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Joint Optimisation of Real-time Deployment and
Resource Allocation for UAV-Aided Disaster
Emergency Communications

Tan Do-Duy, Long D. Nguyen, Trung Q. Duong*, Saeed Khosravirad, and Holger Claussen

Abstract—In this work, we consider a joint optimisation of
real-time deployment and resource allocation scheme for UAV-
aided relay systems in emergency scenarios such as disaster
relief and public safety missions. In particular, to recover the
network within a disaster area, we propose a fast K-means-
based user clustering model and jointly optimal power and time
transferring allocation which can be applied in the real system
by using UAVs as flying base stations for real-time recovering
and maintaining network connectivity during and after disasters.
Under the stringent QoS constraints, we then provide centralised
and distributed models to maximise the energy efficiency of the
considered network. Numerical results are provided to illustrate
the effectiveness of the proposed computational approaches in
terms of network energy efficiency and execution time for
solving the resource allocation problem in real-time scenarios.
We demonstrate that our proposed algorithm outperforms other
benchmark schemes.

Index Terms—UAV cellular communication, K-means clus-
tering, convex optimisation, embedded programming, disaster
communication.

I. INTRODUCTION

In a disaster recovery and relief scenario, such as aftermath
of flooding, hurricanes and earthquakes, traditional terrestrial
cellular networks are likely to be disrupted due to failure of
part of the base station (BS) infrastructure [2]-[4]. Therefore,
there is a demand for the persistent and reliable communi-
cation networks that supports data transmission in disaster
regions. Several technical solutions have been proposed as
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potential candidates for solving the problem. For example,
device-to-device (D2D) networks can be used to transmit
packets between nodes in proximity without traversing the
BSs or core network [5]. However, it is very challenging to
optimize the routes between distributed nodes in disaster areas
due to adverse wireless channels. In another attempt, satellite
communications might be a potential technology in emergency
communications as it can be used in disaster areas where the
terrestrial networks are not available [6], yet limited and costly
resources (low data rates and high end-to-end latency) and
limited equipment available to most public users are main
obstacles to the wide deployment of satellites. By providing
deployment flexibility and mobility with adaptive altitude,
unmanned aerial vehicle (UAV) based cellular network has
been recently considered as a key solution to support reliable
communication services to ground users (UEs) at a particular
location in the disaster area [7]-[9]. As compared to the
conventional technologies, the main advantage of using UAVs
as flying and altitude-adjustable relay nodes is to exploit the
line-of-sight (LoS) communication links to multiple UEs [10],
[11].

The efficient UAV deployment problem in wireless networks
has been extensively studied to improve network performance.
For instance, in [12], the authors investigated the efficient
solutions for synchronization and data management in a UAV-
assisted emergency Wi-Fi network over the disaster area. The
work in [13] focused on the optimal altitude and location of
multiple UAVs working as flying BSs to maximize the cover-
age. Most recently, considering UAV-aided communications,
the work [14] investigated a joint UAV-user association and
UAV deployment location optimization problem, yet the main
objective in [14] is to maximize users’ total achievable rates. In
other works [15], [16], an end-to-end throughput maximization
problem was proposed to optimize UAV-based relay trajectory
and power allocation. In addition, the authors in [17] studied
energy-efficient UAV trajectory path planning for a UAV-based
relay network to serve ground nodes. However, the paper [14]—
[17] only considered a simple network including a source node
and a single UAV-assisted relay node. Furthermore, in [18], the
trajectory design problem was investigated for a UAV-enabled
multicasting system considering UAV mission completion time
to ensure some required successful packet recovery probability
at the ground nodes. Nevertheless, in general, there is a
lack of practical solutions for joint optimal UAV deployment
and resource allocation considering the real-time emergency
scenarios in UAV-enabled cellular networks. Very recently, the



joint optimisation for UAV’s clustering selection and resource
allocation has been considered in [1]. In particular, the target
of the work in [1] is to maximise the network throughput via
UAVs clustering selection and power allocation, i.e., optimal
max-min end-to-end (E2E) rate of each user. However, such
joint optimisation in maximising the throughput exploits the
full power allocation, which neglects the energy efficiency
(EE) of the whole networks and therefore, is inapplicable to
disaster emergency communications.

Moreover, the conventional K-means algorithm proposed in
[19], a method for clustering approach, may not be suitable
for UAVs with the stringent QoS requirements. Due to the
dynamic nature of UAV communications with complex proce-
dures, the current version of K-means method may not be suit-
able for UAV with many constraints, which cannot be directly
applied to our work. Therefore, in this paper, we propose a new
K-means clustering model with sophisticated QoS constraints
for solving the UAV deployment. Thus, different from the
aforementioned works, in this paper, we propose a real-time
optimisation framework for the practical and simultaneous
deployment of multiple UAVs in disaster relief networks under
stringent quality-of-services (QoS) requirement and energy
constraints. In particular, the main contributions of this paper
can be summarized as follows:

« We propose a fast and efficient user clustering model
with QoS constraints based on a popular user clustering
method, called K-means clustering [19], to form multiple
clusters of distributed UEs within the disaster area who
cannot be directly served by the still operating cellular
BSs due to poor wireless channel conditions. Then, a
central station deploys a number of UAVs as flying relay
nodes at the centroid of clusters to support communica-
tion services to the set of UEs in each cluster.

o Under the stringent QoS requirements of disaster emer-
gency communications and energy-efficiency constraints
of UAV-aided relay systems, we develop and solve
a distributed real-time resource allocation problem for
maximising EE in terms of the ratio between overall
transmitted data to all users in the disaster area and total
energy consumption via joint UAVs trajectory planning,
power and time allocation.

o By means of numerical results and implementation in em-
bedded systems using Python programming, we demon-
strate the effectiveness of the proposed approach for
solving the practical resource allocation of the UAV-aided
communication systems.

The paper is organized as follows. After the Introduction,
the system model is presented in Section II which is used
throughout this paper and the main optimization problems to
be solved in the remaining sections. The UAV deployment by
optimal UAV-UE clustering model corresponding to the QoS
constraints is investigated in Section III. The UAV-enabled
disaster emergency communications via central resource al-
location including maximising network EE performance with
EE objective and enhancing network EE performance with
fairness services is presented in Section IV. On the other
hand, the distributed resource allocation model for UAV-

enabled disaster emergency communications is discussed in
Section V. Extensive numerical results and implementation
in embedded systems using Python programming to indicate
the performance of the proposed approaches are conducted in
Section VI. Finally, the main contributions and conclusions of
the paper are provided in Section VII.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System model

We consider the downlink transmission where a massive
MIMO BS is equipped with a large L-antenna array to serve
some low-mobility UEs in a safety area. Meanwhile, K
UEs, whose locations are randomly distributed in the disaster
area, are grouped into M clusters. To support M clusters
of UEs which are isolated in the disaster region, M UAVs,
M = {1,..,M}, are deployed to connect the UEs with
the BS. The UAVs and UEs are equipped with a single
antenna. The cluster m can serve a finite number of UEs,
Km = {1,.., Ky} for m € M. The (m,k)th UE denotes
the kth user in the mth cluster. A typical model of cellular-
connected UAV communication in disaster relief is illustrated
in Fig. 1. Here, UAVs play the vital role of flying relay stations
(RSs) to provide reliable communication between a BS and a
large number of distributed users in a disaster region. In such
a scenario, the UAV deployment is a key design consideration
due to its stringent energy and placement constraints. In ad-
dition, the flying UAV-based RSs need to reorganize and self-
deploy to cope with the dynamically changing environment in
disaster areas. Hence, decision-making for self-organization
and resource allocation should be realized in real time [4],
[8], [9] i.e., in the time scales of milliseconds [20].

B. Channel model

We consider that all the UAVs operate over a time duration
T > 0 (in seconds). The time-varying 3D locations of the BS,
the mth UAV and the kthuser (m =1,.., M and k =1, ..., K)
are denoted by (an Yo, HO) and (xU,m (t)7 yU,m(t)a HU,m(t)),
and (zg,yk,0), respectively. Here, Hy and Hy ,,,(t) denote
the antenna heights of the BS and the UAV, respectively. We
assume that the antenna altitude of the UAV is also the altitude
of the UAV.

Without loss of generality, the time duration 7" is divided
into N equal time-slots. Hence, the length of each time-slot
is given as y = %, which is assumed to be sufficiently small
such that the location of the UAV is stable within a time-slot
[18]. Therefore, the trajectory of the mth UAV with respect
to the nth time-slot (n = 1,...,N) can be approximated as
4[] = (20l yomln], Hy ).

The trajectory of the UAV is assumed to be contained within
the considered area. To start the mission, the UAVs fly from
their parking dock at the location q ,,, = [2G,m; Y& m: ha,m],
ie, q,[l] = qg, to the disaster area and relay the
information data from the BS to the allocated UEs, and finish
their trajectories at their parking dock, i.e., g,,,[N] = qg .-

At the nth time-slot, the distance between the BS and the
mth UAV is written as

R[] = \/d3 . [n] + (Humln] = Ho)2, (1)




Base Station

@g 2 G

Safety area

ié

Fig. 1: A typical model of cellular-connected UAV communi-
cation in disaster relief [1].

where do i [n] = \/(zv,m[n] — 20)% + (Yu,m[n] — y0)?.
Similarly, the distance between the mth UAV and the kth
user in the mth cluster is given by

R 0] = /&, j[n] + HE, 0] k€ Koy, @)

where d,, k[n] = \/(Tu.m[n] — 2x)% + (Yu,m[n] — yi)? is the
Euclidean distance between the mth UAV and the kth user.
Due to the high altitude of the UAV, we assume that the air-
to-air (ATA) channel between the BS and the UAVs is LoS.
Hence, the path loss (in dB) between the BS and the mth UAV
is only dependent on free-space path loss and is modeled as

Bo.m[n] = 101og (ﬁoRafn[n])

B Bo
= 10log (d%,m[n] + (Hym[n] — H0)2> , (3

where [ is the channel power gain at reference distance d.

In contrast, the air-to-ground (ATG) channel between the
UAVs and the users has a more complex form, due to the
impacts of the environment, including shadowing from the
propagation blockages, which can result in a NLoS channel.
The path loss (in dB) between the mth UAV and the kth user
is calculated as [13]

Bm.k[n] = PLy, k[n] + nLOSpLos[ ]+ 77NLosPNLos ]
= 10alog <\/d nl+ Hg . [n ]) + AP [n] + B,

)

where 775 and nV1°% are the average additional losses for

LoS and NLoS, respectively. In addition, we have

4 (& m,R

A = koS _ pNLoS B _ 100 10g < mf R ,kW) 4 pNLoS.

c
&)

Therein, the distance path loss is given by

A fe R ¢
PLy,x[n] = 101og (Wf’C[n]) ’ (6)
&

where f. is carrier frequency (Hz), c is the speed of light (m/s),
«a > 2 is the path loss exponent. The probability of LoS and
NLoS is given by [21]

1

1+ aexp [—b <arctan (gi:‘[[;]]) - a)]

PLOS[ }

PLOS[ ] _

)

)

where the constants a and b depend on environment. On the
other hand, the small-scale fading of all channels (hg ,[n] €
C, by k[n] € C) is assumed as an independent and identically
distributed (i.i.d.) random variable with zero mean and unit
variance. For ease of readability, in the next sections, we
will omit the discrete time-domain ([r]) from mathematical
notations and expressions.

P[] =

C. Transmission model

We consider the two-phase communication of downlink
transmission. In the first phase, the BS transmits the signal
to the UAVs. The signal received at the mth UAV is given by

H /
Yo,m :gO,m, POfO,me,m

desired signal

* Z gg{m/ \/Fo-fo,m’xmm’ +Nn,

m’eM\{m}

(®)

co-tier interference

where g ,,, € CF is the channel coefficient between the BS
and mth UAV. Here, we utilize the structure of the ATA by
including both large-scale and small-scale fading effects as
9o.m = /Bomhom, where hg ., is the small-scale fading
coefficient for channel from BS to mth UAV. In addition, f ,,
is the vector beamforming and z¢,, € C is the information
received at the mth UAV with ||z, ||* < 1; Py is the transmit
power at the BS; n,, ~ CN(0,02,) is the additive white
Gaussian noise (AWGN) at the mth UAV.

We assume that the BS uses a channel estimation process to
estimate the effective channels to design the precoding matrix.
In this paper, we employ the maximal ratio transmission
(MRT), which is a simple and nearly optimal precoding
design in massive MIMO networks [22]. The MRT downlink
precoders at the BS and the UAV are given by

Fom =VPomi 1

where pg ., is power control coefficient. In the second phase,
the UAVs forward signals to the users in their cluster. The
signal received by the UE k in cluster m is written as

Pm\/pm,kxm,k

desired signal

+ Z Zgl,km\/ﬁl\/Pzgxl,j-i—nm,k, (10)

le M\{m} jeK,

; 9

Ym,k = Gm,k

inter-cluster interference

where g, € C is the channel between the mth UAV and
the kth UE. Similarly as in ATA interface, for ATG channel,



we also have g, x = +/Bm,khm k, Where R, ;. is the small-
scale fading coefficient for the channel from mth UAV to kth
user. Moreover, P, is the transmit power at the mth UAV !,
DPm,k and x,, ;. are the power control coefficient and received
information signal at the kth UE in the mth cluster with
|zmil? < 1, and 7 ~ CN(0,07, ;) is AWGN at the
kth UE.

Given the power control coefficients py = [po.m|M_1, Py =
[Pm.k] i, the network interference is characterized by the co-
tier interference power in the first phase as

>

m/eM\{m}

I;:r?tier(po) = POpO,m”YO,m,m’;m € M? an

2

(. is the Hermitian

95,
where Yo mm = ’<go m’s Tgo. '::,|>

inner product, and the inter-cluster interference functions?
the second phase, written as

Imter Z Z B kPlpl,ja ke Kpn;meM, (12)
lEN R JEK
where Py = [pm]m, 1 and N - M \ {m}

The information throughput in the first phase at the mth
UAV (in nats) is shown as

13)

1 1K m m,m
RO m(po) Bln (1 + (M) )

Z2te (o) + o7,
where B is the bandwidth of the system, vom,m =

2
9o,m
‘<90m7 Hgomu>
The information throughput in the second phase at the

(m, k)th UE (in nats) is written as

Pm m m 2
|nterp k|g ’k|2 : (14)

Then, E2E information throughput at the (m, k)th UE is given
by

1
Rm,k(pM) = §Bln <1 +

Rﬁ?}f(Po,PM) = min{ Ry, m(Py), Rm,k(PM)}- (15)

Hence, the transmission data (in bits) received by the UE
(m, k) is given by

D b2k (pOapMa tdat ) Rf‘n?kE(pOapM)tZ?tk

(16)

where td4} i 1s the data transferring time for the mth UAV and
(m, k:)th UE exchange duration. In this work, we use the time
division access scheme, so the intra-cluster interference can
be fully suppressed.

I'We assume that the transmit power P, is from an energy source that
is separate from the UAV’s internal battery and is used to power the UAV
operation. We further assume that this energy source is much larger than the
UAV’s internal battery.

2The inter-cell channel hl,k' is difficult to estimate, and thus, it must be
defined as in (12).

min{RO,m (po)t;ir?,tkv Rm,k (pM)tg;l,tk}’

Then, the total transmission data received by all the UEs in
the deployment area can be expressed as

=D 2. Du¥

meM ke,

ydat
DtEot (Po;PM,TM (Po, Par> mk)

a7

where tet =

[td‘”] " and T8t =

Unlike [1] where the main goal is to maximise the minimum
throughput of all clusters, i.e., maxmin E2E rate problem, in
this paper, we take a step further to tackle the network energy
efficiency (EE) which is more relevant to the perspective of
UAV communications. As such, we will detail the time and
energy models with respect to the context of UAV communi-

cations in the next sub-sections.

(T

D. Energy modeling with time framework
The total operating time of the mth UAV is estimated by

Z tcon + Z tgg,tk

keEK keEXm

dat
9> tm

fly +tfly

t%e( m,G?

(18)

where D) 50 and 3o ke tda aat, are the connecting time
and the data transfemng time for each exchange duration of
the mth cluster, respectively. Here, tf ly and tf ly denote the
flying duration of the m UAV from the parkmg dock to the
centroid of the mth cluster and vice versa.

We introduce operating time limitation of the UAVs

tobe T m e M, (19)
where 7771 is the maximum operating time of the mth UAV.

The total energy (in Joules) consumed by the BS and all
UAVs is defined by

19t0t(p()7ph[7 M» dns T]({l;t) = 770130 Z Po,m Z tdat

meM ke,
dat l dat
+ Z (tfyfe m’t";z )P'r{Ly_FT]TYLPH'L Z pm,ktwik)>
meM kem

(20)

where 79, 1, > 0 are the reciprocal drain efficiency of the
power amplifier at the BS and UAVs; P/ is the power
consumption of the mth UAV for flying duration.

E. Problem formulation

In this paper, we aim at maximising the network EE, which
is described as the ratio between overall transmitted data to
all UEs in the disaster area and total energy consumption
via UAV’s trajectory planning and clustering selection model



and power allocation. To this end, the explicit EE problem is
formulated as

E2E dat
Dy (po»Pz\/b M )

po,pM,mMa,lz);M,'rI%;t 1ot (Pos Pars M, @pp, ) (21a)
subject to (19), (21b)
Z p(),mgl, Z pm,kgl, m e M,

meM k€K,
Qlc)
Ro,m(Py) > To,m, m € M, (21d)

Arin < 9 < Dnaes

ay = [gnlm=l', me M, (21e)
(m, k) € Ky, me M, (211)

where (21b) represents the operating time constraint of the
UAVs, (21c) represents the power constraints at the BS and
the UAVs, (21d) sets the QoS requirement in BS-UAV links
at the first phase, (21e) stands for the trajectory constraints
of the UAVs, and (21f) is the cluster selection model. As can
be seen from (21), the optimisation problem is a non-convex
problem with the non-convex functions of (21a), (21d) and
(21f). Moreover, for large-scale scenarios, the problem (21)
becomes very complex due to the large number of timeslots
(N), and large number of UAVs (M) and UEs (K) deployed
in the area.

To efficiently solve the above non-convex problem in real-
time scenarios, we separate problem (21) into two subprob-
lems. Firstly, the UAV-UE clustering method with QoS con-
straints and UAVs trajectory planning will be proposed for the
constraints (21e)-(21f) by the constrained K-means clustering
procedure to minimize the number of UAVs. This will be
discussed in detail in Section III. After the completion of the
UAVs’ deployment, a resource allocation algorithm is imple-
mented to maximise the EE with the operating time constraint
(21b) and the constrained power budget (21c). In this paper,
we propose two distinct optimal resource allocation algorithms
in a centralised and distributed fashion in Section IV and
Section V, respectively. For each centralised and distributed
resource allocation algorithm, we propose two cases: 1)
maximising the total network EE in Subsections IV-A, V-A
and 2) maximising the network EE with fairness QoS in
Subsections IV-B, V-B.

Center I > ation

Subproblem |
Clustering
algorithm
UAV trajectory Joint time and
power control

Clusters Subproblem Il or 11
information

Devices’ Location
(GPS, estimation)

A

Centroids, clustered members,

Timer & Checker

timing framework for updating locations,
UAV’ battery checking, ...

Fig. 2: Block processing operations for the proposed system
model.

III. UAV DEPLOYMENT BY OPTIMAL UAV-UE
CLUSTERING MODEL

In this section, the clustering algorithm for UAVs de-
ployment is first implemented for supporting as many users
as possible by proposing an efficient constrained K-mean
clustering algorithm. Then, based on the results of the clus-
tering algorithm, the optimal power allocation approaches in
centralised and distributed manners will be discussed in the
next sections.

In this paper, the requirements of a K-means clustering are
based on large-scale path loss via UEs’ location data from
Global Positioning System (GPS) such as the input UE’s
location q;, = (z,yx) (k = 1,...,K) and UAV’s location
4, = (TUm, Yu,m, Hum) (m = 1,..., M). Then, based on
the clustering selection, the 3D locations of the UAVs will be
chosen by the centroid 0., = (T, Ym, 2m),m = 1,..., M.
However, the conventional K-means clustering approach [19]
may not be suitable for UAVs with the stringent QoS require-
ments, e.g, constraint (21d). In this section, we propose a
constrained K-means clustering model for UAV deployment
corresponding to the QoS constraints. In addition, we take
into account the fact that the selected number of UAVs to
form the clusters should be as small as possible due to the
minimal network EE requirement. This is clearly a novel point
of our clustering model compared with the previous work [1].
Specifically, in [1], the number of UAVs deployed to recover
network connectivity of disaster areas was fixed because we
were interested in maximising the maxmin throughput opti-
misation problem. In contrast, since the K-means algorithm
is an unsupervised clustering, finding the optimal number of
clusters (UAVs) is vitally important to network EE, which is
our target in this paper.

Constrained K-means clustering is a useful way to express
a priori knowledge which instances should or should not be
grouped together. Thus, we provide two types of pairwise
constraints as

o Must-link constraints (m, k) € Cpyg indicate that the kth
UE has to be located in the cluster m with satisfied QoS
constraints.

o Cannot-link constraints (m, k') € Cp imply that the kth
UE should not be placed in the cluster m.

Let vgos be the path loss threshold corresponding to the
QoS requirement (21d) [23]. Then, a set of must-link pairs
represents the satisfied QoS constraints such that the kth UE
is served by the mth UAV and 5, . < vgos, i.e.,

1Qos —(APLOP+B)

2, v+ Hf o <10 T0a (22)

In contrast, a set of cannot-link pairs represents the violation
of QoS constraints. Hence, optimal UAVs deployment with
respect to the minimum number of UAVs and minimum
operating time, can expressed through the subproblem I as
follows:

min M

an

subject to

Subproblem 1 :

(21e),(21/),(22).  (23)



The subproblem I is then solved by Algorithm 1 where we
propose a constrained K-means clustering algorithm to identify
the optimal number of clusters i.e., the minimum number of
UAVs (M*), and the corresponding cluster members.
Furthermore, we also identify the 3D location of the UAVs
as they are deployed at the centroid location of each cluster.
Hence, in order to minimize the operating time, each UAV
should fly in a straight line from their parking dock to the
centroid location of its serving cluster and vice versa.

Algorithm 1 Constrained K-means clustering algorithm

1: Input: The UEs’ location (q). The maximum number
of UAVs available to be deployed is M,,q,. The alti-
tude of the UAVs is limited as in (Hymin, Humaz)-
The maximum number of iterations is set to N,,q2. Set
Jetus = Mmaz, ICm = Q.

2: Repeat

3:  Repeat

: The UAVs’ locations (g,,,) are randomly initialized

as the centroid {052)},m =1,..., Jeius-
5: Update index set of users:
: for k=1to K
7: Compute the distance dist(qy,0.,), m =
]-v B3 Jclus~
end for

Assign appropriate UEs into the cluster with the
smallest distance.
10: Update UAV’s altitude:

11: for m =1 to Jgus

12: Compute path loss between the mth UAV and
their UEs using Equation (4).

13: If QoS constraints (22) are not violated.

14: Go to step (18).

15: Else Adjust the altitude of the UAV to satisfy
constraints (22) for the worst UE.

16: end for

17: Update centroids:

18: Update the centroid location for each cluster as

19: 0,, = Kim ke, Do M =1, ., Jetus.

20:  Until The cluster members do not change or the pro-
cedure reaches to N,,qz-

21: Set M* = Jous. Set Jeous = Jojus — 1.

22: Until There is no feasible solution with regard to the
assigned value Jgjys OF Jepys = 0.

23: Qutput: M*, M* = {1,...M*}, K,, = {1,...,Kn},
and g, (m=1,..,M").

IV. UAV-ENABLED DISASTER EMERGENCY
COMMUNICATIONS VIA CENTRAL RESOURCE ALLOCATION

After solving the UAV deployment problem, in this section,
we present an efficient resource allocation scheme for improv-
ing network EE performance under disaster emergency com-
munications. In this section, we consider a central computing
platform for problem solving.

A. A central model for maximising network EE performance
with EE objective (CEE-EE)

In this subsection, we are interested in a central model
for maximising network EE performance with EE objective
(CEE-EE). Here, we modify the original problem (21) by
investigating EE maximization problem as

E2E dat
Dy (pOa Prrs Tar )

Subproblem 1l — A : max

Poapzvp,‘fféft 19tot (poa pMa Ma qM7 T]Cé}lt)
(24)

subject to  (19), (21c¢), (21d).

To solve the problem (24), we first change the variables as

1 1
O = @, ©0,m = Pom and
Om ke = ,meM*, ke, (25)
m,k

For Oy = {0k}, @9 = {vom}s s = {@mi}, Vm €

M*, k € Ky, the problem (24) is equivalent to
DE (7]
max tot (()007 P> M) (26&)
Po:Par0m Viot (Po> P s> Onr)
subject to < T — Z bk télgn + tfn{?G
ek, Mk k€K m
m e M*, (26b)
1 1
> <1, > <1, me M,
meM #o,m ke, Pm.k
(26¢)
Ry m (o) > Tom, m € M, (26d)

where (26b) corresponds to the operating time constraint of the
UAVs after changing the variables, (26c) and (26d) represent
the power constraints at the terminals, i.e., BS and the UAVs,
and the constraint of QoS requirement in BS-UAV links at the
first phase after the change of variables, respectively. Then,
the EE objective function (26a) can be expressed as

Z ZR 900799M)91k,

DEJ% (Po» Pars Oar) =

meM* ke,
27
1
Vtot (90> Par, Oar) =n0Fo Z Z 7
meM* kek,, ©o,m Um,k
1
+3 (B @ 0P P 3 ),
meM* ke, Pm,k Um,k
(28)

Note that 5%, tgym and tf,ff’c can be estimated when the
clustering algorlthm is implemented in the UAV deployment
phase. Hence, for time allocation of UAV communications, we
only focus on the data transferring time tm % or 0, 1. However,
the problem (26) is still a non-convex problem with the non-
convexity functions of (26a) and (26d). To solve problem
(26), we use some efficient approximation approaches and

logarithmic inequalities as in [24], [25] (see Appendix A).



Firstly, we take

P ’
£, = ©Yo,m g = Z 070,m,m n 0317
PO"YO,m,m m e M\ {m} ¥Y0o,m’
(2)
B = (2) _ L)OOZm
! P()’Yo,m,m
_ ) Po’)/o7 m/
n=y = — o
m’eM*\{m} Po,m’
Pm,k 5l kB 2
T2 = 57 19 Yz = k>
Pl gm.x]? le; ];l o1 Im,
(4)
2y — gl _ P
2 Pulgmal?’
_ ; B, kPl
=y =Y > + T s
leEN,, jJEK, gOl j
t == em,kh _: t(l) = eni),k

By applying inequality (47) in the Appendix A, the mth
UAV’s throughput and UE (m, k)’s throughput can be approx-

imated as
1 ~
ROm("PO)r ZD (‘vaaM)vvmeM*v
where
A () _Br2z L
Doy (00, 001) = 5 L(i) In (1 + xﬁi)y§i))
+ 2 L T
TN G i) (i 1
DE ) e 1)
1 FERLCES' /x?)yy))t}
- i 1= i )
t(z)y§ )(xg )y( i) +1) (t(1))2
and
1 N .
where
oo - Sl (14 ot
Dm,k(‘PMvaM) 2 L+ In(1+ xgi)yéi)
+ 2 L T
- — - 9
1@y + 1) 102l @yl + 1)
1 gy — 0+ 1/2y) ]
T 7 2~ 7
O PP+ 1) (i)
Then,

D (900790M70M)

where

(DE2E)(i)(<P0790M70M)
= min (Dé v (00,001), D m)k(SOJVh GM))

Finally, the total transmission data can be approximated as

E2FE
Dtat

(Po> P> 0nr) >

S ST (DEE) D (g, pur, 000)

meM* ke,

By changing the variable as (25), %10t (g, © s, Oar) in (27)

is a convex function. Hence, given feasible points (cpé ), ¢§C},

3
o )) we can achieve

)0 (), o5) 04))
ﬂtof(‘PO 7505\2)’ og\/f))

> !

meM* kek,,

(29)

At the ith iteration, the following convex program is solved
to generate the next feasible point as follows:

EQE
max ’ , 0
©0,@ a0 M ;\/1* kezjc: ( mk ‘PO P M)
_ T)(i)ﬁtot(‘PO’ P BM)) (30a)
subject to (26b), (26¢), 30b)

2 Yo,m
PO’YO,m,m (7 - = )
O (o)

, Povom m

(eQTo,m/B —1) Z 070,m,m n O_zn :
mieMo\{m} oM
m e M*, (300)

where the constraint (30c) is rewritten from the convex form
of the constraint (26d).

The explicit formulation of (26d) can be represented as

PO'YO m m/‘pO m —

—Bln |1+ - : > To,m,
2 < ZmleMx\{m} PO’YO,m,m’/SOO,m’ + U'r2n
m € M*, (31)
then
P m,m 7 X m,m’
Poromm (eXom/B _ 1) Z L070mm’ | o2

©o,m ©Yo,m’

m’eM*\{m}

me M*. (32)

Then, we apply (45) in the Appendix A for the term of
in (32). Let us denote (i) as the ith iteration, the constramt
(26d) can be rewritten as a convexity form as (30c).

Based on [26], the computational complexity of (30) is

O(R*m?® + m*®) (33)

with 7 = M (2K + 1), which is the number of the decision
variables, and m = 3M -+ 1, which is the number of
constraints.

We now proceed by proposing an algorithm to solve the EE
maximisation problem (30).



Algorithm 2 : Joint power and time transferring allocation
procedure for solving problem (24)

Input: Set 7 = 0 and a feasible point (cp(()o), <pM, 0 )
Set the tolerance ¢ = 1072 and the maximum number of

iterations Imax = 20.
Calculaten = Z Z DELQE (Z (0)78053)7953))/

meM* kek,,
0 0) (0
Dior (25" 247 037):
Repeat

Solve problem (30) for the next optimal solution (go( H),
(i+1) B(H—l)
Py ).
Set 7 H—l) _ Z Z DEQE (z+1) (z+1) (z+1)
meM* ke,
i+1 i+1 i+1 i+1
0 ) D0y 5, 05,
Seti:=1i+ 1
Until Convergence of the objective function in (30) or ¢ >

Imaz~

Output: {pg, ©is, 00} and {n*}.

Note that the optimal solution of {n*} in (29) will be a
suboptimal choice to maximise the EE formulated in (24) for
the network.

The initial point (p{”), p'), (r2at)©) or (o, »\7, 6'0))
for (30) will be set up for satisfying constraints in the problem
(26). The setting up initial point is by following a few rules

as below.
(0)

e py  can be found by solving the convex optimization
problem as
max m 34a
Po>0 7n,§/l* o ( )
subject to Z Po,m <1, (34b)
meM*
Ro m(pg) > Tom, Vm e M*.  (34c)
. pg\g) can be found by applying equal power allocation
scheme as
1 *
Pm.k = K7m7 K., 7é O, VYm € M*.
. (T](é?t)(o) can be found by applying equal time allocation
scheme as
j‘vmaz
tdot = 7 K #0, Vm € M.

where Ty = Tpee — (S, 1523 + #h, +110%).

B. A central model for enhancing network EE performance
with fairness services (CEE-QoS)

In this sub-section, we are interested in a central model
for enhancing network EE performance with fairness services
(CEE-QoS). Here, we investigate the best-effort service for
disaster emergency communications by applying UAV tech-
nology. For the QoS fairness, the main target is to maximise
the minimum throughput in each cluster (max-min problem)
by joint time-power allocation. This scheme can guarantee the

QoS for UEs located in the disaster areas. In addition, for the
sake of comparison, we will plot the CEE-QoS performance
with respect to the EE in Section 6 of simulation results.
To this end, we develop a new Subproblem III from the
Subproblem II as follows:

Subproblem 1l — A :

: E2E
0 35
%,ﬁ‘fffeM Vmert Yrek,, w (#o, P Oar) - (35)
subject to (26b), (26¢), (26d),
where the objective function is expressed as
RE2E(pos Par)
DERE (o, o, Oar) = 2020
m,k
— min { Fomleo) Bmilead g 3
am,k’ gm,k

By applying optimisation techniques and Algorithm 2 in Sec-
tion I'V-A, the following max-min convex program is generated
at the ¢th iteration:

pomax, A e (D ) (o oar: Om) (37)
subject to  (26b), (26¢), (30c).

We assume that {¢§, 3/, 03} is the solution of the problem
(37). Thus, the EE performance can be calculated by using
(26a).

The computational complexity of (37) is based on (33) with
n=DM2K+1) and m = 3M + 1.

V. UAV-ENABLED DISASTER EMERGENCY
COMMUNICATIONS VIA DISTRIBUTED RESOURCE
ALLOCATION

The centralised resource allocation approaches proposed in
the previous section require a full coordination and cooperation
between BS and all UAVs. Then, optimisation problem can
be executed at Cloud Radio Access Network (CRAN). With
this centralised strategy, when the network topology becomes
very large, e.g., large number of users, the traffic load for
data exchange at the BS and UAVs and the execution time
for solving the optimisation problems at CRAN significantly
increase. In a dynamically changing environment, e.g., UAV
communications, it is unrealistic to endure such a high traffic
load and long delay. To alleviate this shortcoming we are
interested in solving the optimisation problems using a de-
centralised approach. To be more specific, the computational
burden for solving the optimisation of resource allocation now
lies at the clusters where each UAV has a capability to optimise
its cluster performance.

In this section, we investigate efficient distributed schemes
for the resource allocation, which are expected to significantly
reduce the execution time of optimisation problems compared
to the centralised approach.

A. A distributed model for maximising network EE with EE
objective (DEE-EE)

In this sub-section, we are interested in a distributed model
for maximising network EE with EE objective (DEE-EE).



Here, a distributed model for solving EE optimisation problem
(26) is shown as

Subproblem |1 — B :

Dt (@5, @ Om)

max , Vm e M*
‘Pm’e"‘ ﬂtot,m(ﬂog)@dv Somv GWL)
(38)
subject to  (26b), (26¢), (26d)*.

Remark 1: For handling the constraint (26d) in distributed
scheme, we investigate (26d)* with the BS power control by
exploiting a solution of (34).

Here, it is to verify that R07m(<pgxed) = T0,m, m € M*, where

pfived = L0 = [l/p(()?m]me M= is the solution of problem
(34).

Remark 2: To apply the distributed resource allocation, we
study the information throughput at the (m,k)th UE of the
mth cluster in (40) independently with other clusters by using
equal power control in the second phase. Specifically, for
Oom = =, ¥Ym € M*, we have

<P?»de = [‘Pm}mEM*va,k(‘Pm)

2
Lo, (1 Punlgon 11/ 0

inter fixed 2
Im k (SOJ\I ) + am,k

This means that the inter-cluster interference functions in

Ry, 1 (,,) is considered as a constant value, i.e.,

) , VEe K. (39)

Ilnter flxed Z Z /Bl k: k‘ e ICm,m e M*.
LEN, JEK;
Then, we have
DEE (P, ) = 3 REE(F 0,5
k€K m ™k
= > min{Fom, Bm, k(cpm)}— (40)
k€K Orm i
fixed 1 1
ﬂtot,m (‘PO "an om) = 770P0 Z flxed 0
k€K m -
+ 177 (@ys Om) PYY + 11 P . @D
kEZICm Pm,k em k
As a result, the total network EE performance by using
distributed resource allocation can be calculated as
EE = Z Vi s (42)

meM*

where Vf:m is a local solution of problem (38) for the mth
cluster. Note that V", can be found by applying Algorithm
2 for (¢, @, Om)-

Therefore, the computational complexity of (38) using the

distributed scheme is based on (33) with n = 2K and m = 3.

B. A distributed model for enhancing network EE with fair-
ness services (DEE-QoS)

In this sub-section, we are interested in a distributed model
for enhancing network EE with fairness services (DEE-QoS).

Here, a distributed model for solving max-min program (35)
is expressed as

Subproblem 1l — A :

: DE2E fixed Vim € *

Jax - min - Dy (00" @m, Om), ¥Ym € M
(43)

subject to  (26b), (26¢), (26d)* for only m.

Similarly to IV-B, at the ith iteration, the following max-min
convex program under the distributed scheme is equivalent to

: E2FE\(7) (, Afixed *
Joax - min (D )1 (00 @1y Om), ¥Ym € M
(44
subject to  (26b), (26¢), (26d)*, for only m.

We assume that {pf*¢d, % 0%} is the solution of the

problem (44) for cluster m. Thus, the EE performance can
be calculated by using (26a).

Similarly, the computational complexity of (44) using the
distributed scheme is based on (33) with 7 = 2K and m = 3.

VI. SIMULATION RESULTS

In this section, the performance of the considered network is
evaluated by the embedded optimisation packages in program-
ming languages, i.e., the CVXPY package in Python [27]. The
computational platform is used for performing simulation is a
PC with CPU @3.7GHz and 32GB memory. For simulation
setting, we set the system parameters as: The safety area is
a circle coverage with a radius of 500m. The disaster area
is an extended circle coverage from the safety area with a
radius up to 2000m. The location of the BS is (0,0, 30)
while the locations of UEs are randomly distributed in disaster
area. The limited altitude of the UAVS (Hy min, Hu,maz) 18
(20, 300)m. The connecting time between a UAV and a UE is
set to 2 seconds. The speed of the UAVs is assumed constant
at 10 m/s. The maximum operating time of the UAV is 20
minutes. The path loss threshold is set to yg,5 = 110 dB. The
tolerance and maximum number of iterations for convergence
of algorithms are ¢ = 102 and N,,,, = 20. The bandwidth
and carrier frequency are B = 10 MHz and f. = 2 GHz.
The BS transmit power for communication is set as 40W.
The number of BS antennas is 128. Other channel parameters
are set as in [23], [24]. Note that although we consider the
max-min throughput in the optimisation problems of CEE-QoS
and DEE-QOS, the simulation results for these two cases are
plotted in EE performance. To highlight the advantage of our
proposed methods, we compares our approaches, i.e., CEE-EE,
CEE-QOS, DEE-EE, and DEE-QOS, with some conventional
methods described as follows:

o CEPTA: Combining equal power and equal time trans-
ferring allocation under central computing scheme.

o CEPOTA: Combining equal power allocation and opti-
mal time transferring allocation under central computing
scheme. CEPOTA-EE and CEPOTA-QoS are corre-
sponding to EE and max-min data packet optimisation
problems.



o« COPETA: Combining optimal power allocation and
equal time transferring allocation under central comput-
ing scheme. COPETA-EE and COPETA-QoS are cor-
responding to EE and max-min data packet optimisation
problems.

In this section, as illustrative cases, we set the number of
UEs in critical area at ' = 30 and K = 60 UEs while the
number of UAVs is maximum at M, ., = 10 and M, = 20,
respectively. Practical examples of these scenarios are shown
as Fig. 3 and Fig. 4. Specifically, Fig. 3a provides a scenario
with random locations of K = 30 UEs and Fig. 3b shows the
clustering results by deploying UAVs for the scenarios.
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Fig. 3: A system model with K = 30 UEs and yq,s = 110 dB
before and after the implementation of clustering algorithm.
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Fig. 4: A system model with K = 60 UEs and vg,5 = 110
dB for the implementation of clustering algorithm. After
clustering, the number of UAVs used is 17.

A. Performance analysis of CEE-EE, CEE-QoS and CEPTA,
CEPOTA, COPETA
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Fig. 5: The convergence of Algorithm 2 for solving the
considered models: CEE-EE, CEPOTA-EE, COPETA-EE at
M =10, K =30, and P,,, = 1W.

In Fig. 5, we illustrate the convergence of Algorithm 2 for
solving the CEE-EE, CEPOTA-EE, COPETA-EE models at
M =10, K = 30, and P,, = 1W. It is observed that after
a few iterations, the objective function according to the three
models converge to its maximum value. In particular, the CEE-
EE model requires significantly more iterations to converge
when compared to the others due to the higher number of
optimisation variables. The detailed analysis of the execution
time for solving the considered problems is shown later in
Section VI-B.

For EE performance of centralised approach, Fig. 6 plots
the network EE performance for the proposed CEE-EE and
CEE-QoS methods, the partial resource allocation methods
(CEPOTA, COPETA) and the conventional method (CEPTA).



As expected, CEE-EE provides a superior EE performance
demonstrating the efficiency of joint power and time transfer-
ring allocation with EE objective function as shown in Fig. 6.
Moreover, the EE performance of methods for optimising EE
objective (CEPOTA-EE, COPETA-EE) obviously outperforms
the other schemes (CEPTA, CEPOTA-QoS, COPETA-QoS).
Considering network services under data packet achievement,
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Fig. 6: Network EE performance for all the proposed methods

under transmitted power at the UAV and the scenario of K =
30 UEs.

we investigate the total network data and the worst UE data
as below.

o The total network data is defined as the total received data
(in bits) of K UEs from the M* UAVs (M* clusters) of
the system.

e The worst UE data is defined as the total received data (in
bits) of the UE among K UEs with the lowest network
service in the whole system.

As expected, a fairness of network service is guaranteed by
applying optimal resource allocation under max-min optimisa-
tion (CEE-QoS, CEPOTA-QoS, COPETA-Qo0S). As shown in
Fig. 8, CEE-QoS provides a superior network service for the
UE with the lowest service compared to other scheme without
optimal max-min throughput objective. In contrast, the total
network data is highest in CEE-EE as shown in Fig. 7 since
the transmitted packet is thoroughly enhanced in the CEE-EE
approach. Consequently, the CEE-EE is not a good method
for guaranteeing fairness service for all UEs as demonstrated
in Fig. 8.

We also discuss the network service of weakest UE under
max-min throughput approaches such as CEE-QoS, CEPOTA-
QoS,COPETA-QoS and the conventional method (CEPTA).
The worst UE data gradually increases in the following order:
CEPTA, CEPOTA-QoS, COPETA-QoS, CEE-QoS. Interest-
ingly, the power control (COPETA-QoS) offers a better service
than the time transferring control as shown in Fig. 10.
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Fig. 7: Total network data for CEE-EE, CEE-QoS and CEPTA.
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Fig. 8: Worst UE data for CEE-EE, CEE-QoS and CEPTA.

B. Performance analysis of centralised and distributed re-
source allocation

For distributed scheme, we evaluate the total network data
and the worst UE data as below.

o The total network data is defined as the total optimal data
in every M™ clusters.

e The worst UE data is defined as the total data of the UE
with the lowest network service in the cluster providing
the lowest service.

In Table I, we provide the average execution time for solving
the problem (24), (35), (38) and (43) via all the proposed
methods.

There is a tradeoff between the network performance and
the execution time in centralised and distributed schemes
for solving optimisation problems of resource allocation. As
shown in Fig. 11 and Fig. 12, the network EE performance is
significantly degraded in the centralised scheme (CEE-EE) and
distributed scheme (DEE-EE). In contrast, we reduce a lot of
time processing for solving resource allocation problems when
DEE-EE method is implemented as analysed in Table 1.



TABLE I: Average execution time for solving optimisation problems via proposed method.

Method CEPTA CEE-EE DEE-EE CEPOTA- COPETA- | CEE-QoS DEE-QoS CEPOTA- COPETA-
EE EE QoS QoS
Execution 34ms 25s 480ms 7s 11s 17s 280ms 4s 13s
time
350t . . 25
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Fig. 9: Total network data for CEE-QoS
CEPOTA-QoS, COPETA-QoS.
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Fig. 10: Worst UE data for CEE-QoS and CEPTA, CEPOTA-
QoS, COPETA-QoS.

C. Summary of results

From all numerical results in this section, we can summary
the method efficiency under system performance in terms of
“Real-time”, “Energy-Efficient”, ”QoS”, "Low Energy” and
“High Energy”. where “Realtime”: very small execution time,
“Energy-Efficient”: high EE performance, “QoS”: fairness
services for UEs, “Low Energy”: low transmit power at UAV,
“High Energy”: high transmit power at UAV, and * : low
priority, x* : high priority.

VII. CONCLUSIONS

We have investigated a downlink transmission of a massive
MIMO BS and UAV-cellular relaying networks to meet the

Cluster power (dBm)

Fig. 11: Network EE performance between the centralised and
distributed schemes under transmitted power at the UAV (F,,,)
and K = 30 UEs.
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Fig. 12: Network EE performance between the centralised and
distributed schemes under transmitted power at the UAV (F,,,)
and K = 60 UEs.

real-time service and stringent QoS constraints. We have
proposed the joint optimisation framework for UAV clustering
selection and resource allocation to maximise the network
EE. We first considered the real-time UAVs deployment by
proposing the K-means clustering algorithm. Then, the op-
timal resource allocation algorithms of low computational
complexity with fast convergence were proposed in centralised
and distributed manners. Numerical results were provided to
demonstrate the advantage of the proposed approaches over
the conventional schemes.



TABLE II: Analysis of method efficiency.

Method Real-time Energy-Efficient QoS Low Energy High Energy
CEPTA *k
CEE-EE *k *k *Kk
DEE-EE *k * *k
CEPOTA-EE * *
COPETA-EE *k
CEE-QoS *k * *k
DEE-QoS *k * *
CEPOTA-QoS * *
COPETA-QoS *
APPENDIX A [3] D.G.C., A.Ladas, Y. A. Sambo, H. Pervaiz, C. Politis, and M. A. Tmran,

APPROXIMATION APPROACHES AND INEQUALITIES USED
TO SOLVE PROBLEM (26)

Firstly, we exploit an approximation technique for handling
the nonconvexity of constraint (26d)

1.2
—>Z 2 vus0,a>0, (45)
U U

where @ > 0 is a given point. The constraint (26d) can be

rewritten as a convexity form as shown in (30c)

2 m
Fovoman (- = —5"5) 2
0,m (QOOJn,)
7 P m,m’
(2rom/B 1) [y 2D 2 ) e M
m’eM*\{m} $o,m’
(46)

Secondly, following the convexity of function }In (1 +

1/ a:y), we exploit a logarithmic inequality for handling the
objective function (26a) as below

1 1
~In(l4+ —) >a—bx —cy — dt, 47)
t xy
where
2 1 2 1
=2 (1 7) _ b=~ :
“a=Fh + zy + t(zg+1) tz(zg+ 1)
. 1 _ In(1+1/zy)
Ctyzy+ 1) t2 ’

vVt > 0,t>0,2 >0,z >0,y >0, >0.

Thus, the following nonconvex objective function (26a) is
approximated into a convexity form as shown in (30a)

Z Z ((Df@?l;E)(i)@PoﬁpMﬁM)

meM* ke,

1010, s, O0)).  (48)
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