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Abstract—Internet of drones (IoD), which deploys several
drones in the air to collect ground information and send them
to the IoD gateway for further processing, can be applied in
traffic surveillance and disaster rescue. The performance of IoD
is greatly affected by drones’ battery capacities. We hence utilize
the energy harvesting technology to charge the batteries and the
wireless power control to adjust the drone wireless transmission
power in order to address this challenge. In our work, we
investigate the joint optimization of power control and energy
harvesting control to determine each drone’s transmission power
and the transmitted energy from the charging station in time-
varying IoD networks. Our objective is to minimize the long-
term average system energy cost constrained by the drones’
battery capacities and quality of service (QoS) requirements. A
Markov Decision Process (MDP) is formulated to characterize
the power and energy harvesting control process in time-varying
IoD networks. A modified actor-critic reinforcement learning
algorithm is then proposed to tackle our problem and its
performance is demonstrated via extensive simulations.

Index Terms—Internet of drones (IoD), power control, en-
ergy scheduling, energy harvesting, deep reinforcement learning,
actor-critic, quality of service (QoS).

I. INTRODUCTION

Internet of things (IoT) interconnects billions of smart
devices to exchange network information and provisions var-
ious applications such as smart industry, city, transportation,
and healthcare [1]. Drones, also known as unmanned aerial
vehicles (UAVs), are used for a growing number of purposes
such as environment monitoring, disaster investigation and
surveillance [2], [3]. Internet of drones (IoD) utilizes drones
as the IoT devices to provision applications such as object
tracking and disaster rescue [4]. One of the fundamental
IoD applications is the sensing service (i.e., data collection
service) where several drones are deployed in the air to collect
the environmental information (e.g., temperature, air pollutant
index, and ground pictures). The collected data are then sent
to the IoD gateway for further processing.

IoD has been utilized for a growing number of applications.
However, its performance is greatly limited by the drone’s
battery capacity. Many loD applications are deployed in
hard-to-reach or hazardous areas, and so it is impractical to
replace batteries. To address this challenge, energy-efficient
IoD communication system should be designed to reduce the
drone’s energy consumption. Adjusting the drone’s wireless

J. Yao and N. Ansari are with the Advanced Networking Laboratory, Helen
and John C. Hartmann Department of Electrical and Computer Engineer-
ing, New Jersey Institute of Technology, Newark, NJ 07102 USA (e-mail:
jy363 @njit.edu; nirwan.ansari @njit.edu). This work was supported in part by
the U.S. National Science Foundation under Grant No. CNS-1814748.

transmission power can help reduce the energy consumption
of transmitting the collected IoD data [5]. It is thus important
to investigate the wireless power control.

Energy harvesting can also be a good alternative to prolong
the lifetime of drone batteries [6]. Energy harvesting may use
the ambient energy sources, e.g., solar and wind, to harvest
energy. However, the ambient sources may not guarantee the
quality of service (QoS) requirements (e.g., minimum data
transmission time) because they are random and uncertain.
Hence, controllable energy sources, e.g., radio frequency (RF)
signals from a power station, can be considered to supply
energy on demand [7]. We hence utilize a charging station
to charge drone batteries to help maintain drones’ operations,
where the radio signals are sent from the charging station
to carry energy in the form of electromagnetic radiation.
Then, the energy harvesting device of each drone converts the
radio signals to its battery energy [8]. The harvested energy
depends on the transmitted energy of the charging station
and the path loss between drones and the charging station
[9]. Hence, energy harvesting control, which determines the
transmitted energy from the charging station, is important to
be investigated.

The dynamic and time-varying IoD networks also pose a
great challenge of wireless power control and energy har-
vesting control. The varying network states (e.g., collected
data, battery level, and QoS requirement) at different time
epochs require different power control and energy harvesting
control policies to achieve the optimum performance. In or-
der to characterize the time-varying IoD network, a Markov
decision process (MDP) can be utilized [10]. It is usually
difficult to obtain the complete and accurate information of
the MDP model in the unknown and dynamic IoD networks.
We hence design a deep reinforcement learning algorithm to
address the MDP model, i.e., the sequential decision-making
problem in time-varying IoD networks [11]. Specifically, the
reinforcement learning is a learning process of trials and errors
that interacts with the network environment by observing
network states (i.e., collected data and battery levels) and then
taking actions (i.e., determining the wireless power control
and energy harvesting control policies). Deep reinforcement
learning uses the deep neural networks (DNNs) to approximate
the state-action values in measuring the possible system cost
brought by each state-action pair [11].

Motivated by the above analysis, we investigate the wireless
power control and energy harvesting control in time-varying
IoD networks for the sensing service. Specifically, we try to
optimize each drone’s wireless transmission power and the
transmitted energy from the charging station to each drone at



each time epoch with the objective to minimize the long-term
average system energy cost constrained by the drone battery
capacities and the QoS requirements. We further adopt an
MDP to model this problem and propose a deep reinforcement
learning algorithm to solve it.

The rest of this paper is organized as follows. Section II
summarizes the related works. Our energy harvesting aided
IoD architecture is described in Section III. Then, the joint
optimization of the wireless data transmission power control
and energy harvesting control is formulated in Section IV.
In Section V, we propose a deep reinforcement learning
algorithm to address the joint optimization problem. The
simulation results are presented and analyzed in Section VI
Finally, Section VII concludes this paper.

II. RELATED WORKS

The IoD network was proposed in [4], in which a conceptual
model of the IoD system’s organization, the features, and
the implementation are described in detail. The authors also
demonstrated that the ToD network can be applied for package
delivery, disaster rescue, and traffic surveillance. Wazid et al.
[12] proposed a lightweight user authentication scheme in an
IoD network for the users to access data from drones and
demonstrated that their scheme provides better security than
existing schemes. Bera ef al. [13] proposed a blockchain based
secure framework for data management in IoD networks,
which provides better security and also incurs less commu-
nication and computation overheads. Yao and Ansari [14]
designed an online algorithm to address the joint optimization
of task allocation and flying speed control in an IoD network to
minimize the drone’s journey completion time during which a
drone generates computing tasks, offloads them to a fog node,
and visits different locations of interest.

Energy harvesting is a prominent technology to charge bat-
teries. Altinel et al. [15] proposed Markov energy model to an-
alyze the energy outage, shortage and service loss probabilities
of energy harvesting aided communication systems. Nguyen et
al. [16] designed an energy-harvesting-aware routing protocol
for IoT networks to improve the lifetime of IoT devices under
variable traffic load and energy availability conditions. Yao
and Ansari [17] proposed a Stackelberg game in cached-
enabled energy-harvesting-aided IoT networks to incentivize
the charging station to transmit energy to the IoT devices.
Jawad et al. [18] utilized the magnetic resonant coupling
(MRC) technology for the wireless power transfer to charge
the drone batteries. They demonstrated that the battery life of
the drone was extended from 30 to 851 minutes.

The above works do not consider wireless power control in
reducing the energy consumption of IoT/IoD networks. Yao
and Ansari [19] jointly optimized the power control and fog
resource provisioning in fog-aided IoT networks to minimize
the system cost while guaranteeing QoS requirements. Lee and
Hong [20] proposed a power control scheme for secure device-
to-device communication in IoT networks to improve system
energy efficiency. Mach and Becvar [21] proposed a distributed
power control algorithm to increase the delivery ratio of com-
putation results constrained by the QoS requirements in mobile

edge networks. Yao and Ansari [5] investigated the power
control in IoD networks for the data collection service to
minimize the drone’s energy consumption while satisfying the
QoS requirement. However, none of the above works consider
the joint optimization of power control and energy harvesting
control in IoD networks. Challita e al. [22] proposed a deep
reinforcement learning algorithm to optimize the transmission
power, path, and cell association of each UAV to minimize the
interference level and the wireless transmission delay in multi-
UAV-aided networks. Pace er al. [23] proposed a cognitive
transmission power control scheme in IoT networks by a muli-
agent Q-learning algorithm where each IoT sensor learns its
own power control policy.

Deep reinforcement learning has been utilized in time-
varying IoT/IoD networks to improve the performance of
network strategies [24]. Lei et al. [25] proposed a joint
computation offloading and multiuser scheduling problem in
IoT edge system to minimize the average weighted sum
of delay and power consumption. They further designed a
deep reinforcement learning algorithm to solve this joint
optimization problem. Yao and Ansari [26] investigated the
content placement problem in time-varying cache-enabled IoT
networks to minimize the data transmission delay constrained
by the cache storage capacity and IoT data freshness. Liu et
al. [27] proposed a data collection and secure sharing scheme
by combining Ethereum blockchain and deep reinforcement
learning to create a reliable and safe IoT environment. How-
ever, none of the above works consider utilizing deep re-
inforcement learning to solve the power control in energy
harvesting aided IoD networks.

Our preliminary results of wireless power control in energy
harvesting aided IoD networks by deep reinforcement learning
was presented at ICC2020 [28]. We extend our preliminary
work by additionally consider the energy harvesting control
(i.e., determining the amount of transmitted energy to each
drone) to further reduce our system energy cost. In this work,
we investigate the joint optimization of wireless power control
and energy harvesting control in time-varying IoD networks
to minimize the long-term average system cost constrained
by the drone battery capacities and QoS requirements. A deep
reinforcement learning algorithm is proposed to solve this joint
optimization problem.

III. SYSTEM MODEL
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Fig. 1. Data collection in energy harvesting aided IoD.

Consider our system model with N drones hovering in the
flying plane at the height of H, as shown in Fig. 1. We denote



the set of drone indexes as N' = {1,2,..., N}. The drones
sense the environmental data (e.g., pictures and videos) at
different locations and send them to the IoD gateway. The
IoD gateway can further process the sensed data and send
them to a monitor or users who request these data. Owing
to the limited drone battery capacities, a charging station is
utilized to charge the drone batteries in order to support their
operations. Specifically, the drone battery can harvest energy
by converting the received radio frequency (RF) signals from
the charging station to power [29]. The charging station can
use the license-free frequency bands (e.g., 915 MHz [30] and 5
GHz [31]) for energy transfer and provide controllable energy.

We assume the network operates at discrete time epochs
and the network states remain static within a time epoch but
vary over different ones [32]. At each time epoch, the IoD
gateway determines each drone’s wireless transmission power
to transmit its sensed data and the transmitted energy from the
charging station to each drone. In our work, we characterize
the QoS requirement as the minimum data transmission time
[19].

A. Drone Data Transmission Delay

The drone’s data transmission rate depends on the wireless
channel between the drone and the IoD gateway. In our work,
we adopt the widely used probability model which assumes
that the signal between the drone the IoD gateway is either
Line-of-Sight (LoS) with probability Pr’°% or Non-Line-of-
Sight (NLoS) with probability PV [33]. The probabilities
PrLoS and PrNLoS can be calculated by
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respectively. « and 3 are environment-related (e.g., rural and
urban) constants [33], H is the drone’s flying height, and d is
the distance between the drone and the IoD gateway, as shown
in Fig. 1. The path losses for LoS signals PL**S and NLoS
signals PLN°S are calculated by [33]
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where f. is the carrier frequency, c is the speed of light, and
£LoS and ¢NL°S are environment-related constants. The path
loss between the drone and IoD gateway is then modeled as
the average path loss between the LoS and NLoS signal, and
is calculated by

PL — PTLOSPLLOS _|_ PTNLOSPLNLOS. (5)

The wireless channel gain between drone ¢ and IoD gateway
G?S is a function of the path loss, i.e.,

PL;
0
i

GBS =107 (6)

where PL; is the path loss between drone ¢ and the IoD
gateway. Therefore, drone 7’s wireless transmission rate r; can
be calculated by the Shannon’s formula

pz'GBS
NoW;

where GBS is the wireless channel gain between drone i
and the ToD gateway, p; is drone ¢’s wireless transmission
power, W; is the system bandwidth allocated to drone ¢ and
Ny is the noise power spectrum density. Hence, drone %’s
wireless transmission time of sending the sensed data to the
IoD gateway is
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where [; is the data size of drone 7’s sensed data.

B. Drone’s Energy Consumption

Drone i’s energy consumption for transmitting the sensing
data can be expressed as [34]
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where 7; is drone i’s wireless data transmission time which is
defined in Eq. (8).

We assume RF energy harvesting technology is used to
charge the drone batteries, and the amount of the harvested
energy depends on the transmitted energy from the charging
station and the wireless channel gain between the charging
station and the drone. Hence, we utilize the widely used linear
energy harvesting model [9] to calculate the harvested energy
BN e,

ElMY = n,GFHe;, (10)

where 7; is drone i’s energy harvesting efficiency, GE is
the wireless channel gain between drone ¢ and the charging
station and can be similarly calculated by Eq. (6), and e; is
the transmitted energy from the charging station to drone 3.

In our work, all drone batteries are rechargeable, and the
charged energy can be stored in the battery for future use
[35]. We denote the system battery level vector at time epoch
t as

b(t) = [b1(t), b2(t), .., bn (1), (11)

where b;(t) € [0,B"**],i € N is drone i’s battery level
at time epoch ¢ and is bounded between O and the battery
capacity Bj"**. Hence, drone i’s battery level evolves from
time epoch ¢ to time epoch ¢ + 1 by

bi(t +1) = min{b;(t) + EM(t) — EI"*(t), B"*"}, (12)
where b;(t +1) >0, i.e.,

bi(t) + B () — B (1) > 0, (13)
which is equivalent to
bi(t) + G ei(t) - Pi{0)L() >0 (14)

() GBS | —
Wilogy (1 + pi](\/'zvvz )



We assume the system energy cost comes from both drone
energy consumption and charging station energy consumption,
and can be calculated by

N
eys - Cletrs +02261(t)
i=1

where c; and cs is the energy cost per joule of drone’s battery
and charging station, respectively [7]. e;(¢) is the transmitted
energy from the charging station to drone ¢ in time epoch ¢.

15)

IV. PROBLEM FORMULATION

In this section, we formulate the wireless power control
and the harvested energy control problem for sensing service
in ToD networks, where drones are deployed to sense the en-
vironmental information. In order to build an energy efficient
system, our objective is to minimize the long-term average
system energy cost. Then, the problem can be formulated as

M N N
PO: Z 1Y B +e) eit)  (16)
piDeen(t - = —
st pi(t) < P™ Vie Nt e M, (17)
l —re ST VieNte M,  (18)
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bi(1) = B™* Vi e N, (19)
bi(t +1) = min{b;(t) + n;GFHe;(t)
pi(t)li(tzt)GBS ’Bmam} Vi e N te M (20)
W;logy(1 + plNOW
(1) (t
bilt) + G ey ) - —— i) ;%GES >0,
Wilogy (1 + 2575—) (21)
Vi e N,t e M.

In Eq. (16), M € {1,2,...,00} denotes the total number
of time epochs and the objective is to minimize the average
system energy cost from time epoch 1 to time epoch M. For
simplicity, we define M as the set {1,2,..., M} to denote
time epochs from 1 to M. Eq. (17) imposes drone 7’s wireless
transmission power to be less than the maximum transmission
power P/". Eq. (18) is the QoS requirement which imposes
drone i’s wireless data transmission time to be less than
the threshold T". Eq. (19) imposes drone i’s initial battery
level to be B["**. Eq. (20) denotes the drone battery level
evolution. Eq. (21) indicates the feasibility of each drone’s
battery level. Although the energy consumed for drone’s air
hovering also accounts for the drone energy consumption [36],
it is related to the drone’s physical properties (e.g., weight and
propellers) and hence is fixed at each equal-length time epoch
[37]. The hovering energy consumption is affected by neither
the wireless power control nor the energy harvesting control

strategies. The energy cost generated by the drone hovering is
hence a constant and can be ignored in the objective function
which minimizes the average system energy cost. Therefore,
we do not include the hovering energy consumption and only
focus on the energy consumption for wireless transmission.

Lemma 1. Constraint (20) is equivalent to

s () (t
bi(t+1) = bi(t) + mGFe(t) — Pi(t) E),-zt)GBS ,
Wilogy (1 4+ =5 5—)
22)
and
v t ll t max
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Proof: We use the proof of contradiction to demonstrate
this lemma.
Assume that solution (p?(¢),
system energy cost
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Since &;(t) < eX(t), it can be observed that ¢ < ¢* which
violates the assumption that ¢* is the optimum solution to
minimize the system energy cost. Hence, the lemma is proved.
|
It is challenging to obtain the global optimum solution of
Problem PO because of its non-convexity [38]. Additionally,
drones’ battery levels are coupled with each other over differ-
ent time epochs and the complete battery level information of
all time epochs are required in order to achieve the optimum;
this may not be practical in reality. Note that problem P0 can
be considered as a sequential decision-making problem (i.e.,
wireless transmission power and harvested energy) in a time-
varying IoD environment. To solve the time-varying decision-
making problem, we first utilize a Markov decision process
(MDP) to model the time-varying decision-making problem
[10], and then solve the MDP model by a deep reinforcement
learning algorithm [39] in the following section.

V. DEEP REINFORCEMENT LEARNING

To obtain the solution of problem P0, which is a sequential
decision-making problem in a time-varying IoD environment,
an MDP is utilized to model problem P0. We then describe
our proposed Power and Energy hArvesting control deep
Reinforcement Learning (PEARL) algorithm, which is a modi-
fied actor-critic deep reinforcement learning algorithm to solve
the MDP model.



A. MDP model

We use a MDP (S, A, F,C) to model the power and energy
harvesting control in a time-varying IoD network, which
consists of the network state space S, action space A, state
transition probability density functions F : S x A x § +—
[0,00), and cost functions C : S x A — [0,00). Specifically,
at each time epoch t, the IoD gateway (acting as the network
controller) observes the network state s(¢) and takes an action
a(t). The network system then generates a system cost c(t)
according to the action, and transits to the next network state
s(t+1).

1) Network state: We define the network state s(t) at time
epoch ¢ as a set of drones’ sensed data sizes and battery levels

s(t) = [11(t), 12(t), ..., In(2),b1(1), ba(t), ..., b (t)], (26)

where [;(t) and b;(t) are drone 4’s sensed data size and battery
level, respectively. Hence, the network state space S can be
defined as

S(t) ={s(t) | 1;(t) > 0,0 < b;(t) < B"**,ie N}

2) Action: The action of the network system a(t) at time
epoch t determines p;(t) (drone i’s power control strategy)
and e;(t) (the transmitted energy from the charging station to
drone 7). Hence, a(t) can be defined as

O/(t) = [pl (t)apQ(t)a apN(t)7 el(t)a €2(t), seey eN(t)] (28)
Note that constraints (17) and (18) must be satisfied, which
are equivalent to
NoW;
GBS
Also, transmitting more energy than the drone battery capacity
is a waste of energy in practice, and hence

27)

Li(t)
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—1) <pi(t) < P (29)

0 <e; < B (30)
We hence define the action space A(t) at epoch ¢ as
A(t) ={a(t) | a™™(t) < a(t) <a™™ (1)}, G
where
min N0W1 % NOW2 % NO
a (t) = [ GlBS (2T1 w1 1), GQBS (2T2 Wy _1)7.“7 5
and

a™ (t) = [P{", Py, ..., Py, B™Y®, BT .., B,
(33)
3) System cost: The generated cost c(t) is related to the
network state s(¢) and the taken action a(t), and defined as
the energy cost at time epoch t. Note that constraints (21) and
(23) should be satisfied, i.e.,

Di t lz t max
0 < bl(t) + niGiEHei(t) - ( ) izit)GBS < B1 .
Wilogy(1+ =5 w—)
(34)

If the taken action a(t) = [p(t),e(t)] violates Eq. (34), a
penalty should be given to the energy cost. Hence, we define
the energy cost at time epoch ¢ as

{ M, if Eq. (34) is violated,
c(t) =

Ziil c1 Bl (t) + coe;(t), otherwise, (35)

where 01 is a very large number to penalize the actions that
violate Eq. (34).

SN GBS () 4 eei(t), if 0 < bi(t) + n;GFHe,(t) — '
C(t) = W; log

M, otherwise.

(36)
4) Network state evolution: The network state s(t) at time
epoch ¢ transits to s(¢+1) at time epoch ¢+ 1 according to the
taken action a(t). A drone’s sensed data size is only related
to the dynamic environment and hence drone ¢’s sensed data
size [;(t) at time epoch ¢ and [;(¢+ 1) at time epoch ¢+ 1 are
independent with each other. On the other hand, the battery
levels of different time epochs are coupled with each other and
evolves as b; (t+1) = b;(t)+n,GFHe,(t)— pi(t)li ()

p; (1)GPS
W; log, (1+ 1N0W‘i )

(i.e., Eq. (22)).

5) Aim of MDP: The aim of a general MDP model is to
find an action at each time epoch to minimize the accumulated
generated cost in the long run [10]. In our system model, the
MDP model tries to find the optimal wireless transmission
power and the charging station transmitted energy policy
7(s,a) = Pr{a(t) = a | s(t) = s}, which denotes the
probability that action a is taken for a certain state s at time
epoch ¢, in order to minimize the accumulated generated cost
in the long term. Note that problem P0 minimizes the long-
term average energy cost which is equivalent to minimizing
the long-term accumulated energy cost by dividing the total
number of time epochs M.

To evaluate the long-term generated energy cost, we define
the state-action value function [39]

M

Q(s(t),a(t)) = E{)_~e(t)}, (37)
i=t

which denotes the expected value of all future discounted cost

starting from time epoch ¢ in network state s(¢) with action

a(t) taken. v € [0,1] is the discounted factor to measure the

importance of future cost. A larger v puts more importance on

Wihe futhre time epochs. For example, the energy costs of future
Bﬂlrgl%TéVp‘(j)Vé\hs_a}évgf Q;qualolmportance when v = 1. However,

(32) N we only focus on minimizing the energy cost of time epoch

t when v = 0. Therefore, the objective of the MDP is to
minimize the state-action value function Q(s(t), a(t)) starting
from the first time epoch 1, i.e.,

J(m) = E{Q(5(0),a(0))},

where J(7) is the long-term discounted energy cost.

The basic idea of solving the MDP model is to choose
the action with the smallest Q(s(t),a(t)) value for network
state s(t) at time epoch ¢ [10]. However, it is challenging
to obtain the solution of our MDP model because its actions
are continuous. It is impossible to represent all state-action
values Q(s(t), a(t)). Also, there are infinite action possibilities
to be searched and compared in the lookup table where the
state-action values are stored [39]. Therefore, to solve the
MDP model, we utilize the actor-critic deep reinforcement
learning algorithm [11], which is specifically applicable to the

(38)




time-varying decision making problem with continuous action
space.

B. Actor-critic deep reinforcement learning

The actor-critic deep reinforcement learning learns the op-
timum action for each time epoch by interacting with the
network environment to minimize the generated cost [40].
The basic idea of actor-critic deep reinforcement learning is
to combine two deep neural networks (DNNs), i.e., an actor
and a critic, to learn optimum power control and energy
harvesting control policies. The actor generates continuous
actions according to the current network state while the critic
evaluates the generated actions and helps the actor update its
parameters to generate the actions with better performance, as
shown in Fig. 2.
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Fig. 2. Actor-critic deep reinforcement learning.

1) Actor DNN: The actor uses parameterized function
my(s), where 9 is the parameter of actor DNN, to generate
continuous actions for network state s. The actor takes the
network state s(t) as the input and outputs the action a(t).
Specifically, the number of nodes of the actor’s input layer
is 2N which represents the dimension of the network state
vector s(t), and the number of nodes of the actor’s output
layer is 2N which represents the dimension of the action a.
The parameters of the actor DNN is updated by the policy
gradient method [11] with the objective to minimize the long-
term energy cost J(my) (defined in Eq. (38)). The gradient of
the objective function is

oJ (Td' 19) or 9

— =K{v, ,a)V , (39
dry 00 {VaQo(s,a)Voms(s)}, (39)
where Qg (s, a) is the parametrized station-action value func-
tion of the critic and # is the critic DNN’s parameter. Then,

the actor’s parameter ¥ is updated by the gradient descend

19:197an19(](7'(19), 40)

VﬁJ(Wﬂ) =

where w, is the actor’s learning rate.

Note that the generated action may not be optimal. We
hence consider the tradeoff between the exploitation and
exploration [39]. Specifically, we prefer to exploit the actions
with predicted smallest energy cost (i.e., the generated actions
by the actor). Moreover, we still need to explore the unknown
actions. Therefore, the chosen action can be calculated as

a(t) = { random feasible action, with probability e,

actor generated a(t), with probability 1 — e,
41

where € is the probability of exploring random actions.

2) Critic DNN: The critic evaluates the actor’s generated
action by adapting the parametrized state-action value function
Qo(s,a), where 6 is the critic DNN’s parameter. The critic
takes both the network state and the actor’s action [s(t), a(t)]
as the input, and hence the node number of the input
layer becomes 4N. The critic outputs the state-action value
Q(s(t),a(t)) and its node number of the output layer is 1. To
improve the accuracy of the critic, its parameter is updated at
each time epoch by analyzing the actual generated cost from
the environment with the temporal difference method [11].
The temporal difference error §(¢) is defined to measure the
accuracy of the critic, and can be calculated as [11]

Qs(t), a(t)) = c(t) +1Q(s(t +1),alt + 1)),  (42)

a(t) = argmain Q(s(t),a) (43)

c(t) +7Qo(s(t+ 1), a(t+1)) — Qu(s(t), alt)), (44)

where s(t), ¢(t), s(t + 1), and a(t + 1) can be found in the
replay memory. The critic’s parameter € is then updated by
the gradient descend to minimize the temporal difference error
i(t), ie.,

0=0-— cheQe(s(t)» a(t))v

where w, is the critic’s learning rate.

3) Replay memory: To train the critic DNN (i.e., update
the critic’s parameter), the network state, action, and gen-
erated cost should be stored in a replay memory, which
is a finite sized first-in-first-out cache. The training sample
(s(t),a(t),c(t), s(t + 1)) is collected after the action is made
by the actor at each time epoch. When the replay memory is
full, the old samples will be discarded. At each time epoch,
a mini-batch is sampled from the replay memory to train the
critic DNN and update its parameter 6.

4) Operation process: The detailed process of actor-critic
deep reinforcement learning is shown in Fig. 2. At each
time epoch, the following steps (i.e., steps 1-8 in Fig. 2) are
processed:

1) The network state s(t) is inputted to the actor DNN.

2) The actor generates the action a(t).

3) The action a(t) acts on the environment and generates

the cost c(t).

4) One training sample (s(t), a(t), c(t), s(t+1)) is collected

and stored in the replay memory.

5) The network state s(t) and the actor’s action a(t) are

combined and inputted to the critic DNN.
6) The critic generates the state-action value Q(s(t), a(t)).
7) The state-action value Q(s(t),a(t)) is then utilized to
update the actor’s parameter ¥ according to Egs. (39)
and (40).

8) A mini-batch is sampled from the replay memory to
update the critic’s parameter 6 according to Eqs. (44)
and (45).

(45)



C. Modified actor-critic deep reinforcement learning

The actor-critic deep reinforcement learning generates the
power control and energy harvesting control actions from the
action space A(t) defined in Eq. (31). The generated action
may not be feasible and violate the constraint Eq. (34). In this
case, the actor-critic deep reinforcement learning algorithm
adds a penalty (which is usually a large number) to the
generated energy cost. Hence, it may take a very long time
to converge because many infeasible solutions are considered
and compared in the action space. In order to address this
problem, we propose PEARL which is a modified actor-critic
deep reinforcement learning algorithm.

Algorithm 1: PEARL

. Na M7 GiBSa GfLEHv NOa Wi, lia Tith7 Pinla Bivnam,
C1,C2,7,Wq,We, €

Output: policy 7

Input

1 Initialize the actor and critic DNNs with weight
parameters ¥ and 6, respectively ;

2 Initialize the time epoch t =1 ;

3 Initialize network state s(1) ;

4 for each time epoch t do

5 Calculate the action a(t) = [p(t), e(t)] based on
the actor DNN according to Eq. (41);

6 Choose the wireless transmission power
p*(t) =p(t) ;

7 Calculate the feasible transmitted energy e*(t)

according to Eq. (48) ;

8 Choose the action a*(t) = [p*(t),e*(t)] ;

9 Generate the cost ¢(t) according to Eq. (51) ;

10 Observe the network state s(t + 1) ;

1 Store the tuple (s(t),a*(t),c(t), s(t + 1)) in the
replay memory ;

12 Update the actor DNN parameter 1} according to
Egs. (39) and (40) ;

13 Sample a mini-batch of tuples from the replay
memory ;

14 Update the critic DNN parameter 6 according to
Egs. (44) and (45);

15 t+—t+1;

16 end

The basic of PREAL is to only utilize the power control
policy pi(t),7 € N from the actor-critic deep reinforcement
learning algorithm, and substitute p}(¢) to the constraint Eq.
(34). Hence, we have

which is then utilized to constrain the transmitted energy
e;(t). Then, the feasible transmitted energy ef(t) can be
calculated by

(1), i ex(t) < en (1)

ef(t) = emax(t), if e;(t) > e (t), Vie N, (48)
e;(t), otherwise,
where we denote
1 p; (W)Li(t)
ezmm(t) — el ( ) T OGES. bz(t)] (49)
T’Z 7 W110g2(1+W)
and
1 p; (D))
mGP! Wi log, (1 4 Z0G7 )

(50)
for simplicity. Since the action [p*(t),e*(t)] guarantees the
feasibility, the generated energy cost from the IoD networks
can be calculated by

N
c(t)=) la
=1 Wilogy(1+

p; ()l
p; ()GES
NoW; )

+e2ef(t)]. (5D

The detailed process of our proposed PEARL is delineated
in Alg. 1. Lines 1-3 initialize the actor, critic, and network
state. Lines 4-16 are operated at each time epoch. Line 5
calculates the generated action a(t) based on the actor DNN.
Lines 6-8 fix the power control policy p(t), try to find
a feasible energy harvesting policy e*(¢), and choose the
modified action a*(t). Lines 9-11 generate the energy cost
¢(t) and observe the next network state s(t + 1). Line 11
stores a training sample (s(t), a*(t), c(t), s(t+1)) in the replay
memory. Line 12 update the actor DNN parameter 9. Lines
13-14 sample a mini-batch from the replay memory to update
the critic DNN parameter 6.

VI. PERFORMANCE EVALUATION

We setup simulations to evaluate the performances of our
proposed algorithm, PEARL, in this section. The simula-
tions are implemented in Python by TensorFlow which is
a machine learning platform [41]. The implementation of
a real drone testbed will be left as our future work. We
compare PEARL with two benchmark algorithms No-energy-
control and Greedy. No-energy-control is a deep reinforcement
learning algorithm proposed in our ICC2020 paper [28], where
only the drones’ wireless transmission powers are optimized.
Greedy minimizes the transmitted energy at each time epoch
to minimize the system energy cost while fixing the wireless

1 pr(t)li(t) transmission power as the maximum power to minimize the
S — bi(t)] < eq(t) ireless t ission del

mGEH (1+ p; (t)gfs) = wireless transmission delay.
i i 10go NoW; (46) In our simulations, we consider a 1000 m x 1000 m, where
1 [Bmaz 4 p; (D)L (1) —by(#)] the IoD gateway is located at the center of the area. The
- g GEETT W, log, (1 + 2 JS)G? S) ! charging station is located near the IoD gateway. There are
oW N = 12 drones deployed in the flying plane at the height
) ) of H = 50 m. The drones are randomly distributed in the
pi (L) —bi(1)] < ei(t) < —== [Bmaﬂy.qn qé from the ground. The
niGEH Wilogy(1 + 15[) ) mGFH env1rwmeg5-@lat£7§%am¢ters in Eq. (1) are « = 9.6 and
(47) B = 0.28. The carrier frequency f. = 2 GHz. The speed of
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light ¢ = 3 x 108 m/s. The environment-related parameters for
calculating the path losses in Eqgs. (3) and (4) are ££0% =1
and V125 = 20 dB. The system bandwidth W = 20 MHz
and is evenly allocated to all drones. The noise power density
No = —174 dBm/Hz. The amount of sensed data of each
drone is randomly chosen from 100 to 200 Mb. Each drone’s
maximum wireless transmission power is P™ = 5 W. The
battery capacity of each drone is B™** = 800 J. The energy
harvesting efficiency 1 = 0.5. The unit energy cost c¢; and ca
are normalized as 1 and 10712, respectively. In PEARL, the
discounted factor v = 0.9, both actor and critic DNN are fully
connected and have 1 hidden layer, and each hidden layer has
64 nodes. Note that the above parameters are default values
and they may change if we specify them.

with different discounted factors

Fig. 3 illustrate the average system energy cost of three
different algorithms after convergence with different numbers
of drones ranging from 10 to 18. The average system energy
costs of all three algorithms increase with the number of
drones because more drones incur more battery charging and
a larger amount of transmitted data and hence more energy
consumption. PEARL generates the less energy cost than No-
energy-control because it jointly optimizes the wireless trans-
mission power and the transmitted energy from the charging
station, while No-energy-control only optimizes the transmis-
sion power and assumes that all drones’ batteries are charged
to its fullest. PEARL performs better than Greedy because
PEARL considers the policies over different time epochs and
utilizes the past experiences to improve its performance, while



Greedy only optimizes its solution within one time epoch.

Fig. 4 compares the average system energy cost of PEARL
with that of No-energy-control and Greedy with different
amounts of sensed data ranging from 40 to 200 Mb. The
average system energy costs of all three algorithms become
larger when the amount of sensed data increases because
more sensed data means more energy is required to transmit
these data, thus increasing the system energy cost. PEARL
generates the least average system energy cost among the three
algorithms for the same reason as in Fig. 3.

Fig. 5 evaluates the PEARL’s average system energy cost
with different QoS requirements (i.e., minimum data trans-
mission delay) ranging from 8 to 10 s. The average system
energy cost of all three algorithms decreases when the QoS
requirement becomes less strict (i.e., larger minimum data
transmission delay), because a less strict QoS requirement
implies that less energy is required to meet the requirement.
Similarly, PEARL performs better than No-energy-control and
Greedy.

Fig. 6 illustrates how PEARL, No-energy-control and
Greedy converge at different time epochs. Greedy indepen-
dently optimizes its solutions within each time epoch and
so is more likely to obtain similar results at different time
epochs when the network status is stable. Hence, Greedy
achieves a fast convergence rate. However, both PEARL and
No-energy-control are deep reinforcement learning algorithms
which are trial-and-error processes, and hence require more
time to converge. Additionally, we can observe that PEARL
performs the best among the three algorithms for the similar
reason in Fig. 3.

We then investigate the impacts of different parameters on
the performance of PEARL in Figs. 7 to 11. Fig. 7 illustrates
PEARL’s average system energy cost with three different
numbers of drones including 10, 12, and 14. A larger number
of drones incur more energy cost because more drones imply
more data to be transmitted and more energy to transmit these
data. Fig. 8 compares the PEARL’s average system energy
costs with different amounts of sensed data including 120,
160, and 200 Mb. A larger amount of sensed data incurs more
energy cost because more sensed data requires more energy
to transmit them. Fig. 9 evaluates PEARL’s average system
energy cost with different maximum wireless transmission
powers including 3, 4, and 5 W. A larger maximum wireless
transmission power incurs less energy cost because a larger
maximum wireless transmission power provides a larger action
space and more possible solutions, hence improving the proba-
bility of finding a solution with better performance. However, a
larger action space requires more time to converge. Therefore,
a larger maximum wireless transmission power incurs a slower
convergence rate. Fig. 10 evaluates PEARL’s performance with
difference QoS requirements including 8, 9, and 10 s. A stricter
QoS requirement (i.e., smaller minimum data transmission
delay) incurs less system energy cost because less energy
is required to meet the QoS requirement. Fig. 11 illustrates
PEARL’s average energy cost with different discounted factors
including 0.1, 0.5, and 0.9. The discounted factor measures the
importance of future time epochs. Since we try to minimize
the long-term average system energy cost, a larger gamma,

which puts more importance to future time epochs, achieves
a better performance, i.e., less average system energy cost.

VII. CONCLUSION

In this paper, we have investigated the joint optimization of
power control and energy harvesting control in time-varying
IoD networks. We have formulated our joint optimization
problem to determine each drone’s wireless transmission
power and the transmitted energy from the charging station to
each drone at each time epoch with the objective to minimize
the long-term average system energy cost constrained by the
drones’ battery capacities and QoS requirements. An MDP has
been formulated to characterize our problem in time-varying
IoD networks to show how the network status evolves with dif-
ferent power and energy harvesting control policies. We have
designed a modified actor-critic deep reinforcement learning
algorithm to solve our problem. We have demonstrated via
extensive simulations that our proposed algorithm performs
better than the existing algorithms and the impacts of different
parameters on the performance of our proposed algorithm.
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