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Abstract—As one of the most important metrics to sustainably provide communication services in green Industrial Internet of Things
(IIoT), the problem of improving energy efficiency has constantly attracted extraordinary concerns from industry so far as to academia.
In this paper, we intend to investigate the energy efficiency issue for an Energy Harvesting (EH)-enabled Machine-to-Machine (EH-
M2M) communication underlaying Unmanned Aerial Vehicles (UAVs) networks from the perspective of resource management.
Specifically, we are aiming at maximizing the average energy efficiency of EH-M2M communications by conjointly considering the EH
time slot assignment, transmit power control and bandwidth allocation under the limitations of Quality of Service (QoS) and the available
energy status of the EH-M2M devices. However, as the optimization problem is non-convex and NP-hard which is hard to tackle directly,
we first transform the primitive objective function into a convex form equivalently by non-linear fractional programming and variable
relaxation approach. After that, an iterative algorithm on the basis of Dinkelbach and Lagrangian theory is designed to optimize the
resource management strategy. Finally, extensive simulation results demonstrate that the proposed scheme can establish more energy

efficient communications compared to the benchmark schemes in different network settings.

Index Terms—UAYV communications, M2M communications, energy-harvesting, resource management, optimization

I. INTRODUCTION

N the epoch of Industry 5.0, human-to-machine collaboration under the state of low source depletion is the innovative feature,
the advanced Industrial Internet of Things (IIoT) system is jointly controlled by human brain and cyber-physical part, making

the green manufactural process more productive and sustainable [1]. In order to satisfy the emerging requirements from industrial
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segment, Energy Harvesting-enabled Machine-to-Machine (EH-M2M) communications have been regarded as a promising enabler,
drawing extensive concerns not only in industry but also in academia [2]. From the perspective of resource management, M2M
Terminals (MTs) enable to reuse the resource of cellular networks to obtain direct communications mutually, which alleviates the
burden of the base station and enhances the resource utilization for both cellular and Machine-Type Device (MTD) users [3-5].
However, it is also obvious that if the number of such type of MTD users is massive, mountainous power consumption will be
generated, which results in a gordian challenge in [IoT. Thus, Energy Efficiency (EE) optimization is treated as a significant issue
in investigating various industrial M2M communications. Noticeably, apart from the conventional ideas of promoting EE by taking
methods to reduce energy consumption, the works of [6-8] proposed the EH technology to recharge MTs so that the EE of network
can be enhanced, satisfying the requirements for green IoT in a further way. To replenish energy supplies for MTs, there are
miscellaneous energy sources that can be utilized, such as wind, heat, solar, and electromagnetic wave [9]. In the work of [10], the
authors improved the EE of cognitive M2M communications by means of harvesting the energy sources for M2M pairs from
nearby Radio Frequency (RF) resources.

As a significant development orientation for the next industrial generation, EH-M2M communications demand a more flexible
communication circumstance and a larger range of network coverage. But in this case, deploying traditional infrastructures to serve
the machinery is difficult and costs too much. Concurrently, it also disobeys the crucial requirements of IIoT [11, 12]. Fortunately,
Unmanned Aerial Vehicles (UAVs) have earned widespread concentrations because of their maneuverability and low power
consumption which enable them to flexibly construct the network and reduce the cost in various scenarios [13]. Specifically, UAV
is able to serve as an aerial platform in ITIoT to serve ground equipments and enlarge network coverage, in such a way the devices
in I[IoT environment can communicate with less transmit power [14]. Different from traditional terrestrial base stations, the UAV
can easily provide Line-of-Sight (LoS) propagations for ground users to enhance channel capacity [15]. Additionally, Device-to-
Device (D2D) communications with the EH function underlaying UAV-assisted cellular networks have been well-investigated in
literature [16, 17], in which the UAV-assisted D2D communication has been verified that it enables to improve the spectral
efficiency and EE potentially and feasibly in Human-to-Human (H2H) communications. Motivated by this, UAV-assisted
industrial M2M network has been considered as a key component in future industry 5.0. In order to get the utmost out of M2M
and UAV communications and guarantee the Quality of Service (QoS), it is essential to program a robust resource management

scheme.

A. Related Works

In this part, we retrospect numerous researches by predecessors that are relevant to the issues and enabling technologies for
resource management in IloT. In the next generation of industry, the IIoT network has higher demands for its greenness and
reliability to support the human-to-machine cooperative automatic production, which is expected to improve the resource

IEEE Transactions on Green Communications and Networking



Page 23 of 48 Under review for possible publication in

oNOYTULT D WN =

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

utilization and reduce the consumption of communications while ensuring QoS. As a technology in great demand, wireless Cyber-
Physical IIoT (CP-IIoT) networks have received widespread interests. The work of [18] investigated a CP-IIoT framework, which
contains a central controller, multiple sensors and actuators to optimize the energy efficiency through resource management
strategy in terms of transmit power allocation and channel assignment. Moreover, in the work of [19], the authors proposed a co-
design framework of hierarchical transmission-estimation communication scheme to realize reliable transmission and accurate
estimation for wireless control network under lower power consumption and computing burden, which prompts the network to
adapt to the dynamic and complex IloT situations. In particular, a multi-agents reinforcement learning-based scheme is proposed
in [20] to handle the cooperation with task offloading and resource allocation problems in IIoT environment. In addition, in order
to prolong the battery life and ensure the reliability of CP-IIoT, some pioneering studies [21-28] have conducted investigations on
EH-enabled IIoT networks. Different from the former studies focusing on reducing the overload and consumption only through
allocating resources, EH techniques supply the additional power for CP-IIoT system, enhancing the energy efficiency in an active
way. In particular, the work of [21] comprehensively reviewed various EH-powered wireless network types, system architecture
and critical design issues. The work of [22] studied the piezoelectric energy harvesting technology in IIoT machinery, a renewable
method that can gather energy from ambient unused vibrations and convert it into electric energy to recharge devices is proposed.
In [23], a wireless sensor node powered by harvested thermal energy is studied to monitor rotation machines. Some novel energy
efficient protocols are presented in [24] for self-chargeable IIoT sensor networks, the authors analyse the protocol clusters in
accordance with their power efficiency. Mission-critical ultra-Reliable Low Latency Communications (uURLLC) application based
on EH-IIoT circumstance is investigated by [25], the authors proposed a self-defined transmission protocol to estimate the outage
probability and block error rate. In the work of [26], a LoRa-based industrial network is studied, in which the wireless power
transfer technology is utilized to decrease the energy consumption and recharge batteries to extend the lifespan of batteries by
categorizing low transmit power level. In order to make full use of EH technologies in IIoT scenarios, a novel scheme is proposed
in [27] to classify the knowledge for machinery in the area of EH based on the vital parameters and performance standards from
existing techniques. In [28], an efficient energy trading model so-called energy blockchain can be extensively applied to tackle the
safety and privacy issues in different IIoT scenarios. Based on the aforementioned, how to deal with the resource management
problem such as time slot assignment, power control, etc when adopting the EH technology in industrial MTD connections scenario
is regarded as a challenge since it is expected to jointly optimize the resource allocation for EH and transmission issues. Therefore,
programming a robust resource management scheme combining the active technique and conservative method is of great urgency
in future IIoT model.

Nevertheless, in the situation where IloT terminals are massive or deployed in intricate environments, it is difficult for IIoT

devices to obtain reliable communications. To tackle the challenge, UAV-served communication is commonly considered as a
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prominent approach for its high mobility and flexible deployment [29-37]. In [29], the authors investigated the UAVs-assisted
relaying mode for I0Ts in a full-duplex state, which breaks the bottlenecks of the latency of IoT users and storage capacity of
UAVs, respectively. In [30], a UAV-supported clustered non-orthogonal multiple access and wireless powered communication
network is applied in 6G-enabled IoT network, in which an iterative algorithm owing to Lagrange Multiplier and bisection method
is applied to significantly optimize the reachable sum rate on average. Authors in [31] developed a deep deterministic policy
gradient algorithm facing multiple objections to maximize the sum rate and total harvested energy while minimizing the power
consumption concurrently for a UAV-aided IoT network. In addition, the proposed algorithm has the capability of adjusting multi-
objectives to cooperate with dynamic and uncertain environments. The work of [32] presented a Successive Convex Programming
(SCP) method to maximize the total average data rate of ground nodes and applied for wireless power transfer and Orthogonal
Frequency Division Multiplexing (OFDM) to address the energy supply and transmit path interference problems in UAV-powered
IoT system. In [33], a generative adversarial long short-term memory network framework in UAV-served M2M communications
has been proposed, the resource allocation issue is formulated to be a Markov game to evaluate the network performance and UAV
mobility. The work of [34] investigated an innovative multi-attenuation channel model for 5G-UAV-assisted emergency wireless
communications, the optimal transmission power and spectrum allocation method is proposed to establish an ultra-high capacity
and energy efficient communication during the disaster rescue. Similarly, a resource allocation scheme for UAV-relay M2M
communication in disaster zones to make rescue mission has been proposed in [35]. In [36], a reinforcement learning-based
resource management that is suitable for multiple agents for UAV-aided communications has been presented to optimize joint
power and bandwidth allocation. The long-term rewards of networks are optimized through Q-learning algorithm. Additionally, a
robust resource allocation algorithm is designed in [37] to provide energy efficient communications for UAV-aided D2D networks
in the case of optimal spectrum allocation and UAV flight coordinate. Moreover, energy efficiency is also considered as a
significant issue in UAV-based networks with EH in recent studies. The work of [38] proposed a UAV-enabled EH communication
system for users in half and full duplex, which focuses on the propulsion energy minimization of UAV while meeting the demands
of minimal data transmission constraint, solved by SCP and one-dimensional search methods. In [39], multi-UAV relays between
the source and IoT nodes assisted EH communication was presented, based on time switch and power splitting strategies. The
outage probability and bit error rate are derived, and the authors analyze the throughput and delay limitation. However, to further
realize the energy efficient communication for IIoT terminals, it is necessary to introduce EH-M2M communication underlaying
UAV-assisted network scenario in the coming investigations as M2M is a momentous component in industrial automatic machinery

networks.

B. Motivations and Contributions

Despite some researches that are on the cutting edge have worked out in different aspects of resource allocation in UAV-assisted
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communications [40-42], EH-enabled communications [43-45] and the combined studies between the two areas [38-39], machinery
network is hardly ever studied associated with the formers, especially for UAV-served EH-enabled Mechanical Arm (EH-MA)
communication in industrial manufacturing process of this paper. Moreover, when focusing on the realistic EH-MA
communication, energy efficiency is a critical problem. To achieve high energy efficiency and guaranteed QoS for EH-MA
communication, it is necessary to investigate the influence from the perspective of resource management. Herein, combined with
the advantages of resource allocation in UAV communication, it is of great value and more challenging to study the UAV-served

EH-enabled M2M communications in IIoTs scenario. Motivated by the aforementioned, this paper investigates the energy efficient

resource management for the UAV-served EH-M2M communication in [IoTs environment. Particularly, although [38-39] have

studied the EE issue in UAV-based networks, M2M communication was not considered yet especially with the EH function. The
main contributions in this work are summarized as follows.

e In this paper, we design a UAV-served EH-M2M communication framework. To construct a realistic IloT network scenario,
we intentionally consider the imperfect LoS propagation condition and the complex fading composition in the network model.
We aim at maximizing the average EE for all the EH-M2M pairs while ensuring the QoS by formulating the resource
management problem in terms of EH time slot and bandwidth allocation as well as controlling the transmit power.

e To cope with the mixed-integer non-linear optimization problem, we relax the variables and utilize nonlinear fractional
programming theory to convert the fractional optimization function into a subtractive form equivalently. After that, the converted
problem can be further transformed into a convex one with variable substitution. According to Dinkelbach and Lagrangian dual
theory, an iterative algorithm jointly optimizing EH time slot assignment, bandwidth allocation and transmit power management
is proposed to solve this formulated problem.

e Numerical results demonstrate that the optimal EE can be found using the proposed algorithm, which has a lower computational
complexity than the benchmark schemes.

The rest of this paper is organized as follows. The UAV-served EH-M2M industrial network model is proposed in Section II.

In Section 111, we present the problem formulation and transform the original problem into a convex form. The iterative algorithm

is designed in Section IV. Numerical results and performance analysis are both discussed in Section V. Finally, Section VI

concludes this paper.

II. SYSTEM MODEL

In this section, we in-depth present the system model of the multiple UAVs-served EH-enabled M2M communications in I[loT
environment. TABLE I summarizes the main symbols that are referred to in this paper.

TABLE I
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LIST OF MAIN SYMBOLS

Symbols

Description

UAVs

The set of UAVs

MAs

The set of MAs

The quantity of U2M channels

The quantity of EH-M2M channels

Bsumv Bsub

Sum available bandwidth and each orthogonal

sub-bandwidth

The maximum number of EH-M2M pairs
permitted to reuse the same U2M sub-bandwidth

resource

m)
Pik

Transmit power of the i-th UAV to k-th MA in

time slot »

(m
pm,k

Transmit power between the m-th M4 T and
MA_R on the k-th U2M sub-bandwidth in time

slot n

Ergodic transmit power of the m-th EH-M2M

pair in time slot n

Pcir

Static circuit power in MAs

n)
ik

Transmission channel gain between the i-th

UAYV and k-th MA in time slot n

~(n)
gi,k,m

Interference channel gain between the i-th UAV
and the m-th MA_R on the k-th U2M sub-

bandwidth in time slot n

)
gm,k

Transmission channel gain between the m-th EH-
M2M pair on the k-th U2M sub-bandwidth in

time slot n
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Interference channel gain between the m-th
g MA_T and k-th MA on the k-th U2M sub-
bandwidth in time slot n
SINR of the channel between the i-th UAV and
Vifz?)
k-th MA in time slot n
SINR of the channel between the m-th EH-M2M
Vi
pair in time slot n
Instantaneous industrial packet rate of the
rl(,? ) channel for U2M transmission mode in time slot
n
Instantaneous industrial packet rate of the
1;1(:1}2 channel for EH-M2M transmission mode on the
k-th U2M sub-bandwidth in time slot n
Ergodic industrial packet achievable rate of the
Rinn
m-th EH-M2M in time slot n
Minimum industrial packet transmission rate of
o each UAV-served MA
EHp, Harvested energy flux at arrival time point ¢,
EE, » EE of the m-th EH-M2M in time slot n
EEvom Average EE of all EH-M2M channels
E, Sum of the initial energy

In this paper, we consider a multiple UAVs-served EH-enabled M2M communication scenario in [IoT environment as illustrated
in Fig. 1, which consists of a set of multi-antenna UAVs denoted as UAVs = {UAV,, UAV,, ...,UAV,, ...,UAV},} serving as aerial
base stations and a set of single-antenna MAs denoted as MAs = {MA,, MA,, ..., MA,, ..., MA,}. Each MA is equipped with an
EH facility to gather the ambient energy resources, then convert them into direct current energy. Via the power conditioning unit,
the energy can be output to MA. All of the MAs are randomly deployed in a square area with the size of R X R , thus the horizontal
location of the /-th MA can be given by u; = [x;,y,]" (vl € {1,2,...,L},Vx;, y; < R).Besides, it is considered that ] UAVs are
flying in a straight route between the opposite vertexes of the R X R area, their two-dimension coordinates are expressed as q; =
[, vi17 (Vi € {1,2,...,1},Vx;, y; < R) and their flying altitude is fixed at H;. In this way, we can take better advantage of the

UAVs to expand the coverage of IIoT and guarantee the network QoS. In this network model, we assume that the sum available
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bandwidth is Bg,,,, which is pre-allocated to UAVs and averagely divided into K orthogonal sub-bandwidths that is denoted as

By = {BS%, ZB;”’", ) ..,(K_ZI){BS”m,(K_ll){BS“m, Sum} to provide the UAV-to-MA (U2M) links for ground MAs. However, the

quantity of ground MAs is typically larger than the number of U2M sub-channels (i.e. K < L).

— 3 FH-M2M Signal Link ._a,l UAY
- = =¥ EH-M2M Interference Link =,
—— U2M Signal Link j MA
== =¥ U2M Interference Link

Data queue status

Q Energy queue status.

Fig. 1: Scenario of multiple UAVs-served EH-enabled M2M communications

For the purpose of making efficient use of the limited bandwidth resource, both U2M and M2M transmission modes are designed
to support the data transmission in this network model. For the U2M transmission mode, K MAs are permitted to connect with
UAVs and each MA antenna receives the industrial packets from one sub-channel. For the M2M transmission mode, M MA pairs
are supposed to multiplex the pre-assigned UAV sub-bandwidths to establish the M2M communications, each M2M pair includes
a MA transmitter (MA_T) and a MA receiver (MA_R). In this mode, the equipped EH-enabled facilities work towards harvesting
the ambient energy to recharge the machinery. It’s considered that all the energies used to maintain the M2M communications are
provided by EH-enabled devices rather than factitious supply. Due to the uncertain environments and imperfect CSI, each MA
enables to select its own transmission mode dynamically. Therefore, we regulate a binary indicator o,,; € {0,1} (vm € M,Vk €
K) to denote whether the m-th EH-M2M pair occupies the &-th sub-bandwidth of the U2M transmission channel currently. To help
with the investigation, time-slotted system is used in this model. For enhancing the efficiency of the resources in a further way, it
is considered each sub-bandwidth of UAVs can be multiplexed by a maximum of X EH-M2M pairs within a time slot. Herein, one

constraint should be satisfied as (1):

M
Zo(n)SX, vkeKneN )

mk
m=1

In the following, we discuss both of the channel models for U2M and EH-M2M transmission modes utilized in this industrial

wireless machinery IoT scenario.

A. U2M Channel Model

Differentiate from conventional terrestrial communications, the proposed UAV-served MA communication model is regarded
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as the Air-to-Ground (A2G) channel model, whose performance is highly subject to varying propagation environments. In this
work, we denote a probabilistic path loss model for the U2M transmission channel that includes both the LoS and non-LoS (NLoS)

propagation. The probability of LoS depends on the transmission environment, thus between UAV i and MA £ in time slot 7, it

can be given by (2):
LoS 1
Pi,k (n) = ) (2)
1+ aexp(—bsin~( i(‘:f)) —a)
hy

where a and b are constant values due to the ambient circumstance. di(f,? and hi(",l() respectively denote the distance and relative

height from the UAV i to MA k in time slot n. As for the U2M distance, the distance can be given by (3):

m _
di.k _\/|
)

where g, and u, * denote the coordinates of UAV i and MA £ in time slot 7, respectively.

—_— ——2
@ _ 0| 4 2o 3)
ik

ql k

)

Therefore, the probability of establishing the NLoS links can be deduced as (4):
Pl () =1 - Pi°(n) 4)
Additionally, the path loss model for both LoS and NLoS propagations between the i-th UAV and k-th MA are expressed as (5a)
and (5b):
Ly () = Lz () +nt°° (5a)
L ) = Lz m) + 0o (Sb)

where L’Z % (n) is the free space path loss, which is calculated by:

LFS(n) = 201log(d™) + 2010 +20l0g( " 6
ik g9(d;y 9(f) 0g( C) (6)

NLoS

in which f denotes the carrier frequency and ¢ denotes the velocity of light. The n%°5 and n are the additive path losses for LoS

and NLoS propagations.

Herein, considering the LoS and NLoS composition in propagation path loss, we categorized the ergodic U2M channel power

m)

gain between UAV i and MA k into gL; )/ )

and gN; .~ in time slot n respectively, which can be given by (7a) and (7b):

_ Bo
gLy = Bodif(n) = — (7a)

—_— — 2 2

(o - )
_ upBo
GNP = uBodii (n) = — (7b)
—_ —_— 2 T
(| ql(n) _ u}({n) i hi}({n))
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where 3, is the mean channel gain between UAV and MA in unit distance (i.e. one meter), 4 denotes the additive signal fading
coefficient resulting from NLoS communication. In addition, aL and aN are the path loss exponents under the LoS and NLoS

conditions.
From above discussion, the ergodic power gain in U2M channel model gi(",lc) in time slot # can be calculated by (8):
g5 = PES(m) - gL + PAES(n) - gNY, Yk €K,n €N (8)
The interference in U2M channel derives from the reuse of the EH-M2M communications and the additive white Gaussian noise

(AWGN) g2. Therefore, the instantaneous Signal-to-Interference plus Noise Ratio (SINR) of the U2M channel between the UAV

i and MA k can be expressed as (9):

) ()
y(n) _ Pix ik
ik = () ~n)
%=1 Omkpm,kgm,k + 02

, VkeK,neN 9

where pi(f,lc) and p,(:, 3( respectively represent the transmit power of the i-th UAV and MA T in the m-th EH-M2M pair reusing the

k-th U2M sub-bandwidth in time slot », and g,(,’lf 3{ denotes the interference channel gain between the m-th MA T and other MAs

served by UAVs that reuses the same sub-channel pre-allocated to the UAV.
Therefore, based on the Shannon formula, the instantaneous industrial packet achievable rate between UAV i and MA £ in time

slot n is given by (10):

T'l(]?) = B 10.92(1 + Vi(_]?))

m) m) m) (
K (PiL.I?S(n) : (gLi,r;c - 9Ni,2 ) + gNi,Z) > (10)

Pix
= Bgyp log, (1 + — —
M olplh g + o2

B. EH-M2M Channel Model

In this industrial machinery IoT system, partial MAs are grouped as MA pairs to obtain M2M communications by multiplexing
the same bandwidth of the U2M channels. In this case, the MAs can harvest the energy sources from the ambient environment to
sustain the M2M transmissions in an asynchronous mode. Because of the random energy input and reducing power loss, we
consider the interval energy transfer for communication. Thus, EH,, ,, is denoted as the flux of harvested energy between time
breath t,,_; and time breath ¢t,,. Initialize t, = 0 and t,, = T respectively, and the time-interval duration can be defined as 7,, =
t, — t,_1, where t, and t,,_, are the energy achievable points in time. We model the achievable energy as a Poisson Process;
therefore, the collected energy flux EH,, ,, at achievable time point t,, can be presented as (11):

EH,, ,~Poisson(At,) Yme€ M,n€ N 11

where A denotes the ergodic harvested energy per unit time (i.e. one second).
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Particularly, both large-scale and small-scale fading are considered in this channel. We recognize the path loss and shadowing

as the components of large-scale fading, which is denoted as y,,and 9,,, respectively. Meanwhile, the component of small-scale

fading is the Rayleigh fading [46]. We denote (,(,:1 ) and (',(,:1 ) as the Rayleigh fading in time slot » and n+/, which can be given

by (12):
=g 1= p28 (12)
where p € [0,1] is the relevancy indicator influencing the relevance of channel implementation into double successive blocks.
Additionally, we denote § and (',(,? ) as complex Gaussian random variables satisfying the distribution CN (0, 1).
In time slot n, the EH-M2M channel gain between M4 T and MA R allocated by the k-th U2M sub-bandwidth can be given by
(13):

2
I = X O - G (13)
Then, the SINR of the EH-M2M transmission channel in time slot # is expressed as (14):

m) (n)

m _ Pmx9mk
Ym™ =@ -

mkPix Jikm

= Vke KKmeMneN (14)
+o

()

where §; ;'

denotes the interference channel gain between the UAV i and the m-th MA R occupying the sub-bandwidth & from

U2M channel in time slot .
On the basis of Shannon formula, the instantaneous industrial packet achievable rate of the m-th EH-M2M channel reusing the

k-th U2M sub-bandwidth in time slot # is calculated by (15):
T = Bau logy (1 + 7,

2
R ACRY MO &)

). (n) ~(n)
OmicPik Jijom T 0°

= Bgp log, | 1+ VkeK,meMneN (15)

Moreover, the ergodic industrial packet achievable rate of EH-M2M m in time slot # can be denoted as R,, ,, which can be

written as:
K

Rpn=» or™ vmeMneN (16)

mk 'mk
k=1

The ergodic transmit power in m-th EH-M2M pair in time slot # is denoted as B, ,, which can be expressed as:

K
Pon = Z or(:lzpr(rzi vmeM,neN an
k=1
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III. PROBLEM FORMULATION

A. Optimization Objective Function

In this section, we present the formulated cooperative optimization problem in terms of bandwidth and transmit power allocation
as well as EH time slot assignment, while guaranteeing the energy harvesting robustness for all EH-M2Ms and the QoS in U2M
channels. Our target is to maximize the average EE of all EH-M2M channels, and thus the EE of the m-th EH-M2M is denoted

as EE,, , in time slot n, which can be calculated by:

Rm,n

EE, ,b,B6K =——m
mwn spm,n + Pcir

vme M,Vvn € N (18)

where ¢ and P,;, are the inverse of efficiency for power amplifier and static circuit power, respectively. Herein, we present the

average energy efficiency of total EH-M2M channels as E Ej;,,,, which can be calculated as (19):

N M

EEyom = ) Y EEmn (19)
1

n=1m=

In view of this, the maximization problem can be formulated by (20):

max EE 20
m ) MM (20)

OmkPik Pmktmk

subject to:
M
ZOT(:IESX vVkeK,neN (20a)
m=1
N K N
Z Z Ogl;zpf,fitf,?,z SEo+ Z EHyp, YMEMmneEN (20b)
n=1k=1 n=1
K
Z of:,gt,(:,z <1, YmMEMmnEN (20¢)
k=1
p(n)g(n)
ik ik
Bsup 108, (1 e ORI 2) >Ry VkEKn€EN (20d)
m=1OmicPmxImy T O
o™ e (01}, pi =0, 0<tM<r, pP =0  (200)

in which (20a) is used to ensure that each sub-bandwidth resource of U2M channels can be multiplexed by at most X EH-M2M
channels per time slot. (20b) presents the energy limitation that the whole energy consumption is no more than the total amount
of initial energy E, and total harvested energy over N time slots. (20c) depicts the limited transmission duration, which implies
that the EH-M2M transmission duration cannot exceed a period of time slot. (20d) states the QoS limitation of the minimum

industrial packet transmission rate of each UAV-served MA have to be over R; ;.
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B. Problem Equivalent Transformation

The problem (20) is a mixed-integer non-linear programming issue associated with a non-convex objective function and QoS

m ()

limitations, which is a gordian challenge to tackle for the reason that the variables ¢, p,,, } and pi(’r,? are consecutive while 00

mk 1S

a binary variable. For the purpose of tackling this non-convex optimization problem, we first apply a function to represent the

transmit power of U2M channels so as to transform the problem (20) into another equivalent one. It is assumed that the m-th EH-

()

mk

M2M enables to multiplex the £-th U2M sub-bandwidth resource in time slot n (i.e. 0,,, = 1). According to (20d), the transmit

power in U2M channel can be written as (21):
a(o? + XpSh G

pi = g , (21)
i,k

where o = 2Rik/Bsub — 1

m

s i pi(;? increases, the function E Ey, ) will decrease. Therefore, in order to deal with this uncertainty and reach

For a fixed p
the optimal energy efficiency E Ey, ), the optimal transmit power in U2M channel p; S(n) should be given by (22):

) ~(n)
*(n) _ a(az +Xpm,kgm,k
Pip = n ) (22)
g( )
ik

Next, we take the optimal transmit power pl.* E(n) into optimization function (20a), it is proven to get the new optimization objective

function (24). Denoteh™, ™ and f. (1,?, which should satisfy (23):

mk> “mk m
m _ (M
Pk = I Gix

ey = g0 + agion (23)

m _  ~(m) ~(n)
fok = @ImJikm

Herein, the primitive optimization problem (20) can be transformed as (24):

- (n)p(n)

K n mkm,k

k=1 Omic 1092 {14~ 7
€mr 9 fmk pm,k

N M

24)
K00 (
n=1m=1 € Zkzl Omkpm,k + Pcir
subject to
M
Yo <X vkeknen (24a)
m=1
N K N
DD oGS < Eo+ ) EHp, VmeMneN (24b)
n=1k=1 n=1
K
zor(,?,zt,(;l,z <1, VmMEMmneEN (24c¢)
k=1
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It is learned that the optimizing variables are updated to € = { r(:g, pr(: ?(,t(n,z} in (24). Thus, the optimized energy

efficiency E Ejy,p can be given by (25):

( ) (n)p*(n)
n mktm,k
N M Zk 10mi” L0 (n) f(n) *(n)
. k Pmk
EEMZM = maxz Z *(n) *(n) > m m, (25)
] € Zic=1 Opie Pyc + Pir

It is apparent that when each EH-M2M pair finds its optimal EE, the maximal average EE of the whole EH-M2M is EEy,y,
and vice versa. (The proof is given in Appendix A)
Therefore, the objective function can be updated as (26):

EEym = maxz z EEqn » (26)

n=1ms=

where the EEy, ,, can be presented as (27):

- (n)p*(n)

n mkt'm,k

k=10mk 1092 | 1+ 55 2 4 £
€mi0° + fink Pmic

EEj, = - (27)
€ Xk=1 frﬁz rrgrllc) + Peir
We denote
( ) - hkPosic
| Rutzm (o,,f;?),p,i?) = o 1og, 1+ Wz 4 o) )
k=1 P ey
Puaue (P ) = ,S?,Bp*("’ + Peir (29)
In this case, the fraction E'Ey, ,, can also be given as (30):
*(n) _+(n)
Ryam (O "> P
EE;;Ln — ( mk m,k (30)

PMZM(p*(n)

In accordance with the non-linear fractional programming theory [47], we are supposed to transform the equation (30) into a

corresponding subtractive form, which can be written as (31):

K (n)p*(n) K
* k k * * *
raeey = e 3kt (14 e B < o (< o

k=1 mk Pm.k k=1

= max (RMZM(Om(Z)' Pk ) = EEnn (PMZM (P )) (3D
where " = { (Z),p:n(r,?, t*(n)}

On the basis of the non-linear fractional programming theory and the aforementioned, the optimization objective function (26)

also should be converted into a corresponding subtractive form that can be rewritten as (32):
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1 N M K n)__*(n) K
2 . (n) Poic Do i . «(n)_+(n)
3 T2(¢) = r@gxz Z Z Omic L0g2 | + 55 ORI EEq » ez Omi Pmi T Peir
4 n=1m=1 \k=1 eka' + fmk pm,k k=1
5 N M
6 = m{gxz Z (RMZM (O:;E;?)'p:,g?) —EEnn (PMZM (pr*,sl? )) (32)
7 n=1m=1
8
9 It is obvious that when reaching the point (p::,?,o;fz)) that is equal to (27) and (32), we can obtain the optimal EEy, ,,.
10 '
:; According to the Dinkelbach solving process [47] and Lagrangian limited optimization, the optimal E Ey, ,, can be found.
: 2 Herein, the equivalent converted optimization function (24) has the following re-expression as (33):
> K oo o P K o 0
16 max Yn=1 Xm=1 ( k=1Ompi l0g2 <1 + W) — EEpn(e XK-1 0iPmi + Pcir)) (33)
17 m mkFm,
18 . )
19 subject to:
20 M
21 Zo(")<x vkeKneN (330)
mk — 4
24 N K N
25 Z Z oM™ e < Ey 4 Z EH,, VmeMneN (33b)
26 n=1k=1 n=1
27 X
28 (n), ()
29 Z Opitme <Tnh YMEMNEN (33¢)
30 k=1
31
32 It is verified that both RMZM(or(:,z,pr(z 3() and PMZM(OSZ i,pr(: 2() are concave in pfrrll_ 3( (The proofs are provided in Appendix
33
34 B&C)
35
36 The problem (33) is yet a non-convex problem and we believe it is NP-hard due to the integer variable 0. For the purpose of
p Y p g mk purp

37
38 solving the problem, we relax 01(:13 to interval [0, 1]. Meanwhile, we denote a variable 27(:12 = 07(:12 pr(,z ?( and transform the optimized
39
40 w2

function (33) into a manageable form. Replace by 22k problem (33) can be rewritten as (34):
41 g PIace Pry i OY ~tnys P

’ 0
42 me
by .2
45 N M K hooc % K
Q) Omi Q)
46 max O loga | 1+ o | “EEmn|€ ) Zpp t Feir (34)
= = = (n) (n) Z k =

47 n=1m=1\ k=1 eka-Z +fmk % k=1
48 mk
49
50 subject to:
51 "
52 )
=3 Z o™ <X VkeK,neN (34a)
54 m=1
55 N K N
g? Z Z 2™ < E 4 z EHn, VmeMmneN (34b)
58 n=1k=1 n=1
59
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Z () T, VmeEMneN (34¢)

mk mk

The optimization objective function of the latest problem (34) is convex in (omk, pg 3() (The proof can be found in Appendix

D)

(n

Additionally, all the limitations in problem (34) are cooperatively convex in o, ) « and z Therefore, the transformed objective

problem (34) is a convex optimization function.

IV. PROPOSED OPTIMAL ALGORITHM

The problem (34) can be optimally and effectively tackled under the Karush-Kuhn-Tucker (KKT) conditions since this

optimization objective function is convex. We relax the constraints in (33a), (33b) and (33c), then propose the Lagrangianas:

N M K h(n)p(n)
_ n) mkbPm,k
L) = Z Z Z O 1082 (1 * eMg2 4 f(n) (n)> EEvzum

mk Pm.k

N K M N M N K N-1
+ Z Z /11,k,n (Z 01:113, _X> + Z Z /12,m,n (Z Z fr?lzpr(:i 1(:12 EO - Z EHm,n)

n=1k=1 m=1 n=1m=1 n=1k=1 n=0
N M K
£ A (z ;,g;,g) 35)
n=1m=1 k=1

where we denote Ay ., = 0,45, = 0,43, ,, = Oas the Lagrangian multipliers that parallel to the limitations in (33a), (33b) and

(33c¢), respectively. Moreover, the dual function can be defined as (36):
gW¥) = m?xL(f, ), (36)
where £ = { ,(::,3, pr(:;(, t(n,z} and¥ = (/h,k,n,lz,m,nfls,m,n)
It is considered that the bandwidth resource in the k-th U2M sub-bandwidth is assigned to the m-th EH-M2M channel. Thereby,

the optimized transmit power and transmission time p,, ( ) and t,, ( ) can be reasoned respectively as (37) and (38):

. A
pm(r,? = max {0, 3'm‘n} 37)
’ Azmn
(n)y (n)
£ rr? hr:kgz + eEEn (38)
k
bt lz,m,n an( (n)o.z + p(n) (f"(lrl? + hgf,l)) (e(n)o.z + Tli)pr(rrlli Aamn

Furthermore, we find the dual function (36) enables it to be decoupled into K separate sub-problems, which relates to k-th sub-
bandwidth resource is as (39):

n’%aXLR (gkl q’)! (39)
k
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(m (m

where ¢, = {ok oY, t,gn)}. We denote 0", p{™ and "

as the k-th column of o, p, t matrices, which are at the k-th sub-

bandwidth resource in time slot 7.

Owing to the constraint (34a), one sub-bandwidth resource in single U2M channel can be assigned to X EH-M2M transmission

pairs, and the indicator o,En)of bandwidth resource is a matrix only including zero and no more than X non-zero entry. Herein, the

optimal indicator 0, can be deduced in:

. 1, k = argmaxn™™
OnScl) = { 1oksk VK (40)
0, otherwise
in which we can obtain:
) ()
ho 9
n) _ mkdm,k
Mk = — lng (1 + P n) (n)) (41)
eka' + fmk pm,k

From (40), it is obvious to see that the value 771(:11, 3{ is optimal when the k-th sub-bandwidth resource can be assigned to the m-th
EH-M2M in time slot n. Besides, from (41), it is obvious that different channel gains have decisive impacts on the nfﬁ In

consequence, we can get an integer solution from the temporary relaxation of o,(,’;i within [0, 1] and propose an iterative algorithm
to optimize the EE of EH-M2M channels in terms of the energy-harvesting time slot assignment, bandwidth allocation and transmit

power management in Algorithm 1.

Algorithm 1:

1. Input: R; , Girr VK; Gmpr Gigem» Y, m; EHyy y, VM, m; 7, W,
2. Topm, N, M, K, 0%, a

n) L x() ox(n) e(n)

. ¥ - n*
3. Output pm,k mk ' 9mk ' Pik Vk)mln5 Nee

4. Initialize n,, point and maximal tolerance &

5. Initialize 1. = 1 and A

2,mn 3,mn

=1

6. Calculate p.0? and t"5, vm, k, n, with the obtained A .1, A3 mn from (37) and (38)

mk mk >
7. Calculate nsgc, Vm, k,n from (41)

8. Match the m-th EH-M2M channel with k-th sub-bandwidth resource from (40)

9. while T2(¢) > €, do
+
10. 2907 = (29, — a(SNZ3 By — S0y S5 0S0p S0t S0))

2mn 2mn m,k“mk

6+1 0 +
11 /1( = (Ag,r)n,n - ﬂ(‘[n - 25:1 O(n)t(n) )

3mn mk“mk
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12. Calculate pr(:;?(, t,(:,z, 0,(,?,2, Nee

13. end while

. a(a2+xp ™WgMm )y
14. obtain p; Ecn) = w, in case of o;f:) =1
' ik

V. NUMERICAL RESULTS AND PERFORMANCE ANALYSIS

In this section, numerical results are presented and we analyze the performance of the designed energy efficient resource

management scheme in detail for this machinery network.

A. Experimental Preparations

In this simulation, there are 4 UAVs originally deployed at the vertexes of an 800x800 m? square area and flying in a straight
route between the opposite vertexes. We consider that the working speed of the UAVs is 40m/s and their flying altitude is fixed at
20m. MAs are distributed randomly in this range, in which those are served via either U2M or EH-M2M transmissions within a
time slot. Moreover, it is considered that the distance between EH-M2M pairs is in the range of (20, 50) m. Denote 4 = 3mJoule/s
as the rate of Poisson Process followed by the EH model. We set the uniform distribution between [0, 100] for the sum energy
enabling to be harvested. In the simulation experiment, each configuration generates 100 independent runs and averages the
performance of EE by using PC Intel® Core (TM) i7-8700 CPU @ 3.2 GHz with MATLAB R2018a. For the purpose of validating
the effectiveness of the designed scheme, we propose a set of comparisons with the other four schemes: (1) The scheme maximizes
EE without EH considered (non-EH); (2) The scheme maximizes EE with equally separating each time slot into EH time and
transmission time (EH-T); (3) The scheme maximizes the transmission rate (max-TR); (4) The scheme maximizes the spectrum
efficiency (max-SE).

Owing to all these schemes adopting iterative algorithm, the convergence speed of the compared schemes is essential, which is
influenced by the complexity. In this paper, we assume that the complexity of multiplication or division of a complex number is
O(1), and that of addition and subtraction is negligible. Denote the number of loops in steps 9-13 of Algorithm 1 as /o, the
computational complexity of the proposed scheme is given by IpO(MN?K), so is that of max-SE, max-TR and non-EH. Additionally,
the complexity of EH-T is O(NK). Despite that the proposed scheme did not give the fastest convergence speed due to its
computational complexity and full-scale factors considered, it could get the highest average energy efficiency. The reasons for this
situation are: (1) as compared to non-EH and EH-T, the proposed scheme takes into account the EH function and EH time in each
time slot to make decisions on resource management, which results in a relative lower convergence speed; (2) the proposed scheme
is able to acquire the maximum EE since the purpose of the proposed scheme is to maximize EE not like the other schemes, which

either totally did not consider EH function or the maximization objects are transmission rate and spectrum efficiency. Moreover,
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although the computational complexity of non-EH scheme is the same as that of the proposal et al, it did not take into consideration
the EH function of each MA, a crucial issue in our work, and the convergence rate and average EE was lower significantly. The

EH-T scheme can obtain a relatively quicker convergence rate since the complexity is lower than that of others.

B. Results and Analysis

After discussing the convergence speed, we analyze the influence of the maximum multiplex factor X on the average EE in Fig.
2. It is apparent that the proposed scheme gets the maximal average EE among five schemes over all conditions. The reason can
be deduced that the designed scheme considers both the support of EH function and the optimization of EH time allocation in each
time slot, which make a significant contribution to the improvement of energy efficiency. Moreover, there is another significant
discovery that the highest average EE can be gained by the time the value of X is set to 3 for all the schemes. The more and less
values for X will reduce the energy efficiency. Two reasons for the observation are listed: (1) while the value of X is smaller, the
overall network throughput is less accordingly, which might reduce the energy efficiency, and (2) while the X is larger, each U2M
channel is reused by more EH-M2M pairs. In such case, more interference will be involved and thus the energy efficiency will be
reduced as well. From the result, we deduce that the optimal value for X may be 3 in the proposed scenario. Consequently, we

constantly set the value of X to 3 in all the following simulation studies.

200 —=—The Proposed Scheme
—=-non-EH
§.
-_\—3/160
E
2
- 120
g 4
? 80
il
K
g 40
o] d 3
‘<>:

1 2 3 4 5 6 7
Maximum Multiplex Factor X

Fig. 2. Average EE versus different values of X

Figs. 3a, 3b and 3c give the demonstration of average EE against the different numbers of deployed MAs with three QoS
constraints of minimum required spectrum efficiency (SE=8 bps/Hz, SE=12 bps/Hz and SE=16 bps/Hz) respectively. The reason
for setting the minimum required spectrum efficiency at these values is that based on the ITU-R M.2083 specification on spectrum
efficiency, the spectrum efficiency for 5G should be about 10 bps/Hz [48]. In this simulation, we separately set SE=8 bps/Hz,
SE=12 bps/Hz and SE=16 bps/Hz to follow the requirement of 5G network and demonstrate the impacts from different values of
minimum required spectrum efficiency on the average EE. It is apparent that the designed scheme acquires the greatest EE among
the given schemes throughout most of the conditions. In Fig. 3a and 3b, as the quantity of deployed MA grows, the average energy
efficiency follows up initially, for the reason that more MAs will result in increasing the network throughput. Nevertheless, it can
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also be seen that by the time the quantity of MAs goes up to 34, the average EE of all schemes tends to be stable until the number
further increases to 46. After that, the energy efficiency goes down since the more MAs are deployed, the more mutual interference
will be involved, which consumes more transmit power. Interestingly, when the number of MAs further increases to 60, it is worth
noting that the average EE will not decrease continuously, and the proposed scheme still gives the best performance among the
five schemes in the worst case. The reason for this observation is that although more deployed MAs result in more interference,
reducing the energy efficiency in a further way, the distances between transmitter and receiver in MA pairs are shortening, and the
shorter transmission distance may improve energy efficiency inversely. In this situation, the energy efficiency may not always
decrease. In Fig. 3c, the tendency of average EE versus different numbers of MAs shows a discrepancy against those in Figs. 3a
and 3b slightly. With the number of MAs increasing, the average EE shows an upward trend among all the schemes. By the time
the quantity of MAs is between 36 and 44, there is a temporary plateau of the energy efficiency, after which time the average EE
begins to drop. It is noticeable that the proposed scheme shows an inferior performance than EH-T by the time the quantity of MAs
is over 51. When it reaches 62, the average EE remains stable again, while the EH-T achieves the highest performance, next comes
the proposed scheme. This is because as the required SE=16 bps/Hz, more transmit power is needed. Through balancing the EH
time and transmission time equally, the system is able to optimize the transmit power. Moreover, it is compared that different
values of SE can have impacts on the energy efficiency. With the conjunction of Fig. 3a, 3b and 3c, it is clear that the average EE
suffers a downward trend while the required SE threshold is increasing spanning from 8 bps/Hz to 16 bps/Hz regardless of which
scheme is adopted. When the SE goes up to 16 bps/Hz, the average EE is approximately half as high as that with 8 bps/Hz. The
reason is that the smaller minimum required spectrum efficiency means that less transmit power is required, which is able to
generate less interference to EH-M2M channels; therefore, the energy efficiency will be better. In addition, it is observed that the
non-EH scheme always yields the worst performance of energy efficiency in all cases. Because traditional energy efficient methods
consider protecting the resource consumption by bandwidth, power allocation et al; by contrast, EH is regarded as an active way

to provide new energy from the outer environment, enhancing the EE in a further way.

200 o o8
—e—The Proposed Scheme
—E-non-EH

160 EH-T
——max-TR

——max-SE
120

(o]
o

o
o

Average Energy Efficiency (bitil)

0

22242628303234363840424446485052545658606264 666870
Number of MAs

Fig. 3a. Average EE versus different numbers of MAs with SE = 8 bps/Hz

IEEE Transactions on Green Communications and Networking



Page 41 of 48 Under review for possible publication in

oNOYTULT D WN =

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 21

200
—&-The Proposed Scheme
180
—=-non-EH
160 FH-T
140 —max-TR
120 ——max-SE

100
80

Average Energy Efficiency (bit/T)

22242628 3032343638404244 46 48 50 52 54 56 58 60 62 64 66 68 70
Number of MAs

Fig. 3b. Average EE versus different numbers of MAs with SE = 12 bps/Hz
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Fig. 3c. Average EE versus different numbers of MAs with SE = 16 bps/Hz

Fig. 4 advances the standard deviation of energy consumption against a different number of placed MAs. The designed scheme
can give the optimal performance with an average standard deviation of 29.56, in comparison with 76.08 taking the non-EH scheme,
44.75 taking the EH-T scheme, 37.3 applying the max-TR scheme and 41.84 using the max-SE scheme. The presented observation
hinges on the reason that the designed scheme has the capability to stabilize the energy balance for each MA via selecting the
optimal EH duration in each time slot, transmit power and available bandwidth to manage the energy consumption to the MAs
with more remaining energy. More specifically, from the result, we can also observe that initially there is a rising tendency in the
standard deviation when the quantity of MAs goes up, for the reason that at the beginning, the total number of MAs is small and
the energy consumption in each MA cannot balance. With an ulterior growth in the quantity of MAs, the standard deviation changes
to decline and begins to stabilize until the number of deployed MAs increases to 46. After that, the standard deviation goes up
again in that more interference will be involved as the quantity of MAs rises. Moreover, another finding in this simulation declares

the standard deviation of consumed energy for the non-EH scheme has gone up drastically in the wake of growing scale of MAs.
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The reason is that this scheme manages to transmit power without taking into consideration the available energy residual in each

MA.
200
@ 180 —&—The Proposed Scheme
E —H-non-EH
7 160 EH-T
£ 140 ——max-TR
é ——max-SE
2 120
o]
T 100
S 80
=
g 60
a]
- 40
]
T 20 L
g :
Z 0

22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Number of MAs

Fig. 4. Standard deviation of consumed energy against different numbers of MAs.

Fig. 5 depicts the EE with varying EH rates A. From the results, we can discover that the designed scheme has the capability to
achieve the highest EE among the five schemes. This is because the designed scheme is able to gain the optimal correlation between
EH time and transmission time, which makes a significant contribution to the EE. Furthermore, with the rise of A, the average EE
is enhanced for all schemes except non-EH scheme since there is more energy enabling to be harvested in each time slot in the
wake of a higher 1. Whereas, the non-EH scheme gets the least EE and always keeps in constant with the increase of A in that the

non-EH scheme does not take into account the EH function in resource management.
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Fig. 5. Average EE versus different energy harvesting rates 4
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gi Moreover, as the altitude and velocity of UAV are crucial in deciding resource allocation, we conduct extra simulations to
35 illustrate the influence of altitude and velocity of UAVs on the average EE in Fig. 6 and Fig. 7, respectively. Notably, in this study,
36
37 we set SE=8 bps/Hz, the number of MAs is 40, and the value for A is 3 mJoule/s. From the observation in Fig. 6, we found that the
38
39 proposed scheme obtains the best performance in varying cases. One important finding is that the highest EE can be achieved by
40
41 each scheme (except non-EH) when the altitude of UAV ranges from 20 m to 30 m. There are two reasons for this observation: 1)
42
43 The lower altitude UAV is deployed in, the less sub-bandwidth of UAVs EH-M2M pairs can multiplex, in that the shorter distance
44
45 results in more interference and most of the MAs are only accessible to the service from UAVs, which consumes more energy; 2)
46
47 Oppositely, as the altitude of UAV is higher, although more EH-M2M pairs enable to multiplex the sub-bandwidth of UA Vs, the
48
49 long distance between MAs and UAVs will consume more energy as well. Fig. 7 gives the impact of velocity on average EE. It is
50
51 clear that when the velocity is less than 40 m/s, the EE is constant for all the schemes, which means that the velocity has little
52
53 effect on EE at the moment. Nevertheless, as the further increase of the velocity, average EE will be reduced since the higher
gg velocity changes the U2M connection frequently, which causes the reduction of transmission rate.
56
57
58
59
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Fig. 8. Average EE with different numbers of MAs in a single terrestrial BS-served scenario

Additionally, in order to illustrate the effectiveness of the UAV-served communications powerfully, we conduct an extra
evaluation on average EE for the five schemes in a single terrestrial BS-served and M2M-supported scenario, in which the settings
of parameters are the same as those in UAV-served scenario. The value of 4 is set to 3 mJoule/s and the constraint for minimum
required spectrum efficiency is set to 8 bps/Hz. Fig. 8 states the average EE against the quantity of placed MAs in the terrestrial
BS-served scenario. Similarly, the designed scheme obtains a more excellent performance than other four schemes as well. While
the number of MAs is rising, the average EE witnesses an upward trend among the five schemes with some slight fluctuation, in
that more MAs contribute to enlarging the network throughput. Additionally, the fluctuation of tendency derives from the random
distribution of ground MAs, causing some slight statistical deviation. The energy efficiency tends to decrease and stabilize at last
with the quantity of MAs further going up from 50. Interestingly, in conjunction with Fig. 8 and Fig. 3a, we found that the higher
EE can be acquired in UAV-served scenario since the flexible mobility of UAV enables to provide better channel gain to the users,

specifically for the edge users in the coverage.

VI. CONCLUSION

In this paper, we study the energy efficient resource management optimization issue in UAV-served EH-enabled industrial M2M
network. To the green characteristics of the proposed network, the optimization problem is jointly considering the EH duration
time assignment, transmit power control, bandwidth allocation as well as available energy status of the EH-M2M device with the
objective of maximizing the EE and guaranteeing the QoS for all devices concurrently. Since the problem is non-convex and NP-
hard, we transform the primitive objective function into a convex form by introducing non-linear fractional programming and
variable relaxation method. Moreover, an iterative algorithm on the basis of Dinkelbach and Lagrangian theory is designed to
tackle the problem and acquire the optimal resource management strategy. Extensive simulations convincingly demonstrate the

effectiveness of the provided method in comparison with the benchmark schemes in various network settings.
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APPENDIX A

Denote EEy, ,, as the maximum EE of the m-th EH-M2M channel in time slot n. Firstly, if each EH-M2M finds its optimal
energy efficiency value EEy, ,,, the sum energy efficiency of all EH-M2M channels can reach its maximum value as well, in other

words the system average energy efficiency has the maximum value E Ey,,,. Herein, it can be expressed as (42):

EEjiom = Z Z EE;n (42)

n=1ms=

Moreover, as we obtain the system average energy efficiency E Ejy,y, it is assumed that there is another energy efficiency value

EE,, , superior to the optimal value E Ey, ,, in the m-th EH-M2M channel in time slot #. In terms of (42), we define:

N
EByam = Z(EE;n + EEjp+...AEEp ot .. +EE ) (43)
n=1
N
EEy = Z(EE;_n + EEjpt... +EEjn+... +EEj ) (44)
n=1

On the basis of the assumption ﬁm‘n >EEnnq, EEym > E En 5 can be deduced, which negatives the aforementioned
that E Ey,p, 1s the maximum value. Thus, it is not a true assumption. As the system average energy efficiency E E},,, 1S gained,

the optimal energy efficiency of each EH-M2M can be acquired as well.

APPENDIX B

In formula (28), the first-order partial derivative for variable p(n) is calculated as (45):

(n) )y ()
aRMZM Omk mkh‘rnko—2 ( )

apl), _an( g2 4 p™ (£ 4 h("))) (Mo +pi £0

ORM2M

where, o) can be transformed as (46):
Pmk
ap (A+B'P7(:,3¢) (c+D -p(’”) A+B- p(”) C+D-p

. . _ D+ (D?+4ABCD) _ -2BC
in which, a = o and b = EWrovyTTTS

We denoted — mz( ,(,f,zaz) znz(f(")+h(")) _ m2(e{o?) iD= lnz(fn(ﬁc))

In formula (28), the second-order partial derivative for pr(:,z, ZRAZ"(Z,L"; is a negative value through analyzing (46). Therefore,

D

m,k

RMZM(O,(TZB, pr(:i) is concave in pr(:?(
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APPENDIX C

It is knowable that the linear function can be convex and concave. The function Py, (o pm k) is concave in p for the

mk’

reason that Py, (omk, pm k) is a linear function for p

APPENDIX D

Since the affine function cannot change the convexity or concavity of the problem. Ry, (o,(;llz, (n))andPMZM(oT(,?,z, (n))are

affine functions of RMZM(ka) and Py (ka) respectively [49]. It’s learned that Ry, (o (n,z) is concave inomk Jandz ™ il

mk’

(n

thatR M(pm k)ls concave mpm . Similarly, Py, (o ) is concave in o, ) « and z 1n that Py (pm k) is concave in pm 1 as

mk? %

well. Owing to the regulation of constitution [49], the transformed optimization objective function (34) is a convex problem.
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