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ABSTRACT This paper studies the energy efficiency (EE) maximization problem of fixed-wing Unmanned
aerial vehicles (UAVs) enabled Internet of Things (IoT) system, where an UAV is employed as an aerial relay
with enough cache capacity to amplify and forward (AF) received signals between narrow band (NB)-IoT
device and eNodeB. This paper optimizes the unconstrained trajectory of the UAV to maximize the EE of
UAV-enabled IoT system to achieve the green communication. Due to the objective function is a fraction
and is non-convex, it’s hard to solve the optimization problem. Therefore, this paper alternately optimizes
trajectory in source subspace and destination subspace with the other fixed and comes up with an algorithm
based on successive convex approximation (SCA) method and Dinkelbach method to obtain a local optimal
solution. Numerical results show that the proposed UAV trajectory design method can obtain much bigger
EE than the running track (RT) trajectory and circular trajectory. Besides, the proposed cache-enabled AF
strategy can obtain much bigger EE than non cache-enabled AF strategy.

INDEX TERMS Energy efficiency, relays, the Internet of Things (IoT), unmanned aerial vehicles, successive
convex approximation.

I. INTRODUCTION
As an emerging network technology and industrial model, the
Internet of Things has received extensive attention [1]–[5].
Besides, with the development of science and technology,
UAVs are getting smaller and smaller and have been used
in more and more civilian and military fields, especially
in wireless communication systems and IoT systems [6].
What’s more, UAVs have been employed as aerial base sta-
tions (BSs) and aerial relaying [7], because UAVs have many
advantages over unmanned ground vehicles (UGVs), such as
high mobility, fast networking and flexible deployment [8].
For instance, the UAVs have been efficiently used for IoT
communication [9]. Besides, the UAVs can be employed as
BSs to provide mobile users with lots of data [10]. Due to the
high mobility, UAVs can be employed to set up emergency
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communication systems in many disaster areas [11] and be
deployed inmany areas when communication in the ground is
unaccessible [12]. How to make full use of the advantages of
UAVs to improve the UAV-enabled wireless communication
system’s performance has aroused the interest of numerous
relevant engineers and professionals.

According to the differences of structures, UAVs are
divided into rotary-wing UAVs and fixed-wing UAVs, and
different kinds of UAVs can be deployed in different commu-
nication systems. The authors in [13] studied the UAV-based
wirelessly powered communication networks (WPCNs),
where the UAVwas employed to provide ground nodes (GNs)
with a durable power supply through wireless links. The
authors in [14] regarded the UAV as an aerial BS and aimed
to maximize both the average throughput and the success-
ful transmission probability. In [15], the authors focused
on the UAV-to-network (U2N) and UAV-to-UAV (U2U)
communications, and came up with a collaborative UAV
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sense-and-send scheme to enable the UAV-to-X communica-
tions. In [16], the authors viewed multiple UAVs as aerial
BSs, and optimized the deployment of UAVs to maximize
the total coverage area. The authors in [17] studied the com-
munication between UAV and GNs in presence of Rician
fading. In [18], the authors regarded the UAV as a mobile
relay, and optimized the relay transmission power, source
transmission power and relay trajectory to maximize com-
munication throughput. In [19], UAVs were employed as an
aerial BS to process the tasks migrated from the terminal
devices (TDs). The authors in [20] came up with an EE max-
imization strategy for UAV swarm-enabled cell networks.
In [21], the authors studied the use of network-connected
UAV communications. The authors in [22] aimed to maxi-
mize the throughput of a disaster area UAV communication
network by optimizing the position of the UAV. In [23], the
authors studied the UAV-enabled non-orthogonal multiple
access (NOMA) and aimed to maximize the sum rate by
jointly optimizing the precoding and UAV trajectory. In [24],
the authors studied the multiple UAVs relay enabled net-
work in the IoT. The authors in [25] studied UAV-enabled
backscatter communication (BackCom) networks and UAV
was employed as a mobile relay in cognitive network [26].

However, the airborne energy of UAVs is very limited,
which greatly limits the wide application of UAVs. There-
fore, energy efficiency has become an increasingly important
indicator in designing the UAV-enabled wireless communi-
cation systems. And how to increase EE while meeting the
requirement of wireless communication systems is the focus
of many researchers.

The authors in [27] came up with the running track (RT)
trajectory of a fixed-wing UAV to study UAV-enabled relay-
ing system. The authors in [28] employed the UAV to collect
data from GN and studied the tradeoff between the GN and
UAV. Prior work [29] regarded the UAV as a new mobile
user in cellar networks and jointly optimized UAV transmis-
sion power and trajectory to maximize the average achiev-
able rate. The energy minimization of rotary-wing UAV in
UAV-enabled wireless communication was studied in [30].
The authors in [31] employed an UAV as an aerial BS to
serve multiple wireless sensor nodes (SNs) and aimed to
maximize the system EE. The authors in [32] employed the
fixed-wing UAVs to broaden the horizon of mobile crowd
sensing (MSC) and studied the UAV-enabled MSC. In [33],
the authors employed a fixed-wing UAV unequipped with
cache to maximize the end-to-end throughput of AF relay-
ing system. However, the energy efficiency of UAV-enabled
AF relaying in the IoT system has not been studied, which
motivates this paper’s work.

This paper studies the cache-enabled AF mode in
UAV-enabled IoT system, which has become more and
more important and has many applications [34]–[37].
The fixed-wing UAV is employed as an aerial relaying
with enough cache capacity between NB-IoT device and
eNodeB. The UAV buffers the received signal from NB-IoT
device for a fixed time and forwards it to eNodeB in

amplified-and-forward mode. The objective is to maximize
the EE of the UAV-enabled IoT system, which is defined as
the total communication throughput normalized by system
energy consumption, and the UAV trajectory subjects to the
initial position, final position and maximum velocity con-
strains. The cache-enabled amplified-and-forward mode in
UAV-enabled IoT system has not yet been presented before.
The contributions of this paper are summarized as below.

• This paper establishes the transmission model for the
UAV-enabled IoT system, where the signal-to-noise
ratio (SNR) and throughput are both functions of the
UAV trajectory in the source subspace and destination
subspace. Based on the transmission model, the formula
for SNR at the receiver and throughput of cache-enabled
UAV relay assisted IoT system are derived.

• This paper proposes a novel forwarding strategy that the
UAV caches received signals from NB-IoT device (S)
when flies in the source subspace and forwards cached
signals to the eNodeB (D) when flies in the destination
subspace in order to improve the SNR at the receiver
of eNodeB (D). That is the UAV buffers the received
signal fromNB-IoT device for a fixed time and forwards
it to eNodeB in amplified-and-forward mode. What’s
more, this paper considers unconstrainedUAV trajectory
optimization, which only has fixed initial and final posi-
tion, to maximize energy efficiency of UAV-enabled IoT
system.

• This paper comes up with an efficient algorithm to
obtain a local optimal solution based on alternating
optimization, fractional programming and SCA. A large
number of numerical results are given to verify the anal-
ysis results. The proposed novel UAV trajectory design
can obtain much bigger EE of UAV-enabled IoT system
than RT trajectory and the circular trajectory. Besides,
the proposed cache-enabled AF strategy can achieve
much bigger EE than non-cache enabled AF strategy.

The rest of this paper is organized as below. In section II,
the UAV-enabled IoT system model is introduced and the
optimization problem is formulated. Iterative algorithms for
solving the optimization problem are proposed in section III.
Simulation results are presented in section IV, and finally this
paper is concluded in section V.

II. SYSTEM MODEL
In this paper, we consider the UAV-enabled IoT systemwhere
the UAV is employed as an aerial amplified-and-forward
relay with enough cache capacity. As is shown in Fig. 1,
the system is made of a fixed-wing UAV, eNodeB (D) and
NB-IoT device (S). And every of the UAV, eNodeB and
NB-IoT device is equipped with an antenna. It’s assumed
that there are no communication links between D and S due
to long distance or blockage on the ground. We aim to
employ theUAVas an aerial relay to establish communication
links between S and D in order to upload the data from
S to D. We consider more general UAV flight trajectories
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FIGURE 1. UAV-enabled IoT System Model.

design rather than fixed trajectories. To simplify the model,
we divide the space into two subspaces, one subspace is the
source subspace, and the other is the destination subspace.
It’s assumed the UAV only receives information bits from
S in the source subspace and only forwards information bits
to D in the destination subspace. Without loss of generality,
we assume the distance between S andD is 2L, the horizontal
coordinate of S and D is ws = [L, 0]T and wd = [−L, 0]T ,
respectively. The UAV is assumed to fly at the lowest safe
flight altitude H in order to provide better wireless channel
conditions. T = 2T1 denotes the requiredmission completion
time, and q (t) ∈ R2×1 denotes the horizontal coordinate of
the UAV trajectory in the source subspace, t ∈ [0,T1], where
R denotes the set of all real numbers. And k (t) ∈ R2×1

denotes the horizontal coordinate of the UAV trajectory in
the destination subspace, t ∈ [T1,T ]. Let qI and qF denote
the horizontal coordinate of original and final trajectory in
the source subspace, respectively. Let kI and kF denote
the horizontal coordinate of original and final trajectory in
the destination subspace, respectively. What’s more, Vmax
denotes the maximum velocity of the UAV.

The mission period T is equally discretized into 2N time
slots which are denoted by δt = T

2N . And N is chosen to be
large enough so that we can assume the position of UAV is
constant at every time slot. Thus, let q [n] = (x1 [n] , y1 [n])T

denotes the horizontal coordinate of the UAV position in the
source subspace at time slot n ∈ N1 , {1, 2, · · · ,N }, where
N1 denotes a set containing all time slots when the UAV flies
in the source subspace. k [n] = (x2 [n] , y2 [n])T denotes the
horizontal coordinate of the UAV position in the destination
subspace at time slot n ∈ N2 , {1, 2, · · · ,N }, where N2
denotes a set containing all time slots when the UAV flies in
the destination subspace. As a result, the constraints on the
fixed-wing UAV trajectory can be formulated as below.

q [0] = qI , (1)

q [N ] = qF , (2)

‖q [n]− q [n− 1]‖2 6 V 2, ∀n ∈ N1, (3)

k [0] = kI , (4)

k [N ] = kF , (5)

‖k [n]− k [n− 1]‖2 6 V 2, ∀n ∈ N2, (6)

where V , Vmaxδt denotes the maximum flight distance of
UAV at every time slot and ‖ · ‖ denotes the Euclidean norm.
Furthermore, in Cartesian coordinates, the distance between
the S and UAV at time slot n ∈ N1 can be formulated as

ds,r [n] =
√
H2 + ‖q [n]− ws‖2, (7)

Besides, in Cartesian coordinates, the distance between the
D and UAV at time slot n ∈ N2 can be formulated as

dr,d [n] =
√
H2 + ‖k [n]− wd‖2. (8)

The channels between IoT nodes and UAV are assumed
to be Line of Sight (LoS) channels [28]. Furthermore,
we assume that the receivers of the UAV and IoT nodes
can perfectly compensate the Doppler frequency shift [38].
Therefore, the channel gain from the S to UAV at time slot
n ∈ N1 can be expressed as [25]

|hs,r [n]|2 =
β0

H2 + ‖q [n]− ws‖2
, (9)

where β0 denotes the power gain at the distance of 1m. And
the channel gain from the UAV to D at time slot n ∈ N2 can
be formulated as [25]

|hr,d [n]|2 =
β0

H2 + ‖k [n]− wd‖2
. (10)

We assume the data is uploaded by S with constant trans-
mission power Ps when the UAV collects data in the source
subspace. The signal received by the UAV at time slot n ∈ N1
can be formulated as [39]

ys,r [n] =
√
Pshs,r [n]x[n]+ ns,r [n] , (11)

where x [n] denotes the signal sent by the S at time slot
n ∈ N1, which is assumed to follow an independent circularly
symmetric complex Gaussian distribution with unit variance
and zero mean, i.e., x[n] ∼ CN (0, 1). Besides, ns,r [n] ∼
CN

(
0, σ 2

r
)
, where σ 2

r = N0 denotes noise power at the
receiver of the UAV.

We assume the fixed-wing UAV has enough caching capa-
bility. The UAV caches received signals from NB-IoT device
(S) when flies in the source subspace and forwards cached
signals to the eNodeB (D) when flies in the destination sub-
space to improve the worst SNR at the receiver of D. The
UAV forwards the signal received at time slot n ∈ N1 to D
at time slot n ∈ N2 rather than ferries information bits in
an AF manner at every time slot. That is the UAV buffers
the received signal from NB-IoT device for a fixed time (T1)
and forwards it to eNodeB in amplified-and-forward mode.
Therefore, the UAV amplifies the received signal at time slot
n ∈ N2. The amplified signal yAF [n] can be formulated
as [40]

yAF [n] = β [n] ys,r [n] , (12)

where β[n] ,
√

Pr
Ps|hs,r [n]|2+N0

denotes the magnification of
the transmitter of the UAV and N0 denotes noise power at the
receiver of the UAV.
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Therefore, the signal received byD at time slot n ∈ N2 can
be expressed as

z[n] =
√
Prhr,d [n]yAF [n]+ nr,d [n]

=

√
Prhr,d [n]

√
Pr

Ps|hs,r [n]|2 + N0

√
Pshs,r [n]x[n]

+

√
Prhr,d [n]

√
Pr

Ps|hs,r [n]|2 + N0
ns,r [n]+ nr,d [n] ,

(13)

where Pr denotes transmission power of the UAV. Besides,
nr,d [n] ∼ CN

(
0, σ 2

d

)
, where σ 2

d = N0 denotes noise power
at the receiver of the D. Since Ps|hs,r [n]|2 � N0, z [n] can be
approximated as

z[n] = Prhr,d [n]x[n]+
Pr
√
Ps

hr,d [n]
hs,r [n]

ns,r [n]+ nr,d [n]. (14)

Thus, the SNR at the receiver of D at time slot n ∈ N2 can
be formulated as

SNR [n] =
E
[
|Prhr,d [n]|2

]
E
[
|
Pr√
Ps

hr,d [n]
hs,r [n]

ns,r [n]+ nr,d [n]|2
]

(a)
=

P2rh
2
r,d [n]

P2r
Ps

h2r,d [n]

h2s,r [n]
σ 2
r + σ

2
d

(b)
=

P2rPsh
2
r,d [n]h

2
s,r [n]

P2rh
2
r,d [n]σ

2
r + Psh2s,r [n]σ

2
d

, (15)

where E[X ] denotes the mathematical expectation of X . The
second equation holds in (15) due to ns,r [n] ∼ CN

(
0, σ 2

r
)

and nr,d [n] ∼ CN
(
0, σ 2

d

)
. Besides, the third equation holds

in (15) because of simplifying the second equation holds in
(15).

The instantaneous transmission rate of S at time slot n can
be expressed as

R [n] = log2 (1+ SNR [n]) . (16)

Thus, the sum of information bits received by D can be
formulated as

Q =
N∑
n=1

Bδt log2 (1+ SNR [n]), (17)

where B denotes the bandwidth of relaying system.
It’s obvious that the throughput Q is a function of both
{k[n]} and {q[n]}.
Due to N is large enough, it can be assumed that the

velocity of UAV in the source subspace at each time slot
n ∈ N1 is constant, which can be formulated as

vs [n] =
‖q [n]− q [n− 1]‖

δt
. (18)

Besides, it can be assumed that the velocity of UAV in the
destination subspace at each time slot n ∈ N2 is constant too,
which can be formulated as

vd [n] =
‖k [n]− k [n− 1]‖

δt
. (19)

Besides, the energy consumption of the fixed-wing UAV is
made of two parts. One part is the propulsion energy used
for supporting UAV’s flying, the other part is the energy
used for modulation, demodulation and so on. To simplify
the model, we ignore the energy used for communication,
for which is much less than the propulsion energy. When the
fixed-wing UAV flies in the source subspace, its propulsion
energy consumption can be formulated as [41]

E1 =
∑
n∈N1

Es [n]+∆ks

=

∑
n∈N1

(
c1
v3s [n]

δ2t
+

c2δ2t
vs [n]

)
+∆ks, (20)

where ∆ks ,
m
(
‖v̄s[N ]‖2−‖v̄s[1]‖2

)
2 denotes the kinetic energy

change of the UAV. c1 and c2 are the parameters depending
on the aircraft’s weight, wing area, air density and so on. And
m denotes the mass of the fixed-wing UAV.
And when the fixed-wing UAV flies in the destination sub-

space, its propulsion energy consumption can be formulated
as [41]

E2 =
∑
n∈N2

Ed [n]+∆kd

=

∑
n∈N2

(
c1
v3d [n]

δ2t
+

c2δ2t
vd [n]

)
+∆kd , (21)

where ∆kd ,
m
(
‖v̄d [N ]‖2−‖v̄d [1]‖2

)
2 denotes the kinetic energy

change of the UAV.
Furthermore, the sum of energy consumed by S to com-

plete data transmission and the energy consumed by D to
download the data from the UAV can be formulated as

E = E3 + E4
=

∑
n∈N1

δt (Pc1 + Ps)+
∑
n∈N2

δtPc2, (22)

where Pc1 and Pc2 are the rated circuit power of the S and D,
respectively [42].

Our objective is to maximize the EE of the IoT system
by optimizing the fixed-wing UAV trajectory, subject to the
UAV maximum velocity constraints, the original and final
positions constraints. Therefore, the optimization problem is
formulated as

(P1) max
{k[n],q[n]}

U (k[n], q[n]) =
Q(k[n], q[n])

E1(q[n])+ E2(k[n])+ E
(23)

k [0] = kI , (24)

k [N ] = kF , (25)

q [0] = qI , (26)

q [N ] = qF , (27)
‖q [n]− q [n− 1]‖2

δ2t
6 V 2, ∀n ∈ N1, (28)
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‖k [n]− k [n− 1]‖2

δ2t
6 V 2, ∀n ∈ N2, (29)

III. SOLUTION OF THE OPTIMIZATION PROBLEM
Since it’s difficult to optimize both {k[n]} and {q[n]},
we adopt the method of alternating optimization, which alter-
nately fixes one of {q[n]} and {k[n]} to optimize another,
to gain a local optimal solution to (P1).

The objective function (23) is a complicated fraction and
is non-convex. According to fractional programming theory,
we adopt Dinkelbach method to solve this kind of optimiza-
tion problem [43]. At first, objective function of (P1) is
converted into a subtractive form by introducing a parameter
η. Then, the optimization problem can be formulated as

(P2)0(η) = max
{q[n]}∈Φ1
{k[n]}∈Φ2

Q(k[n], q[n])

−η
(
E1(q[n])+ E2(k[n])+ E

)
s.t. (24) (25) (26) (27) (28) (29). (30)

where 81 and 82 are the feasible set of {q [n]} and {k [n]},
respectively. Besides, η ≥ 0.

A. TRAJECTORY OPTIMIZATION IN THE DESTINATION
SUBSPACE UNDER GIVEN TRAJECTORY IN THE SOURCE
SUBSPACE
At first, we aim to optimize trajectory {k [n]} under given
UAV trajectory {q [n]}. Therefore the optimization problem
(P2) is only related to the UAV trajectory {k [n]}, which can
be formulated as

(P3) Γ (η) = max
{k[n]}∈82

Q (k [n])

− η
(
E1 + E2 (k [n])+ E

)
s.t. (24) (25) (29). (31)

Note that problem (P3) is a non-convex optimization prob-
lem, since the objective function is non-convexwith respect to
k [n]. In order to solve this non-convex optimization problem,
we introduce two important lemmas at first.
Lemma 1: Given c1, c2, δt , the function φ (α) , [ c1α

3

δ2t
+

c2δ2t
α

] is convex w.r.t. α > 0.
Proof: The second-order derivatives of φ (α)w.r.t. α can

be formulated as

∂2φ (α)

∂α2
=

6c1α

δ2t
+

2c2δ2t
α3

. (32)

We can prove that ∂
2φ(α)

∂α2
> 0 for α > 0. Therefore, φ (α) is

a convex function.

According to Lemma 1, it is easy to prove that Ed (k [n])
is a convex function w.r.t. ‖k [n] − k [n− 1]‖. However,
Ed (k [n]) is a non-convex function w.r.t. k [n] and k [n− 1],
respectively. SCA method can be used to derive its convex
approximation [27]. Let {k(0) [n]} denotes the original tra-
jectory of the UAV and {k(j) [n]} denotes the gained trajec-
tory of the UAV at (j − 1)-th iteration. Under any given
{k(j) [n]}, j ≥ 0, we can make use of the first-order Taylor
approximation of Ed (k [n]) to obtain its low bound, which is
formulated as below.

Ed (k [n]) > E lbd (k [n]) , (33)

where E lbd (k [n]) is formulated as below

E lbd (k[n]) = c1
‖δn(k(j)[n])‖3

δ2t
+

c2δ2t
‖δn(k(j)[n])‖

+

(
3c1‖δn(k(j)[n])‖2

δ2t
−

c2δ2t
‖δn(k(j)[n])‖2

)
× (‖δn(k[n])‖ − ‖k(j)[n]‖), (34)

δn(a[n]) = a[n] − a[n − 1] and the equality in (33) is true
when k[n] = k(j) [n].
Lemma 2: Given a , P2rPsh

2
r,d [n]β0, b , P2rN0h2r,d [n],

c , PsN0β0, the function ξ (ρ) = log2(1 +
a

c+bρ ) is convex
w.r.t. ρ.

Proof: The second-order derivatives of ξ (ρ)w.r.t. ρ can
be formulated as

∂2ξ (ρ)
∂ρ2

=
b2

ln 2

(
1

(c+ bρ)2
−

1
(c+ bρ + a)2

)
. (35)

We can prove that ∂
2ξ (ρ)
∂ρ2

> 0 for ρ > 0. Therefore, ξ (ρ) is
a convex function.
According to Lemma 2, it is easy to prove that R(k[n])

is a convex function w.r.t. H2
+ ‖k [n] − wd‖2. However,

R(k[n]) is a non-convex function w.r.t. k[n]. We also use the
first-order Taylor approximation of R(k[n]) to obtain its low
bound, which is formulated as below.

R(k[n]) ≥ Rlb(k[n]) (36)

where Rlb(k[n]) is expressed as (37), shown at the bottom of
the page, and the equality in (36) is true when k[n] = k(j)[n].

The low bound of Q(k[n]) can be formulated as

Qlb(k[n]) =
N∑
n=1

BδtRlb(k[n]) (38)

Rlb(k[n]) = log2

(
1+

a

b(H2 + ‖k(j)[n]− wd‖2)+ c

)
−

a
b (‖k[n]− wd‖

2
− ‖k(j)[n]− wd‖2) log2 e

((H2 + ‖k(j)[n]− wd‖2)+ c
b )((H

2 + ‖k(j)[n]− wd‖2)+ c+a
b )

(37)
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Amending (P3) by replacing Ed (k [n]) with E lbd (k [n]),
and replacing Q(k[n]) with Qlb(k[n]), the optimization prob-
lem can be formulated as

(P4) Γ (η) = max
{k[n]}∈Φ2

Qlb (k [n])

− η

E1 +∑
n∈N2

E lbd (k [n])+ E +1kd


s.t. (24)(25) (29). (39)

Under given η, optimization problem (P4) is a convex
optimization problem at every {k(j)[n]}, j ≥ 0, which can
be solved by standard convex optimization method. Thus,
we come up with a inner-layer iteration algorithm based on
SCA to solve the optimization problem (P4), and the algo-
rithm is shown in Algorithm 1.

Algorithm 1 Algorithm Based on SCA Method for Problem
(P4) Under Given η
1: Input the parameter η;
2: Set the original UAV trajectory as {k(0)[n]}Nn=1, and j = 0;
3: repeat
4: Gain the optimal solution as {k(j)∗[n]}Nn=1 of problem

(P4) by standard convex optimization techniques;
5: Iterate the trajectory as {k(j+1)[n]} = {k(j)∗[n]},∀n ∈

N2;
6: Set j = j+ 1;
7: until Reaches maximum number of iterations or the

objective value of (P4) converges within a given accu-
racy.

Algorithm 2 Algorithm Based on Dinkelbach Method for
Problem (P4)
1: Input the tolerance value ε;
2: Initialize i = 1, ηi = 0,

{
k∗[n]

}N
n=1;

3: while 0 (ηi) > ε do
4: Gain the solution (

{
k∗[n]

}N
n=1) of problem (P4) in the

method of Algorithm 1;

5: Update ηi =
Qlb(k∗[n])

E1+
∑

n∈N2 E
lb
d (k

∗[n])+E+∆kd
;

6: Set i = i+ 1;
7: end while

According to [43], considering
{
k∗ [n]

}
∈ Φ2 and η∗ =

Qlb(k∗[n])
E1+

∑
n∈N2 E

lb
d (k

∗[n])+E+∆kd
, and

{
k∗ [n]

}
is the solution of

optimization problem (P4) if and only if

Γ
(
η∗
)
= 0. (40)

Thus, we can gain the optimal objective value by the
method of searching the root of (40). The Dinkelbach method
is an iterative algorithm, where η is updated in every iteration.
We propose a two-layer iterative algorithm, in which the
outer-layer iteration is based on the Dinkelbach method and
the inner-layer iteration algorithm is based on SCA to find
the optimal trajectory under given η. The specific two-layers
iterative algorithm is shown in Algorithm 2.

B. TRAJECTORY OPTIMIZATION IN THE SOURCE
SUBSPACE UNDER GIVEN TRAJECTORY IN THE
DESTINATION SUBSPACE
Under given trajectory {k [n]}, the optimization problem (P1)
is only related to the {q [n]}, which can be formulated as

(P5) max
{q[n]}∈81

Us(q[n]) =
Q(q[n])

E1(q[n])+ E2 + E
s.t. (26) (27)(28). (41)

The objective function (P5) is a complicated fraction and
is non-convex. According to fractional programming theory,
we adopt Dinkelbach method to solve this kind of problem.
At first, the objective function of (P5) is converted into a
subtractive form by introducing the parameter γ .

(P6) Γ (γ ) = max
{q[n]}∈81

Q(q[n])

− γ
(
E1(q[n])+ E2 + E

)
s.t. (26) (27)(28). (42)

where 81 is the feasible set of {q[n]} and γ > 0. However
the objective function of (P6) is non-convex. In order to
solve this non-convex optimization problem, we introduce an
important lemma at first.
Lemma 3: Given d = P2rPsh

2
s,r [n]β0, h = P2rN0β0, f =

PsN0h2s,r [n], the function ψ (x) = log2
(
1+ d

h+fx

)
is convex

w.r.t. x.
Proof: The two-order derivatives of ψ (x) w.r.t. x can be

formulated as

∂2ψ (x)
∂x2

=
f 2

ln 2

(
1

(h+ fx)2
−

1
(h+ fx + d)2

)
(43)

We can prove that ∂
2ψ(x)
∂x2

> 0 for x > 0. Therefore, ψ (x)
is a convex function.

According to Lemma 3, it’s easy to prove that R (q [n])
is convex w.r.t.

(
H2
+ ‖q [n]− ws‖2

)
. However, R (q [n]) is

non-convex w.r.t. q[n]. SCA is employed to obtain the low
bound of R (q [n]), which can be formulated as below.

R (q [n]) ≥ Rlb (q [n]) (44)

where as (45), shown at the bottom of the next page, where
{q(0) [n]} denotes the original trajectory of the UAV and
{q(i) [n]} denotes the gained trajectory of the UAV at (i−1)-th
iteration.

The low bound of Q(q[n]) can be formulated as

Q(q[n]) ≥ Qlb(q[n]), (46)

where

Qlb(q[n]) =
N∑
n=1

BδtRlb(q[n]). (47)

According to lemma 1, the low bound of Es (q [n]) can be
formulated as

E lbs (q[n]) = c1
‖δn(q(i)[n])‖3

δ2t
+

c2δ2t
‖δn(q(i)[n])‖
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+

(
3c1‖δn(q(i)[n])‖2

δ2t
−

c2δ2t
‖δn(q(i)[n])‖2

)
× (‖δn(q[n])‖ − ‖q(i)[n]‖), (48)

where {q(i) [n]} denotes the gained trajectory of the UAV at
(i− 1)-th iteration.
Amending (P6) by replacing Es (q [n])with E lbs (q [n]), and

replacing Q(q[n]) with Qlb(q[n]), the optimization problem
can be formulated as

(P7) Γ (γ ) = max
{q[n]}∈81

Qlb (q [n])

− γ

∑
n∈N1

E lbs [n]+ E2 + E +1ks


s.t.(26) (27) (28). (49)

The optimization is similar to the optimization problem
(P4). Therefore, iterative Algorithm 1 and Algorithm 2 can
be used to solve this optimization problem.

C. ALTERNATING OPTIMIZATION
Now, this paper proposes a complete algorithm for solving
optimization problem (P1) by alternating optimization. The
algorithm optimizes trajectory {k [n]} by solving (P4) under
given trajectory {q [n]} and optimizes trajectory {q [n]} by
solving (P7) under given trajectory {k [n]} alternately. The
detailed algorithm is shown in Algorithm 3.

Algorithm 3 Alternating Optimization Algorithm for Prob-
lem (P1)

1: Input the initial UAV trajectory {k(0)[n]} and {q(0)[n]};
2: Set j = 0;
3: repeat
4: Gain the solution {k(j+1)[n]} of optimization prob-

lem (P4) under given UAV trajectory {q(j)[n]} and the
energy efficiency ηd of the system;

5: Gain the solution {q(j+1)[n]} of optimization prob-
lem (P7) under given UAV trajectory {k(j)[n]} and the
energy efficiency ηs of the system;

6: j = j+ 1;
7: until Reaches maximum number of iterations or |ηs −
ηd | <= ε.

IV. SIMULATION
In this section, a large number of numerical results are given
to verify the performance of our proposed novel design with
fixed-wing UAV trajectory. We set the maximum velocity of
the UAV as Vmax = 20m/s, and the noise power spectral

FIGURE 2. UAV trajectories versus transmission power of the NB-IoT
device (S) projected onto the X-Y plane by the UAV trajectory optimization.
The red diamond at the origin is the intersection of the UAV’s trajectory in
the source and destination subspace. The remaining two red diamonds
are the initial and final positions of the UAV trajectory, respectively.

density at the receiver as n0 = −170dBm/Hz, and N0 = n0B.
Besides, We set the wireless channel power gain as β0 =
−20dB, the transmission power of S as Ps = 10mW, the
rated circuit power of the S as Pc1 = 50mW, the mass of
the fixed-wing UAV as m = 50kg, and the UAV’s flight
altitude as H = 100m. Besides, we think that the horizontal
position of the S is (1200m, 0m), the horizontal position of
the D is (−1200m, 0m), and the horizontal position of the
E is (0m, 0m). The parameters c1 and c2 are 9.26 × 10−4

and 2250, respectively. We set the bandwidth of the wireless
channel between the UAV and IoT nodes as B = 1 MHz. The
original and final horizontal positions of UAV trajectory are
(1200m, 0m) and (−1200m, 0m), respectively. We set each
time slot as δt = 1s, and the total flying time as T = 240s.
Therefore, the flying time in the source subspace (T1) is
120s and the flying time in the destination subspace (T2) is
120s. We set the tolerance value as ε = 10−3. What’s more,
for Algorithm 1 and Algorithm 2, we set the original flight
trajectory of the fixed-wing UAV as a straight line, where the
UAV flies from S toDwith a constant velocity V1 =

‖qI−qF‖
T ,

which is smaller than the maximum flight velocity Vmax.
Besides, we set the circuit power of the D as Pc2 = 50mW
and the transmission power of UAV as Pr = 12.5mW.

Fig. 2 shows the obtained complete UAV trajectory UAV
trajectories projected onto the X-Y plane versus different
transmission power of UAV, i.e., 10mW, 12.5mW and 15mW.
And the energy efficiency of the UAV-enabled IoT system
is 25.6kbits/Joule, 27.1kbits/Joule, 28.0kbits/Joule, respec-
tively. As shown in the picture, the UAV flies from S to the
origin (0,0) in the source subspace and from the origin (0,0)
to D in the destination subspace.

Rlb(q[n]) = log2(1+
d

h(H2 + ‖q(i)[n]− ws‖2)
)

−

d
h log2 e(‖q[n]− ws‖

2
− ‖q(i)[n]− ws‖2)

( d+fh + (H2 + ‖q(i)[n]− ws‖2))((H2 + ‖q(i)[n]− ws‖2)+
f
h )

(45)
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FIGURE 3. The RT trajectory relaying system.

FIGURE 4. The circular trajectory relaying system.

FIGURE 5. Energy efficiency of relaying system versus transmission
power of the UAV.

We also introduce another two UAV trajectory designs in
UAV-enabled IoT system to compare system performance.
The authors in [27] came up with a RT trajectory, which is
shown in Fig. 3. The RT trajectory is made of straight part
and the circular part. Besides, the RT trajectory is supposed
to be symmetrical for simplifying the model. The radius of
the circular part is r , which is an optimization variable that
needs to be optimized to maximize the EE of IoT system.
Besides, the circular UAV trajectory is shown in Fig. 4, which
is also supposed to be symmetrical. The radius of the circular
trajectory is r1, which is an optimization variable that needs
to be optimized to maximize the EE of IoT system.

Fig. 5 shows the EE of the proposed cache-enabled
UAV-enabled IoT system, RT trajectory and circular trajec-
tory cache-enabled IoT system versus different transmission
power of the UAV. It can be seen that the EE of these IoT

FIGURE 6. Energy efficiency of two kinds of AF strategy versus
transmission power of the UAV.

systems increases with the increase of transmission power
of the UAV under same transmission power of S. What’s
more, the EE of the proposed UAV-enabled IoT system is
much bigger than that of RT trajectory and circular trajectory
of UAV-enabled IoT system under the same transmission
power of the UAV. Compared to the other two kinds of
the UAV-enabled IoT systems, the increase of transmission
power of the UAV can more greatly improve the energy
efficiency of the proposed UAV-enabled IoT system.

In [33], the authors adopt another AF strategy that UAV
ferries information bits in an AF manner at every time slot
due to the UAV is not equipped with cache. Fig. 6 shows the
energy efficiency of cache-enabled and non cache-enabled
AF strategy versus transmission power of the UAV under pro-
posed UAV trajectory, RT trajectory and circular trajectory,
respectively. It can be seen that the proposed UAV-enabled
IoT system obtains much bigger EE than the other two kinds
of UAV-enabled IoT system, too. As can be seen from Fig. 6
that the cache-enabled AF strategy can obtain much big-
ger energy efficiency than non cache-enabled AF strategy,
because cache-enabled AF strategy can greatly improve the
SNR at the receiver of D.

V. CONCLUSION
This paper studies the fixed-wing UAV-enabled IoT sys-
tem where the UAV is employed as an aerial relay with
enough cache capacity to collect and forward signals between
NB-IoT device and eNodeB. Besides, this paper considers a
more general UAV trajectory rather than a fixed UAV trajec-
tory, which only has fixed original position and final position.
Due to the limit of the airborne energy of UAV, this paper aims
to optimize the UAV trajectory to maximize the EE by using
the alternating optimization, SCA technique and fractional
programming theory. A large number of numerical results
show that the optimized trajectory for the UAV can obtain
much bigger EE when compared to the RT trajectory and
the circular trajectory. Besides, the increase of transmission
power of the UAV can greatly increase the energy efficiency
of proposed AF relaying in the IoT system. What’s more,
the proposed cache-enabled AF strategy can obtain much
bigger EE than non cache-enabled AF strategy. In conclusion,
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the proposed UAV trajectory design for the fixed-wing UAV
can obtain bigger energy efficiency of the UAV-enabled IoT
system.
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