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Energy Efficient Resource Allocation for UAV-
served Energy Harvesting-supported Cognitive
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Abstract—In this letter, the resource allocation problem for
Energy Harvesting-supported Cognitive Industrial Machine-to-
Machine (EH-CI-M2M) network underlaying Unmanned Aerial
Vehicles (UAVs) communication is investigated with the objective
of maximizing the average energy efficiency by jointly
considering the EH time slot assignment, transmit power control
and bandwidth allocation under the constraints of Quality of
Service (QoS) and the available energy status of the EH-CMNet
devices. Nevertheless, the optimization problem is difficult to be
tackled directly since it is non-convex and NP-hard. We firstly
transform the primitive objective problem into a convex form
equivalently by non-linear fractional programming and variable
relaxation approach. Based on Dinkelbach and Lagrangian
theory, an iterative algorithm is proposed to solve optimization
problem. Extensive simulation results demonstrate that the
proposed scheme outperforms the benchmark schemes in terms
of energy efficiency in different network settings.

Index Terms—UAV communications, M2M communications,
energy-harvesting, resource allocation, optimization

I. INTRODUCTION

N the era of Industry 5.0, automation supported human-
to-machine cooperative working in low source depletion is
the pioneering feature, which makes the manufactural

process more productive and sustainable [1]. To meet the
emerging demands from industrial segment, Energy
Harvesting-supported ~ Cognitive  Industrial Machine-to-
Machine (EH-CI-M2M) networks have been regarded as a
promising enabler in industry and even academic society.
Similar to Device-to-Device (D2D) communications mode,
M2M terminals can reuse the resource from cellular networks
to enhance the resource utilization for the Machine-Type
Devices (MTDs), regarded as a branch field of D2D [2-5].
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Distinctively, M2M focuses on the physical and link layers of
Open System Interconnection (OSI) in Internet of things (IoT),
facing bottom objects such as controlled end terminals that
have rigorous restrictions on power consumption and battery
changes especially in industry. Thus, Energy Efficiency (EE)
optimization has been recognized as a significant issue for the
investigation on a range of CI-M2M networks in the long term.

For CI-M2M networks, it is difficult and costly to deploy
traditional infrastructures due to the limitations of flexibility
and network coverage. Especially in massive MTD scenarios,
the Line-of-Sight (LoS) propagation environment is hard to
establish. Fortunately, Unmanned Aerial Vehicle (UAV)-
assisted communication breaks the bottleneck due to its high
mobility and flexible deployment, which has promising
research values in different types of scenarios [6-7]. Moreover,
trajectory and resource scheduling have been studied in cache-
enabled UAV-relaying network with D2D communications to
ensure transmission security and minimum secrecy rate in [8].

Hence, the energy efficient industrial MTD communication
is regarded as an urgent issue despite that the EE problem has
been widely studied in similar area recently [9, 10]. However,
associated with UAV-assisted communication, the EH-CI-
M2M scenario faces to massive MTD communications in
Industry 5.0 is not yet investigated fully. Motivated by the
aforementioned, in this letter, an EH-CI-M2M network is
proposed intendedly underlaying multiple UAVs-served
communications. We aim at maximizing the average EE for
EH-CI-M2M devices via resource allocation scheme by EH
time slot, bandwidth allocation and transmit power control. In
this case, a robust iterative algorithm based on Dinkelbach and
Lagrangian dual theory is proposed to optimize the resource
allocation strategy due to its low computational overload and
resource consumption suitable for industrial MTDs. Numerical
results verify the effectiveness of the proposed scheme.

II. SYSTEM MODEL AND PROBLEM FORMULATION

As shown in Fig. 1, a set of UAVs have been deployed as
aerial base stations, which are denoted as U;(i € {1,2,...,1})
and a set of Mechanical Arms (MAs) are randomly distributed
in an R X R square area denoted as M;(l € {1,2,...,L}). In
order to ensure each of MAs is capable of obtaining the same
bandwidth, the total available bandwidth B, is equally

divided into K orthogonal sub-bandwidths as By, =
{Bs;m‘ZB;um’...‘(K—liBSum’Bsum}, which is provided to the
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UAV-to-MA (U2M) communications. However, the amount
of ground MAs are typically larger than the U2M sub-
channels (i.e. K < L). To make efficient use of the limited
resource, both U2M and M2M transmission modes are
permitted to each MA due to the dynamic and uncertain
environments. Each M2M pair contains a MA transmitter
(MAT) and MA receiver (MAR). Thus, we regulate a binary
indicator o,,, € {0,1} (m € {1,2,...,M},k € {1,2,...,K}) to
denote whether the m-th EH-CI-M2M reuses the k-th sub-
bandwidth of the U2M transmission channels currently. It is
considered that each sub-bandwidth of UAVs can be reused by
at most X EH-CI-M2M pairs within a time slot n, given by:
M
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Fig. 1. Multiple UAV-served EH-CI-M2M communication scenario
For U2M transmission mode, we denote a probabilistic path
loss model including both LoS and non-LoS (NLoS)
propagations. The probability of LoS between UAV i and MA
k in time slot n can be expressed by Eq. (2):
1

Pil,‘lgs(n) = h(n) )
1 + aexp (—b sin~! (2—:5) — a)
diy

where a and b are constant values depending on the ambient

(2)

circumstance. di(f,? and hf_’,? denote the distance and relative
height from the UAV i to MA £ in time slot n, respectively.
Therefore, the probability of establishing the NLoS link can
be deduced as:
PNES(n) = 1 — PSS (m). 3)
Considering the LoS and NLoS compositions in
propagation path loss, we categorized the ergodic U2M

channel power gain between UAV i and MA £ into giL’ ,((n)and
N(n)

giy ~ intime slot n respectively, which can be given by:
gid” = Bodii "), (4a)
g = uBodiM (), (4)

where [, denotes the transmission gain between UAV and
MA at unit distance and u denotes the additive signal fading
coefficient from NLoS communication. In addition, a; and
ay are the path loss exponents of LoS and NLoS conditions.
From above discussion, the ergodic power gain in U2M

transmission gi(r,? in time slot n can be calculated by:

gl.(;) = P}5(n) 'giL’}(cn) + PlS () ~g2’,£"), vkeK,neN. (5)

The instantaneous Signal-to-Interference plus Noise Ratio
(SINR) of the U2M transmission between UAV i and MA £ in

time slot n is expressed as Eq. (6):
m ()
m _ Pik Gixk

Yie =S5 o, ™ ~m
m=1 Omkpm,kgm,k + o?

VkeK,neN, (6)

where pl.(_z) and pr(: 3{ represent the transmit powers of UAV i
and MAT m on the k-th U2M sub-bandwidth in time slot n,
respectively, gff[_ 3( denotes the interference gain between m-th
MAT and other UAV-served MAs on the same bandwidth and
o? denotes the additive white Gaussian noise (AWGN)
Therefore, the instantaneous industrial packet achievable
rate between UAV i and MA £ in time slot n is given by

(n) (p,LoS L(n) N N(n)
P \Pik-(M)\9;), —9; +9;
T'l'(;:) = Bsub lng (1 + Lk ( Lk ( Lle Lk ) Ll )> (7)

=1 05;‘:1?53(5753(

For EH-CI-M2M transmission mode, the achievable energy
is modeled as a Poisson Process, thus the harvested energy
flux EH,, , at achievable time point t,, can be presented as:

EH, ,~Poisson(Ar,) Ym € M,n € N, (8)
where A denotes the ergodic harvested energy per unit time, 7,
denotes the EH duration time.

Specifically, both large-scale and small-scale fading are
considered in this mode. We recognize the path loss and
shadowing as the components of large-scale fading, which are
respectively denoted as y,, and U,, while the component of

+02

small-scale fading is the Rayleigh fading (T(,Zl ),
In time slot n, the EH-CI-M2M transmission gain between
MAT and MAR can be given by:

2

o =205 16| ©

Then, the SINR of the EH-CI-M2M transmission in time
slot n is expressed as:

p(n) g(n)
y® = — (g"j(n’;"" - VkeK,meMneN, (10)
OmkPik Jijom T O
where gNl(T,?m denotes the interference gain between the UAV i

and the m-th MAR occupying the sub-bandwidth £ from U2M
transmissions in time slot n.

The instantaneous industrial packet achievable rate of the
m-th EH-CI-M2M transmission reusing the k-th U2M sub-
bandwidth in time slot # is calculated by Eq. (11):

rrgnlz = By log, (1 + 7)), Vk € K,m € M,n € N. (11)
Moreover, the ergodic industrial packet achievable rate of
EH-CI-M2M m in time slot n can be denoted as R, ,, which

can be expressed as:
K

Rpn = Z o™r™ vmeMneN. (12)
k=1
The ergodic transmit power in the m-th EH-CI-M2M pair in
time slot 7 is denoted as B, ,, which can be expressed as:

K
Py = z oMp™ vmeM,neN. (13)
k=1

Herein, the average EE of all EH-CI-M2M transmissions is
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denoted as E'Ejy,p, which can be given by:
N ZM R
n=14m=1"Ymn
& 11\1]=1 Z%:l Pm,n + Pcir '
where € and P, are the inverse of efficiency for power
amplifier and static circuit power, respectively.
The maximization problem can be formulated as Eq. (15):

EEyom =

(14)

max EE ) 15
o o oy MM 1%
mk’Fik ""mk’“mk
subject to:
M
Zo,(:,zsx Vk € K,n €N (15a)
m=1
N K N
Z Z o™p™ ¢ ™ < 4 Z EH,, VmeMneN (15b)
n=1k=1 n=1
K
of:,ztf:,z <t, VmeM,neN (15¢)

k=1
m
Dir 9ix
By log, <1 + .G <) 2) =R, VKkEK,
m=1 Omkpm,kgm,k +o
neN (15d)
otr €{01), pa 20, 0<tl) <71, pi 20,  (15€)

where tf:,z denotes the transmission time for the k-th U2M
sub-bandwidth reused by the m-th EH-CI-M2M pair in time
slot n; (15a) ensures each sub-bandwidth of U2M
transmissions can be reused by at most X EH-CI-M2Ms per
time slot; (15b) 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; (15¢)
depicts the limited transmission duration of the EH-CI-M2M;
(154d) states the QoS limitation of the minimum industrial
packet transmission rate for each UAV-served MA.

III. SOLUTION APPROACH

The problem (15) is a mixed-integer non-linear
programming problem with a non-convex objective function,
which is hard to obtain the optimal solution directly. Therefore,
the primitive problem should be transformed into a convex
form firstly.

EEy,u 1s a decreasing function of pi(;? and (15d) is the QoS
constraint from U2M devices. Owing to these, to achieve the

optimal EEy,y,, the transmit power pi(_ﬁ) must be obtained as:

2 m) ~(n)
oy _ (0% + XD i

: 16)

ik m ’ (
Yix

where p; Ecn) denotes the optimal pi(z) and o = 2Rik/Bsub — 1|

we take p; ™ into (16). Denote h() = 97(;3(91'(2)’ e =

gi('z) +a gfj?m and fn(:;{) =a g,(,;f 3{ g}_ﬁ?m, the primitive function

can be rewritten by:
mfaxE Eviom

- (nlzp(n)

n k

n=1Zm=1 k=1 Omk 1082 (1 + ﬁ)

— mka + fmk pm,k (17)
€ Zg:l Z%:l Zlk(zl 01(:13 py(:ig + Pcir

It is learned that the optimizing variables are updated to £ =

{07(:,2, pr(,z 3{, tr(:,z} Thus, the maximal average EE of the whole

EH-CI-M2M transmissions can be given by:
EEyam = n}QXEEMZM ) (18)

where EEy, ) denotes the optimal EE,,,, while the updated

variables reach their optimal value £* = {O:n(,?). p,:g,?, t,*n(:)}.

Based on the non-linear fractional programming method
similar to [11], Eq. (17) can be transformed into a
corresponding subtractive form as:

() «(n)
T(#) = max iy Shhes e 0,0 logs (1 + W) -
EEjue Xt Zipes Bes Ot Prue + Per] (19)

It is obvious that by the time reaching the point

(p*(n) o:n(,?)) that is equal to (18) and (19), we can obtain the

mk’
optimal EEjp5 .
Therefore, the equivalent converted optimization function

(17) has the following re-expression as:

) hoPank

N M K mkFm,

max Yn=1 Xm=1Lie=1 Omic 1082 | 1 + e Gy | —
m

kO ok Pk
EEyam [5 Z%:l Z%:l ZI}§=1 Offﬁpf,’:i + Pcir] ) (20)
subject to: (15a), (15b) and (15¢).
(n)

Due to the integer variable o, ,, the problem (21) is not yet

mk>
in a convex form. To deal with the problem, we relax 07(:,2 to

) ). (n)

interval [0,1] and denote a variable z,; = 0., Ppy -

m

Q)
Replacing pr(r? 3{ by Z’(”—n’§, problem (20) can be rewritten as:
! [

mk

m)

h(n),zmk

N M k " OEZI)C

max Yin=1Xm=1 k=1 O 1082 | 1+ —( D -
n n k
emkaz"'fmk'o‘g;)
mk
N M k M
EEMZM[E Y1 Xm=1 2k=1Zmp + Peir|» (21)

subject to (15a), (15c¢),
N YKz ™ < B+ 3N EH,,, VmeEM,neN. (21b)
All the limitations in the latest optimization objective

function (21) are jointly convex in 0} and z\")

mk - Moreover,
the problem (21) can be optimally and effectively tackled
under the Karush-Kuhn-Tucker (KKT) conditions. We relax
the constraints in (15a), (15b) and (15¢) to propose the
Lagrangianas in (22), where 4, = 0,430 = 0,430 =

0 denote the Lagrangian multipliers regarding to the
constraints  (15a), (15b) and (15¢). Denote ¥ =

{O‘r(:'lz' pfr:f?{' t‘r(:lz} and¥ = (Al,k,n’ A-Z,m,n; lg,m,n), we define the

dual function in a further way as Eq. (23).
M K

N h("lzp(”ﬂ)
k
e ==y Ok 10g2 (1 +ﬁ>
n=1m=1k=1 emka + fmk pm,k

N M K
M
0, 0. D o
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N M N K N-1
£ dan (Z Ty EHm,n>
n=0

N M K
Y ag,m,n< o) ) @2

n=1m=1 k=1
g¥) = m{ng(é’, ) (23)

It is considered that the bandwidth of k-th U2M is assigned
to the m-th M2M link. Thus, the optimal transmit power and

transmission time p*(n) and t"% can be given as (24) and (25):

mk mk
*(n) _ /13,m,n
Py = Max 0,/1 ) (24)
2,mn
n), (n)
t*(n) — emkhmkg2
mk n) [COPICO N ()] ) m)_ (n)
A2mnIn 2<emk02+pm,k'(fmk +hmk))'(8mkgz+fmk pm,k)
€EE,
——-mn (25)
A2mn

Furthermore, we find that the dual function (23) enables to
be decoupled into K separate sub-problems. Among these the
sub-problem corresponding to k-th sub-bandwidth is

maxL (b, V), (26)
ke
where £}, = {0,((”), p,((n), t,((n)}. We denote 0,((71) s p,((n) and t,({n) as
the k-th column of o, p, t matrices, which are on the k-th sub-
bandwidth in time slot x.

Owning to the constraint (15a), one sub-bandwidth resource

in single U2M transmission can be assigned to X EH-CI-M2M

pairs, and the indicator ogcn)of bandwidth resource is an all-

zero matrix except for one binary non-zero entry. Herein, the
*(n)

mi can be deduced in

optimal indicator o

*(n) _
Ok =

12k<K , 27)
0, otherwise
in which we can obtain:

{1, k = argmax 115:36

() h("ig("i

ny _ mkJm,

nm,k - lng (1 + e(n)o_z + f(n) n) ) (28)
mk mk pm,k

From (27), it is obvious that the value 771(:, 3( is optimal when
the k-th sub-bandwidth can be assigned to the m-th EH-CI-
M2M in time slot #. From (28), it is also clear that different
transmission gains h decisive i )

gains have decisive impacts on 7, . Thus, we
get an integer solution from the temporary relaxation of or(,zz
within [0, 1] and propose an iterative algorithm to optimize
the average EE of EH-CI-M2M transmissions in Algorithm 1.

8. 25w = (A5, — a(ZN=d iy —
LB o))

9. A = (K = Blen = Zhcr o))’

10. Calculate pr(,rgc, t,(:g, o,(:,z, Nee

11. end while
*(n) ~*(n))

* 2+ %
12. Obtain p; " = a(dp+")‘gm'k, foro,™ =1
: Iik

Algorithm 1:

1. Input: Rip, Girr Yk 5 Gmie Gikm» Yom s EHp o, VM
Tn: vna Topma Na M: Ka O-Za o

2. Output: p:,f;?, t;(;?, O:n(,?). :_E(n), Vk,m,n; nge

3. Initialize 71,, point and maximal tolerance &

4. Initialize 2%y, , = 1 and A5y, =1

5. Calculate p:,f_r,?, t;(}:) and nSf_ 3(, vm, k,n from (24), (25) and
(28) respectively

6. Match the m-th EH-CI-M2M transmission with k-th sub-
bandwidth from (27)

7. while T (¢) > ¢, do

IV. NUMERICAL RESULTS AND PERFORMANCE ANALYSIS

In this simulation, there are 4 UAVs flying along the
diagonal of an 800 X 800 m? manufacturing area, acting as
industrial servers. To emulate the real industrial site such as
automatic production, intelligent detection and so on, all MAs
are randomly distributed in this field to receive the industrial
instructions. With the aim of green-reliable IIoT in future
Industry 5.0, we generate 100 independent runs and average
the performance of EE for each configuration by using PC
Intel® Core (TM) i7-8700 CPU @ 3.2 GHz with MATLAB
R2018a. Some other simulation parameters are listed in Tab. 1.
Four benchmark schemes are used for comparison: (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).
Tab. 1. Simulation Parameters

Parameters Values Parameters Values
Vyavs Hyav 40 m/s, 20 m MA distance [20, 50] m
EH limit [0, 100] J Boum/K 75 KHz
X 3 N 50
a, ay 2,5 a? -80 dBm

E, 2000 J P, 23 dBm

Fig. 2 presents the optimization process for average EE. It is
observed that the proposed scheme converged after 130
iterative times. Though the proposed scheme did not converge
the fastest among the five schemes, it obtains the highest
average EE of 194.32 bit/J after reaching convergence since
the proposed scheme considers EH time in each time slot,
resulting in a lower speed. Nevertheless, the proposed scheme

acquires the best EE as compared to the other four schemes.
200 p

—&—The Proposed Scheme
—=—-non-EH
EH-T
—#max-TR
——max-SE

—_
[oa}
o

—
)
o

0
[=]

£
[=]

Average Energy Efficiency (bit/T)

o

0 40 80 120 160 200
Iterative Times
Fig. 2. The optimization process for average EE
Fig. 3 gives the demonstration on average EE versus the
different quantities of deployed MAs with QoS constraints of
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minimum required SE (12 bps/Hz). The proposed scheme is
capable of obtaining the highest EE. As the number of MA
increases, the average EE follows up initially since more MAs
cause the growing of the network throughput. However, while
the quantity of MAs goes up to 34, the average EE of all
schemes tend to be stable until the number further increases to
46. After that, the EE goes down due to the reason that more
mutual interference will be involved, which consumes more
power. Nevertheless, it is worth noting that while the number
of MA further increases to 64, the EE will not decrease
continuously. This is because more deployed MAs result in
the shorter distance between transmitter and receiver in MA

pair, which may improve energy efficiency inversely.
200

180
160
140
120
100
80
60
40

—&-The Proposed Scheme
—=-non-EH

EH-T
—max-TR

—+max-SE

Average Energy Efficiency (bit/l)

2224 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70
Number of MAs
Fig. 3. Average EE versus different numbers of MAs with SE = 12 bps/Hz

Fig. 4 depicts the EE with the varying EH rates 2. We found
that the proposed scheme enables to achieve the highest EE
among the five schemes. As it is able to gain the optimal
correlation between EH time and transmission time, making a
significant contribution to the EE. With the rise of A, the
average EE is enhanced for all schemes except non-EH since

more energy can be harvested in each time slot.
300
—o—The Proposed Scheme

-=-non-EH

N
v
=]

EH-T
200 ——max-TR

——max-SE

Average Energy Efficiency (bit/J)
= -
o o
(=] (=]

oy
=]

1 2 3 4 5 6 7 8
Poisson (4)

Fig. 4. Average EE versus different energy harvesting rates 4

Fig. 5 shows the standard deviation of energy consumption
against different number of MAs. The proposed scheme
obtains a standard deviation of 29.56 since it stabilizes the
energy balance for each MA via selecting the optimal EH
duration, transmit power and available bandwidth. The
standard deviation increases initially when the quantity of
MAs is small. With an ulterior growth in scale, the standard
deviation declines and stabilizes until the number of deployed
MAs increases to 46. The standard deviation grows again
since more interference will be involved as the scale of MAs
rises. Moreover, the standard deviation for the non-EH scheme

has gone up drastically as the scheme manages transmit power
without considering the available energy residual in each MA.
200

—=—The Proposed Scheme
180

—=-non-EH

160 EH-T
—max-TR
——max-SE

140
120
100
80
60
40
20

Standard Deviation of Consumed Energy

0

22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Number of MAs
Fig. 5. Standard deviation of consumed energy with different numbers of MAs.

V. CONCLUSIONS

In this letter, we aim at maximizing the EE for all the EH-
CI-M2M devices in a multi-UAVs-served network by jointly
considering the EH duration time, bandwidth allocation,
transmit power control, available energy status and the QoS. A
novel scheme on the basis of Dinkelbach and Lagrangian
theory is proposed to acquire the optimal resource allocation
strategy. Numerical results verify the feasibility of the
proposed scheme in various network settings.
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