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Abstract: By optimizing the energy-efficient flight trajectory of unmanned aerial vehicles (UAVs), UAV-based aerial base
stations (BSs) can provide longer communication services to more ground nodes (GNs) under the UAV battery limitation. Path
discretization method and successive convex approximation (SCA) algorithm have been shown to be effective techniques in the
design of the energy-aware UAV one-way trajectory along a few GNs. Compared with current studies, this paper designed and
compared different optimal closed UAV trajectories among multiple GNs under a wide range of changing communication
requirements. Meanwhile, a more complex and realistic scenario is considered where the UAV visits the ground nodes
sequentially without repetition from a centrally located terrestrial base station and returns to the starting point in the end. To
thoroughly analyze this problem, two UAV trajectory designs are proposed in this paper. One is to use the fly-hover-communicate
protocol as a benchmark for comparison, and the other is to require that the UAV should fly and communicate with ground nodes
simultaneously, named the fly-over scheme. The simulation results show that, in general, the proposed fly-over scheme
outperforms the benchmark results, while in the case of high and low communication demands, the energy-saving performance
of both is very similar. Therefore, advice can be given on the design of the UAV trajectory depending on different situations.

Keywords: UAV communication; Aerial base stations; Trajectory optimization.

UAV flying over a single node under the maximum flying
speed and completion time constraints. On this basis, Zeng et

1. Introduction

With the emerging applications of the forthcoming beyond al. [20] extended the work by forming a tre}\/.eling salesman
fifth-generation (B5G) and sixth-generation (6G) net- works, prob- lem (TSP) where the UAV should visit three ground
the explosion of mobile traffic results in higher requirements npdes (GNs) sequentially without repetitign insteaq of a
of existing equipment for handling the numerous connectivity sn.lglle node. They proposeq a one-way trajectory with the
demands with not even low latency but also high speed. minimum energy consumption for the rotary-wing UAV .by
Additionally, the further investment and operational costs to introducing the path discretization method and successive
address this problem will be a significant burden to convex approximation (SCA) 'fllgorlthm. Thelr.results showed
telecommunication operators. In current studies, unmanned that it was ‘more energy efficient to communicate V_Vhlle the
aerial vehicles (UAVs) are expected to demonstrate UAV was in flight than to hov'e? for communication after
instrumental abilities for public safety and disaster ~ flying to the corre- sponding position. .
management under the heterogeneous network (HetNet) ngever, this work 1n’[20] and other relevant studies [21]
structure [1]- [3]. Due to its inherent high mobility and the provided a one-way trajectory along only three GNs. To
favorable line-of-sight (LoS) communication circumstances, explore a more general and complex scenario, Shavbo Salehi
the UAV can efficiently support areas with high connectivity et al. considered more GNs but still a one-way trajectory in
demands or system overload in wireless communication ~ the case that the UAV flew and hovered above each node [22],
systems [4]- [6]. In particular, the UAV-based enhanced [23].. Tlngtlng Lan et al. [24] obtained the one-way energy-
mobile broadband (eMBB) is identified as a great success in efficiency trajectory among a large number of GNs under
wireless cellular networks [7]. certain communication demands but they have not analyzed

Early research focused on the hovering altitude and signal the effect of the changing communication throughput

coverage of static flying base stations (FBSs) [8]- [10], while requirements on the trajectory design. Additionally, authors in
recent study emphasis has moved to the dynamic UAV [25] designed a closed flying trajectory with multiple GNs,
communication systems to thoroughly utilize the flexibility of but they focused on the maximum number of ground users
drones. Therefore, by exploiting the mobility of UAVs, UAV served under the UAV battery limitation. Nevertheless, the
trajectory design is significant but challenging in studying this closed UAV trajectory optimization with the total energy

system, as it commonly requires trade-offs among energy con.sumption mipimization among multiple GNS. unqer
consumption, communication throughput, and delay [11]. variant transmission demands is a ﬁlﬂher Valuabk? dlrectl.on
Some studies in [12]- [15] optimized the UAV flight trajectory ~ to explore for the UAV communication system design, which
for maximizing the transmission rate. Wonseok Lee et al. has not b.een. dlsqussed n det?ﬂ; .Therefore, the energy
[16] optimized the UAV trajectory to obtain the optimal consumption in this paper is minimized under the scenario
deployment where mobile ground users were considered. where th‘? UAV-based F BS depa.rt.s from a ground base station

In more practical scenarios, the energy consumption of that provides power chargmg? visits more GNs only once, .and
drones is quite vital for trajectory design because the amount returns to the de?parture point. Thls forms a closed flight
of power that can support the flight of a UAV completing its trajectory, and this work first obtains the optimal fly-hover-
mission is limited. To address this, studies in [17]- [19] communicate trajectory as the benchmark. Next, the UAV is

proposed the energy-efficient UAV trajectory for a single considered to fly over the GNs instead of hovering while
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communicating with the GNs, which is a general scenario
named the fly-over scheme. In addition, this paper compares
the performance of these two methods under a wider range of
various communication requirements. The results show that
the fly-over scheme did not outperform the fly-hover protocol
under extremely high or low communication demands.

Based on the baseline scenario and system model designed,
this work has formulated the energy minimization problem
with several constraints. The goal is to obtain minimal energy
consumption under the optimal communication allocation
time, the UAV trajectory, and the total completion time. This
problem is non-convex which is hard to solve efficiently. The
basic idea is to convert a non-convex optimization problem
into a convex optimization problem by introducing the slack
variable, applying genetic algorithm (GA) and SCA
algorithms, as well as using the path discretization technique.
The detail of the solution is introduced in Section 3.

2. System Model and Problem
Formulation

2.1. System Model

In the basic scenario, an FBS-equipped drone departs from
a ground base and visits different user nodes on the ground in
turn, and each user node traverses only once and finally
returns to the ground base. This paper objects to obtaining the
flight trajectory that consumes the least energy. From Fig. 1,
the hypothetical square map with length L. The ground base
station is assumed to be located at the map’s center with

coordinates [ f? , L_?] Also, this work currently considers a set
of N user nodes randomly distributed on the map with their
coordinates [xn, yn] (n € [1, N]), which are denoted by wn .
In this system, the work assumes the flying altitude H is fixed
and the total completion time of the whole flight is Tt . The
trajectory of the rotary-wing UAV is denoted as q(t) with 0 <
t < Tt, which is a two-dimensional vector representing the
position of the UAV (q(t) € [x(t), y(t)]). Accordingly, the
speed of the UAV v(t) is the derivative of q(t) under the
maximum flying speed constraint Vmax . Attimet € [0,
Tt], the distance between the UAV and GN n is calculated as
dn(t) ="H2 + //q(t)—wn//2.

2.1.1. Communication model

For simplicity, the air-to-ground (AtG) links are considered
to be mainly LoS links, and the None-line-of-sight (NLoS)

channels in the designed system are ignored. This is
because the ability to use LoS links more effectively is one of
the main reasons for deploying the FBS. Correspondingly, let
hn(t) denote the path-varying channel for n — th GN at time t,
which is given

where PO is the channel power when the distance between
senders and receivers is d0 = 1m and “* means the path loss
exponent. The variable gn(t) is the channel coefficient

representing the shadowing and the small-scale fading effect
for
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Figure 1. System Model Map

the n-th GN at time t. Correspondingly, it is shown that E
[lgn(t)|2] = 1 [20]. Accordingly, the achievable transmission
rate in bits per second (bps) for the UAV communicating to

GN n at time t can be expressed as
R_n(t} = Blog?:E 1 +% e (2)“
where B is the channel bandwidth, y > 1 represents the gap
between actual and ideal channel capacity. P denotes the
transmission power of the UAV, and o 2 is the noise power.
Then a binary variable is considered as An(t), which
indicates whether the ground node n is scheduled at time t.
This paper applies the time-division multiple access (TDMA)
protocol. It requires that the UAV can only communicate to
zero and one GN at one time, and the relevant inequality is
written as
Aut) <1 -Av-€-[0, Te]-*
n=1 +
Then, the function of the aggregated expected throughput
for node n is

(3

. LT
fi TeAq(9). {20 = Ae(DRa(t)dt o “

However, hn(t) varies with time, and the aggregated
expected throughput is hard to calculate while the expected
throughput n can be used to replace n. It can be given by

v ( ik
L P

Ra=  Ga(OBE log, 1+ d
.o o a2l
Y L P
- n={\€(t)B.10g2 1+T e ““(S)“
T . )
= ha(t)Blog, | 1+ X A dt,
0 (u‘—' +llalt) - u‘,,”') "

where Y0 is the signal-to-noise ratio (SNR) rate which is

equal to, and a is the expected path loss exponent where o =
b

2.1.2. Energy consumption model

The energy consumption of the rotary-wing UAV as the
objective function can be divided into propulsion energy
consumption and communication energy consumption.

The propulsion power consumption [19] is

) (4 Yz
312 viooy?

Pr="Po- I+ =P ltgm—om

e o

where PO is the blade profile power and Pi is the hovering
induced power. v0 is the mean rotor-induced velocity when
the UAV is hovering, Utip is the tip speed of the rotor blade,
dO is the fuselage drag ratio, and p presents the air density. s
is the rotor solidity, and A presents the rotor disc area. Then,
the communication power consumption is given as a fixed
constant Pc. Additionally, when the UAV is hovering, the
propulsion power consumption of hovering status can be
obtained when

the UAV speed is equal to zero in (6), which is Phover = PO
+ Pi.



To be more specific, PO and Pi can be expressed as

]
Po= psAQs R o
H
—+- 8‘.
Be= (100, A ®

where § is profile drag coefficient, Q is the blade angular
velocity, and R is rotor radius in PO . Furthermore, in Pi, and
K is incremental correction factor to induced power while W
is the aircraft weight.
Therefore, the total energy consumption is denoted as E (Tt,
{q(t), {An(t)), which is
\ Lt

\ 1 \ .t N )

Then, the optimization problem is formulated based on the
rotary-wing UAV energy consumption model, subjecting to
the required communication throughput and maximum flying
speed limit.

2.2. Problem Formulation

The UAV trajectory optimization problem (P 1) based on
the designed system model is formed as

Pl min E-(Tt, {a(0)}. {la(ty})+ (10).
T Tea(D, B0l .
sty s.Le +
)1l Vs At S [0, T+ (10a)

(10k)
(10¢)
(10d)
(10&).
(10%)

Ra(Te, {q(t). 2e(0}) = Qu. An.v
9(0)="q0.9(T)=qp.¢
0-Z-qf)x=-L+
0-<qt)-y<Le

Jaft) € [0, 1], An € NACE-[0, Tv
N

T a1 At €[0, Ty ¢ (10g),

where Vmax is the maximum UAV speed, and Qn is a given
expected required communication throughput for GN n.
Furthermore, constraint (5c¢) indicates the closed UAV
trajectory, and the q0 is the starting point for the departure
of the UAV. The UAV is also required to fly within the range
of the virtual map shown in constraints (10d) and (10e).

To handle this non-convex continuous optimization
problem, this work applies two different UAV-to-ground com-
munication schemes from the one-way trajectory design to the
proposed system model with a closed trajectory. The first one
is the fly-hover-communicate protocol as the benchmark for
comparison. This means the UAV continuously visits the
same number of hover locations as GNs, communicating with
a corresponding GN at each location as it hovers. In this way,
the problem can reduce to a more straightforward problem
with finite variables by jointly optimizing the visiting order
and hover locations. The other more general scheme
considers the UAV communicating simultaneously while in
flight. This paper introduces the path discretization method
and SCA algorithm to solve this problem.

3. Solutions to the Problem

3.1. Solution under fly-hover-communicate
protocol

Considering the UAV starts to provide service to GN n
when hovering on one location, the problem (P 1) reduces to
optimize the UAV visit order among N GNs, and the UAV
flying speed among these hover locations. The gn € R2
is denoted as the UAV hovering location for communicating
to GN n. Therefore, for each GN n, the total communication
time under the throughput requirement can be expressed as

(ON
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Accordingly, the functlon of the total required hovering and
communication energy for GN n can be formulated as

follow

=11y

N
Eic = (Pe+ PO T Tu(q's)
=1

=1 BIOEQ; 1 fH"vIrrJ:iuull"‘}"J -

where Ph  =P0 + Pi and Pc denote the hovering power and
communication power of the UAV, respectively.

For the propulsion energy consumption of the UAYV, it is
related to the total UAV flying distance Dtr after visiting all
hover locations q™n with the speed V (t). Referring to [20], the
optimal flying speed of the UAV under the hover trajectory
design needs to keep at the MR speed Vmr . Accordingly, the
MR speed is the speed that minimizes the consumed energy
per unit of flying distance. For the formulated problem, the
UAV energy consumption per unit of flying distance can be
defined as

Eo(V)-=

N
= (Pe+P)T

BV«

Ve

S ! (4 . Ju
—= 1 1
=Po —+—“ +Pi Vhte—g -y

e RS

Therefore, the MR speed can be obtained as Vmr = arg
minV >0E0(V), and the UAV energy consumption per unit
flying distance with MR speed is EO = EO (Vmr).

Furthermore, the total flying distance Dtr is determined
by the sequence of accessing each GN. This work defines a
variable Q(n) € {I, , N to denote the index of hover
location where the UAV is serving to GN n. Then, the function
of Dtr is given by

=1

(13),

De({q ) AQmh) = ZF Foen~Caw + Tan~% + Tago~% - a9
where the second term and third term denote the distance
of the first hover location and the last hover location from the
starting point.
Therefore, the total UAV propulsion energy consumption
can be given by
Ea({qa}. {Q(n)}) = ED=({ge}-. {Q(m)}) .+
Then, the total UAV energy consumption is shown as

follow

(15)

Ee({g7a) . (2w} = Ex(ig s + Ex({qs} . {Q(m)]) {16y

Above all, the problem (P 1) can be transferred to (P2) as

P2 min E-Daf{ by . (2@ o (e + P Qn .
Iqiw o - =LB 1052--( 1= umufs:'l....lw)“ :
5. L4 .
”[_“’“( 1), Qm]-EPy (A7)

(176)

02quxsln= {1,..-.,'1'\'-};J
(17e).

0-glqpsy-=Lon=-{1,---- NLe
where P means the N ! possible combinations of
permutations for N GNs. Problem (P2) is also hard to solve
as it is a non-convex optimization problem. To solve it, this
work first solves the TSP with the shortest flight distance by
applying the GA when fixing the hover location. After
obtaining the optimal visit order = (n), the work then
reformulates the optimization problem to optimize the UAV
hover locations. In the new problem, this study introduces the
slack variables

o
Dtot and qn = log2 (1 + L2+ lld—wall*) g ) and adds
new corresponding constraints. Therefore, the new problem
(P2.1)
can be given by



N.
. (P + Pe) Qn
P2.1 18
By Eilrs : B 8y
=11
o ooz P Z (18a),
8L, Teren T Cerw T ORe@T %t ey T S Dt
20, (18b)
0-£ gy x € Loa={l o Npe (18¢)
0= qﬂ,n;:.);.s.]_‘,.n.z.{l’ e N (18d)
0 1
ez o 1+ e - A “ (18e):
AL,

= ‘o o mfuj'lu'
In the problem (P2.1), the function (18) and constraints
(18a)-(18d) are all convex except constraint (18e). This non-
convex expression can be handled by applying the SCA
algorithm, which replaces the non-convex function with a
convex function in continuous iterations until the object value
is below the threshold value [26]. For the right-hand-side
(RHS) of (18e), the global coancave lower bound can be

given under the local point {q~") at the 1 — th iteration as
follow

1 o

T e 2RDg)
(2 + ldn = wall*) - ¢
o

log, | 1+~ (19)«

il
Then, use the lower bound R™) to replace the RHS of (18e).
There is a new problem (P2.2):

(P + 1) €
min EﬁDm*-z h+ ) Qn
_and By ¢ o

v

P2.-2:
{dn-

(20)

=1
&E J;:] Qg @)~ G (n) - q""ﬂ = qD + q"‘{!-' (l\'j--_'qD-~ S'Dzuj-;'J
Mooz 0+
0-£qy xS L n= {1,
0-2 gy S Lon={1,
naes RO, Ane
Problem (P2.2) turns out to be convex, and it is solved by

applying the toolbox CVX. And the next step is to keep
I

(20a)

(20)
(20¢)
(20d)
(20¢)

- N1e
SN

updating q~") until the object value converges below the
threshold. This work summarizes this SCA-based algorithm
in algorithm 1. According to [27], the results will finally
converge to the Karush-Kuhn-Tucker (KKT) conditions, and
the optimal trajectory is obtained under the hovering case as
the benchmark.

PRY (g = log, gy <3

4 . . L 1
A LIt USSR e

EATVRE I S

Table 1. Iteration process for P2

1. Initialize: set the initial hover location q~rl , Where
I=0.

2. Repeat:

3. Deal with the convex problem P2.2 and obtain the
following optimal variables Df ,;, 9~} , nj; -

) =

4. Change the local point as q~n - g~

5. Change I =1+ 1.

6. Until the object value of P2.2 converges below the
threshold « .

3.2. General Solution to (P1)

This section considers the intuitively more general fly-over
case where the UAV is flying while communicating with the
ground node. The original problem (P 1) involves infinite
variables as it is a continuous optimization problem. The other
difficulty of solving the problem (P 1) is the non-convexity of
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the UAV total energy consumption function and required
communication throughput constraints.

To tackle the problem (P 1), this paper first introduces the
path discretization method to the convert problem (P 1) into a
discrete optimization problem. Then, similar to the solution
to the problem (P2) in the previous discussion, the slack
variables and SCA algorithm are proposed to solve the
discrete optimization problem.

3.2.1. Path discretization

The problem (P 1) is a continuous optimization problem,
meaning the optimized variables are infinite. The basic idea
is discretizing the variables q(t) and An(t) in order to
reformulate (P 1) as a discrete optimization problem. This
work introduces the path discretization method, which splits
the UAV path into M line segments and yields M + 1
waypoints. Thus, the continuous optimization problem can be
converted into a discrete optimization problem.

Specifically, the UAV trajectory variable q(t) is combined
with the UAV path and the time dimension. On the one hand,
the new variable {qmY+1 is defined by discretizing the UAV
flight path, which is the UAV horizontal coordinates in the
flying process. As the need of a closed trajectory, ql = q0,
gM+1 = q0 should be satisfied. Furthermore, it is assumed
that the UAV velocity and the distance to each GN are

unchanged in each segment qm. Therefore, the new
constraints should be defined as follow
llqul - —qull - =-Amar, Am, (21),

where Amax is a predetermined value that should be much
smaller than the UAV flying altitude to satisfy the assumption.
In this case, M should also be chosen efficiently large so that
the length of each segment is much less than the total flying
distance.

On the other hand, this work denotes Tm as the duration of
the line segment m, and this equation to denote the total

completion time Tt can be shown as
-m= 1

Therefore, the trajectory variable q(t) can be described by
variable qm and Tm individually. Then, the velocity of the
UAV in segment m can be expressed as

Te © 22y

&&J;Q%;%ME{IM}G (23)
m Pl
| =~!m’3:]—;—5|5£ﬂAmE Ll Mo Q4

T e distance between.th e paths o2 ment g and each GN n can be expressed as dun = Hot g~ wall* An
Then thed iserete formof- th &7 A Vachiev ablerate canb eciven by e

LD B

Ra =B log, (1+ - o{25),

£ B2 4 i = P
According to the TDMA protocol, the variable tmn >0
is defined to denote the allocation time for communication in
segment m with GN n. In this case, this study imposes
constraints ZH=1tmn <Tm ,Am. Asaresult, the overall
transmission rate for GN n can be formed as

Ra({ @mbA%end ) =B 2amrl0ZA ]__(I—TO—):!‘«J ; (26)«
U OO, = Ha+- llquer-—veell * .

For the UAV total energy consumption, the discrete form

can be shown as
(- ) N
ﬂ S

n -~ ) 1 (4 At A-”I’
By Term 4 PA T - Tmo T
EE T

Tony

Lt

M
E({Tub {gn} . {saa}) = 3 TPz

ottt

Q7

T a

1
+- ci[I pSA o Tm+



where-Am £~ llgm1 = -qmll-, m-E-{1- -, M} isthe length-of m — th-li 3
In surmmary of all the diécussions above, the problent (P 1)-can-be converted ito-the discrete form (P3) as.
.

o

N e e (28)

P3-: i Eo({ T, g}, {gpemf) e

S5 SRS
1
M . N
B-Y tmlog, |1+ 1o oA > Qn,-An, (28a).
=t (U-’+ llgm — u‘.-”") — o
Hqme1 — qall £ min {Ang, TaVag)  m € (1., M}, (286)

(280)
(28d)
(28¢)

PEER I IR
Osgu-xsLlom={lL.. .. ML
OSgm-ysLom={l. M}«
N

(81

I

G T Am. i
Jomo2 0,-Am, 0+ (28g),
where the constraint (28b) refers to the UAV’s maximum

speed and the maximum segment length, which this paper

mentioned before.

In the end, the new problem (P3) is in the discrete form,

which is more tractable. However, (P3) is still a non- convex
problem because of the non-convexity of the discrete energy

consumption function and the throughput requirement

constraint. Similar to section 3. 1, the slack variables and the

SCA algorithm can be used.

3.2.2. UAV energy consumption minimization in (P3)

As mentioned before, the object function of the problem

(P3) and the constraint (28a) are both non-convex.
The UAV’s energy consumption function can prove that only
the second term is non-convex through the perspective

operation [28]. Therefore, this research introduces the slack

variable ym > 0 to denote the term “"Tm(4) + — . Then
the following relationship is given by
: .
Yo Tas TR gEAm @
which is also +
LR oy

Then, the second term of the UAV energy consumption can

be expressed as the convex linear form PO Mi=1 ym by

imposing the additional constraints as
A

yi o~ =
The RHS of (31) should be transferred to the concave or
affine form by deriving the first-order Taylor expansion as the

global lower bound of it as

«

) |J1 +
Z T @) (2

L0 _ ) g (
— )”J - ||L.¢,| ‘ 2ty
yo Y2y - z

2 (
2+ e I s gl 2y
¥

where v\ and g}’ are both the local point-at-1 — -th-iteration.
A -for the non-convex-constraint of the P

Az} 20 to replace the original expression-ase

this-work-also-uses-the slack variable

o

8 o, Hor T e , (33)-
“ = Hr+ligeswen? .
Then, -constraint (28a)-is-converted-into B3, Awn® > -Qu.-An -Also, there-is-a-new-constraint-ase :
0 1 o
A ¢ gy — 1o i Amat B4
“ - - .

Ho+ llgar+ el

Firstly, -for-the-constraint BT 2., Am® 2 -Qa,-An, the left- hand-side-(LHS) rex- function-while- it should-b
comveried-iato the concave or affine form. This paper-thus uscs-the first-order Taylor cxpansion as the global lower bound
of Agy? . and the inequality can be shown ase

( ) 5
Amalz ADL <240, Ame— AL, Y G5

where- Allly denotes the value- of Agy ar iteration L.«

Then, by -apph 19).-the-global I bond-of RHS of (34) -is-expressed-as.
1

log, |1+ o ot 2 R 2, 36y

(42 + llawm = wnll*) o

As-a-result, -the-new-problem-(P3.1), -which the-slack bl d-apply-SCA- i 3 by ven-by.
a. (A3 ) I +

1 min Poz . S . 374

= Teguremomde o, 0 UZTm P‘"gi‘i

® oAy E X

1

+odepsSa T P Tann
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M

(372)

) « )
B YAl +2A0 e —All, 2Qu.An -

m—1

o _ o
e ) "MHM = Gm ‘ -
R e

(37b)

K ”JT -
DL @e g Ame

(37¢)

(37d)
(37¢)

(286) — (288)..0 67

Problem (P3.1) can also be handled by using the CVX
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toolbox. Then, this work successively updates the local
(i fi (i
pointsq)" , Tm) andt™n by solving the problem (P3.2). The

iteration is stopped when the object value converges to a

certain threshold. This SCA process is firstly doing the
m o o) ]
initialization, which obtains the feasible q™ , Tm andt™

n}to (P3). The next step is starting the iteration, and in the
[ [

loop, y™) and A n based on (32) and (34) are calculated.
Then, solve (P3.2) and have the optimal {gin}, {Tf} and {t
in} as the updating local points. The following work is to
repeat the loop until reaching the threshold. The above
process is concluded as Algorithm 2. Finally, the obtained
trajectory is called the fly-over trajectory.

In this way, the optimal UAV flight trajectory, optimal UAV
communication allocation time, and minimum UAV energy
consumption are obtained.

Table 2. Iteration process for P

Pl Lot
.--Initialize: - set-the-initial feasible {q‘l",“ . T,[,:‘)}m {':,[,‘.',.

to-(P3.1), where-1-=-0.¢
2. Repeat:+

[0
o

3_-Calculate-local-points-y1;) and-A by, -individually «

4 --Solve the- convex-problem-P3 .1 -and- obtain-the- following-optimal variables-{qf }.-{T5 }-and-{t3 a}.+

i

Change the local points-as q,uﬂj =q .. ™= T; . and i = oo

w

6.--Change 1 =1+-1.+

~

- Until-the-object value-of P3.1-converges-below the-threshold-€-

4. Numerical Results

4.1. Parameters Setting

This section describes the parameters set in the system
model and the numerical results ofthe proposed problem. In
the system model, this work uses the rotary-wing UAV as the
FBS, so the UAV-related attributes for the UAV propulsion
power are set as shown in table 1. The communication power
consumption of the UAV is set to be a constant as Pc = 5W
[29]. Then, the maximum UAV velocity is required that Vma
1t =30m/s and the fixed UAV flying altitude H is 100m. This
is by Federal Aviation Administration (FAA) regulations that
small UAVs cannot fly above 400 feet in altitude [30]. For the
communication system, this work defines the communication
bandwidth as B = 1MHz, and the reference SNR is set to be
v0 = 52.5dB with transmit power P = 20dBm. For the model
scenario, the length of the hypothetical square map is L =
1200m. The location of the ground base station is at the center
of the virtual map at q0 = [600m, 600m] T, and this research
uses 0 as the initial and final location of the UAV. The
number of GN is set to N = 10. Additionally, the required
communication throughput Qn for GN n is assumed to be

identical among all GNs where Qn = Q. Furthermore, it is

defined that Amax j= 30 m. For the Algorithm 1, the initial
(0
hover )locations qmn
i
isq™ =wn, Am. For the Algorithm 2, this paper divides

the UAV trajectory q(t) into M line segments where
i

M = 250. The initial local point {q™ } of the UAV discrete
path is set as the obtained optimal UAV path by Algorithm
1. For the other two local points, which are initial duration

is set to be the GN’s locations wn which



i) ]
time {T™ }and initial communicate allocation time {t™n}
(o) - o _
individually, this paper has T™ = T , Am, and ™" =

% ,Am,n. T is setas the minimum value that makes all the
constraints feasible in (P3). Then, the work uses the SCA-
based Algorithm 2 to obtain the optimal trajectory in the case
that the UAV flies while communicating with the GN. These
two schemes will be compared later at different required
communication throughputs.

Table 3. The rotary-wing UAV attribute

MNotation+| Physical- meaning, Simulation- wvalued
5o Profile drag- coefficients 0.012#
pe Air- densityo 1225+
W Aircraft weight in- Newtono 204
do. Fuzelage- drag- ratioo 0.60
Re Rotor radinse 0.4
Qe Blade- angular- velocitys 100«
ke Incremental- correction factors 0.1¢
Usip: Tip- speed- of rotor- bladeys 1204
A Rotor disc areas 0.503«
50 Rotor- solidity. 0.05¢
V. Mean- rotor induced- velocity- in- hover.| 403+

4.2. Results and Analyses
The simulation results first propose four different required

communication throughputs @ to the formulated opti-
mization problem (P 1) and compare the difference between
the benchmark solution in (P2) and the more general fly-over
trajectory in (P3) as shown in Fig. 3.

(€} Q =200Mbits (d) Q =1000Mbits

Figure 2. Optimized UAV trajectories with four different
communication demands

When the required communication throughput is extremely

low, where Q- 100Kbits, the UAV hovers at the de- parture
point and communicates with each GN regardless of the
design of the UAV for communication. It is notable that as the
UAV gets closer to the GN, the shorter the distance of the
communication link between them, which will consume less
energy generated by hovering and communication. However,
this will also make the UAV fly longer distances, thus
increasing the propulsion energy consumed by the UAV.
Therefore, when the GN has low demand for communication,
the time required for the UAV serving to each GN is much
less than the time required to fly to each GN. In this case,
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there is no need for the UAV to fly toward the GNs based on
the fact that the hover power and communication power are
much less than the UAV propulsion power with a short period
of serving time. Similarly, when the demand for GNs is

hugely high, where @ = 1000Mbits, the two trajectories
under different communication designs are quite identical.
For the fly-hover-communicate scheme of the UAV, it is
shown that the UAV should hover precisely on the location of
each GN above. For the general fly-over case, the trajectory
is the same as the benchmark except for the path where the
UAV returns to the ground base station. Moreover, it is
notable that from Fig. 4(c), the UAV speed of the fly-over
design is nearly equal to zero for a period when the UAV
reaches each GN. This means that when the required
communication throughput is exceptionally high, the optimal
solution to the least energy consumption is that the UAV still
needs to hover on the top of the GN to provide service but at
a shorter flying distance and a little lower flying speed. It is
expected because in this case, the time required for
communication is very long, so reducing the communication
time is more effective in saving the total energy consumption
than reducing the UAV flight distance.

Figure 3. Optimized UAV speed for different trajectories

On the other hand, in terms of moderate required
communication throughput where () = 10Mbits and () =
200Mbits, the optimized hover locations are generally
different from the GN locations. From Fig. 3(b) (Q =
10Mbits), it is notable that most of the optimized hover
locations are closer to the centrally located ground base
station than the GN locations, which means the UAV flying
distance is reduced. For the fly-over scheme, the distance of
optimal UAV trajectory is even shorter. In this case, the UAV
keeps flying at a lower speed throughout the process until it
returns to the ground base station (shown in Fig. 4(a)).
Alternatively, when the required throughput increases to (;1 =
200Mbits, the optimized hover locations get much closer to
the GN locations, and the hover time is correspondingly
increasing. In contrast, for the fly-over scheme, when the
UAV approaches the GN, the figure shows that the UAV
does not hover above the GN but will maintain a constant
speed to fly around the GN. This seems to be contrary to the
previous analysis because the UAV is flying around the GN,
which would lead to a longer link distance and flight distance.
However, this is reasonable because keeping hover status is
not the ideal energy-conserving state for rotary-wing UAVs
[20]. Therefore, even if the UAV is exactly on top of the GN,
it should keep flying in order to both minimize the power
consumption and the communication time. In other words,
this also shows that the time required for UAV
communication and the flight distance have similar effects on
the total energy consumption at () = 200Mbits.

In the following, the energy consumption with three UAV
trajectory designs under the varying required throughputs is
compared as shown in Fig. 5. The blue and red lines are two
schemes this work discussed before, and the green line



denotes the trajectory that the UAV is required to hover above
GNs. From Fig. 5, it is shown that the three trajectories are
relatively similar when () is particularly small. As ()
increases, the trajectory with the fly-over scheme always
saves

more energy. In the contrast, the benchmark trajectory
under the fly-hover-communicate protocol keeps the same as
that with hover on the top of GNs after ¢} is larger than
100Mbits.

Energy consumption versus required throughput
180 v v v v v y . >

+-@-= benchmark trajectory and hover location
~—8— fly-over trajectory
hovering above GN

>
=3

UAV energy consumprion(KJ)
2 @ 2 N &
8 8 &8 & o

B
o

20+

0 20 40 60 80 100 120 140 160 180
Communication required throughput per node(Mbits)

200

Figure 4. Energy consumption versus required throughput

In terms ofthe difference between the benchmark result and
the fly-over result, Fig. 6 gives the energy-saving amount and
rate that the fly-over trajectory design can make with the
increasing required throughput. When ¢ = 200Mbits,
the proposed fly-over design saves the most amount of energy
because the required communication time and the flight
distance have an equal influence on the energy consumption
under this throughput constraint. Then, under the SCA-based
algorithm, the most optimal status between the two factors
can be balanced. However, the saving efficiency is highest
when () = 10Mbits from the saving rate curve. This is
because although the energy-saving amount of the fly-over
scheme is not the highest at () = 10Mbits, the total energy
required at this point is lower, resulting in a higher savings
rate. Also, these two mountain-shaped curves show that the
energy-saving performance of the fly-over scheme decreases
when () is particularly smaller and larger. More specifically,
the UAV still needs to be in static status while serving the GN,
whether demand is too high or low. In general, the fly-over
scheme is a more energy-efficient trajectory design compared
to the benchmark. In the extreme case, the performance of
the two schemes converges to the same in terms of total
energy consumption

<2 Energy saving amount (rate) versus required throughput

—&— saveing amount
—&— saving rate

»unt of SCA optimized trajectory(

saving am

V energy

0 100 200 300 400 500 600 700 800 900 1000

Communication required throughput per node(Mbits)

Figure 5. Energy-saving amount (rate) versus required throughput

UA)

95

5. Conclusion

This project investigates the design of closed, energy-
efficient  flight trajectories during UAV-to-ground
communica- tions. This work uses a rotary-wing UAV as the
object of study and constructs an optimization problem with
its energy consumption model as the objective function. Two
UAV flight modes are considered, one is to fly to a particular
position and hover to communicate with GNs, called the fly-
hover-communicate scheme as the benchmark, and the other
is to fly while communicating with GNs, named the fly-over
scheme. The results show that the second trajectory design
scheme is usually more energy efficient than the benchmark
under specific communication throughput requirements.
However, the performance for energy saving tends to be the
same when the user demand is very low or very high.
Therefore, a reference can be given for designing UAV
trajectories in different situations. For instance, when the data
transmission rate required

by the regional node is not high, the UAV can just hover at
the original location to provide services to the surrounding
user community instead of letting it fly. When the demand for
regional nodes increases, for example, in a post-disaster
recon- struction scenario, the best trajectory can be designed
based on the fly-over scheme. Furthermore, with the
development of the Internet of Things, the user demand for
communication is extremely high when a simpler fly-hover-
communicate scheme can be used and can be combined with
a gripper installed on the hover point [31] to reduce the energy
consumed by the drone hovering.
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