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Abstract—In this paper, we investigate the energy-efficient re-
source allocation problem in device-to-device (D2D) communi-
cations underlaying unmanned aerial vehicle (UAV)-enabled net-
works. The UAV is deployed as a flying base station to communicate
with wireless users in the presence of an eavesdropper in the cell.
We consider two types of users: the ground users (GUs) served
by the UAV and the D2D users that communicate directly with
one another. Our aim is to maximize the total energy efficiency
(TEE) of all D2D pairs while guaranteeing the quality of service
(QoS) requirements and secrecy rates of all GUs and D2D users via
joint power control and channel allocation. The considered TEE
maximization problem is a mixed-integer nonlinear programming
(MINLP) problem, which is difficult to solve. Therefore, we propose
a method that consists of outer and inner loops. In the outer loop,
Dinkelbach’s algorithm is utilized to transform the original frac-
tional programming problem into a subtractive form. In the inner
loop, we employ the alternating optimization method and divide
the equivalent optimization problem into two sub-problems: power
allocation and channel allocation. Solving the two sub-problems
directly using standard convex optimization software may have
high complexity. Therefore, we also propose a low-complexity algo-
rithm using the Lagrangian dual and Kuhn—Munkres algorithm
to obtain the optimal power allocation in closed-form and the
optimal channel allocation, respectively. Simulation results show
that the proposed algorithm converges in a small number of it-
erations. Furthermore, the proposed approach shows its superior
performance compared with other benchmark methods.

Index Terms—D2D communications, energy efficiency, physical
layer security, resource allocation, UAV.
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I. INTRODUCTION

UNMANNED aerial vehicles (UAVs) have gained consid-
erable research attention during the past decade because

of their low cost and high flexibility [1]. UAV is likely to have
better communication channels due to the strong line-of-sight
(LoS) feature of air-to-ground (ATG) communications. UAVs
can serve as aerial user equipments (UEs), wireless relays, or fly-
ing base stations (BSs) to enhance the throughput and coverage.
Owing to these advantages, comprehensive studies have been
applied to UAV-aided wireless communication networks [2]–[6].
In [2], optimal beamforming and power allocation are jointly
investigated to maximize the instantaneous data rate in a UAV
enabled full-duplex relaying system. The authors in [3] study the
throughput maximization problem where a UAV is deployed as a
mobile relay by joint optimizing the source/relay transmit power
and the relay trajectory, subject to practical mobility constraints.
In [4], a joint central processing unit (CPU) frequency, offload-
ing data amount, transmit power, and UAV’s trajectory optimiza-
tion method is proposed to minimize the total required energy of
the UAV. In [5], the minimum average secrecy rate is maximized
where a UAV BS transmits confidential information to multiple
receivers with the aid of a UAV jammer in the presence of
eavesdroppers. In [6], the authors propose a bandwidth design
scheme, which minimizes the energy consumption of the UAV
when it communicates with the ground BS using space–time
line codes.

Device-to-device (D2D) communications [7] are gaining in-
creasing research attention due to their integration in the fifth
generation (5 G) mobile networks. D2D communications refer
to the case that two mobile users can transmit data directly
without going through the BS, which can reduce the transmission
delay, improve the spectrum efficiency and increase the data
rate. D2D communications have been proposed to underlay
cellular networks so that D2D users can reuse the channel of
cellular users (CUs), hence improving the spectrum utilization.
However, such communication schemes will also cause interfer-
ence between D2D users and cellular users. Therefore, dynamic
power allocation techniques should be applied in such networks.

Due to the limited energy of batteries, energy efficient re-
source allocation has become an important research direction
in D2D communications. In [8], the authors model the energy
efficiency (EE) resource allocation problem as a non-cooperative
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game, in which each user aims to maximize its own EE rather
than the system-wide EE. In [9], the authors present a cooper-
ative D2D communication scheme. For cellular users, the D2D
users act as relays in the uplink cellular network to optimize
the total achievable rate. In [10], a stable matching approach is
proposed to solve the EE optimization problem. The authors
adopt an iterative power allocation algorithm, and a game-
theoretic method is developed to analyze the interaction and
correlation among user devices. In [11], the authors propose
throughput maximization strategies for battery-limited networks
by jointly considering the data rate and battery lifetime of
each user. In [12], the authors investigate an uplink resource
allocation algorithm under a general “many-to-many” scenario
with the purpose of maximizing the sum data rate of D2D pairs.
In [13], the authors consider a resource allocation problem in
D2D-enabled vehicular networks with delayed channel state
information (CSI). In those studies, the BS is fixed, which
has certain limitations and is not flexible in a highly dynamic
environment.

Thanks to its high flexibility and rapid deployment capabil-
ities, UAV is an ideal platform for communication with severe
shadowing, e.g., in places with urban or mountainous topogra-
phy, or natural disasters areas with damaged BSs. Some research
works have considered the performance of UAV-enabled D2D
networks [14]–[16]. An efficient spectrum sharing method for
a UAV and terrestrial D2D communications is designed by
alternately optimizing the transmit power and UAV’s trajectory
in [14]. To control the interference and minimize the UAV-
assisted file dispatching time, the authors of [15] propose a
graph-based file dispatching protocol in a D2D-enhanced UAV-
NOMA network. The outage probability for UAV connected
users and D2D receivers is addressed and the power control
design is proposed in [16].

Wireless transmission has broadcast characteristics, so it is
vital to consider the interference and security of UAV-enabled
networks. However, few papers have jointly taken into account
energy efficient communications and secure communications
underlaying UAV-enabled D2D systems, where the communi-
cation between the UAV and its connected users can be readily
overheard by eavesdroppers. For example, the aim of [14] is
to maximize the sum throughput satisfying the information
causality and UAV’s trajectory constraints, which does not con-
sider energy efficiency. The authors of [17] study a problem
of revealing the tradeoff between energy efficiency and delay
in D2D communications underlaying cellular networks, where
they do not consider secrecy issues. The paper [18] aims to
maximize the minimum weighted energy efficiency of D2D
links while guaranteeing minimum data rates for cellular links,
where the security of communication is not considered either.
The problem of secrecy communication is considered in [19].
However, only a single D2D pair is considered in that paper.

Motivated by the above observations, a UAV-enabled secure
D2D communication scenario is considered in this paper, where
a UAV acting as a flying BS provides communications for the
ground network. We aim to maximize the total energy efficiency
(TEE) of all D2D pairs with guaranteed quality of service
(QoS) requirements and secrecy rate via joint power control and
channel allocation. We first formulate the TEE maximization

problem into a mathematical optimization problem, which is
non-convex and difficult to solve. To overcome this challenge,
we propose a method that consists of outer and inner loops. In
the outer loop, Dinkelbach’s algorithm is utilized to transform
the original fractional programming problem into a subtractive
form. In the inner loop, we employ the alternating optimization
method and divide the equivalent optimization problem into two
sub-problems: power allocation and channel allocation. For the
power allocation problem, we can transform it into a difference
of concave functions (DC) form; for the channel allocation prob-
lem, we can convert it into a convex form using relaxation. Both
sub-problems can be solved using standard convex optimization
software. However, directly solving them using standard convex
optimization software may have high complexity. Therefore, we
also propose low-complexity dual-based algorithms to solve the
sub-problems. For the power control sub-problem, we derive
the optimal power allocation with a closed-form solution using
the Lagrangian dual. For the channel allocation sub-problem,
Kuhn–Munkres algorithm is used to obtain the optimal channel
allocation based on the power control strategy. We perform
extensive numerical simulations to verify the effectiveness of
the proposed algorithms and compare their performance with
other schemes. We summarize the major contributions of this
paper as follows:
� We jointly consider energy efficient communications and

secure communications in a D2D communication system
underlaying UAV-enabled networks. We formulate the re-
source allocation problem for TEE maximization as a
non-convex optimization problem.

� We propose an alternating optimization based method
to solve the inner-loop problem and divide the equiva-
lent optimization problem into two sub-problems. For the
sub-problems, we also propose low-complexity solution
methods using the Lagrangian dual and the Kuhn–Munkres
algorithm, which greatly speeds up the proposed method.

� We perform numerical simulation for the proposed iterative
algorithm and compare its performance with other bench-
mark methods. Simulation results show that the proposed
algorithm achieves higher TEE while satisfying the secrecy
rate and D2D link rate constraints.

The organization of this paper is as follows: In Section II, we
introduce the system model and problem formulation. Section III
transforms the problem into an equivalent form and propose the
alternating optimization based method. Low-complexity meth-
ods to solve the two sub-problems based on the Lagrangian dual
and the Kuhn–Munkres algorithm are discussed in Section IV.
Numerical simulation results are presented in Section V. Finally,
the conclusion is given in Section VI.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

We consider secure D2D communications underlaying a
UAV-enabled network where a UAV is deployed at a low altitude
above the center of the virtual cell with a radius R. As shown
in Fig. 1, the considered model consists of a network where
a number of wireless users are randomly distributed. A UAV
acting as a flying BS serves those users and an eavesdropper
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Fig. 1. Secure D2D communications underlaying a UAV-enabled network.

(Eve) is located on the ground. The altitude of the UAV is
fixed to h. The wireless users are divided into two groups:
ground users (GUs) that communicate with the UAV, and D2D
users that communicate with each other directly. Furthermore,
each pair of D2D users are distributed inside a given area with
the cluster radius r. We assume that GUs communicate with
the UAV using orthogonal frequency division multiple access
(OFDMA) and D2D users reuse the same spectrum of the GUs
in the network. So interference management plays an important
role in such environment. In our model, we assume the transmit
power allocations of the GUs are fixed and focus on solving
the power control and channel allocation problems of the D2D
users.

The considered cell consists of N pairs of D2D users and M
GUs which occupy M orthogonal subchannels. The set of GUs
and the set of D2D pairs are denoted as M = {1, 2, . . .,M} and
N = {1, 2, . . ., N}, respectively. We assume the subchannels
have been pre-allocated to the GUs. The D2D users reuse the
subchannels occupied by the GUs, and different D2D pairs
should be assigned to different subchannels. Let cm,n ∈ {0, 1}
denote whether the channel of the mth GU is reused by the nth
D2D pair. We have cm,n = 1 if the mth GU’s subchannel is
allocated to the nth D2D link; and cm,n = 0, otherwise.

The communication links between the UAV and the GUs and
the interference links between the UAV and the D2D transmitter
(D2D TX) are regarded as air-to-ground (ATG) channels, which
include LoS and NLoS signal components with different prob-
abilities of occurrence [20]–[22]. The channel gain between the
UAV and the mth GU can be given as follows:

gm,U = PrLoS
m,U · gLoS

m,U + PrNLoS
m,U · gNLoS

m,U , (1)

where gLoS
m,U is the channel gain for the LoS link, and gNLoS

m,U is
the channel gain for the NLoS link. They can be written as

gLoS
m,U =

(√
d2
m,U + h2

)−αu

(2)

and

gNLoS
m,U = η

(√
d2
m,U + h2

)−αu

. (3)

Here dm,U denotes the horizontal distance between the UAV
and GU-m, h is the altitude of the UAV, αu is pathloss exponent
for the ATG link, and η is additional attenuation factor if NLoS
exists over the ATG link. The probability of the LoS connection
PrLoS

m,U depends on the environment, user location, and the angle
of elevation between the UAV and its associated user, which is
expressed as follows [23]:

PrLoS
m,U =

1
1 +A exp(−B(θm,U −A))

, (4)

where θm,U = 180
π arcsin( h√

d2
m,U+h2

) is the elevation angle be-

tween the UAV and GU-m.A andB are constants that depend on
the type of environment. Furthermore, the probability of NLoS
connection PrNLoS

m,U = 1 − PrLoS
m,U .

Similarly, the interfering channel from the nth D2D TX to the
UAV is denoted as gn,U , which is given by

gn,U = PrLoS
n,U · gLoS

n,U + PrNLoS
n,U · gNLoS

n,U . (5)

Both fast fading and slow fading are considered in the com-
munication links between users. Thus, the channel gain between
the nth D2D transmitter and its associated D2D receiver (D2D
RX) can be written as

gn,n = Gβn,nγn,nd
−α
n,n, (6)

where G is the path loss constant, α is the path loss exponent,
βn,n is the fast fading gain with exponential distribution related
to thenth D2D pair, γn,n is the slow fading gain with log-normal
distribution, and dn,n is the distance between the nth D2D pair.
Similarly, the interfering channel from the mth GU to the nth
D2D receiver is denoted as gm,n, which can be modeled as

gm,n = Gβm,nγm,nd
−α
m,n. (7)

The eavesdropping channel gain between the mth GU and
Eve and the eavesdropping channel gain between the nth D2D
TX and Eve are denoted as gm,e and gn,e, respectively. They can
be expressed similarly to (7), where both fast fading and slow
fading are considered in the eavesdropping links. Therefore, the
achievable data rate of the mth GU can be expressed as

Rc
m = log2

(
1 +

P c
mgm,U∑N

n=1 cm,nP d
ngn,U +N0

)
, (8)

where P c
m and P d

n denote the transmit power of the mth GU and
that of the nth D2D transmitter, respectively. The variance of
the additive white Gaussian noise at the receiver is denoted as
N0. Similarly, the achievable data rate of the nth D2D pair can
be written as

Rd
n = log2

(
1 +

P d
ngn,n∑M

m=1 cm,nP c
mgm,n +N0

)
. (9)

Furthermore, the secrecy rate of thenth D2D link is given by [24]

Rd
ns = log2

(
1 +

P d
ngn,n∑M

m=1 cm,nP c
mgm,n +N0

)

− log2

(
1 +

P d
ngn,e∑M

m=1 cm,nP c
mgm,e +N0

)
. (10)
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Similarly, the secrecy rate of the mth GU link can be expressed
as

Rc
ms = log2

(
1 +

P c
mgm,U∑N

n=1 cm,nP d
ngn,U +N0

)

− log2

(
1 +

P c
mgm,e∑N

n=1 cm,nP d
ngn,e +N0

)
. (11)

B. Problem Formulation

We aim to maximize the TEE of all D2D pairs via power
control and channel allocation while guaranteeing the minimum
required data rates and secrecy rates of GUs and D2D users. TEE
is defined as the ratio of the sum data rate of all D2D pairs to the
total power consumed by them. In our problem, it is assumed that
the transmit power and channel allocation of GUs are fixed and
known. Thus, the TEE optimization problem can be formulated
as follows:

max
{Pd

n},{cm,n}
TEE �

∑N
n=1

∑M
m=1 cm,nR

d
n∑N

n=1

∑M
m=1 cm,nP d

n + P0

(12a)

s.t. Rd
n ≥ Rmin

n , ∀n ∈ N (12b)

Rd
ns ≥ Rs

n, ∀n ∈ N (12c)

Rc
m ≥ Rmin

m , ∀m ∈ M (12d)

Rc
ms ≥ Rs

m, ∀m ∈ M (12e)

0 ≤ P d
n ≤ P d

max, ∀n ∈ N (12f)

cm,n ∈ {0, 1}, ∀m ∈ M, n ∈ N (12g)

M∑
m=1

cm,n ≤ 1, ∀n ∈ N (12h)

N∑
n=1

cm,n ≤ 1, ∀m ∈ M, (12i)

where P0 denotes the circuit power that is consumed by the
user’s circuit blocks and is considered to be static. P d

max is the
maximum transmit power of the D2D transmitters. Rmin

n and
Rmin

m are the minimum rate guaranteeing the QoS of D2D users
and GUs, respectively. Furthermore,Rs

n is the minimum secrecy
rate requirement of the nth D2D link and Rs

m is the minimum
secrecy rate requirement of the mth GU link. Constraint (12f)
ensures that the transmit power allocated to the D2D transmitter
does not exceed the maximum transmit power. Constraints (12h)
and (12i) respectively guarantee that a D2D pair reuse at most
one GU’s channel and the channel of a GU can be shared by at
most one D2D pair.

The proposed optimization problem is a fractional program-
ming problem with binary variables, which is a non-convex
optimization problem and generally difficult to solve. In the
following, we transform the original problem into an equivalent
form and propose an alternating optimization based method.

Algorithm 1: Dinkelbach’s Algorithm.
1: Initialization: loop index i = 0, ri = 0, convergence

threshold ε, maximum iterations imax

2: while |F (P, c, ri)| ≥ ε or i ≤ imax do
3: For the given ri, solve problem (14) to obtain the

optimal P̃ d
n and c̃m,n

4: Update ri+1 =

∑N
n=1

∑M
m=1 c̃m,nR̃d

n∑N
n=1

∑M
m=1 c̃m,nP̃ d

n + P0

with P̃ d
n

and c̃m,n

5: Set i = i+ 1
6: end while

III. ALTERNATING OPTIMIZATION BASED METHOD

The difficulties to solve the TEE maximization problem (12)
lie on two aspects: first, the objective function in (12) is of a
fractional form, which makes the objective function nonlinear
and non-convex; second, the optimization variables in (12) are
coupled. Therefore, we first transform (12) into an equivalent
subtractive form using Dinkelbach’s algorithm [25], and then
propose an alternating optimization based method to decouple
the variables.

A. Dinkelbach’s Algorithm

Dinkelbach’s algorithm is widely used to solve fractional
programming problems. In the following discussions, we use P
and c to respectively denote the power optimization and channel
allocation variables of the original problem (12), and use A to
denote the feasible set that satisfies the constraints (12b)–(12i)
for the sake of brevity.

The objective function in (12) is a concave-over-convex frac-
tional function. Its corresponding subtractive form can be written
as

f(P, c, r) �
N∑

n=1

M∑
m=1

cm,nR
d
n − r

(
N∑

n=1

M∑
m=1

cm,nP
d
n + P0

)
,

(13)
where r is an additional variable introduced for Dinkelbach’s
algorithm. It is obvious that f(P, c, r) is a linear, convex and
monotonically decreasing function of variable r. Dinkelbach’s
algorithm performs a series of iterations by choosing an initial
value r0 for the variable r. In the ith iteration, we let r = ri and
solve the following problem

max
{P,c}

f(P, c, ri) (14a)

s.t. Constraints (12b)−(12i). (14b)

We denote the optimal solution of (14) as {P̃ d
n} and {c̃m,n}. In

the next iteration, the value of r is updated as

ri+1 =

∑N
n=1

∑M
m=1 c̃m,nR̃d

n∑N
n=1

∑M
m=1 c̃m,nP̃ d

n + P0

. (15)

The details of Dinkelbach’s algorithm is presented in Algo-
rithm 1.
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The maximum TEE of all D2D pairs r∗ for problem (12) can
be written as

r∗ = max
{P,c}∈A

∑N
n=1

∑M
m=1 cm,nR

d
n∑N

n=1

∑M
m=1 cm,nP d

n + P0

. (16)

It has been proved in [25] that the optimal value r∗ for TEE
in (16) should satisfyF (r∗) = 0, and the variable rwill converge
to the optimal value r∗ monotonically by iteratively updating the
value of ri in Algorithm 1.

Let F (r) denote the optimal objective value of problem (14),
which is presented in (17), as shown at the bottom of this page. In
each iteration of Dinkelbach’s algorithm, for the given value of
ri, problem (14) is still a MINLP, which is difficult to solve
directly. Thus we propose an alternating optimization based
method to solve problem (14) for the given value of ri. The al-
ternating optimization based method decomposes problem (14)
into two sub-problems: power control and channel allocation.
For each sub-problem, we proceed by assuming the channel
allocation variables or the power control variables to be given
and fixed.

B. Power Control Strategy

The power allocation strategy is designed by fixing the chan-
nel allocation variables c̄. Given a set of feasible {c̄m,n} which
satisfy constraints (12g), (12h) and (12i), then problem (14) with
fixed channel allocation c̄ can be written as

max
{Pd

n}
f(P, c̄, r) (18a)

s.t. Rd
n ≥ Rmin

n , ∀n ∈ N (18b)

Rd
ns ≥ Rs

n, ∀n ∈ N (18c)

Rc
m ≥ Rmin

m , ∀m ∈ M (18d)

Rc
ms ≥ Rs

m, ∀m ∈ M (18e)

0 � P d
n � P d

max, ∀n ∈ N . (18f)

It can be easily seen that, the objective function is concave since
c̄m,n is fixed. The constraint (18b) can be transformed into the
convex form as follows

P d
ngn,n ≥ Γ0 (P

c
mgm,n +N0) , (19)

where Γ0 = 2Rmin
n − 1.

Constraint (18d) can be reformulated as

(2Rmin
m − 1)(P d

ngn,U +N0) ≤ P c
mgm,U . (20)

Note that Rd
ns in (10) is the form of the difference of concave

functions (DC), and therefore the constraint (18c) is non-convex.
Therefore, we can employ the DC algorithm to transform (18c)
into a convex form. The DC algorithm replaces the subtrahend
concave function in (10) with its first-order approximation as
the surrogate function. Denote

Rd
neve(P

d
n) = log2

(
1 +

P d
ngn,e

P c
mgm,e +N0

)
. (21)

Then we have the following result.
Lemma 1: Given a feasible D2D transmit power P d(l)

n , the
first-order approximation of the transmission rate can be ex-
pressed as follows

Rd
ns(P

d
n) ≥ Rd

ns(P
d
n , P

d(l)
n )

= Rd
n(P

d
n)−Rd

neve(P
d(l)
n )

−∇Rd
neve(P

d(l)
n )

(
P d
n − P d(l)

n

)
, (22)

where ∇Rd
neve(P

d(l)
n ) can be expressed as

∇Rd
neve(P

d(l)
n ) =

gn,e

ln 2(gn,eP
d(l)
n + P c

mgm,e +N0)
. (23)

Proof: Bacause Rd
n(P

d
n) and Rd

neve(P
d
n) are concave,

based on the first-order condition of concave functions,
there is Rd

neve(P
d
n) ≤ Rd

neve(P
d(l)
n ) +∇Rd

neve(P
d(l)
n )(P d

n −
P

d(l)
n ). Thus Rd

ns(P
d
n) = Rd

n(P
d
n)−Rd

neve(P
d
n) ≥

Rd
n(P

d
n)−Rd

neve(P
d(l)
n )−∇Rd

neve(P
d(l)
n )(P d

n − P
d(l)
n ) =

Rd
ns(P

d
n , P

d(l)
n ). Therefore, Rd

ns(P
d
n , P

d(l)
n ) provides a tight

low bound for Rd
ns(P

d
n) at P d

n(l). �
The secrecy rate Rc

ms in (11) also has a DC form. Given a fea-
sible D2D transmit power P d(l)

n , the first-order approximation
of the secrecy rate Rc

ms in (18e) can be expressed as

Rc
ms(P

d
n) ≥ Rc

ms(P
d
n , P

d(l)
n )

= Rc
m(P d(l)

n ) +∇Rc
m(P d(l)

n )
(
P d
n − P d(l)

n

)
−Rc

meve(P
d
n) (24)

where ∇Rc
m(P

d(l)
n ) is

F (r) � max
{P,c}∈A

f(P, c, r)

= max
{P,c}∈A

N∑
n=1

M∑
m=1

cm,nR
d
n − r

(
N∑

n=1

M∑
m=1

cm,nP
d
n + P0

)

= max
{P,c}∈A

N∑
n=1

M∑
m=1

cm,n log2

(
1 +

P d
ngn,n∑M

m=1 cm,nP c
mgm,n +N0

)
− r

(
N∑

n=1

M∑
m=1

cm,nP
d
n + P0

)
(17)
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∇Rc
m(P d(l)

n )

= − P c
mgm,Ugn,U

ln 2(gn,UP
d(l)
n +N0)(gn,UP

d(l)
n +N0 + P c

mgm,U )
(25)

and Rc
meve(P

d
n) is

Rc
meve(P

d
n) = log2

(
1 +

P c
mgm,e

P d
ngn,e +N0

)
. (26)

Thus problem (18) can be reformulated as

max
{Pd

n}
f(P, c̄, r) (27a)

s.t. Rd
n ≥ Rmin

n , ∀n ∈ N (27b)

Rd
ns(P

d
n , P

d(l)
n ) ≥ Rs

n, ∀n ∈ N (27c)

(2Rmin
m − 1)(P d

ngn,U +N0) ≤ P c
mgm,U , ∀m ∈ M

(27d)

Rc
ms(P

d
n , P

d(l)
n ) ≥ Rs

m, ∀m ∈ M (27e)

0 � P d
n � P d

max, ∀n ∈ N . (27f)

Now (27) becomes a convex optimization problem. Standard
convex optimization software, such as CVX, can be adopted
to obtain the optimal solution of (27) for the given channel
allocation c̄.

C. Channel Allocation Strategy

When the optimal power is obtained, the optimal channel
allocation with the given power can be achieved in the next
iteration by solving the following problem.

max
{cm,n}

f(P̄, c; r) (28a)

s.t. cm,n ∈ {0, 1}, ∀m ∈ M ∀n ∈ N (28b)

M∑
m=1

cm,n ≤ 1, ∀n ∈ N (28c)

N∑
n=1

cm,n ≤ 1, ∀m ∈ M, (28d)

where P̄ denotes the given power allocation. To deal with the
binary variables, we first relax cm,n to continuous form between
0 and 1. Then problem (28) can be rewritten as

max
{cm,n}

f(P̄, c; r) (29a)

s.t. 0 ≤ cm,n ≤ 1, ∀m ∈ M ∀n ∈ N (29b)

M∑
m=1

cm,n ≤ 1, ∀n ∈ N (29c)

N∑
n=1

cm,n ≤ 1, ∀m ∈ M, (29d)

Algorithm 2: Alternating Optimization Method to Solve
(14) Using CVX.

1: Initialization: loop index l = 0, feasible power
{P d(0)

n }, convergence threshold ε.
2: while |Rd

ns(P
d(l+1)
n )−Rd

ns(P
d(l)
n )| ≥ ε do

3: Set j = 0, initial feasible set {c(0)
m,n}.

4: while |f(P, c; r)j+1 − f(P, c; r)j | ≥ ε do
5: Solve (27) for c = c(j) to generate P(j+1) using

CVX;
6: Solve (29) for P = P(j+1) to determine channel

allocation c(j+1) using CVX and (30);
7: j = j + 1;
8: end while
9: Update P

d(l)
n = P(j+1);

10: l = l + 1;
11: end while
12: Return the solution Pd∗

n and c∗.

which is a convex optimization problem and can be solved by
standard convex optimization software, such as CVX. Then the
optimal channel allocation strategy with given power allocation
P̄ can be obtained as

c∗m,n =

{
1, if cm,n = arg maxcm,n

f(P̄, c; r)

0, otherwise.
(30)

Now we have transformed the power allocation and channel
allocation sub-problems into convex optimization problems. Al-
ternating optimization method solves the original problem (14)
by alternately solving the power allocation and channel alloca-
tion sub-problems. The details of the alternating optimization
method to solve problem (14) using CVX is summarized in
Algorithm 2.

IV. DUAL-BASED ALGORITHM

In each iteration of Dinkelbach’s algorithm, for the given ri,
Using Algorithm 2 to solve problem (14) with CVX has a high
complexity. In this section, we propose a dual-based algorithm
to solve (14) by resorting to Lagrange dual and Kuhn–Munkres
method.

A. Power Control Strategy

For the power control sub-problem, we assume the channel
allocation variables {cm,n} have been given. That is, we assume
that the nth D2D link reuses the channel of the mth GU, i.e.,
cm,n = 1, and we study the optimal power allocation for each
possible D2D user and GU reuse pair. Then for the nth D2D
pair, the power control subproblem can be described as follows:

max
{Pd

n}
sm,n(P

d
n) � Rd

n(P
d
n)− r

(
P d
n + P0

)
(31a)

s.t. Rd
n ≥ Rmin

n , (31b)

Rd
ns ≥ Rs

n, (31c)

Rc
m ≥ Rmin

m , (31d)

Rc
ms ≥ Rs

m, (31e)

0 � P d
n � P d

max. (31f)
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Using Lemma 1, the problem (31) can be transformed into
the following problem

max
{Pd

n}
sm,n(P

d
n) (32a)

s.t.
P d
ngn,n

P c
mgm,n +N0

≥ Γ0, (32b)

Rd
ns(P

d
n , P

d(l)
n ) ≥ Rs

n, (32c)

(2Rmin
m − 1)(P d

ngn,U +N0) ≤ P c
mgm,U , (32d)

Rc
ms(P

d
n , P

d(l)
n ) ≥ Rs

m, (32e)

0 � P d
n � P d

max. (32f)

Now that problem (32) is a convex optimization problem and
satisfies Slater’s conditions [26], the optimal solution can be
obtained by solving the dual problem with zero duality gap.

The Lagrange function of (32) is

L(P d
n , α, β, γ, ζ, μ, ν)

= r
(
P d
n + P0

)− log2

(
1 +

P d
ngn,n

P c
mgm,n +N0

)

+ α

(
Γ0 − P d

ngn,n
P c
mgm,n +N0

)
− βP d

n

+ γ(P d
n − P d

max) + ζ
(
Rs

n −Rd
ns(P

d
n , P

d(l)
n )

)
+ μ

[
(2Rmin

m − 1)(P d
ngn,U +N0)− P c

mgm,U

]
+ ν

(
Rs

m −Rc
ms(P

d
n , P

d(l)
n )

)
, (33)

where α, β, γ, ζ, μ and ν are the corresponding Lagrangian
multipliers of constraints. Furthermore, α ≥ 0, β ≥ 0, γ ≥ 0,
ζ ≥ 0, μ ≥ 0 and ν ≥ 0. Thus the Lagrange dual function is
written as

ΘP (α, β, γ, ζ, μ, ν) = min
Pd

n

L (P d
n , α, β, γ, ζ, μ, ν

)
. (34)

Furthermore, the Lagrange dual problem is given by

max
α,β,γ,ζ,μ,ν

ΘP (α, β, γ, ζ, μ, ν) (35a)

s.t. α ≥ 0, β ≥ 0, γ ≥ 0, ζ ≥ 0, μ ≥ 0, ν ≥ 0. (35b)

We use Karush-Kuhn-Tucker (KKT) conditions [26] to find the
problem’s optimal solution. Let us denote P d∗

n as the optimal
power of problem (32), which satisfies the following condition:

∂L(P d
n , α, β, γ, ζ, μ, ν)

∂P d
n

∣∣∣∣
Pd

n=Pd∗
n

= 0, (36)

where we have

∂L(P d
n , α, β, γ, ζ, μ, ν)

∂P d
n

= r − α
gn,n

P c
mgm,n +N0

− β + γ

− (1 + ζ)
gn,n

ln 2 (P c
mgm,n +N0 + gn,nP d

n)

+ ζ∇Rd
neve(P

d(l)
n ) + μ(2Rmin

m − 1)gn,U

− ν
P c
mgm,egn,e

ln 2(gn,eP d
n +N0)(gn,eP d

n +N0 + P c
mgm,e)

− ν∇Rc
m(P d(l)

n ) = 0. (37)

Let us denote

Φ = r − α
gn,n

P c
mgm,n +N0

− β + γ

+ ζ∇Rd
neve

(
P d(l)
n

)
+ μ

(
2Rmin

m − 1
)
gn,U

− ν∇Rc
m

(
P d(l)
n

)
. (38)

Equation (37) is a cubic equation, which can be rewritten as

AP d
n

3
+BP d

n

2
+ CP d

n +D = 0, (39)

where

A = − gn,ng
2
n,e Φ ln 2, (40)

B = − gn,e [Φ ln 2 (gn,eP
c
mgm,n + (gn,e + 2gn,n)N0

+P c
mgm,egn,n)− gn,ngn,e (1 + ζ)] , (41)

C = − [(2gn,eN0 + P c
mgm,egn,e)P

c
mgm,n

+(2gn,e+gn,n)N
2
0 + P c

mgm,eN0(gn,e + gn,n)
]
Φ ln 2

+νP c
mgm,egn,ngn,e+gn,ngn,e(2N0+P c

mgm,e) (1 + ζ) ,
(42)

D = gn,nN0 (1 + ζ) (N0 + P c
mgm,e)

+ νgn,eP
c
mgm,e(N0 + P c

mgm,n)

− Φ ln 2N0(N0 + P c
mgm,e)(N0 + P c

mgm,n). (43)

Let

p =
C

3A
− B2

9A2
,

q =
D

2A
+

B3

27A3
− BC

6A2
,

Δ = q2 + p3.

If Δ > 0, there is one real root, i.e.,

x11 =
(
−q +

√
Δ
) 1

3
+
(
−q −

√
Δ
) 1

3
. (44)

If Δ = 0, there are two real roots, i.e.,

x21 = −2q
1
3 , (45)

x22 = q
1
3 . (46)
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If Δ < 0, there are three real roots, i.e.,

x31 = 2
√−p cosφ, (47)

x32 = 2
√−p cos

(
φ+

2
3
π

)
, (48)

x33 = 2
√−p cos

(
φ+

4
3
π

)
, (49)

where φ = 1
3 arccos

−q
√−p
p2 . Therefore, for a given set of La-

grange multipliers, the optimal power P d∗
n can be obtained with

the candidate power values by solving problem (39) in the three
cases mentioned above.

AfterP d∗
n is obtained, the dual variables of (35) can be updated

according to the subgradients with the following formulas:

αk+1 =

[
αk − δ

(
Γ0 − P d

ngn,n
P c
mgm,n +N0

)]+
, (50)

βk+1 =
[
βk + ξP d

n

]+
, (51)

γk+1 =
[
γk − θ

(
P d
n − P d

max

)]+
, (52)

ζk+1 =
[
ζk − κ

(
Rs

n −Rd
ns(P

d
n , P

d(l)
n )

)]+
, (53)

μk+1 =
[
μk−τ

(
(2Rmin

m − 1)(P d
ngn,U+N0)−P c

mgm,U

)]+
,

(54)

νk+1 =
[
νk − σ

(
Rs

m −Rc
ms(P

d
n , P

d(l)
n )

)]+
, (55)

where [x]+ = max{0, x}. The parameters δ, ξ, θ, κ, τ and σ are
the corresponding step-sizes in each iteration of the updates.

B. Channel Allocation Strategy

After the power control strategy is obtained as described in
Section IV-A, the remaining task is to find the optimal channel
allocation to maximize the TEE of D2D pairs. The channel
allocation subproblem can be shown as follows:

max
{cm,n}

N∑
n=1

M∑
m=1

cm,nsm,n(P
d
n

∗
) (56a)

s.t. cm,n ∈ {0, 1}, ∀m ∈ M ∀n ∈ N (56b)

M∑
m=1

cm,n ≤ 1, ∀n ∈ N (56c)

N∑
n=1

cm,n ≤ 1, ∀m ∈ M. (56d)

The channel allocation subproblem (56) is a binary linear
sum assignment problem. Therefore, we propose to use Kuhn–
Munkres algorithm [27] to solve it. The basic idea of Kuhn–
Munkres algorithm for solving the assignment problem is to
continuously modify the benefit matrix until there is at least
one zero element in different rows and different columns of the
matrix, and these zero elements correspond to the best allocation
strategy. Kuhn–Munkres algorithm has low complexity and can

Algorithm 3: Dual-Based Algorithm to Solve (14).
1: Initialization: loop index l = 0, feasible power

{P d(0)
n }, convergence threshold ε.

2: while |Rd
ns(P

d(l+1)
n )−Rd

ns(P
d(l)
n )| ≥ ε do

3: Set loop index k = 0, given maximum iterations
kmax, initial dual variables α, β, γ, ζ, μ, ν.

4: repeat
5: Obtain the optimal power {P d′

n } for given {P d(l)
n }

by solving (39) according to (44)–(49);
6: Update the dual variables using (50)–(55);
7: k = k + 1;
8: until The dual variables converge or k ≥ kmax

9: Update {P d(l)
n } = {P d′

n };
10: l = l + 1;
11: end while
12: Return the optimal power {P d∗

n } = {P d(l)
n }

13: Determine channel allocation strategy c∗ by solving
problem (56) using Kuhn–Munkres algorithm.

14: Return the solution Pd∗
n and c∗.

converge to the best allocation in a limited number of iterations.
The detailed steps of the Kuhn–Munkres algorithm to solve the
assignment problem can be found in [28]. For the sake of brevity,
we do not provide further details here.

By combining the power control strategy and the channel
allocation strategy, the dual-based algorithm for solving problem
(14) is summarized in Algorithm 3.

C. Summary of Dual-Based Algorithm

The proposed dual-based algorithm framework for solving en-
ergy efficiency resource allocation problem consists of Dinkel-
bach’s algorithm, the DC algorithm, Lagrangian dual theory, and
Kuhn–Munkres algorithm. Firstly, Dinkelbach’s algorithm is
used to transform the original fractional programming problem
into an equivalent subtractive form. In the innner loop of Dinkel-
bach’s algorithm, the equivalent problem is divided into two
subproblems: power control subproblem and channel allocation
subproblem. We use the DC algorithm to transform the power
control subproblem into a convex optimization problem. Then
Lagrangian dual is applied to solve the converted problem, which
provides a closed-form solution and reduces the computational
load. Moreover, the channel allocation subproblem is a classical
bipartite graph matching problem, which is solved by Kuhn–
Munkres algorithm. Fig. 2 shows the overall procedure of our
algorithm.

We guarantee the convergence of our proposed dual-based
algorithm. As mentioned in [29], Dinkelbach’s algorithm ensure
to converge with a super-linear rate. Furthermore, our power con-
trol subproblem has a closed-form solution, which can converge
efficiently in the inner loop.

D. Computational Complexity Analysis

With the proposed solutions to the two sub-problems, the
overall algorithm for solving the original problem is depicted
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Fig. 2. Flowchart of the proposed dual-based algorithm.

in Fig. 2. The complexity of the proposed algorithm mainly
concentrates on the DC-based algorithm and Kuhn-Munkres al-
gorithm. The power control subproblem is solved by CVX which
is based on the standard interior-point method, which compu-
tational complexity scale as O((N +KN)3.5 log(1/εc)) and
the Kuhn–Munkres algorithm complexity is O(N 3 log(1/εc)).
Therefore, the complexity of the proposed overall algorithm
is O(((N +KN)3.5 +N 3) log(1/εc)), where εc denotes the
accuracy of convergence.

For the dual-based algorithm, we obtain the closed-form
power allocation according to (44)–(49) and update the six
dual variables using (50)–(55) with maximum kmax iterations.
Therefore, the computational complexity is O(6Nkmax). To-
gether with the Kuhn–Munkres algorithm, the total complexity
is O(6Nkmax +N 3 log(1/εc)).

V. SIMULATION RESULTS

To verify the proposed resource allocation schemes for TEE
maximization, we perform numerical simulations. In our simula-
tion, we consider a UAV in a single-cell scenario, whereM = 16
GUs randomly distributed in the cell and the maximum D2D
pair distance is denoted as r. The eavesdropper is deployed in a
semi-remote location. The rest of system parameters are shown
in Table I. The simulation results are performed in a MATLAB

TABLE I
SIMULATION PARAMETERS

Fig. 3. The user location scenario.

environment and done by averaging over 1000 random realiza-
tions of users’ locations and channels. Fig. 3 shows the location
of the UAV, Eve, GUs and D2D users in one random problem
realization of the system.

In Fig. 4, we show the Dinkelbach iterations of the proposed
iterative algorithm with different number of D2D pairs. It is
observed that the proposed iterative algorithm can converge
very fast within a few iterations. Furthermore, the number of
iterations increases with the increase of D2D pairs, which shows
that the complexity of the algorithm depends on the number of
users. However, the growth rate is very slow and close to linear,
which is efficient and appropriate to scenario with large scale
users.

To demonstrate the performance of our proposed algorithm,
we also consider the following benchmark schemes:
� Partical Swarm Optimization (PSO): We model the TEE

maximization problem as a particle swarm. Each particle
in the particle swarm represents a possible solution of
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Fig. 4. The convergence performance of the proposed algorithm.

Fig. 5. Average TEE versus number of D2D pairs N .

the problem. Based on the fitness function, each particle
updates its speed and location to obtain the optimal transmit
power and channel allocation.

� Robust Spectrum and Power Allocation Scheme
(RSPAS) [30]: Joint spectrum and power allocation
for a D2D-enabled cellular network is investigated. The
goal is to maximize the sum ergodic capacity of all cellular
links. However, the eavesdropper is not considered.

� Distributed Energy-Efficient Resource Allocation
(DEERA): We modify the distributed energy-efficient
resource allocation scheme proposed in [8] to take into
account the QoS and secrecy constraints. In this method,
the D2D pairs employ a distributed approach to maximize
their energy efficiency while satisfying the constraints
in (12).

� Random Channel Allocation (RCA): The transmit power
of D2D users are distributed as maximum transmit power,
and the channels are randomly allocated.

In Fig. 5, the performance of our proposed algorithm in terms
of the TEE for different number of D2D pairs is illustrated. It can
be observed that the energy efficiency increases with the number
of D2D users. It is obvious that if the number of D2D pairs is

Fig. 6. Average TEE per D2D pair versus number of D2D pairs N .

Fig. 7. Average TEE versus circuit power P0 for 10 D2D pairs.

larger, then the TEE of all D2D pairs will be larger. By comparing
the results obtained from our proposed dual-based algorithm
with other schemes, we can see that our proposed dual-based
algorithm offers better performance. Moreover, we observe that
the proposed dual-based algorithm can converge to the same
optimal value as the solution using CVX. The performance of
PSO is worse than our proposed iterative algorithm because
the result of PSO depends on the initial parameter setting and
is easy to fall into local extrema. The proposed algorithm can
also achieve higher energy efficiency than RSPAS and DEERA.
This is because RSPAS cannot effectively maximize the TEE
and DEERA employs a distributed but selfish approach. Fur-
thermore, the performance of RCA is the worst because of the
randomness of power and channel selection.

Fig. 6 shows the average TEE per D2D pair with the number
of D2D pairs. The proposed methods achieve on average TEE
of 40 to 55 bits/Joule per D2D pair. The other baseline methods
have lower average TEE per D2D pair. For the RCA method, its
average TEE per D2D pair decreases with the number of D2D
pairs.

Authorized licensed use limited to: Nanjing University. Downloaded on August 31,2022 at 07:40:16 UTC from IEEE Xplore.  Restrictions apply. 



CHEN et al.: ENERGY-EFFICIENT RESOURCE ALLOCATION FOR SECURE D2D COMMUNICATIONS UNDERLAYING UAV-ENABLED NETWORKS 7529

Fig. 8. Secrecy rate versus versus number of D2D pairs N .

Fig. 9. D2D link communication rate versus number of D2D pairs N .

In Fig. 7, the performance of our proposed algorithm in terms
of the average TEE of 10 D2D pairs for different circuit power
is illustrated. It is obvious that the TEE decreases as the circuit
power P0 increases. For example, if the circuit power changes
from 0.1 Watt to 0.2 Watt, the average TEE nearly halves.
However, as the circuit power becomes very large, e.g., around
1 Watt, the average TEE of all schemes achieve nearly the same
value. Moreover, it can be observed that our proposed methods
achieve higher TEE compared with other baseline algorithms.

Fig. 8 shows the average secrecy rates of all the considered
methods together with the secrecy rate threshold Rs

n and Rs
m.

In our simulations, the secrecy rate constraints are satisfied by
all the considered methods. Moreover, the RCA and PSO-based
algorithms achieve higher secrecy rates, but at the price of lower
TEE.

Fig. 9 shows the average D2D link communication rates of
all the considered methods together with the minimum QoS
requirements Rmin

n and Rmin
m . That shows the QoS constraints

are satisfied by all the considered methods in our simulations.

TABLE II
TIME CONSUMPTION UNDER DIFFERENT NUMBER OF GROUND USERS AND

D2D USERS

Fig. 10. Total energy efficiency versus different noise power.

In addition, in order to show the effectiveness of our proposed
algorithm, we compare the required simulation time of the dual-
based algorithm and that of direct solution using CVX in Table II.
It is obvious that the complexity of our proposed dual-based
algorithm is much lower than that of the solution using CVX.
The increasing rate of time consumption using CVX is very fast
with the increase of the number of users. This benefits from the
fact that we derived the closed-form expressions, which reduces
the computational complexity immensely.

Fig. 10 evaluates the total energy efficiency versus the noise
power for our proposed dual-based algorithm. It can be observed
from the figure that, the energy efficiency of all D2D users
decreases with the increase of noise. This is because the higher
noise power offers worse signal-to-interference-plus-noise ratio
(SINR) between the UAV and D2D users, thus resulting in
smaller energy efficiency. We can also see from the figure that
the decrease in rate increases with the increase of noise. Within a
certain noise range, the rate of decline is very slow and basically
unchanged. After a certain noise is exceeded, noise becomes the
dominant part of SINR. Therefore, there exist a tradeoff for the
signal and noise.

VI. CONCLUSION

In this paper, we proposed an iterative scheme for energy-
efficient resource allocation in D2D communications under-
laying UAV-enabled networks. We considered maximizing the
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Fig. 11. Flowchart of the PSO algorithm.

total energy efficiency of all D2D pairs while guaranteeing the
QoS requirements and secrecy rate of all GUs and D2D users.
The proposed optimization problem is a MINLP problem. In
the outer loop, Dinkelbach’s algorithm is used to transform
the original problem into a subtractive form. In the inner loop,
Lagrangian dual and Kuhn–Munkres algorithm are employed
to solve the power control sub-problem and channel allocation
sub-problem, respectively. The simulation results have indicated
that the proposed algorithm can converge within a few number
of iterations to the optimal value. Via numerical simulations, we
have also shown that the performance of the proposed scheme
far exceeds other benchmark methods. For future work, we may
consider a more complicated model that takes mode selection
and multiple cells into consideration.

APPENDIX A
PSO ALGORITHM

In the PSO algorithm, the solution of the optimization problem
is considered as a particle in the search space. All particles have a
fitness value determined by a fitness function, and each particle
has a velocity that determines the direction and distance they
travel. The velocity and position updates depend on

V id =ωVid+C1M1 (Pid −Xid)+C2M2 (Pgd −Xid) , (57)

Xid = Xid + Vid, (58)

where ω,C1, C2 are constant which represent the inertia and the
acceleration factor. When the value of ω is larger, the ability
of group optimization is bigger. M1,M2 are random constant
between [0,1]. Pid is individual optimal value, and Pgd is group
optimal value.

In our problem, we set the particles as the variables to be
optimized, which are the transmission powerP d

n and the channel
allocation cm,n. The fitness function is set as our objective
function. Each particle updates its speed and location to obtain

the optimal transmit power and channel allocation. The detailed
process of PSO is shown in Fig. 11.
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