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ABSTRACT In this article, our target is to design a permanent long backhaul link using unmanned aerial
vehicle (UAV) relays and charge stations (CSs) to transfer data from the nearest core network to disaster area
(DA). To this end, we first characterize the communication channel by considering the energy consumption
models of the backup UAVs (moving UAVs) and the UAVs in service (hovering UAVs), the position and
number of UAVs in service relative to the DA, along with the position of CSs relative to the position of UAVs.
Then we define the optimization problem for two different scenarios. First, we design the long backhaul link
in such a way that minimizes the implementation cost. In particular, the optimal design includes finding
the optimal position for CSs, UAVs in service along with the optimal planning for backup UAVs in such a
way as to reduce the implementation cost and guarantee the quality of service of the multi-relay UAV-based
wireless backhaul links. The implementation cost is related to the number of CSs, the number of UAVs in
service along with the number of backup UAVs. For the second scenario, we assume that the implementation
cost is predetermined, and we find the optimal positions for UAVs and CSs along with planning for backup
UAVs to minimize the outage probability. By analyzing the effects of optimization parameters, we further
propose low complexity sub-optimal algorithms for both scenarios. Then, using simulations, we show that
the sub-optimal algorithms achieve a performance that is very close to the optimal solutions.

INDEX TERMS Antenna pattern, backhaul links, charge stations (CSs), positioning, mmWave/THz commu-
nication, unmanned aerial vehicles (UAVSs).

I. INTRODUCTION

Climate change is supercharging the increasing frequency and
intensity of extreme weather that has led to severe storms,
flooding, and hurricanes in recent years. Over the recent
period of (2016-2022), the United States experienced 122 sep-
arate mega disasters that killed at least 5,000 people and cost
more than $1 trillion [1]. Also, Europe has seen a sixty percent
increase in extreme weather events [2] from the past three
decades. Other parts of the world that have never experienced
severe weather should be ready and plan for it now, while
those who are more used to extreme natural events should be
prepared for more [2]. Natural disasters can potentially cut or
completely destroy fiber infrastructure in a disaster area (DA).

Any disruption to the fragile fiber causes data disconnections
that take days to find and repair.

Beside natural disasters, man-made disasters like terrorist
attacks, can be more destructive and costly. Terrorist attacks
on the telecommunications infrastructure of advanced cities
are potentially attractive targets for what might be called “in-
cremental” terrorism [3]. If no physical damage is done to
network which is disrupted in an attack, the communications
capabilities are likely to be recoverable in a relatively short
time [3]. However, terrorist threats can include a simulta-
neous physical attack on the incoming optical fiber links at
unknown and key points in the telecommunication infrastruc-
ture, which is time-consuming to find and fix. By carrying
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out such attacks, the entire network of the subject area along
with applications based on the Internet of Things (IoT) will
be unavailable for a long time. Network outage disrupts most
of the daily services such as banks, hospitals, transportation,
or local government services. It affects the performance of
companies and causes heavy financial losses in the stock mar-
ket. Moreover, the modern power grid relies on the internet
to coordinate power plants and without it, power grid would
become unbalanced and with outages. In general, developed
countries face greater vulnerability to the terrorist attacks on
network infrastructure as IoT becomes more widespread in
these countries.

In order to prepare against network infrastructure failures
due to natural disasters or terrorist attacks, we must look
into alternative solutions for fast network recovery until the
communication infrastructure is reconnected. Due to the sig-
nificant progress made in recent years, the use of backhaul
satellite links can be offered as an initial solution to quickly
connect the urban network to the global network. However,
due to the limited capacity, satellite links cannot provide a
capacity equivalent to fiber infrastructure, and thus, planning
based on satellite links alone is not sufficient. Therefore, in
addition to using the capacities of the satellite backhaul so-
lutions, it is necessary to plan for an alternative/additional
flexible wireless solutions to connect the network of DA with
the nearest core network (CN). In some cases, the distance to
the nearest CN may be tens of kilometers and providing an
alternative terrestrial wireless backhaul connectivity encoun-
ters serious challenges, including creating a line of sight (LoS)
between the DA to the nearest CN, especially in forest and
mountainous areas [4]. Due to their unique capabilities such
as flexibility, maneuverability, and adaptive altitude adjust-
ment, unmanned aerial vehicles (UAVs) can be considered as a
promising solution to provide a temporary wireless backhaul
connectivity, while improving reliability of backhaul opera-
tions [5], [6], [7], [8].

Recently, UAV-based backhaul links have been studied in
few works [9], [10], [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20], [21], [22], [23]. In [9], the performance
of a 3D two-hop UAV-based network is studied for both
amplify-and-forward (AF) and decode-and-forward (DF) re-
laying protocols. A novel wireless architecture is proposed
in [10] by reflecting the backhaul signal using aerial-RIS
to provide LoS connectivity in an urban area. Both wire-
less access and backhaul millimeter wave (mmWave) links
are analyzed in [11] to address multi path propagation in
an urban environment. A dynamic algorithm for integrated
access and backhaul systems is proposed in [12] for both
UAV positioning and tracking of temporal user/traffic activity.
In [13], the authors investigate the successful content de-
livery performance in the UAV integrated terrestrial cellular
networks where each UAV uses mmWave communications
for self-backhaul. In [14], the authors studied the security,
privacy, intelligence, and energy-efficiency issues faced by
swarms of UAVs to address massive connectivity issues to
guarantee ultra-high throughput connectivity in extreme or
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emergency situations. An adaptive deployment scheme is pro-
posed in [15] for a UAV-aided communication network, where
the UAV adapts its distance to serve randomly moving users.
Age-of-information-based UAV trajectory is studied in [16]
for fresh data collection. In [17], [18], the performance of
UAV-based mmWave and terahertz (THz) links is investigated
when UAVs are equipped with square array antennas. In [19],
the authors addressed the joint UAV location and bandwidth
allocation problems to maximize the total profit without ex-
ceeding the backhaul and access capacities. A novel spectrum
management architecture for UAV swarm is proposed in [20]
by considering the special feature of mmWave links.

However, the focus of works [9], [10], [11], [12], [13], [14],
[15], [16], [17], [18], [19], [20] is to design a short and flexible
backhaul/fronthaul link for low-altitude UAVs in urban envi-
ronments and are not suitable for providing a long backhaul
link of several tens of kilometers. Providing a long UAV-based
mmWave/THz backhaul link to connect disaster/remote area
to the nearest CN was the subject of the recent studies [21],
[22], [23]. In [21], the authors design a long fixed-wing UAV-
based mmWave backhaul architecture by taking into account
the effects of realistic physical parameters. Using multi-rotor
UAVs, the performance of along mmWave link through multi-
ple UAVs is studied in [22], [23] to connect a remote area with
the CN taking into account the fluctuation of UAVs. However,
UAVs, like many other autonomous vehicular systems, can be
very power-hungry and have limited service span. Therefore,
without any program to recharge, they cannot be a suitable
option for creating reliable backhaul links to connect the DA
to the nearest CN for longer times. None of the works [9],
(101, [11], [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23] has considered the practical problem related
to the limited service time of UAVs.

Considering the importance of providing reliable backhaul
links for post-disaster network recovery, in this work, we fo-
cus on the analysis, design, and feasibility of long UAV-based
backhaul links, which consists of a set of UAVS in service,
a set of backup UAVs and a set of mobile charge stations
(CSs) to provide a permanent long backhaul link. Our goal
is to design the considered long backhaul links including
the optimal number and position of UAVs in service, and
the optimal number and position of CSs along with optimal
planning for backup UAVs. To this end, we first characterize
the tackled communication channel by considering the energy
consumption models of the backup UAVs (moving UAVs) and
the UAVs in service (hovering UAVs), along with the channel
parameters such as the actual antenna pattern, the intensity of
UAVs’ instabilities and its effect on antenna misalignment, the
position and number of UAVs in service relative to the nearest
CN and DA, the position of CSs relative to the position of
UAVs, and the effects of large- and small-scale fading channel
coefficients. Then, we formulate the optimization problem for
two different scenarios. First, we assume that the link length
and channel conditions are known and we want to design the
backhaul link in such a way that minimizes the implementa-
tion cost, while guaranteeing the requested quality of service
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FIGURE 1. (a) An illustration of the considered permanent backhaul links using charge stations and backup UAVs to transfer data from the nearest CN to

the DA. (b) The backup UAV flies from C,, toward the U; with speed vector v; =

(in this work, we target outage probability as the suitable
quality of service indicator for such scenario). In the second
scenario, for pre-disaster recovery planning, we assume the
cost (the number of UAVs and CSs) is known and after the dis-
aster, we try to locate UAVs and CSs along with planning for
backup UAVs in such a way to minimize the outage probabil-
ity. By analyzing the effects of optimization parameters, while
simplifying the optimal algorithm, we propose sub-optimal
algorithms for both scenarios. Then, using the simulations,
we show that the sub-optimal algorithms achieve performance
very close to the optimal solutions while their computational
load and running time are much less. Moreover, to give a
holistic view to the reader, we investigate the effect of key
channel parameters as the ratio of the number of UAVs in
service to total number of UAVs, the obtained planning for
backup UAVs to prevent the UAVs in service from falling,
and the number of CSs along with the effect of battery energy
density.

Il. THE SYSTEM MODEL
We consider a series of UAVs in order to relay data from the
nearest CN to the DA as shown in Fig. 1(a) (see Table I for
notation). The main challenge of this link is that the UAVs
have a limited flight time. Therefore, in order to create a
permanent link, it is necessary that along with the UAVs in
service, a set of backup UAVs are also available to replace
the UAVs in service as shown in Fig. 1(a). Let N;, N,, and
N, denote the number of UAVs in service, number of backup
UAVs, and number of CSs, respectively, U; represents the ith
UAV in service fori € {1, ..., Ny}, U,/. is the jth backup UAV
for j € {1,...,N,}, and C,, is the mth CS form € {1, ..., N.}.
We consider that the nearest CN and DA are at [0, 0, O] and
[Lcr, 0,0] in a Cartesian coordinate system [x, y, z] € RI>3
respectively, where L, is the link length between CN and DA.
Also, py;, = (Xu;s Yu;» 2u;) and pe,, = (X¢,,s Ye,» Zc,, ) TEPTESENL
the positions of the ith UAV in service and the mth CS, re-
spectively.

When U; is running out of charge, to replace it, the backup
UAV flies from C,, toward the U; with speed v;,,. In particular,
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TABLE 1. List of Main Notations

Parameter  Description

U; Denotes ith UAV in service

Ur; Denotes jth backup UAV

Chm Denotes mth charge station

Ng Number of UAVs in service

Ny Number of backup UAVs

Ne Number of charge stations

Ntol N s + N i

S A set of UAVs in service covered by U,

M; Size of vector s; or number of UAVs covered by UTJ.
Du; = (Tu;, Yu; , Zu; ) position of U;

Dem = (Zeyy s Yern » Zem ) POsition of Chy,

Ler Link length between CN to DA

L; Link length between U; and U;4q for i € {3, ..., Ns}
Ly Link length between CN and Uj

Ly, 41 Link length between Uy, and DA

Lim Link length between C', and U;

Vim speed of backup UAV which flies from Cy, to U;
vi = (Vim, Dim, Oim)

Du; = (%u;, Yu; , Zu; ) is the position of U;

Dem = (Teom s Yem s Zem ) 18 the position of Cyy,

Ex, . Energy consumption of UAV flying from C,, to U;
Ey, Energy consumption of hovering U;

Py, Power consumption of UAV flying from C', to U;
Py Power consumption of hovering UAV

Ly Flying time from Ch, to U;

th, Hovering time of U;

te Denote the charging time of each UAV at CS

Eot Battery capacity of UAV

FEmin Minimum UAV energy for flight safety

Pou End-to-end outage probability of the relay system
Cost The cost function defined in (9)

the backup UAV flies in a sloping path to reach the U; where
the velocity of the backup UAV in the sloping path is denoted
by vi = (Vim, im, 0im) in spherical coordinate as shown in
Fig. 1(b). The parameters ¢;,, and 6;,, are formulated as

Gim = tan_l ((xui - xc,,,)/(Zui — Xz )) ’

(D
Oim = tan™" (||1pu; = Penll/ Oy = Y2)) -
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A. UAV POWER CONSUMPTION MODEL

To design the considered system, we need to accurately model
the power consumption of the UAV as a function of the flying
model and speed. For the considered system, in service mode,
UAVs are in hovering mode, and in backup mode, they are in
flight mode.

1) FLYING MODE
Following [24], [25], the power consumption of the UAV in
the forward flight mode is modeled as follows:

IPDf,'m(vim) = ]P)blade(vim) + HDfuselage(vim) + I[Dinduce(vim)’ (2)

where Ppjade (Vim) and Pyserage (Vim) are respectively the re-
quired powers to overcome the profile drag forces of the
blades, and the fuselage that oppose its forward movement,
while, Pi,quce (Vi) 1s the induced power from the rotation of
rotors and they are formulated as [26]:

3v2
Ptage (Vim) = MrolPp { 1+ —* )

tip
1
]Pfuselage(vim) = —CDAf,OCSv?ms

2 4
Pinduce (Vim) = w COS(@,‘)‘l‘w\/( zwrsz + UiTm 2
3)
I (3), P, = %pCSaA,vgp, pes = (1 —2.2558 x
1073 Den V42577 vip is the tip speed of rotors, Ay is the
fuselage area, Cy is the drag coefficient, A, is the profile drag

coefficient, s is the rotor solidity, My is the number of rotors,
and w is the weight of UAV in Newton.

2) HOVERING MODE
The UAVs in service are in hovering mode, in which the power
consumption of the UAV is modeled as [26]:

32

Py, = Mot Pp + ———.
ol NV AM oy pesAr

“)

B. CHANNEL MODELING

To relay information by a set of UAVs to the disaster area,
we need a point-to-point high-capacity wireless backhaul link.
According to the topology, the best option is to use directional
high-frequency mmWave or THz links [17]. Let /; denotes the
instantaneous channel coefficients between U;_; to U; for i €
{2,...,Ns},CNto U, fori = 1, and Uy, to DA fori = Ns 4 1.
The directional UAV-based THz channel can be well modeled
as [27]

hi = hL,-haihpiv (5)

where A, is the normalized pointing error (or misalignment
fading), hy, is the small-scale fading, Gy is the maximum

antenna pattern gain, hz, = hy ghy,;, is the channel path loss,

W _K(py
hpy = (z7r-) is the free-space path loss, hp, =e” 2™
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denotes the molecular absorption loss where C(f) is the fre-
quency dependent absorption coefficient, and L; is the link
length.

We consider that each U; has two N, x N, array antennas,
one of which is directed to U;; and the other to U;_1. Direc-
tional mmWave/THz links are sensitive to UAV instabilities
and cause random misalignment errors known as pointing
errors. Following the results of [27, Theorem 1], fora N, x N,
array antenna, the distribution of the pointing errors of inter-
UAV links is modeled as

2 hy,
Sy, (hpy) = — Gﬂg In <i> x et (6)

G
u0 u0

where 0 < h),, < Gy, wpy = Nlu

2
Gy ~ 7TN,42, Bu = %,
orientation fluctuations of UAV node. Also, following the
results of [28, Theorem 2], for a Ny x N, array antenna, the

distribution of the pointing errors of ground-to-UAV link is
modeled as

fhgpl_ (hpi) =

1 -1 1/8,—1
1 (h>/ﬁg _(h>/ﬂ o
GgO,Bg - GuOﬂu Gg() Gyo '

where wp, = NL is the antenna beamwidth of the ground sta-
g

is the antenna beamwidth,

and o2 is the variance of antenna

2

. w . . . .

tion, B, = %, ng is the variance of antenna misalignment of
8

the ground station, and G =~ nNgz.

In THz channels, the a-u distribution is one of the most
widely used models employed for the distribution function of
RV h,; which is given as

i, (he,) = Dh‘;‘i’*_1 exp (—Whgl.) , (8)

where o > 0 reflects the nonlinearity of the fading channel,
w is the normalized variance of the fading channel envelope,
D= %, W = @La, and /1, is the a-root mean value of
the fading channel envelope.

Iil. PROBLEM FORMULATION

To design the considered system, we tackle two different op-
timization approaches that match realistic setups, which are
explained below.

A. MINIMIZATION OF THE COST FUNCTION

The cost of implementing such a system includes the number
of UAVs in service, the number of backup UAVs, and the
number of CSs, which is formulated as:

Cost = (N5 + N, )Cost, + N.Cost,. 9)

where Cost,, is the cost of the each UAV, Costc is the cost
of each charge station, and o, = Cost./Cost,. The goal is to
design the considered system in such a way that the cost func-
tion is minimized while guaranteeing the requested quality of
service (QoS). For wireless links, usually outage probability
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(OP) (denoted by P,y ) is used as the QoS [29]. To this end, we
have

Pou < Pou,ths (10)

where Py, is the threshold OP. The tunable parameters
for optimization include two categories of discrete and con-
tinuous parameters. The tunable discrete parameters include
N;, N, and N,. The tunable continuous parameters include
the position of the UAVs in service denoted by p,, for i €
{1, ..., Ny}, the position of the CSs denoted by p.,, for m €
{1,...,N;}, and the speed of the backup UAVs which flies
from G, to U; denoted by vj,, fori € {1, ..., Ni}. In addition
to these parameters, another important tunable parameter is
the planning for backup UAVs to cover UAVs in service.
In particular, how many and which UAVs in service can be
covered by the jth backup UAV for j € {1, ..., N,}, which
we will discuss more in the next section. To formulate this
assignment planning for the backup UAVs, we define vector
s;=1Imy, ..., mM_j], which is a vector with M; elements. M
specifies the number of UAVs in service supported by the
Jjth backup UAV. For example, s3 = [2, 4, 6, 9] indicates that
M3 = 4 and Us, Uy, Us, and Uy are covered by U, For this as-
signment, all UAVs in service must be covered, and vectors s;
and s; should be disjoint (their intersections should be empty)
forany i, j € {1,...,N,}and i # j, which are formulated as:

Slm52ﬂ~-~ﬂSN,:®v (11)
21]\'[;1 Mj = N;.

Let E;(t) represent the instantaneous energy of U;. In or-
der to prevent U; from falling while in service, its energy
must be greater than a threshold E;,, which is expressed as
Ei(t) > Enin. Also, for flight safety, the speed of the UAV
cannot exceed a maximum value as v, < Umax. Finally, based
on the explanations, the optimization problem to reduce the
implementation cost is formulated as follows:

nSlin Cost (12a)
cl
s.t. Pou < Pouths (12b)
slﬂszﬂ...ﬂsN,_zﬂ, (12¢)
Ny
ZMj =N, (12d)
j=1
Ei(t) > Emin, 1 €{1,...,Ng},  (12¢)
Vim < Umax, 1€ {l,...,Ns}, (121)
where the set of tunable parameters S| is
{NSaer NC}s
Pe,, forme{l, ... N},
SC] = Pu,-a forie{lv--'»NS}a (13)

Vim forie{la"'7NY}a
sj, for je{l,...,N}.
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B. MINIMIZATION OF THE OUTAGE PROBABILITY
Optimization problem (12) is suitable for reducing the im-
plementation cost of the system. It is better to optimize the
system based on (12) for bad environmental conditions. After
the implementation of the system, the number of CSs and
UAVs is known, and minimizing the cost is no longer an issue.
In this case, with every change of channel conditions, we have
to update the optimal system parameters while the number of
UAVs and CSs is known. Therefore, after the implementation,
the goal is to optimize the system parameters to improve the
system performance, or in other words, the OP is minimized.
Let Nyt be the number of UAVs, which is now a constant
parameter. In this case, optimization problem (12) is modified
as follows:

min Py (14a)
SCZ
S.t. NS + Nr = Ntotv (14b)
(12¢), (12d), (12e), and, (12f), (14¢)
where the set of tunable parameters S| is
{Ns, N:},
Pe,» forme{l, ... N},
Se1 = { pu;» forie{l,....Ng}, 15)

Vim, forie{l,...,Ns},
s;, for je{l,...,N}.

The difference between the optimization parameters defined
in (13) and (15) is that in (15), N, is a constant value and we
also know that Ny + N, = No.

As can be seen, both optimization problems (12) and (14)
are mixed integer nonlinear programming problem. There-
fore, in the next section, several sub-optimal algorithms are
introduced to solve the above two optimization problems.

IV. OPTIMAL SYSTEM DESIGN

Next, we will try to solve the optimization problem by analyz-
ing the parameters of the considered system. To this end, the
positioning of UAVs and CSs is investigated first, and then,
with the obtained results, we proceed to optimize of the rest
of the parameters.

A. UAVS POSITIONING

Regardless of the rest of the system parameters, the OP is only
a function of the UAVs in service and their positions. There-
fore, in the following, we first obtain the OP as a function of
the number and position of UAVs in service.

1) OUTAGE PROBABILITY ANALYSIS
For the considered decode-and-forward multi-relay system,
the OP is obtained as

Poy = Prob [min(hl ..., hy,41) > hn]

=1 — Prob [h] > hp, ooy By > hth] s (16)
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where hy, is the channel coefficient threshold. Given that &;s
are independent, (16) is simplified as

-py,). (7

where Pou] is the outage probablhty of the first (j = 1) and
last link (j = Ny + 1), while £, is the outage probability of
the inter UAV links for i € {2 ., Ng}. Using (5), (6), (8) and

following the results of [27], Py, is obtained as

u-l 2 hyg)®
Bih 1)
P q_ Z 1ha  apBg |:(Blhth) 2 —(Pel)

ou; 7 1 1
— o T(k+1)

(Byhg)*

WBz,Bza (B? (él) - (Blhth)Bse_( . )WBe,B7 (B(fhf}{]):| '

(18)
where W_%’ v (+) is the Whittaker function [30], and
31:% By=obcl b Ly
B3=%——+2aa, By=B3+ 13,
Bs=2k 4 b1 Bo=kl_ S
B =Bs + 3.

Also, using (5), (7), (8) and following the results of [28], Pfuj
is obtained as

—1 _
T (A2ho(n) !
Fk+1)

AxAg(hyp)
g~ -
Pouj ~1— 2

O[(IBg ,Bu

k=0

V-
x [(A2ho(h)? Wy, 1 (Aaholhn)

~Uahotha) Wy 1y (ahotha))]. (19)

where

Vi=U/aBg—pn+ 1D, Va=d/afy—p+1),
Vi=(/aBg—k+1), Va=(1/ap,—k+1),

th ¢ A2012
Ao(hg) = (—) s Ay(hn) = ZF—Ao(h),
_ (Az=A (hg)/e)? _
AZ(hth) L A]l(h::) 5 A - hA

aut
A= s A

=an - min(ﬁmﬁg) :

2) POSITIONING TO MINIMIZE THE COST

The outage probability provided in (17) is a function of all
the real channel parameters, such as the number of UAVs
in service, positions of the UAVs, antenna pattern, UAVs’
vibrations, link length, and small-scale fading. For the op-
timization problem (12), condition (12b) must be satisfied,
which is directly related to the positioning of U;s. Let Ly,
Ly, +1 represent the link lengths of the first ground-to-UAV
(GU) link and last UAV-to-ground (UG) links, respectively,
and L; fori € {2, ..., Ny} represent the links between U;_ and
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U;. According to the symmetry of the problem, we know that
the inter-UAV links are equal, i.e., L; = L; fori € {2, ..., Ng}.
Therefore, the optimal solution is simplified to find the three
continuous parameters Ly, Ly, Ly,4+1 and Ny which is formu-
lated as:

min Ny (20a)
Ly,Ly,Lyng+1,Ns
s.t. Pou < Pouth- (20b)

Based on (17), (18), and (19), these parameters L, L2, Ly, +1,
and N; are correlated together. Therefore, optimization prob-
lem (20a) is a 4-dimensional optimization problem with three
continuous variables and one discrete variable.

As a sub-optimal method, for the low OPs, (17) can be
simplified as:

Poy >~ (21)

Ny
D Pt D Py
i=2 j=1,Ns+1

We also assume that the UAVs are positioned in such a way
that the OP between all links is equal. Using this and based
on (19), and (21), the parameters L; and Ly, are obtained

separately as:

POU1 (Ll) - N0u+l}11

Ly opt = min
,op L

(22)

ou th

PouN +1 (LNV-I—I)  Net+1

Ly, +1,0pt = min

L1

Note that the term |P§u (L; N wwd is a Convex function of

L; and as a result, the sub optlmal value for L; and Ly, 4 are

easﬂy obtained from (22). Using obtained L; and Ly, 1, the
position of U and Uy, are computed as

{pul = (Ll COS(%,min)), Ly Sin(wd,min))v O) ’
Puy, = (LNS+1 COS(I//s,min))» Ly, +1 Sin(‘pd,min))» 0) ,

where ¥ min and ¥y min are respectively the minimum ac-
ceptable elevation angles of CN and DA to provide LoS
connectivity for considered THz links as shown in Fig. 1(a).
Now, using (18) and (21), the maximum acceptable value of
L; fori e {2,..., Ny} is derived as

(23)

Pou,th
Ny +1]|°

Since the number of UAVs is an integer variable, it is not
possible to reach the value obtained in (24) for L;. However,
(24) tells us that the UAVs should be placed on the connecting
line between py, and py, with equal distances in such a way
that the distance between the UAVs is not greater than L; pa.
Therefore, the sub-optimal values for L; and N, are obtained
as:

Limas = min. |Ph, (L) — (24)

L
Ns,opt = HIlVaX 1\%,
L . 25)
Li,Opt = N-Y,ﬂl;l_l )
where
Liy, = G =3 2+ Gy =Y . (26)
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Algorithm 1: Sub-optimal UAVs Positioning to Minimize

Algorithm 2: Positioning of UAVs in Service to Minimize

N;. the OP for any Given Nj.
Input: Environmental and geometrical channel Input: Ny, Ler, ¥s,mins ¥, mins Lpric
parameters Input: {L;, ..., Ly,41}

Output: Ny, p,, fori e {1, ..., N}

1: Find Ly, and Ly, 41 from (19) and (22).

2: Compute py, and py, using (23).

3: Find Ny and L, fori € {2, ..., Ny} using(18), (24), and
(25).

4: Compute py, fori € {2, ..., Ny — 1} using (27) and
(28).

Using results of (25), the sub-optimal position of U; for i €
{2, ..., Ny — 1} is obtained as:

Xy, = Xy + (i — 1)L; cos(Oy,), 27)
Yu; = Yu, + (i — D)L; sin(0y,),
where
O1y, = tan~" (y—“’“ —Yu ) (28)
Xuy, — Xuy

In Algorithm 1, the sub-optimal method is provided to find
Ns, and p,,s, which is much faster than the 4-dimensional
optimization problem (20a).

Remark 1: Considering that the value of Nj is discrete, in
the simulations, it is shown that in most cases, the sub-optimal
value of N, obtained from Algorithm 1 is equal to the optimal
value obtained from (20a).

3) POSITIONING TO MINIMIZE THE OP
In this case, because Nyt = N5 + N, is known, then the opti-
mal number of N; depends on N,. However, for each Nj, the
optimal position for U;s is obtained as:

min

Pou
Ly,Lo,Lygy

(29a)

s.t. Ly cos(¥g min) + Lng+1 €08(¥y, min)

+ (Ny — DLy cos(Biy,) = Ler.  (29b)

As a sub-optimal method, we assume that Pj, =~ Pfuj. There-
fore, for each L, we can calculate Ly and Ly, 41 as:

Lyopt = min [Py, (L1) = Poy, (L2)]
1

. 30
Lgrtop = uin [Py (Lo 1) = Py (L) (30)
s+

Using (30), for any given N, Algorithm 2 is provided to find

the sub-optimal values of L;s. The parameter Ly in Algo-

rithm 2 is defined for the accuracy of the calculations.
Remark 2: In (30), the parameters L; and Ly, are con-

vex functions of the terms J; = |P§ul (L) — P;‘uZ (Lp)| and
Inet1 = [Py, (Lver1) — P, (L), respectively. We also
know that Ly > Ly,11. Using this information in lines 2 and
10 of Algorithm 2, it can be seen that the algorithm converges

quickly.
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Initialize Ly = L.,/(Ng + 1).
Initialize L max = Ler/(Ns + 1), Lo min = 0.
Initialize Py min = 1.
: Compute Py, from (18).
: Find L1 and Ly, from (30) using (19).
: Compute L., from (29b).
:while L), — L;| > Lyyic do
if L), < L, then
Update Ly max = Lo, and Ly =
else
Update Ly min = Lo, and Ly =
end if
Do lines 1-3 and update Ly, Ly, 1, and L.
: end while

Ly +L2.max
- -

Lr+Ly min
—

TR Nk wh

—_—

For the proof of Remark 2, please refer to Appendix A.

Remark 3: Tt should be noted that, unlike Algorithm 1, in
Algorithm 2, we cannot determine N; because we need to
know N,, while N, itself is a function of other parameters that
will be discussed further.

B. POSITIONING OF CS

The position of charge stations is a function of Ns, N;., N, and
the position of UAVs in service. For any given Ny and N, we
have:

pgu}}/r N, (31a)
Xy, — X
St Xy =X, 4 Xy 4+ 2m — I)MTCM (31b)
min(0, sign(din,)X) > x,, > max (0, sign(6;y,)X),
(31¢)

where the parameter X is a function of 61y, used to limit the
search interval and increase the optimization time.

Remark 4: To find the optimal position for CSs, as starting
points, we fist find the the sub-optimal positions p,,, for m €
{1,...,N.}as

X, — X
pcm = [‘xul + (2m - 1)%, 0, O] . (32)
c

Then, according to whether 6y, is positive or negative, the
optimal positions shift towards the disaster area or CN.

For the proof of Remark 2, please refer to Appendix B.
Using the results of Remark 4 helps us to limit the range of
optimal positions for CSs and increase the speed of solving
the optimal problem.

C. OPTIMAL PLANNING FOR BACKUP UAVS
Having optimal planning for backup UAVs helps to reduce
the implementation cost and the replacement time. Designing
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FIGURE 2. Investigating the effect of UAV’s speed on (a) power consumption for different UAV's weight; (b) Energy consumption for different flying
lengths; and (c) maximum obtained hovering time for different flying lengths of backup UAV.

an optimal plan for backup UAVs includes finding the optimal
vectors s; for j € {1, ..., N,} along with the UAVs’ speed v;,s
to manage the time and energy consumption of backup UAVs.

1) SIMPLE SUB-OPTIMAL SOLUTION

As a sub-optimal and simple solution, we backup one UAV for
each UAV in service, i.e. Ny = N,. In this case, there is no need
to optimize s; and v;y,. In simulations, the performance of this
method is compared with the rest of the proposed algorithms.

2) OPTIMAL FLIGHT SPEED

To prevent UAV crashes and based on (12e), for all U;s we
must to have:

Eior — 2Ef,m Oims Vim) — Ehl- > Emin, (33)

where Ei is the maximum battery capacity or energy of
the UAV, Ef, (Oim, Vim) = Py, (Oim, vim)ty,, is the energy con-
sumption of UAV to fly from C,, to U; with flight time #,, =
Lip,

o, Ej, = Puty,, is the energy consumption of hovering U;
during service time f;,,. Moreover, L;,, is the link length from
Cp to Uj, and 6, is its Zenith angle as shown in Fig. 1(b),
which are formulated as:

Ly, = \/(xu,- — Xey )2 + (Yu,- — Yem )2’
i = tan ™! (_yu,- —em ) .

|Xu,- —Xem |

(34)

Optimal flight speed vy, is a function of L;;, and #;,. For any
given L;;,, the optimal v;,, is equal to the speed that maximizes
the hovering time of U;. Therefore, we have:

L.
Etot — Emin — IP)f,,,, (Oim, Uim)vl._m
max fj, = m

35
Vim Ph ( a)

S.t. Vi < Umax-

(35b)

To get a better view, in Fig. 2(a)—(c), we respectively plot the
power consumption, energy consumption, and hovering time
Versus v;,,. The result of Fig. 2(a) shows that the optimal selec-
tion of v;,, is important to minimize the power consumption.
However, it should be noted that although the power consump-
tion may be reduced by reducing the speed, it increases the
flight time and increases the energy consumption. Therefore,
in Fig. 2(b) and (c), we have drawn energy consumption and
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hovering time over a wide range of (L;, =2 — 20 km). It
can be easily concluded that the optimal value for vj,, is the
maximum acceptable value, i.e., Vj; = Umax, Where vmax 1S
the maximum allowed speed of the UAV to ensure the safety
of the flight. Moreover, the maximum speed during the re-
placement of UAVs helps us to make the replacement time
faster and a backup UAV can cover a larger number of UAVs.
Therefore, the maximum hovering time of U; as a function of
Li,, is obtained as

Eot — Emin — ZRfim (@im> Vmax) ,}Lr:fx
Py '

(36)

Ihmax; =

3) OPTIMAL PLANNING

In order for the jth backup UAV to be able to cover the set of
UAVs in service s, we must have:

ty, > Zztfim —i—thC,

lES;

(37)

where ¢, is the charging time of the UAV at the charge station.
To get a better understanding of (37), a graphical example is
provided in Fig. 3, where the first backup UAV using the first
charging station wants to cover the set of Uj, Us, and Uz. In
this example, we have s; = [1, 2, 3] and M; = 3. As we can
see, when the backup UAV replaces Uy, until the time interval
of the next replacement, the backup UAV must fly the routes
1-6 specified in Fig. 3. In addition, it needs to be recharged
M; = 3 times along the flight. Therefore, to prevent the U;s

from falling for i € {1, 2, 3}, we must have:
ty, > Zlf” + 2tf21 + 2tf31 + 3t,. (38)

Using (36) and (37), to prevent the U;s from falling, the fol-
lowing condition must be met:

v
ZLim < % (min{th max, fori € s;} — Mjtc) .

LES;

(39)

Using the obtained results, as a sub-optimal design of the
considered system, we propose Algorithms 3 and 4 to re-
duce implementation cost and to decrease end-to-end OP,
respectively. In Algorithm 3, |[x] and [x] are the floor and
ceil functions of x, respectively. To run Algorithm 3, we
already obtained the sub-optimal values for Ny and p,,s in
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Zone 2 related to the CS 2

FIGURE 3. Graphical example of planning for the first backup UAV where U;; uses the first CS and covers the set of U;, U,, and Us.

Algorithm 3: Backup Planning to Minimize the Cost for
any given Nj.

Input: Ny, p,,

Output: N,, N, Cost, s; for j € {1,..., N}

Initialize C,5; = 3N;.

1:for N. = 1: N; do

2: Update N, = N, — 1.

33 N,=N,+1,N =N, N

4: for j=1:N,do
5 Mj = |N/N/J.m = [jNe/N,1.
6.
7
8

=N, M =0.

Compute p,,, using (32).
Compute Ly, using (34) fori € 1, ..., M;.

: if condtion (39) is true for Zles im then
9: N;=N;—-M; N, =N/ —1, M/=M’+Mj.
10: else
11: Return to line 3.
12: end if
13:  end for

14: if Cost > N, + N, + N; then

15: AssignUisForie (M +1, ...,
16: Cost = N, + N, + N;.

17:  end if

18: end for

M/—‘,-Mj}tOSj.

Algorithm 1. Finally, by using Algorithms 1 and 3, a sub-
optimal design of the considered system is obtained including
the number of UAVSs in service and their positions, the number
of backup UAVs and their timing and the UAVs covered by
them, as well as the number and positions of CSs. Also, by
running Algorithm 3, we can reach the optimal design of the
considered system, on the condition that we use the optimal
values for Ny, and P,;s obtained in (20), as well as the opti-
mal values for P, s obtalned in (31). In order to obtain the
optimal values in (20) and (31), we use optimization solvers
that can reach the solution by exhaustive search. However,
to decrease the optimization running time, one can use the
obtained sub-optimal results as the initial values and narrow
the search range, which increases the optimization speed.
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Number of backup UAVs, N,

2
Number of charge stations, N, 4

FIGURE 4. Minimum number of obtained backup UAVs from the
sub-optimal algorithm versus N, for a 54 km link length and comparing it
with the minimum number of backup UAVs obtained from the optimal and
simple planning algorithms.

Algorithm 4: Backup Planning to Minimize the OP when
N, and Nyoy = N, + N, are known.

Input: N., pe,,, Mot

Output: N, N;, Poy

Initialize Ny = Nyy;.

1: Update Ny = N — 1.

2: Find P,, and p,, using Algorithm 2.

3: Ny = Niot — N5, N. = N;, N, = N;.

4: for ] =1:N,do

5: = |N;/N/], m = [ jN./N,].
6: Compute Lin using (34) fori € 1, M;.
7. if condtion (39) is true for ) ; s, L,m then
8 N/ =N -Mj N =N —1.M =M +M,.
9: else
10: Return to line 1.
11:  endif
12: end for

After designing and implementing the system by
Algorithm 3, with every change in channel conditions, we
must update the optimal design of the system by Algorithm
4. As we show in the simulations, due to the discreteness
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FIGURE 5. Graphical illustration of the results obtained from Fig. 4, including the position of UAVs in service and how they cover by backup UAVs for (a)

N =1; (b) N. = 2); and (c) N. = 3.

of values of Ny, N,, and N,, the results of the sub-optimal
algorithms are equal or very close to the optimal values.

V. SIMULATION RESULTS

In this section, using simulations, we evaluate the perfor-
mance of the considered system. The proposed algorithms
were different for the two approaches, in the first step we
evaluate the optimal design to reduce the cost of implemen-
tation. The parameter values used for simulations are listed
in Table 2, which are the commonly used values in the litera-
ture [25], [26], [27], [28].

In Fig. 4, for a 54 km link length between the CN and DA,
and for a different number of CSs, the minimum number of
UAVs required to establish such a link has been obtained using
the proposed algorithm. The results of the proposed algo-
rithm are compared with the results obtained from the optimal
algorithm. The results of the optimal algorithm have been
obtained from an extensive search and the use of MATLAB
optimization toolbox according to the explanations provided
in the previous section, which is very time-consuming. Also,
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TABLE 2. Parameter Values Used in the Simulation

Parameters Values Parameters Values

w 10-30N vy, 102 m/s
Mot 6 Vimax 10 m/s

Ay 0.2 m? (0 0.9

A, 0.25 m? A, 0.0012
Enin 10 Wh Eior 100 — 300 Wh
t. 20 mins Pouth 1072

Ooy 1° P; 7 dBm

Ler 30-60km N, 1-4

P 20° Yy 15¢

a simple planning method was provided to assign a backup
UAV for each UAV in service. For simulations, the battery
capacity of each UAV is considered to be E, = 200 Wh.
From the results of Fig. 4, we understand that the number
of UAVs in service to guarantee the requested QoS is equal
to 22, because the number of backup UAVs obtained by the
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FIGURE 6. Investigating the effect of UAV battery capacity on the number
of backup UAVs for two different numbers of N,.

simple planning method is equal to the number of UAVs in
service. As we observe, the proposed sub-optimal algorithm
performs much better than the simple planning method, and
with a smaller number of backup UAVs, it can guarantee that
none of the UAVs in service will crash. Another important
point is that the proposed algorithm, despite having lower
complexity and computational load, reaches the optimal al-
gorithm performance in most cases. The reason for this is that
the variables related to the number of UAVs are discrete.

The results of Fig. 4 only give us information about the
minimum number of UAVs and CSs. To get a better view
of the results of Fig. 4, the position and clustering of UAVs
obtained by the proposed algorithm are shown in Fig. 5(a)—(c).
The results show that when only one CS is used, the distance
between the CS and the UAVs at the beginning and end of the
relay system increases, and as a result, the backup UAV must
spend more time and energy to replace the UAVs in service.
Therefore, for the number of UAVs with a longer distance,
we will have to backup one UAV for each UAV in service.
However, by increasing the number of CSs to 2 and 3, we can
see that the distance between the CSs and the UAVs in service
is reduced and the proposed algorithm can support more UAVs
in service with each backup UAV so that UAVs do not fall.
However, choosing the optimal number of CSs depends on
the cost difference between the CS and the UAV. Usually,
in addition to this cost, CSs face the cost of positioning and
maintenance, which varies depending on the geographical and
environmental conditions.

One of the important parameters affecting the optimal de-
sign of the desired system is the battery capacity of the UAV.
Unlike surface electrical vehicles, weight is a fundamentally
limiting factor in determining the battery capacity of UAVs
and makes UAV power systems particularly complex. Today’s
typical lithium-ion batteries produce around 250 Wh/kg [31].
Lithium Sulfur battery is a next-generation technology, which
provides a lighter option for UAV-based applications that
require higher energy density [32]. In comparison to the ex-
tent lithium-ion battery technologies in the market, lithium
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FIGURE 7. (a) Minimum outage probability obtained from Algorithm 4
versus L for different values of N. (b) Number of backup UAVs obtained
from Algorithm 4 versus L, for different values of Nio.

Sulfur provides higher energy density (theoretically up to
2600 Wh/kg) [32], [33]. To this end, in Fig. 6, we have
analyzed the energy density feature of batteries which is a
function of technology and materials. In particular, by con-
sidering the same weight for the batteries, we assumed that
the batteries have different energy densities and thus, have
different capacities. The results of Fig. 6 are obtained for
a wide range battery capacity (Ey = 100 — 300 Wh). The
results clearly show that by increasing the battery capacity
from 100 to 200 Wh, the number of required backup UAVs
decreases from 15 to 6. Therefore, choosing the right battery
considering the capacity, weight, price, and charging speed is
very important in the optimal design of the considered system.

The aim of designing this system is to prepare for critical
conditions and quickly establish a backhaul link to the DA
from the nearest CN. Therefore, this design should be done
before the crisis, and equipment related to UAVs and charging
stations should be ready. Therefore, the initial design to reduce
the cost of implementation should be done in such a way
that covers a wide range of channel link lengths. After the
initial design, the number of UAVs Ny, and charging stations
is known, and we only need to have a positioning and planning
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for them using Algorithm 4 to improve the performance of the
system. Therefore, in Fig. 7, the performance of Algorithm 4
has been examined for Ei,; = 200 Wh, N, = 2, and a wide
range of link lengths. Based on the results of Fig. 7(a), in
order to guarantee the QoS of the backhaul link, Ny, = 25 can
cover a maximum of 47 km link, while for Ny = 30 and 40,
the backhaul link of 57 and 70 km can be covered. Likewise,
in Fig. 7(b), using Algorithm 4, the optimal number of backup
UAVs according to each link length is provided to achieve the
best performance. The results show that with each change in
the link length, re-planning is required for the backup UAVs.

VI. CONCLUSION

The main goal of this work is to design a long backhaul link
using a set of UAVs to connect the DA to the nearest CN. To
this end, we considered two scenarios. In the first scenario,
for the case where the physical characteristics of an area
(such as the link length, obstacles, wind speed) are known, we
proposed an optimal algorithm that, while finding the optimal
position for UAVs in service and the optimal position for CSs,
it also obtains an optimal planning for backup UAVs so that
while guaranteeing the outage probability, the implementation
cost decreases. For the second scenario, when the number of
UAVs and CSs are known, we proposed an optimal algorithm
that finds the optimal positions for UAVs and CSs along with
planning for backup UAVs to minimize the outage probability.
Finally, by providing simulations, we studied the effect of im-
portant parameters such as the number of required UAVs and
the number of CSs to provide a reliable long backhaul link.
We showed that increasing the number of CSs reduces the
flight path in the replacement mode and reduces the number
of backup UAVs. Also, the effect of UAV battery capacity and
link length on the required number of UAVs was investigated.

APPENDIX A

The function Py, (L2) conditioned on L, is constant and pos-
itive. Also, Pogul (Ly) is a positive and ascending function of
L. Moreover, based on the results of [28], for L; = L,, we
have Pg;gul (L)) < Pgu2 (L»), which results in the optimal value
of Ly € [Ly, oo]. Therefore, by increasing L; from L, first,
P§ul (L)) increases towards Pg‘uz(Lz), and thus, J; tends to
zero. Then, with the further increase of L, Pful (Ly) becomes
larger than Py,  (L2), and as a result, J; increases again and we
can conclude that J; is convex function of L. Similarly, it can
be shown that Jy, 1 is also a convex function of Ly, 1. On
the other hand, since the transmission power of the ground
station is greater than the UAV due to the UAV’s power
limitations, for Lj = L, = Ly, 41, we always have P, (L1) <
Pé;uzvs " (Lny+1) < P[‘;uZ (L), and thus, we conclude that the fol-
lowing relationship exists between the optimal values of L,

Ly, and Ly, 4 as
Ly = Lyg+1 = La. (40)

As can be seen, (40) is used in lines 2-10 of Algorithm 2 for
faster convergence.
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APPENDIX B

As a sub-optimal solution, we assume that 0y, >~ 0. Under
this assumption, due to the symmetry, the optimal position of
the charge stations is obtained as a function of the position of
the UAVs in service as follows:

X, — X,
Pey = [xul + (2m — 1)%,0, 0} .41

Ne

form e {1,...,N.}. For 01y, < 0, the UAVs’ altitudes at the
beginning of the line (UAVs close to the CN) increase, and
the UAVs’ altitudes at the end of the line (UAVs close to the
DA) decrease, which increases the link length between C,,
and the UAVs close to the CA, and reduces the link length
between C,,, and the UAVs close to the DA. Therefore, in this
case, compared to the initial position obtained in (41), the
optimal position p,, is shifted towards the CN. Similarly, it
can be justified that if 615, > 0, the optimal position p,,, shifts
towards the DA.
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