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Abstract—Energy Efficiency (EE) has become an essential
metric in Device-to-Device (D2D) communication underlaying
Unmanned Aerial Vehicles (UAVs) Among the several tech-
nologies that provide significant energy, simultaneous wireless
information and power transfer (SWIPT) has been proposed as
a promising solution to improve EE. However, it is a challenging
task to study the EE under nonlinear energy harvesting (EH)
due to the limited sensitivity and the composition of the non-
linear circuit. Moreover, when D2D users transmit information
using the EH from UAVs, interferences to cellular users occur
and deteriorate the throughput. To tackle these problems, we
leverage concepts from artificial intelligence (AI) to optimize
EE of UAV-assisted D2D communication. Specifically, multi-agent
deep reinforcement learning was proposed to jointly maximize
throughput and EE, where the reward function is defined in terms
of the introduced goal. Simulation results verify the supremacy
of proposed approach over traditional algorithms.

Index Terms—Device-to-device, Energy harvesting, Multi-
agent DRL, Resource allocation, SWIPT, UAV.

I. INTRODUCTION

N todays and future wireless communication networks, un-

manned aerial vehicles (UAVs) are attracting further atten-
tion for enhancing coverage and capacity in diverse scenarios
[1]. As such, with the use of flexible placement and reliable
line-of-sight (LoS) link in air-to-ground (A2G) connexions,
UAVs can assist congested terrestrial networks during sporting
events or natural disaster scenarios [2]. Although UAVs offer
several advantages such as a high probability of LoS transmis-
sion and easy transportation, the constraints related to UAVs
communications must be taken into consideration when con-
ceiving device-to-device (D2D) networks namely, interference
management, quality of service (QoS), and in particular energy
efficiency (EE) [3]. Among the multiple technologies that
provide significant energy, simultaneous wireless information
and power transfer (SWIPT) is projected to harvest some of the
energy carried from the same RF signals [4], [5]. To improve
the network EE, the power-splitting (PS) scheme is an effective
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technique employed in Energy Harvesting (EH) mechanism
[6]. Meanwhile, Deep reinforcement learning (DRL) can be
an efficient alternative to achieve sustainable EE in complex
wireless networks with SWIPT [7], and has been widely used
to analyse EH [8]. A handful of studies have incorporated
this approach for D2D networks underlying UAVs, e.g. [9],
[10]. However, these works do not address nonlinear EH while
considering interference. For instance, most existing solutions
are only applicable to UAV networks with no underlying D2D.
Authors in [11] studied the three-dimension UAVs- enabled
wireless communication system with EH to minimize the total
energy consumption. Nevertheless, this work assumes that
there are no terrestrial networks, and the optimization is not
obtained using artificial intelligence (AI). DRL-based multi-
UAVs data harvesting was proposed in [12]. This framework
maximizes harvested data from internet of things devices
and total throughput by optimizing trajectory. However, the
authors did not consider the EH and the influence of UAV
height on the network. In [13], the authors leveraged a
deep neural network architecture to jointly optimize spectral
efficiency (SE) and EH in D2D communication. This work
adopted an unsupervised method and assumed a discrete-time
block fading model. Although this work presents the trade-off
between SE and EH, the existence of UAVs and nonlinear EH
is not considered. To accommodate EE requirements in UAVs-
assisted D2D communication, authors in [14] investigated on-
board deep Q-network (DQN) to minimize the overall data
packet loss. The objective is to find the device to be loaded
and patrolling velocity of the UAVs. According to the above-
mentioned literature review, and to the best of our knowledge,
most existing contributions in this field focus only on EE and
throughput optimization with SWIPT. However, it was noticed
that the nonlinear EH schemes were not considered for D2D
communication underlaying UAVs. Besides, most previous
research rarely considers the influence of PS on energy and
throughput together. Motivated by this assessment, we propose
a MADRL to address intelligent resource allocation for UAV-
assisted D2D networks where a UAV acts as an agent. Firstly,
we introduce a nonlinear EH model for SWIPT to include
the underlying harvest circuit. We then formulate EE and
total throughput in a mmWave scenario while ensuring the
minimum QoS requirements for all users according to the
environment. Multiple constraints, such as path loss model,
UAV height, distance, and minimum transmission rate are
employed to describe our mathematical problem.



II. SYSTEM MODEL

We consider a D2D communication underlying UAVs net-
work with SWIPT. Our model includes N D2D pairs and a set
of UAVs U € {uq, ua, u, } distributed randomly as illustrated
in Fig.1. We assume that UAVs are deployed at a particular
altitude H. The fading between UAVs and device users is
denoted ash,, 4, and it is assumed to be the small-scale fading.
Without loss of generality, D2D user transmitter (D2D-Tx) can
harvest energy from the RF energy transmitted by the UAVs
[10]. Compared to [9], our framework considers that D2D-Tx
applies a power split policy, which means splitting the received
power into two parts such as EH power and information power.
The PS ratio for D2D-Tx is given as 0 < p < 1. A power-
splitter is used for each D2D-Tx, where the ratio p of the
power is allocated to the energy receiver and the rest ratio
1— p is split to the information receiver. Moreover, UAVs and
D2D are supposed to transmit in the same mmWave frequency
spectrum and therefore interfere with each other. In this work,
a typical D2D is associated with UAV or D2D-Tx with an LoS
link or a non-line-of-sight (NLoS) caused by blockage effects
[15]. The position of each device on the ground and UAV are
(z%,y%), and (4, yu, H) where i € (D2D —Txz, D2D — Rx).
Let P;, P, denote the power transmission of D2D-Tx and
UAVs respectively, the downlink achievable throughput (data
rate) of D2D-Rx can be expressed as

Rror = puBay 10g2(1 +7u) + paBa IOgZ(l +Fyd) (1)

Where 7, and v, are the signal-to-interference-plus-noise ratio
(SINR), B,, and B, represent the bandwidth for UAV and
D2D respectively, p, = |(§ — P°%)| and pg = | (6 — PJ°%)|
are the probabilities when the link between UAV/D2D-Tx and
D2D-Rx is in LoS or NLoS transmission, where § is a binary
variable that defines the association mode and | - | is the
absolute value. In particular, if D2D-Rx is associated with
UAV/D2D-Tx according to LoS link, then 6 = 0, otherwise
6 = 1. We can introduce the following form to describe the
LoS probability of A2G link [15]
LoS 1
P () 1+b+exp (—c(Btan—1 (£) - b)) @

where b and ¢ are constants that depend on network envi-
ronment and z = \/(acu — P12 4 (y, — yPT)2 4 H? s
the Euclidean distance between the typical UAV and D2D-Tx.

Similarly, the LoS probability function when communication
is established between D2D-Tx and D2D-Rx is given by

PFoS(D)=1— P 3)

where (3 is the blockage parameter that defines the average
size of obstacles. Here, D corresponds to the distance between
D2D pairs.

A. Channel Model

Regarding propagation, the signal through the wireless
channel is characterized by attenuation that depends relatively
on distance and antenna components. There is no doubt that
an adequate channel model is essential for establishing reliable
communication links. As discussed in [1], [7], the A2G

Fig. 1. DQN for D2D communication underlaying UAV.

channel depends strongly on the altitude and environment.
However, according to [15], the path loss in LoS and NLoS
transmission for A2G can be modeled as

aros/2 .
PL, — {(I)LOS(Z) ,  for LOS Link

4
®rnros(z)*NEes/2 for NLOS Link @)

where aros and aypog are the path loss exponents, @105 <
Pnros = (79@'6{LOS,NLos}(C/47Tf))_1 represent the addi-
tional path loss for LoS and NLoS links respectively, which
depend on environment and frequency. Indeed, an additional
path loss is included because, in NLoS links, there is higher
signal attenuation compared to LoS transmission. For D2D
ground communication, we adopt a standard path loss model
with mean additional losses d7,,5 and dn 105 as
—QrLos 1
PLsps = {5LOSD s, for LOS Lm.k 5)
OnrLosD~*NLos  for NLOS Link

where D is the distance between D2D-Tx and D2D-Rx. Thus,
the channel power gain from the UAV to a particular D2D-Tx
can be given as

Gu,d = PULOSQ:)LOS(Z)GL% + P’u].VLOSq)NLOS(Z) ANLOS

()

In addition, we assume that the channel gain between D2D-Tx
and D2D-Rx is given by

Gd,d = P<,1L0S6LOSD7QL()S =+ PéVLoSaNLOSDfaNLOS 7)

where PVLoS =1 — PEoS g the NLoS probability link.

B. Nonlinear Energy Harvesting and SINR

The energy harvesting process is considered to be a promis-
ing solution to power up low-power consuming devices. In
particular, EH techniques can be exploited to generate energy
from the surrounding environment. This converted energy will
then be used in the network devices [16]. Available sources of
energy for harvesters can be grouped into linear and nonlinear
models. Generally, a practical EH circuit displays a non-linear
characteristic due to the non-linear elements implemented in
the UAVs and D2D users such as resistances, diodes and
capacitance [1]. Here, we consider a nonlinear EH model,
where the harvested power is expressed as [17]

( (Pl\laq: ;- P]Mazb)
—a(Prout+I,r+1y 1+e@
EH =T | ~1= — - i (8)
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where T is the transmission time, P, 1S the maximum
harvested energy, a and b are constants that define resistance
and capacitance, respectively. P, = pPyhy,aGua, [(u') =
2w pu PP aGur g and Iy =37 g pParhar aGara rep-
resent the received power, interference from adjacent UAV and
D2D-Tx, respectively. In this work, the SINR when the PS
SWIPT is applied at the D2D-Tx can be given by

Yo = (1 — p)Puhu,dGu,d
“ Zu’;ﬁu(l - p)Pu’hu’,dGu’,d + 0.2

where o2 refers to additive white Gaussian noise, (1 — p) des-
ignates the part of the received signal intended for information.
On the other hand, the instantaneous SINR at the typical D2D-
Rx can be computed as

9

pPihqaGa,a
= Pdlddrdd 10
Yd Toly 102 (10)

C. Global Energy Efficiency

One of the objectives that keeps the network alive is
energy efficiency. The EE metric is employed to evaluate the
total energy consumption for the network, and it is defined
as a ratio of the total transferred bits to the total power
consumption. Based on the nonlinear harvested energy of
D2D-Tx, the global energy efficiency of the UAVs assisted
D2D communication can be formulated as

E, E
GEE = EE, + EE; = 5B ok
P,+P.+>, EH FatPF
(1)

where 0 < P, < P, ,,, P. represent the power consumed in
the circuit of the transmitter and SE,, is the spectral efficiency
that is given by the following equation

(]- - p)Puhu,dGu,d (12)
Eu’?éu(l - p)Pu’hu’,dGu’,d + 02

SE, =logs (1 +

III. PROBLEM FORMULATION

Due to the discrete nature of data and the high traffic
demands in UAV-assisted D2D networks, traditional algo-
rithms for resource allocation do not converge on optimal
solutions for improving throughput and achieving large-scale
EE. In this section, we present the problem formulation where
the performance analysis is calculated in terms of EE and
throughput. Our objective is to maximize GEE and throughput.
Mathematically the optimization problem is formulated as
follows:

GEE 13)

max
SE,Py,Pa,p,Yu,Yd

Cl:SE, > SE9°Vu € U;C2: SE; > SE$°°Vd € N
C3:0< P, < P1oe, C4:0< Py < Ppor
C5:0<p<1; C6: v, >qhvucU
C7:794>"Vvde N

s.t.

Constraints C1 and C2 indicate the QoS constraint, where
SE®@°S and SE?°® are the spectral efficiency threshold
in UAV and D2D communication, respectively. C3 and C4
impose that the transmit power P, and P,; must be in the

interval [0, P,q4.]. It specifies the upper limit of the power
transmission. The constraint in C5 means that the power-
splitting ratio is bounded between [0, 1]. Finally, constraints in
C6 and C7 impose that the SINR =, 74 are more significant
than a designated threshold 72" and 7%". On the other hand,
the second objective focuses on total throughput maximization
of the network, which is given by

max
Py, Pq,p,H,Yu,Yd

sit. C1: Ryor > RRE"Vd e N
C2 : Hmln S H S Hmarvu € U

Rror (14)

Constraint C1 indicates that the total throughput should be
greater than the minimum required data rate for QoS. Con-
straint C2 denotes that the altitude of UAVs ranges between
[Hpmin, Hmaz)- Obviously, at higher altitudes, the distance
between the UAV and D2D-Tx increases, resulting in a con-
siderable path loss. On the other hand, when the UAV is
positioned at a certain minimum height, the NLOS conditions
are recorded and they can be affected by the throughput, thus
the necessity to study this constraint. C3, C4, C5, C6, and C7
are given in the previous paragraph.

IV. MULTI AGENT DEEP Q-NETWORK

In this section, we present MADRL to solve the problem
of (13) and (14). The approach of RA is modeled as Markov
decision process (MDP). In MADRL algorithms, the problem
representation can be divided into three parts according to
the nature of the interaction between the agents such as
cooperative, competitive and mixed. Moreover, the agent can
fully or partially observe the environment. In this letter, we
propose an MADQN algorithm based on fully observable
settings.

A. Reinforcement Learning

Similar to existing works [9], [10], we consider a tuple
(8¢, a,7t, S¢+1), where the agent observes the Markov state
of the environment s € S, and interacts to take an action
a € A. Here, S and A are the state-space and action-space
respectively. Based on the transition probability p(s;+1]|st, at)
the current network state s, transits to a new state according
to the action a; selected by the agent at time slot ¢. r, denotes
the reward function performed by the agent at each time
slot ¢t. However, we assume that UAVs act as an agent that
continuously interacts with the environment to optimize policy
m. For agent j, we denote network state at each time t as
s;. After observing the current environment, agent j performs
an action according to the policy 7; and s{ Then, at each
time policy, the agent receives the reward ] conditioned by
an action and moves to the next state s; ;. Lastly, j performs
the above operations until the maximum episode is completed.
We define the components, namely the state space, the action
space and the reward function as
State and Observation: In general, the state describes a
specific configuration of the network. UAV agents determine
state s; from the environment observation. Each UAV j
observes the SINR ~+/ , altitude H; and power transmission



Pg. At time slot ¢, the observation of the agent j can be
represented as O] = {vJ, H], PJ}. The environment is fully
observable, and the state space is composed by all observations
as s = {0}, 0%,--- ,O]}.

Action space: The agent interacts with the environment and
selects the action a,{. At each time slot ¢, the action of UAV
includes the PS ratio p and altitude Hg . Therefore, the actions
can be given as a tuple a; = {p], H} }.

Reward Function: Reinforcement learning is based on the
reward function, stating that the UAV is guided towards an op-
timal policy. The objective of this work is to jointly maximize
the total throughput and GEE. For this purpose, the rewards
obtained by UAVs are expressed by vector r] = {r},r?}. In
our model, we consider a scalarization reward function as

r = mazr (wiGEE + waRror) (15)

where w; and wy are weight for each objective and > w = 1.
We suppose that w; = ws = 0.5. A weighted reward criterion
is a weighted combination of the average and discounted
reward criteria. The agent can give more or less attention to the
long-term reward than to the short-term reward by changing
the associated weights.

B. Learning Algorithm Process

In this part, inspired by [10] we propose a MADQN to op-
timize the EE and throughput resource allocation framework.
In particular, we extend the single-agent DQN algorithm to a
multiple-agent approach. In a non-linear deep neural network
(DNN), the @ function is defined as Q(s],al)0 ~ Q*(s,a),
where 0 represents the weights of the neural networks. As
illustrated in Fig. 1, the action a; is taken according to the e-
greedy policy, and the transition tuple (s7,a7,r, s]) is stored
in a replay memory denoted by D. To remove the correlation
between the samples, the DQN agent will randomly sample
minibatch from D to adjust 6 of the DNN. Another target
network model Q(s?,al;0~) with weight 6~ is used in the
DQN procedure to ensure DQN stability. At each episode, the
optimal state-action function is formulated as

Q(sl,dl|0) = E,, s{7atc] (16)

L
7+ ymax Q" (si ,al )
j
ai

To train the DQN, the Q-network updates 6 according to L(0)
to minimize the following loss function given as

L(0) =Eg o1 r,.s, €D {Tt (Siyai) +ymaxQ (Si,aj) ’9‘

2
-Q (s{,aj) ’9]

Our proposed pseudo code is outlined in Algorithm 1.

a7

V. SIMULATION RESULTS

We evaluate our proposed model and verify the effectiveness
of the introduced algorithm-based energy harvesting for UAV-
assisted D2D communication, comprising 3 UAVs and 25 D2D
pairs uniformly distributed over an area of 3 x 3km?2. We
assume that the maximum power transmission for UAVs is

set as P['** = 30dBm. In addition, the power consumed in
the circuit of the transmitter P, = 40d Bm. The additive white
Gaussian noise 02 = —114dBm. In the MADQN algorithm,
the DNN of each agent is a four-layer fully connected neural
network with two hidden layers: 64 and 32 neurons in each
hidden respectively. We compare the convergence of our
algorithm to that of the DQN and Double DQN. First, Fig.
2(a) illustrates the effect of the number of D2D pairs on
the GEE for different algorithms. A common observation in
Fig. 2(a) is that by increasing the number of D2D pairs can
lead to an increase in GEE, since the degree of improvement
in EH becomes more important. As shown in Fig. 2(b), the
power splitting ratio p has an impact on the GEE. Indeed,
when the PS ratio is low, GEE increases significantly to the
value GEE=1.8(bits/J/Hz) and then starts to decrease to a
value of p = 0.72. This can be explained by the fact that
at a low PS ratio, the EH by D2D-Tx increases. We can also
observe from the two previous figures that the performance
is clearly outperformed in MADQN compared to DDQN and
DQN. Fig. 3(a) and Fig. 3(b) illustrate the variation of GEE
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Fig. 3. (a) UAVs Height with different algorithms, and (b) GEE (bits/J/Hz)
vs. Distance of D2D.

according to UAVs height and D2D distance, respectively. As
can be seen from Fig. 3(a), the GEE decreases as the UAVs’
height increases. This is due to the increase in the distance
between UAV and D2D-Tx, resulting in a considerable path
loss. Fig. 3(b) presents the GEE as function of the maximum
distance between D2D. We conclude that when the distance
between devices increases, the GEE gradually decreases. This
is explained by the fact that increasing distance leads to greater
path loss. Fig. 4(a) shows the variation of total throughput
versus UAVs height for p = 0.2 and p = 0.4, with different Al
algorithms. As can be easily seen in Fig. 4(a), total throughput
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increases as the UAVs height increases and then decreases
after H = 300m. This is because UAVs experience LoS
conditions when 120 < H < 300m and the deterioration of
the throughput after the 300m is due to increased pathloss.
Finally, we plot the throughput as a function of blockage
parameter S (blockage between D2D) in Fig. 4(b). It can
be observed that when [ increases, the total throughput of
the network decreases. Thus, with the increases in obstacle
density, more UEs are served by NLoS conditions. We can also
observe from Fig. 4(b) that the proposed MADQN algorithm
converges to highly satisfactory results compared to the other
approaches. This is because our algorithm handles interference
perfectly.

Algorithm 1 MADQN for UAVs assisted D2D

INITIALIZATION
Initialize parameters: learning rate, e-greedy, discount
factor ~*, memory buffer D
for agent j = 1to N do
Replay memory D to capacity N
Initialize action-value function Q; (s;, a;|6;) with random

weight 6

Target Network Q ; (s;7 a; [057), 0 — 05 (6 equals to ;)
end for
LEARNING
for iteration 1,2,..., L do

s1: Initialize the first state from 93 = (24,25 .. z;)
for episode 1, E do
Each agent (UAV) j execute random actions a§ according
to e—greedy
otherwise, choose a’ = max_+1 Q(s;.Jrl7 atl67)
Get the immediate reward 7'(33, a;) and next state s§.+1
Store transition (s'i Jat,re, st.+1) in D
Update SD-WAN information from the controllers
for j = 1to N do
Controllers randomly sample minibatch of
(s?, aﬁ-, Tt, s;Jrl) in D
Set vy (s, ab) + 45 Q5T ak]07)
Apply gradient descent step on
; t+1  t)p— 2
[re(s, al) + 77235 (7L, af107) — Q(st, ab16)]
end for
end for
UAV j replaces target parameters 0; — 0
Empty D;
end for

VI. CONCLUSION

This paper investigated the energy efficiency and throughput
optimization in D2D communication underlying UAVs with
SWIPT. The objective was to maximize both EE and sum-rate
under power splitting. A distributed MADQN was applied and
compared to traditional approaches such as DDQN and DQN.
The simulation results demonstrated that our algorithm outper-
forms EE and throughput with different parameter variations.

Our results also indicated that the EE is affected by the number
of D2D pairs to be deployed in the coverage area, as well as the
maximum altitude variation. Moreover, it is important to obtain
an optimal value of PS ratio for efficient resource allocation.
As a future research direction, we will extend our work to
combine power splitting and time EH while considering UAV
mobility.
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