimality conditions and the standard interference function results, which is proved to converge to a
global optimal solution.
• Finally, simulation results are provide to indicate the
effect of some key system parameters on the sum rate,
and also to show our new findings.
The remainder of the paper is organized as follows. The
system model is introduced in Section II. The problem formulation and solution of sum rate maximization are presented in
Sections III. Section IV presents the simulate results. Finally,
Section V concludes the paper.
II. S YSTEM M ODELS
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Fig. 1. Communication model consisting of a BS and a UAV swarm, where
the UAVs perform beamforming with the BS

sidelobe gain at the BS. Specially, the sidelobe gain is generally much lower than the mainlobe gain due to small radiation
power in the sidelobes. Thus, we assume that the sidelobe
gain is a small constant GB
S . Based on [23], the mainlobe
(ρ)
can
be
written
as
gain GB
M
GB
M (ρ) = D0 (τ )cos(ρ),

(1)

A. Communication Model
As illustrated in Fig. 1, we consider an uplink transmission
scenario where a UAV swarm communicates with a BS. These
UAVs are spatially distributed according to a homogeneous
Poisson point process Φ of intensity λU , and hover at the
same altitude HU . We use |Φ| to denote the number of UAVs,
and use P1 , ..., P|Φ| to denote the transmit powers of the |Φ|
UAVs. Particularly, Pi is the transmit power of the ith UAV
with a constraint of maximum value Pmax . These UAVs can
adjust the power vector P = [P1 , ..., P|Φ| ]T to optimize the
system performance.
B. Directional Beamforming
As shown in Fig. 1, both UAVs and BS use 3D directional antenna arrays to perform directional beamforming for
message transmission. To maximize the antenna array gain
at UAVs denoted by GU
M , each UAV can adjust its boresight
direction of the antenna array towards the BS receiver. On
the other hand, we consider the mainlobe antenna gain and

where τ denotes a directivity parameter of the antenna array,
D0 (τ ) is the maximum antenna directivity, ρ denotes the
−−−→
radiation angle between the antenna boresight direction o1 QB
−−−→
at the BS and the radiation vector o1 QU from the antenna
location at the BS to UAVa as shown in Fig. 1, and cos(ρ) is
the antenna radiation efficiency. We can see from formula (1)
that GB
M (ρ) depends on τ and ρ, and is also symmetric along
the boresight direction.
We need to calculate the unknown D0 (τ ) and ρ defined
in formula (1). We first determine the maximum antenna
directivity D0 (τ ) as

D0 (τ ) =

4π
.
ΩA (τ )

(2)

According to [24], the beam solid angle ΩA (τ ) of the antenna

gain under the radiation angle ρi . The GB (ρi ) is determined
as
(
GB
B
M (ρi ) if 0 ≤ ρi ≤ β,
(7)
G (ρi ) =
GB
if ρi > β.
S

array is expressed as
Z

2π

Z

π

Uτ (ρ)sin(ρ)dρdϕ,

ΩA (τ ) =
0

0

Z

2π Z

=
0

=

π
2τ

0

π
2

cos(ρ)
sin(ρ)dρdϕ,
τ
(3)

where we use Uτ (ρ) = cos(ρ)/τ to denote the normalized
radiation intensity of the antenna array at the BS, and neglect
the backlobe, i.e., Uτ (ρ) = 0 for π/2 ≤ |ρ| ≤ π, due to the
fact that the backlobe antenna gain is quite small. As shown
in Fig. 1, we can also obtain the half-power beamwidth β
(beamwidth for short) as a function of τ . Since the mainlobe
antenna gain is half of the maximum directivity gain at the
angle β/2, i.e., Uτ (β/2) = 1/2, we get

We consider a multi-channel environment for the communication scenario. The frequency resources of the scenario are
evenly divided into N orthogonal channels, and the bandwidth
of each channel is W MHZ. Each UAV randomly selects a
channel from these orthogonal channels for message transmission. The interference is caused by the UAVs sharing the same
channel while there is no interference among the UAVs using
different channels. In addition, the channel noise is additive
white Gaussian noise with variance σ 2 .
D. SINR of the BS

(4)

Based on the above antenna gain and channel model, the
signal-to-interference-plus-noise ratio (SINR) received at the
BS receiver from a UAV i can be expressed as

where 0 < τ < 2. We can see from formulas (2) and (3), a
larger τ leads to a larger antenna directivity and a smaller
beamwidth, which implies that the signal from mainlobe
covers a smaller area on the air.
Finally, we calculate the radiation angle ρ. As shown in
Fig. 1, using the operation of dot product, ρ is determined as

Si
,
(8)
Ii + σ 2
where Ii denotes the interference seen by the UAV i at the
BS. The Ii is determined as
X
−α
Ii =
Pj GB (ρj )GU
,
(9)
M hj |Lj |

β = 2arccos(τ /2),

−−−→ −−−→
o1 QB · o1 QU
ρ = arccos −−−→ −−−→ ,
|o1 QB ||o1 QU |

(5)

where the dot · denotes the operation of dot product, and
→
−
→
−
| X | denotes the square root of vector X . We use o1 =
(0, 0, HA ) to denote the antenna location at the BS, use
QB = (rcosθcosϕ, rcosθsinϕ, rsinθ + HA ) to denote the
−−−→
intersection point between vector o1 QB and sphere with
center o1 and radius r, and use QU = (xU , yU , HU ) to
−−−→
denote the location of UAVa . Thus, we can obtain o1 QB =
−−−→
(rcosθcosϕ, rcosθsinϕ, rsinθ) and o1 QU = (xU , yU , HU −
HA ).
C. Channel Model
Due to the high altitude of the UAVs, we consider that the
channels from each UAV to the BS are mainly dominated by
line-of-sight (LoS) links. Note that in practice, the channels
for UAV communications are more likely to be the LoS links
compared with the channels for terrestrial user communications. We assume the general power law path loss model and
Nakagami-m fading for the LoS links. Specifically, for a UAV
transmitter i with transmit power Pi , the received signal power
Si at the BS is given by
−α
Si = Pi GB (ρi )GU
,
M hi |Li |

(6)

where hi denotes the fading coefficient of the ith LoS link,
following a Nakagam-m distribution with parameter m, |Li |
denotes the distance of the ith link, α > 2 denotes the path
loss exponent, and GB (ρi ) denotes the corresponding antenna

SINRi (P, θ, ϕ, HA ) =

j∈Φ∗
i ,j6=i

where Φ∗i denotes the set of the UAV transmitters using the
same channel with the UAV i.
The rate γi of the LoS link can also be determined as
γi = W log2 (1 + SINRi (P, θ, ϕ, HA )).

(10)

III. P ROBLEM F ORMULATION AND S OLUTION OF S UM
R ATE M AXIMIZATION
In this section, we first formulate sum rate maximization
as an optimization problem, and then propose an algorithm to
solve it.
A. Problem Formulation
Our objective is to maximize the sum rate by jointly
optimizing the transmit power Pi and antenna parameters
like the elevation angle θ, azimuth angle ϕ and height HA .
We formulate the sum rate maximization as the following
optimization problem.
X
max
γi ,
(11a)
θ,ϕ,HA ,P

s.t.

i∈Φ

0 ≤ Pi ≤ Pmax ,

(11b)

0 ≤ θ ≤ π,

(11c)

0 ≤ ϕ ≤ 2π,

(11d)

0 ≤ HA ≤ Hmax ,

(11e)

where Pmax and Hmax denote the maximum transmit power
of each UAV and the maximum height of antenna array,
respectively. Constraint (11b) represents that the range of
transmit power, and constraints (11c),(11d) and (11e) give the
range of these antenna parameters.

B. Solution of Sum Rate Maximization
The sum rate maximization is a nonlinear and nonconvex optimization problem, and thus it is NP-hard and generally hard to solve. To solve it, we first transform it
into a concave optimization problem by replacing log2 (1 +
SINRi (P, θ, ϕ, HA )) with log2 (SINRi (P, θ, ϕ, HA )) and using
logarithmic transformations of P, θ, ϕ and HA . According
to the Karush–Kuhn–Tucker (KKT) optimality conditions and
the standard interference function results introduced in [25],
an iterative algorithm is then proposed to solve the concave
optimization problem, which converges to a globally optimal
solution.
∗
We use P∗ , θ∗ , ϕ∗ , HA
to denote the base 2 logarithmic
transformations of P, θ, ϕ and HA , and use Pi∗ to denote the
ith element of P∗ . Then, the optimization problem in (11) can
be approximated as
X
∗
max
W log2 (SINRi (P∗ , θ∗ , ϕ∗ , HA
)),
(12a)
∗
∗
∗
∗
θ ,ϕ ,HA ,P

s.t.

i∈Φ
Pi∗ ≤
∗

log2 (Pmax ),

θ ≤ log2 (π),

(12b)

4. for θ = 0; θ ≤ π; θ = θ + λθ do
5.
for ϕ = 0; ϕ ≤ 2π; ϕ = ϕ + λϕ do
6.
for HA = 0; HA ≤ Hmax ; HA = HA + λH

do
7.
8.
9.
10.
11.
12.
13.
14.
15.

Update the transmit power of Pi (ω + 1) for
each UAV i according to (13).
Repeat the above update operation until
convergence.
Calculate the sum rate γ(P(ω + 1)) defined
in (12a).
if Tmax < γ(P(ω + 1)) then
Tmax = γ(P(ω + 1)).
end if
end for
end for
end for

It is notable that starting from any initial transmit power
P(0), Algorithm 1 converges to an optimal solution of the
optimization problem.
TABLE I
PARAMETERS

(12c)

∗

ϕ ≤ log2 (2π),

(12d)

∗
HA

(12e)

≤ log2 (Hmax ),

SYSTEM

Parameters
scenario area
Density of UAV λU
Altitude of UAV HU
Maximum transmit power of UAV Pmax
Number of channels N
Bandwidth of each channel W
Maximum height of antenna array Hmax
Directivity parameter of antenna array τ
Antenna array gain of sidelobe GB
S
Path loss exponent of channel α
2
Noise power σ

∗
) is much larger than one. This
when the SINRi (P∗ , θ∗ , ϕ∗ , HA
approximation is reasonable because the value of sum rate is
mainly determined by the link rates with high SINR. For each
∗
fixed setting of θ∗ , ϕ∗ and HA
, the sum rate maximization with
power constraint in (12a) and (12b) is a concave optimization
problem.
∗
Since Pi = 2Pi , we further obtain a fixed point iteration
that

Pi (ω + 1) =
(
k∈Φ∗
i ,k6=i

6496

1
−α
GB (ρi )GU
M hi |Li |
U
B
−α +σ 2
j∈Φ∗ ,j6=k Pj (ω)G (ρj )GM hj |Lj |

,

H
6230

P

H

U

U

= 200 m
= 300 m

i

)
Pmax ,

(13)

where Pi (ω) denotes the value of Pi in the ωth iteration.
Based on the fixed point iteration, we propose an algorithm
to solve the optimization problem summarized in following
Algorithm 1.

Sum rate (Mbits/s/HZ)

min P

Values
3.6×105 m2
10−4 UAVs/m2
300 m
500 mW
10
100 MHZ
120 m
1
-20dB
2
-90 dBm

5964

5698

5432

5166

Algorithm 1 Solution of sum rate maximization:
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1. Input: Locations of UAVs and BS, flying attitude of UAV

HU , channel bandwidth W , antenna sidelobe gain GB
S at
2
BS, antenna gain GU
at
each
UAV,
noise
power
σ
,
and
M
maximum sum rate Tmax .
2. Output: Tmax .
3. Initialize Tmax = 0, ω = 0, Pi (ω) = Pmax , and step size
λθ , λϕ and λH .
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The effect of directivity parameter of antenna array τ on sum rate

IV. S IMULATION R ESULTS
This section provides simulation results to explore the effect
of some important system parameters on the maximum sum
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rate, which is obtained by Algorithm 1. The system parameters
include the altitude of UAV HU , maximum transmit power
of UAV Pmax , directivity parameter τ and maximum height
Hmax of antenna array, which are set in Table I, unless
otherwise specified.
A. Effect of τ On Sum Rate
We first investigate the effect of the directivity parameter
of antenna array τ on the sum rate under the sum rate
maximization optimization problem for the scenario 0f altitude
of UAV HU = {200, 300} m. Fig. 2 illustrates how the sum
rate varies with τ . We can see from Fig. 2 that for each fixed
setting of HU , the sum rate first increases and then decreases
as τ increases. This is mainly due to the following reasons.
According to the formula (4), we know that an increase of
τ results in the decrease of the antenna beamwidth β. This
means that a small τ corresponds to a big β, so for a small τ ,
the antenna mainlobe of BS can cover the area where most of
UAVs hover. Besides, based on the formulas (1), (2) and (3),
the antenna mainlobe gain GB
M (ρ) at the BS increases as τ
increases, which leads to the increase of the rate of most links.
Thus, for a small τ , an increase of τ leads to the increase
of sum rate. As τ continues to increase up to more than a
threshold, more UAVs hover in the area covered by the antenna
sidelobe with a very small gain, which leads to the decrease
of sum rate.
B. Effect of HU On Sum Rate
We proceed to investigate the effect of altitude of UAV HU
on the sum rate for the scenario of maximum UAV transmit
power Pmax = {0.1, 0.5} W. Fig. 3 summarizes how the sum
rate varies with HU . It can be observed from Fig. 3 that
for a fixed setting of Pmax , as HU increases, the sum rate
first increases, then keeps unchanged, and finally decreases.
This can be explained as follows. The increase of HU has
two-fold effect on the sum rate. A big HU results in a large
coverage of antenna mainlobe at BS with a high antenna gain.
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Meanwhile, it also results in a high path loss. As HU is relative
small, the positive effect of antenna gain on link rates is more
than the negative effect of path loss, and thus the sum rate
increases as HU increases. As HU further increase, they have
the same effect on the link rates, and thus the sum rate remains
unchanged. As HU proceeds to increase, the negative effect is
more than the positive effect, and thus the sum rate reduces.
C. Effect of Pmax On Sum Rate
Finally, we explore the effect of maximum UAV transmit
power Pmax on the sum rate for the scenario of τ = {0.3, 1.0}.
We summarize in Fig. 4 how the sum rate varies with Pmax .
We can observe from Fig. 4 that for each fixed setting of τ , the
growing speed of sum rate is from fast to slow. This is because
an increase of Pmax could lead to the increase of optimal
UAV transmit power, which has two-fold effect on the sum
rate performance. As the optimal UAV transmit pow is relative
small, an increase of the optimal UAV transmit power results
in the increase of link rates. As the optimal UAV transmit
pow continues to increase, the severe interference results in
the decrease of the growing speed for link rates.
V. C ONCLUSION
This paper explored the sum rate maximization for the
cellular-connected UAV swarm communications. The sum rate
maximization problem was formulated as a nonlinear and
nonconvex optimization problem, which is generally challenging to solve. Based on the KKT conditions and the standard
interference function results, we propose an iterative algorithm
to solve it. This algorithm was proved to converge to a globally
optimal solution. Simulation results indicate that we can find
an optimal antenna beamwidth for maximizing the sum rate,
and an increase of maximum UAV transmit power leads to the
increase of sum rate.
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