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ABSTRACT This paper investigates a UAV-enabled wireless communication system with multiple UAVs
(multi-UAVs), where the UAVs are dispatched to collect information from a group of ground terminals (GTs)
that are energy-constrained. In particular, we consider that UAVs may differ so that each UAV can be
individually designed. Besides, for the sake of collision avoidance of these multi-UAVs, an effective security
flight mechanism is designed. To achieve a fair performance between GTs, this paper aims to maximize the
minimumGT throughput by jointly optimizing the communication scheduling, power allocation, and UAVs’
trajectories. However, the formulated problem is shown to be a mixed integer non-convex optimization
problem that is hard to solve. To tackle this problem, we first decompose it into two subproblems, and then,
an efficient iterative algorithm is proposed by applying the block coordinate descent, relaxation, as well as
successive convex optimization techniques. The proposed algorithm can be effectively utilized in wireless
communication and networks. Moreover, a benchmark is set for the purpose of illustrating the superiority
of the proposed design. Finally, numerical results show that the proposed design achieves a significant
performance gain as compared with the benchmark.

INDEX TERMS UAV communications, throughput maximization, power allocation, flight plan design,
non-convex optimization.

I. INTRODUCTION
Recently, unmanned aerial vehicles (UAVs, also known as
drones) have attracted increasing attention as they offer
cost reduction and new applications such as in cargo deliv-
ery, communication platform, surveillance and monitoring,
search and rescue [1]–[3]. From [1], we know that small
UAVs (typically with weight not exceeding 25 kg) are eas-
ily accessible to the public in several applications including
wireless communication. Compared to traditional terrestrial
communication systems, UAVs can be deployed swiftly and
reconfigured flexibly due to the controllable mobility in
three-dimensional (3D) space. In addition, in low-altitude
UAV wireless communication systems, the channel between
ground terminals (GTs) and UAV is highly likely to be a
line-of-sight (LoS) link. Thus, UAVs can effectively assist

communication coverage and capacity enhancement for the
existing wireless communication networks as well as play an
important role in many scenarios, such as traffic offloading,
mobile relaying, wireless energy transfer, information broad-
casting and data collection [4]–[7]. In practice, the flight
behaviors and flight profiles of UAVs are different. In general,
UAV is categorized into two types, i.e., fixed-wing UAV
and rotary-wing-UAV, each with its own advantages and
limitations. Without loss of generality, we can summarize
UAV types and compare their performance in Table 1 based
on [1], [8], and [9].

A. EXISTING WORKS AND ANALYSES
In UAV-enabled wireless communication systems, the
deployment/placement of a UAV is expected to produce the
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TABLE 1. UAV types and performance comparison.

best wireless coverage by optimizing its altitude and horizon-
tal position [10]–[15]. In particular, the work in [11] analyzed
a novel emergency UAV deployment and aimed to minimize
the UAV deployment delay. In [12], Zeng et al. provided an
analytical approach to minimize the number of mobile base
stations mounted on UAVs to provide wireless coverage for
a group of distributed GTs. In [14], the efficient deployment
of multiple UAVs in downlink scenario was analyzed. In fact,
the trajectory of a UAV can be optimized over time to greatly
improve the communication performance [16]. Motivated by
this, Xie et al. [6] investigated a UAV-enabled wireless pow-
ered communication network (WPCN) in which a UAV is
dispatched to charge ground users via wireless power trans-
fer, and simultaneously collects the information transmitted
by the users using the harvested energy. The work in [17]
analyzed the power control problem of UAV-supported
ultra-dense networks with four representative scenarios.
In addition, the prior work [18] developed an energy-efficient
relaying scheme, but the trajectory of the UAV is pre-
determined.Mozaffari et al. [19] investigated aUAVacting as
a flying base station in a device-to-device (D2D) communica-
tion network, while the UAV is only allowed to communicate
at the specified points. As a result, the UAV’s mobility in [18]
and [19] is not fully exploited. To fully exploit a UAV’s
mobility, a joint trajectory optimization and communication
design is considered in [20], where the UAV’s mobility is
continuously optimized over the period. Wu and Zhang [21]
further studied both delay-constrained and delay-tolerant ser-
vices of a UAV by taking into account the heterogenous user
delay requirements, and the proposed problem of minimum
average throughput maximization was tackled via the UAV
flight plan design and OFDMA resource allocation.

However, the existing work in the literature on
UAV-enabled communication systems mainly focuses on
a single UAV, although there is some works that stud-
ied multiple UAVs (multi-UAV) applied in many scenarios
(e.g., [20], [22]–[24]). Specifically, it is worth mentioning
that [20] investigated a multi-UAV enabled multiuser system
in which the UAVs act as aerial base stations to serve ground
users. The work in [22] investigated teams of UAVs that
are used for fighting forest fire. Considering the limited
payload of UAVs, Horiuchi et al. [23] proposed a multi-UAV

cooperation system for long distance real-time data transmis-
sion. In [24], the coverage probability of multiple UAVs was
studied and the optimal altitude of UAVs obtained. However,
those existing research achievements on multi-UAV do not
involve the difference consideration of UAVs. For multi-UAV
communication systems, it is necessary to take account of
the difference of UAVs if there are different types, size,
weight, and power (SWAP) constraints and communication
performance among the UAVs. Besides, in some cases,
the task allocation for UAVs also needs to be individually
designed to meet the requirement of the networks, especially
for the heterogeneous communication networks. As a result,
based on the above discussion, multi-UAV communication
system design with difference consideration is a promising
and practical topic that can greatly improve the performance
of multi-UAV communication networks.

FIGURE 1. Multi-UAV enabled wireless communication system with
difference consideration.

B. CONTRIBUTIONS OF THIS PAPER
In this paper, a new multi-UAV enabled communication sys-
tem is studied, as shown in Fig. 1, where the difference of
the UAVs is taken into consideration. In this system, multiple
UAVs are dispatched to collect information from a group of
GTs that are randomly distributed across the geographical
area. It is assumed that these UAVs take turns to collect
the data from their served GTs using time-division multi-
ple access (TDMA). In addition, there is only one UAV-GT
communication pair at most that can be linked at any time
instant. Thus, by using this communication protocol, the
co-channel interference caused by UAV-GT pairs can be
effectively avoided. Note that our work is also suitable for
downlink communication, such as information broadcast sys-
tems. In order to be in accord with reality, each GT’s energy
for communication is assumed to be limited, and the trans-
mission power at any time instant is subject to a maximum
instantaneous power constraint. Note that in the proposed
system, one of the major problems is the communication
scheduling for multiple UAVs as well as GTs during the
period time. Intuitively, a UAV would select one associated
GT that is in a better GT-to-UAV channel. Next, the UAV
would fly closer to the associated GT and even hover over
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it for an optimal link. In this paper, our objective is to max-
imize the minimum GT throughput, which leads to a new
design framework needed to jointly consider the communica-
tion scheduling, power allocation and trajectory optimization.
To the best of our knowledge, multi-UAV communication
systems with difference consideration of UAVs has not been
studied in the literature.

C. ORGANIZATION AND NOTATIONS
The rest of this paper is organized as follows. Section II
presents the system model and the problem formulation for
a multi-UAV enabled communication system. In Section III,
an effective iterative algorithm for solving the formu-
lated problem is proposed. The numerical results are pre-
sented in Section IV to demonstrate our proposed design.
Finally, the main conclusions of this paper are summarized
in Section V.
Notations: In this paper, italic letters are used to denote

scalars, while vectors and matrices are respectively denoted
by bold-face lower-case and upper-case letters. Moreover,
RM×1 denotes the space of M -dimensional real-valued vec-
tor. ‖a‖ represents the Euclidean norm of vector a, and |K|
denotes the cardinality of set K. For a time-dependent func-
tion y(t), ẏ(t) and ÿ(t) respectively denotes the first-order
derivative and second-order derivative with respect to time t .

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. SYSTEM MODEL
As shown in Fig. 1, a multi-UAV enabled wireless com-
munication system is considered, where M > 1 UAVs are
dispatched to collect information from K > 1 GTs that are
randomly located at fixed positions. Let M = {1, 2, ...,M}
and K = {1, 2, ...,K } denote the set of UAVs and GTs,
respectively, with |M| = M and |K| = K . Without loss
of generality, a three-dimensional (3D) Cartesian coordinate
system is considered. Hence, the location of each GT k ∈ K
can be denoted as {w = [xk , yk ]T }k∈K, w ∈ R2×1. A finite
period T > 0 is set to UAVs for mission completion. It is
also assumed that these UAVs are equipped with the same
bandwidth B for communication. During the period, these
UAVs are assumed to fly at a fixed altitudeH that corresponds
to the minimum altitude to avoid collision with obstacles.
As a result, at any time instant t , with 0 ≤ t ≤ T , denote
by qm[n] = [xm(t), ym(t)]T the time-varying trajectory coor-
dinate projected on the horizontal plane. Besides, at any time
instant, these UAVs are subject to the maximum/minimum
speed and acceleration constraints, i.e., ‖vm(t)‖ = ‖q̇m(t)‖ ≤
Vmax, ‖vm(t)‖ ≥ Vmin and ‖am(t)‖ = ‖q̈m(t)‖ ≤ amax.

For serving GTs periodically, each UAV is assumed to fly
return to launch point (RTL) at the end of period T , namely
qm(0) = qm(T ), with m ∈ M. Note that, for ensuring
collision avoidance, a secure flight mechanism is proposed,
in which any two UAVs need to keep a secure distance at any
time instant, i.e., ‖qm(t) − ql(t)‖2 ≥ D2,m, l ∈M,m 6= l,
where D refers to the minimum-security distance
between UAVs.

For convenience, the discrete linear state-space approxi-
mation technique is applied in our design. The period T is
discretized into N equally spaced time slots with an equal
step size δt , with δt � T , indexed by n = 1, 2, ...,N .
Let N = {1, 2, ...,N } denote the time slot set, where
|N | = N . Based on this discretization method, the projected
trajectory of the UAV m can be approximately characterized
by a sequence {qm[n] = [xm[n], ym[n]]T ,∀n ∈ N ,m ∈M}.
As a result, all constraints discussed above can be equiva-
lently expressed in discretization forms as

vm[n+ 1] = vm[n]+ am[n]δt ,

∀m, n = 1, 2, ...,N − 1, (1)

qm[n+ 1] = qm[n]+ vm[n]δt +
1
2
am[n]δ2t ,

∀m, n = 1, 2, ...,N − 1, (2)

‖vm[n]‖ ≤ Vmax, ∀m, n, (3)

‖vm[n]‖ ≥ Vmin, ∀m, n, (4)

‖am[n]‖ ≤ amax, ∀m, n, (5)

qm[1] = qm[N ], ∀m, (6)

‖qm[n]− ql[n]‖2 ≥ D2, ∀m, l ∈M, m 6= l, n. (7)

Where the constraints in (1) and (2) are respectively obtained
based on first- and second-order Taylor approximation of the
speed vm[n] and trajectory qm[n] [16]. Constraint in (7) is
the proposed secure flight mechanism. Thus, the distance
between UAV m and GT k in time slot n ∈ N can be
expressed as

dm,k [n] =
√
‖qm[n]− wk‖

2 + H2. (8)

For simplicity, the communication link between UAVs
and GTs is assumed to be dominated by the LoS channel.
Furthermore, the Doppler effect due to the UAVs’ mobil-
ity is also assumed to be perfectly compensated at the
receivers [20], [21], [25], [26]. Thus, the time-varying chan-
nel gain from GT k to UAV m within slot n follows the
free-space path loss model, which can be expressed as

hm,k [n] = β0d
−2
m,k [n] =

β0

‖qm[n]− wk‖
2 + H2 , (9)

Where β0 denotes the channel power at the reference distance
d0 = 1 meter. For interference avoidance, the multiple UAVs
take turns to collect information from GTs over the orthog-
onal time slots. As thus, a binary variable αm,k [n] is used to
represent the communication scheduling that determines the
optimal UAV-GT communication pair in slot n. The equality
αm,k [n] = 1 indicates that UAV m collects information from
GT k in slot n. Otherwise, let αm,k [n] = 0. Note that at any
slot only one UAV-GT pair at most can be connected, which
results in the following constraints

M∑
m=1

K∑
k=1

αm,k [n] ≤ 1, ∀n, (10)

αm,k [n] ∈ {0, 1}, ∀m, k, n. (11)
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For simplicity, the energy supporting flight of per UAV is
assumed to be sufficient during the serving time. Let pk [n]
represent the uplink transmit power of GT k in slot n. Under
our assumption, each GT has a maximum instantaneous
power constraint Pmax > 0 in per slot, and its energy con-
sumption for information transmission is subject to the total
amount of energyW > 0 in joule, which yields the following
constraints

δt

N∑
n=1

pk [n] ≤ W , (12)

0 ≤ pk [n] ≤ Pmax, ∀k. (13)

Initially, per GT stores the same amount of energy for
information transmission. Based on the discussion above,
the achievable rate in bits/second/Hz (bps/Hz) from GT K to
UAV m within slot n can be obtained as

rm,k [n] = αm,k [n] log2(1+
hm,k [n]pk [n]

σ 2 )

= αm,k [n] log2(1+
γ0pk [n]

‖qm[n]− wk‖
2 + H2 ), (14)

Where σ 2 is the white Gaussian noise power at the UAV
receiver, and γ0 = β0/σ

2 denotes the reference received
signal-to-noise ratio (SNR) at d0 = 1 meter. Thus,
the throughput of GT k in bits/Hz during the period can be
obtained as below

Ck = δt
M∑
m=1

N∑
n=1

rm,k [n], ∀k. (15)

With (14), the throughput of UAV m over total N slots can
be expressed as

Cm = δt
K∑
k=1

N∑
n=1

rm,k [n]

= δt

K∑
k=1

N∑
n=1

αm,k [n] log2(1+
γ0pk [n]

‖qm[n]− wk‖
2 + H2 ),

(16)

Accordingly, the system throughput over the period can be
expressed as

C =
M∑
m=1

Cm

= δt

M∑
m=1

K∑
k=1

N∑
n=1

αm,k [n] log2(1+
γ0pk [n]

‖qm[n]− wk‖
2 + H2 ).

(17)

Here, a difference mechanism for the multi-UAV commu-
nication system is taken into account. Specifically, a weight
factor θm is introduced, with θm ∈ [0, 1], to denote the
throughput ratio for UAV m, which is defined as the required
throughput of UAV m over the achievable throughput of
the system. In practice, the fairness factor can be deter-
mined by the difference consideration between UAVs, such

as UAV types, SWAP constraints, as well as communication
performance. In addition, it also can be adjusted to satisfy
the fair communication for multiple UAVs if there is fairness
requirement in the system. Note that the factor is described as
fairness/difference factor in the following sections. Evidently,

the factor θm satisfies the constraint of
M∑
m=1

θm ≤ 1. By given

this, each UAV can be individually designed with difference
consideration by flexibly adjusting the fairness factor. As a
result, this new constraint can be concretely expressed as

Cm ≥ θmC, ∀m. (18)

In the proposed system, our objective is to maxi-
mize the minimum throughput of GTs in uplink channel.
For ease of discussion, the optimization variables are
represented by three blocks, i.e., A = {αm,k [n],∀m, k, n},
P = {pk [n],∀k, n}, and Q = {qm[n], vm[n], am[n],∀m, n},
which correspond to the communication scheduling , power
allocation and flight plan design, respectively. In the proposed
design, our goal is to maximize the minimumGT throughput.
For ease of exposition, the minimum throughput of GTs can
be expressed as

s = min
∀k∈K

Ck . (19)

B. PROBLEM FORMULATION
Based on above discussion, the optimization problem is
formulated as

(P1): max
s,A,P,Q

s

s.t. Ck ≥ s,∀k, (20)

(1)-(7), (10)-(13) and (18).

It is worth highlighting that the constraint in (18)
shows the difference design for multi-UAV, the constraints
in (10) and (11) represent the communication scheduling.
The constraint in (7) indicates the secure flight mechanism
for collision avoidance between any two UAVs. Besides,
both (12) and (13) affect the power allocation of GTs, and the
constraints in (2)-(5) are kinetic limitations related to UAVs.

Note that problem (P1) is challenging to be solved opti-
mally due to it is not a standard convex optimization problem.
First, the left-hand sides (LHS) of the constraints in (20) is
jointly non-concave with respect to A, P and Q. In addi-
tion, both sides of the constraint in (18) are non-convex
with respect to A, P and Q. Second, the optimization vari-
ables A involve integer constraints due to the variables A
are binary, as shown in (11). Consequently, problem (P1) is
a mixed-integer non-convex optimization problem that can
not be directly solved by using standard convex optimization
techniques. In the next section, a feasible scheme is proposed
to efficiently handle this problem.

III. PROPOSED SULOTION
To tackle problem (P1), an iterative technique is proposed in
this section. Without loss of generality, the problem (P1) is
decomposed into two subproblems. First, the communication
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schedulingA and power allocationP are optimized for a given
fixed trajectory Qr (r denotes the r-th iteration), which is
denoted by subproblem 1. By solving subproblem 1, the opti-
mized communication scheduling and power allocation can
be obtained, denoted byAr+1 andPr+1, respectively. Second,
the trajectory Q is optimized for a fixed GT scheduling and
power allocation (namely Ar+1 and Pr+1), which is denoted
by subproblem 2. Thus, a suboptimal solution can be obtained
by solving these two subproblems in an alternative iteration
method.

A. SUBPROBLEM 1: OPTIMIZING COMMUNICATION
SCHEDULING AND POWER ALLOCATION UNDER
GIVEN FIXED TRAJECTORY
Under given fixed trajectory Qr , subproblem 1 can be
expressed as

(P1.1): max
s,A,P

s

s.t. (10)-(13), (18) and (20),

Note that subproblem (P1.1) is still a non-convex and
mixed-integer problem, because the communication schedul-
ingA and power allocationP are still coupled in (18) and (20).
In addition, the constraints in (10) and (11) involve integer
constraints. To tackle these problems, the binary variable A
for communication scheduling is relaxed into a set of contin-
uous variables, i.e., 0 ≤ αm,k [n] ≤ 1,∀m, k, n. Then, slack
variables {τm,k [n]} are introduced. Hence, problem (P1.1) can
be reformulated as

(P1.1.1): max
s,A,P,{τm,k [n]}

s

s.t. δt
M∑
m=1

N∑
n=1

αm,k [n]τm,k [n] ≥ s, ∀k,

(21a)

δt

K∑
k=1

N∑
n=1

αm,k [n]τm,k [n] ≥ θmC, ∀m,

(21b)

log2(1+
γ0pk [n]

‖qrm[n]− wk‖
2 + H2 )

≥ τm,k [n], ∀m, k, n, (21c)
M∑
m=1

K∑
k=1

αm,k [n] ≤ 1, ∀n, (21d)

0 ≤ αm,k [n] ≤ 1, ∀m, k, n. (21e)

It can be verified that the optimal solution of problem (P1.1.1)
satisfies the constraint in (21c) with equality, since otherwise
τm,k [n] can be appropriately increased to achieve a higher
upper boundary of the objective value of s in (21a). As a
result, the objective value would increase. Also, the con-
straint (21d) must be met with equality in the optimal solution
to problem (P1.1.1), we can easily reconstruct a binary solu-
tion by further dividing each time slot into sub-slots until the
binary solution brings zero relaxation gap. This procedure is
described in detail in [20].

Note that the constraints in (21c)-(21e) are convex,
whereas the LHS of (21a) and (21b) are still non-concave due
to the variablesA and slack variables {τm,k [n]} being coupled.
To deal with this problem, a local convex approximation
method that can be guaranteed to converge to a locally opti-
mal solution is applied. Specifically, the LHS of the constraint
in (21a) can be expressed as below

αm,k [n]τm,k [n]=
(αm,k [n]+τm,k [n])2

2
−
α2m,k [n]+τ

2
m,k [n]

2
,

(22)

Then, the local convex approximation method is applied to
deal with the first term of the right-hand side (RHS) of the
constraint in (22). For the RHS of the constraint in (22),
the first term of the numerator is jointly convex with respect
to αm,k [n] and τm,k [n]. Thus, its first-order Taylor expan-
sion is the global under-estimator [27]. As a result, for any
local point {αrm,k [n], τ

r
m,k [n]}, a lower bound function can be

defined as below

(αm,k [n]+ τm,k [n])2

≥ (αrm,k [n]+ τ
r
m,k [n])

2

+ 2(αrm,k [n]+ τ
r
m,k [n])(αm,k [n]− α

r
m,k [n])

+ 2(αrm,k [n]+ τ
r
m,k [n])(τm,k [n]− τ

r
m,k [n]) , ρ

lb
m,k [n].

(23)

It is worth noting that both sides of the inequality in (21b)
are non-convex, which means that the RHS of (21b) as well
needs to be appropriately tackled. To this end, a relaxation
variable s2 is introduced to rewrite (21b) as

δt

K∑
k=1

N∑
n=1

αm,k [n]τm,k [n] ≥ θms2, ∀m, (24)

Where

s2 ≤ δt
M∑
m=1

K∑
k=1

N∑
n=1

αm,k [n] log2(1+
γ0pk [n]

‖qrm[n]−wk‖
2+H2 ),

(25)

s2 ≥ K · s, (26)

In fact, by introducing the relaxation variable s2, the system
throughput C is relaxed into a restricted range as shown in
(25) and (26). It can be verified that the optimal solution of
problem (P1.1.1) must satisfy the constraints in (25) and (26)
with equality, since otherwise the value of s2 in (25) can
always be appropriately increased without decreasing the
objective value of s. So, the objective value in (26) can
constantly increase until the equality holds. As a result,
with (22)-(26), an equivalent transformation of problem
(P1.1.1) can be obtained as below

(P1.1.2):

max
s,A,P,{τm,k [n]},s2

s

s.t. δt
M∑
m=1

N∑
n=1

ρlbm,k [n]−(α
2
m,k [n]+τ

2
m,k [n])

2
≥s, ∀k,

(27a)
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δt

K∑
k=1

N∑
n=1

ρlbm,k [n]−(α
2
m,k [n]+τ

2
m,k [n])

2
≥θms2, ∀m,

(27b)

δt

M∑
m=1

K∑
k=1

N∑
n=1

ρlbm,k [n]−(α
2
m,k [n]+τ

2
m,k [n])

2
≥ s2

(27c)

s2 ≥ K · s, (27d)

log2(1+
γ0pk [n]

‖qrm[n]− wk‖
2 + H2 ) ≥ τm,k [n],

∀m, k, n, (27e)
M∑
m=1

K∑
k=1

αm,k [n] ≤ 1, ∀n, (27f)

0 ≤ αm,k [n] ≤ 1, ∀m, k, n. (27g)

Note that (P1.1.2) is a convex problem, which can be solved
effectively by standard convex tools. By solving problem
(P1.1.2), the optimized communication scheduling and power
allocation are obtained. Then, both would be served as the
inputs for problem (P1.2) in the next subsection.

B. SUBPROBLEM 2: OPTIMIZING THE TRAJECTORY
UNDER GIVEN FIXED COMMUNICATION SCHEDULING
AND POWER ALLOCATION
In this subsection, the flight plan design problem can be
optimized for given fixed local points of communication
scheduling and power allocation, denoted as {Ar+1,Pr+1}.
Thus, subproblem 2 can be obtained as

(P1.2): max
s,Q

s

(1)-(7), (18) and (20),

Problem (P1.2) is also a non-convex problem due to the
non-convex constraints in (18), (20), (4) and (7). Note that the
constraint in (2) is convex as it is linear with respect to q[n],
v[n] and a[n]. Similarly, the constraint in (1) is also convex.
To deal with these non-convex constraints in problem (P1.2),
the inequality in (20) is rewritten as

δt

M∑
m=1

N∑
n=1

αr+1m,k [n] log2(1+
γ0p

r+1
k [n]

‖qm[n]− wk‖
2 + H2 ) ≥ s,

(28)

It is worth noting that the LHS of the inequality (28) can be
converted into a convex expression if considering ‖qm[n] −
wk‖

2 as a whole. Thus, by applying sequential convex opti-
mization technique at any given points {qrm[n]−wk}, the LHS
of the inequality in (28) can be lower-bounded by

δt

M∑
m=1

N∑
n=1

αr+1m,k [n] log2(1+
γ0p

r+1
k [n]

‖qm[n]− wk‖
2 + H2 )

≥ δt

M∑
m=1

N∑
n=1

[ϕr+1m,k [n]− ψ
r+1
m,k [n](‖qm[n]− wk‖

2

−‖qrm[n]− wk‖
2)]

, Cr+1
k,lb , (29)

Where

ϕr+1m,k [n]

= αr+1m,k [n] log2(1+
γ0p

r+1
k [n]

‖qrm[n]− wk‖
2 + H2 ), (30)

ψ r+1
m,k [n]

=
log2(e)α

r+1
m,k [n]γ0p

r+1
k [n]

(‖qrm[n]−wk‖
2+H2)(‖qrm[n]−wk‖

2+H2+γ0p
r+1
k [n])

(31)

For the sake of easy discussion, define

ξ r+1m,k ,ϕ
r+1
m,k [n]−ψ

r+1
m,k [n](‖qm[n]−wk‖

2
−‖qrm[n]−wk‖

2).

(32)

To solve the non-convex constraint in (18), the same
technique as tackling the constraint in (21b) of problem (P1.1)
is applied. By introducing a slack variable s̆2, the constraint
in (18) can be expressed as

Cm = δt
K∑
k=1

N∑
n=1

rm,k [n]

= δt

K∑
k=1

N∑
n=1

αr+1m,k [n] log2(1+
γ0p

r+1
k [n]

‖qm[n]− wk‖
2 + H2 )

≥ θms̆2, (33)

Where

s̆2 ≤ δt
M∑
m=1

K∑
k=1

N∑
n=1

αr+1m,k [n] log2(1+
γ0p

r+1
k [n]

‖qm[n]−wk‖
2+H2 ),

(34)

s̆2 ≥ K · s, (35)

Similarly, the optimal solution of problem (P1.2) also sat-
isfies the constraints in (34) and (35) with equality. As for
the LHS of the inequality constraint in (33) and the RHS
of the constraint in (34), their lower bound functions can
be respectively obtained by applying the first-order Taylor
expansion at given point {qrm[n]− wk} as follows

Cr+1
m,lb , δt

K∑
k=1

N∑
n=1

ξ r+1m,k [n], (36)

Cr+1
lb , δt

M∑
m=1

K∑
k=1

N∑
n=1

ξ r+1m,k [n], (37)

Where ξ r+1m,k [n] is subjected to the equality in (32). Next,
rewrite the non-convex constraint in (4) as follows

‖vm[n]‖2 ≥ V 2
min, ∀m, n, (38)

Consider the constraint in (38) is still a non-convex expres-
sion, the local convex approximation technique can be
applied to tackle the LHS of the constraint, since ‖vm[n]‖2 is
convex and differentiable with respect to vm[n]. As a result,
its lower-bound function is obtained based on the fact that the
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global under-estimator of a convex differentiable function can
be obtained by its first-order Taylor expansion [27]. Thus, for
any given point {vrm[n]}, the LHS of the constraint in (38) can
be lower-bounded as

‖vm[n]‖2 ≥ ‖vrm[n]‖
2
+ 2(vrm[n])

T (vm[n]− vrm[n])

, χlb,m[n], ∀m, n. (39)

Hence define a new constraint,

χlb,m[n] ≥ V 2
min, ∀m, n. (40)

Note that the non-convex constraint in (7) also needs to be
tackled. Specifically, auxiliary variables {xm,l[n]} are intro-
duced, and let

‖xm,l[n]‖2 ≥ D2, (41)

Where

xm,l[n] = qm[n]− ql[n], ∀n ∈ N ,m, l ∈M, m 6= l.

(42)

With such a reformulation, the constraint in (7) is partitioned
into two parts as shown in (41) and (42). The equality in (42)
is a linear constraint, whereas the inequality in (41) is still a
non-convex expression. To tackle (41), the same technique as
used in (38) is applied. Therefore, a lower-bound function at
given points {xrm,l[n]} is obtained as below

ξm,l,lb[n] , ‖xrm,l[n]‖
2
+ 2(xrm,l[n])

T (xm,l[n]− xrm,l[n])

≥ D2, ∀m, l, m 6= l, n, (43)

In fact, the given points {xrm,l[n]} can be set as xrm,l[n] =
qrm[n]− qrl [n] at the r-th iteration due to the equality always
holding in (42).

All the non-convex constraints of problem (P1.2) have
now been analyzed and appropriately tackled, and the
problem (P1.2) can be reformulated as

(P1.2.1):

max
s,Q,s̆2,{xm,l [n]}

s

s.t. (1)-(3), (5), (6)

Cr+1
k,lb ≥ s, ∀k, (44a)

Cr+1
m,lb ≥ θms̆2, ∀m, (44b)

Cr+1
lb ≥ s̆2, ∀m, (44c)

s̆2 ≥ K · s, (44d)

χlb,m[n] ≥ V 2
min, ∀m, n, (44e)

ξm,l,lb[n] ≥ D2, ∀m, l, m 6= l, n, (44f)

xm,l[n] = qm[n]− ql[n], ∀m, l, m 6= l, n.

(44g)

Based on the previous discussions, problem (P1.2.1) is
distinctly equivalent to problem (P1.2), and problem (P1.2.1)
is a convex problem that can be directly and effectively solved
by convex optimization tools such as CVX [28].

C. PROPOSED ALGORITHM
In this subsection, an iterative algorithm is proposed for solv-
ing problem (P1). From the previous discussion, problem (P1)
can be equivalently solved by alternately optimizing subprob-
lem (P1.1.2) and (P1.2.1). By this, a suboptimal solution can
be obtained. To summarize, the iterative algorithm to solve
problem (P1) is proposed as shown in Algorithm 1.

Algorithm 1 Iterative Algorithm for Problem (P1)
1: Initialize {Ar ,Pr ,Qr

}, variables {τ rm,k [n], x
r
m,l[n]} and

let iteration index r = 0, tolerance ε > 0.
2: repeat
3: Solve problem (P1.1.2) for given {Qr , τ rm,k [n]}, and

denote the optimized solution as {Ar ,Pr , τ rm,k [n]}
∗.

4: Set {Ar+1,Pr+1, τ r+1m,k [n]} ← {A
r ,Pr , τ rm,k [n]}

∗.
5: Solve problem (P1.2.1) for given
{Ar+1,Pr+1,Qr , xrm,l[n]} , and denote the optimized
solution as {Qr , xrm,l[n]}

∗.
6: Set {Qr+1, xr+1m,l [n]} ← {Q

r , xrm,l[n]}
∗.

7: Set r ← r + 1.
8: until The objective value converges to the prescribed

accuracy ε.

D. TRAJECTORY INITIALIZATION
In this subsection, a simple and effective trajectory initial-
ization method for Algorithm 1 is represented. It is critical
for Algorithm 1 to determine a feasible initial trajectory,
since the constraints in (2)-(6) are complex and not easy
to be satisfied. To seek a feasible initial method, a simple
circular path scheme is proposed. Theoretically, under the
premise of satisfying the constraints in (2)-(6), the circular
trajectories that correspond to different UAVs can be set at
any positions within the goal area. Specifically, the circle
centers of different trajectories are set at different points near
the geometrical center of the goal area. Thus, the center of
each UAV’s trajectory can be denoted by Om = [xm, ym]T .
To better balance the GTs’ rate, each UAV’s speed is set as
a constant and reasonable value V , with Vmin ≤ V ≤ Vmax.
Thus, each UAV has the same radius denoted by r = VT

2π .
Thereby, for n ∈ N , the initial trajectory of UAV m can be
denoted as

q0m[n] = [xm + r sin
2π (n− 1)
N − 1

, ym + r cos
2π (n− 1)
N − 1

]T .

(45)

IV. NUMERICAL RESULTS
In this section, numerical results are provided to demonstrate
the validity of the proposed algorithm. A vector θ ∈ R1×M is
used to present the value of fairness factor for multiple UAVs,
i.e., θm ∈ θ denotes the fairness factor of the m-th UAV. All
GTs in the system are assumed to be randomly distributed
in a 2D rectangular area of 2 × 2 km2 as shown in Fig. 2,
marked by ‘I’s. As shown in Fig. 2, Fig. 3 as well as Fig. 4,
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FIGURE 2. Comparison of the optimal trajectories of two UAVs under
different fairness factors for T = 150 s.

FIGURE 3. Comparison of the optimal trajectories of three UAVs under
different fairness factors for T = 150 s.

FIGURE 4. Comparison of the optimal trajectories of two UAVs with the
fairness factors θ = (1/3,2/3) for different periods. (a) T = 100 s.
(b) T = 200 s.

the original/final positions of UAVs are marked by ‘�’s.
To illustrate each UAV position in per slot, the trajectories are
sampled every 6 seconds, and the sampled points are marked
by ‘+’s, ‘

a
’s or ‘©’s. Specifically, all the rest of system

parameters are set as shown in Table 2.
In Fig. 2, two UAVs’ trajectories are illustrated under dif-

ferent fairness factors for period T = 150 s. Note that θ = 0
represents no difference to be considered. It can be observed

TABLE 2. System parameters for numerical simulation.

from Fig. 2 that each UAV first accelerates to fly closer to
its served GT for a better channel link, and then decelerates
and even hovers over the GT for more information collection.
In addition, the different fairness factors result in big changes
of the trajectories, which indicates that the optimal UAVs’
flight paths depend on the value of the predetermined fair-
ness factor. Intuitively, the UAVs can maximally exploit the
mobility to serve GTs with the best air-to-ground channels
for θ = (0, 0). As a result, in these cases of considering
the difference between the UAVs (see, e.g. Fig. 2(b)-(d)),
the mobility of UAVs is restricted to some extent so as to meet
the different fairness factor constraints. Generally speaking,
if the gap between the fairness factors for these two UAVs
is larger, the compromise of one UAV on mobility would
be more severe. To show the case of more than two UAVs,
in Fig. 3, the trajectories of three UAVs are plotted for period
T = 150 s. Similarly, we can observe that each UAV is com-
pelled to adjust its trajectory to satisfy the different fairness
factor requirement.

In order to further illustrate the trajectories under different
periods T , the optimal trajectories of two UAVs for fairness
factor θ = (1/3, 2/3) under different periods is plotted,
as shown in Fig. 4. From Fig. 2(c) and Fig. 4, it can be
observed that the period impacts the path planning of UAVs
as well. In general, with lager T , it provides more flexibility
for UAVs’ flight plan design.

The convergence performance of the proposed
Algorithm 1 is shown in Fig. 5. In this picture, the max-
min GT throughput in Megabits (Mb) at each iteration for
T = 150 s is plotted. Specifically, multi-UAV cases with
different fairness factors are compared in order to illustrate
the effect of different difference consideration on the sys-
tem throughput. It can be observed that the max-min GT
throughput with the difference consideration is lower than
the case without difference consideration, i.e., θ = 0. This
is because the difference factor restricts the UAVs’ mobility
to some extent. Besides, it also can be observed that the case
of three UAVs outperforms the case of two UAVs, because
under the former case, the communication coverage ability
is superior, and there is more likely to obtain a shorter link
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FIGURE 5. Convergence of the proposed Algorithm 1 for T = 150 s.

between the UAVs and GTs in each time slot so that leads to
a larger throughput.

FIGURE 6. Average information rate of each UAV with fairness factor
θ = (1/3,2/3).

To further show the validity of the proposed Algorithm 1,
the throughput of the case of two UAVs during different
periods are illustrated in Fig. 6. For the sake of intuitive com-
parison, the average information rate of each UAV in Mbps
with the fairness factor θ = (1/3, 2/3) under different periods
is shown in this picture. Note that the average information
rate of each UAV can be readily obtained by the expression
Cm/T , where Cm denotes the throughput of the UAV m as
shown in (16). From Fig. 6, it first can be observed that the
throughput of each UAV converges to a stable value under
the required fairness factor constraint. The curves match our
expectation and validate the proposed algorithm. Second,
it can be also observed that one UAV’s throughput increase
may be at the expense of decreasing the other’s in order
to satisfy the fairness factor constraint. This indicates that
the proposed Algorithm 1 is reliable, and the fairness factor
indeed shows the difference design in the multi-UAV enabled
system.

Fig. 7 shows the system throughput versus each GT’s
energy W for different period T and θ under the case of
two UAVs. It is observed that the system throughput rises

FIGURE 7. System throughput versus each GT’s energy for period
T = 150 s.

rapidly when the total energy of each GT is low, then it raises
smoothly with the increasing value ofW . This is because each
GT is subject to a maximum instantaneous transmit power in
each slot as shown in (13). With the increasing value of W ,
the UAVs would gradually get into saturation states, in which
the UAVs have less freedom to further improve the through-
put via power allocation due to the constraint in (13). In Fig. 7,
it also can be observed that for any period T , the case of
θ = (0, 0) always achieves the best system throughput. This
is because the UAVs have the largest freedom for exploiting
the mobility when there is no fairness factor limit.

FIGURE 8. The distance between the two UAVs versus time for different
period T .

Next, to show the effectiveness of the proposed flight
security scheme, the distance between the UAVs in each slot
for period T = 150 s and T = 200 s under different
fairness factors are shown in Fig. 8.Without loss of generality,
we show the case of two UAVs in Fig. 8. It can be observed
that the trajectories follow the flight security scheme even
though in many slots the distance between the UAVs is
near even touches the minimum secure flight distance D
(such as at t = 123 s for the case of θ = (1/3, 2/3)
for T = 200 s). Therefore, these observations in Fig. 8
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demonstrate the effectiveness of the proposed flight security
scheme.

FIGURE 9. System throughput versus UAVs flight period T .

Fig. 9 shows the system throughput versus the different
flight period T . Specially, the cases of two/three static UAVs
and one single UAV are set as benchmarks. Note that in static
UAV cases, the UAVs are assumed to stay stationary at fixed
positions. While the case of single one UAV with flight plan
design can be solved by Algorithm 1 by setting M = 1
and ignoring the difference consideration, i.e., the constraint
in (18). In Fig. 9, it can be observed that for the proposed
multi-UAV case, the system throughput grows much faster
than that of the benchmarks. This indicates that the proposed
multi-UAV design is far superior to the benchmarks mainly
for two reasons. First, in our proposed design, the UAVs are
able to exploit their mobility to fly closer to their serviced
GTs and even hover over them to take advantage of the best
channels. Second, a larger number of UAVs can improve the
communication coverage ability and easily obtain shorter link
between the UAVs and GTs in each time slot compared to the
cases with fewer number of UAVs.

Nevertheless, it is worth noting that a larger period T or a
larger number of UAVs does not imply a better performance
when taking account of the system’s cost, such as the UAVs’
energy consumption. To illustrate this problem, the energy
efficiency (EE) of UAVs in kbits/J obtained by C

MP̄T
is shown

in Fig. 10. Note that C denotes the system throughput as
shown in (17), M and P̄ denote the number of UAVs and
average propulsion power for each UAV flight, respectively.
Without loss of generality, the average propulsion power is
set as P̄ = 200 w. From Fig. 10, it can be observed that the
EE for multi-UAV cases does not increase with the number of
UAVs. In addition, for each multi-UAV case, it illustrates that
there is always an optimal period that leads to the maximum
energy-efficient design, which means that the period time for
task completion could be optimized while taking the system’s
cost into account. These give us new study freedom to seek a
balance among multiple UAVs, system cost and period time,
which will be left to our future work.

FIGURE 10. Energy efficiency versus UAVs flight period T .

V. CONCLUSION
A new multi-UAV enabled wireless communication sys-
tem with difference consideration of UAVs is represented
in this paper. Specifically, by taking account of the fair-
ness/difference factor and secure flight requirement, this
problem is formulated as a minimum GT throughput maxi-
mization problem that is a mixed integer non-convex prob-
lem. To solve this problem, an iterative algorithm that jointly
optimizes the communication scheduling, power allocation
and flight plan design is proposed. A suboptimal solu-
tion is obtained by applying the block coordinate descent,
relaxation, and successive convex optimization techniques.
Numerical results validate the effectiveness of our proposed
design, and also show that the design achieves a signif-
icant performance gain compared to the benchmark. For
multi-UAV enabled communication systems with difference
consideration in future, the results achieved in this paper are
expected to provide useful insights and guidelines for tackling
similar problems.
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