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ABSTRACT Due to high mobility and flexibility, unmanned aerial vehicles (UAVs) have attracted significant
attention from both academia and industry in wireless communications. Different types of UAVs are used for
different wireless applications. However, there is a dilemma that no suitable approach is available to provide
continuous available long-time wireless coverage from UAV-mounted base stations (UBSs) since rotary-
wing UAVs require frequent energy replenishment while fixed-wing UAVs cannot hover at fixed locations. In
this paper, the fixed-wing UBS is considered for providing continuous available wireless services to ground
users with a novel dynamic resource allocation framework. In particular, the optimal resource allocations
for both out-band and in-band wireless backhaul schemes are derived using convex optimization theory.
Moreover, the sequential convex optimization method is used to obtain the energy-efficient trajectories.
Finally, extensive simulation results are provided to verify the effectiveness of our proposed method.
A comparison of out-band and in-band backhaul schemes is also provided.

INDEX TERMS Unmanned aerial vehicle, wireless backhaul, convex optimization.

I. INTRODUCTION

Unmanned aerial vehicles (UAVs) have attracted increasing
attention in many areas. UAV-mounted base stations (UBSs)
have emerged as a promising solution to provide wireless
services to ground users [1], [2]. Compared to terrestrial
communication systems, the high altitude of UBSs usually
leads to a high probability of line-of-sight (LoS) links, which
results in high-quality air-to-ground channels. Moreover,
the UBSs are flexible that they can be easily reassigned and
relocated [3].

The applications of UBSs are usually determined by the
characteristics of different types of UAVs [4]. For example,
the rotary-wing UAVs are equipped with propellers, which
help them to hover at fixed locations. Therefore, the rotary-
wing UBSs can provide continuous available wireless ser-
vices and assist the cellular communication system in the
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service recovery scenario with partial infrastructure failure
and in the scenario of coverage enhancement with extremely
crowded users [5], [6]. However, the use of propellers
requires high power consumption. Frequent energy replen-
ishment is needed for rotary-wing UBSs. Hence, rotary-wing
UAVs are not suitable for long time service provision.

On the contrary, fixed-wing UAVs have much longer flight
duration since they typically consume much less power com-
pared to rotary-wing UAVs [7]. However, fixed-wing UAVs
are not capable of hovering at fixed locations. Therefore,
existing studies have focused on leveraging the mobility of
fixed-wing UBSs to improve transmit rate. For this purpose,
only the users with strongest receiving signals are served at a
given moment, while no service is provided to the rest users.
Hence, the applications of fixed-wing UAVs are usually lim-
ited to delay-tolerant communications, such as data collection
for sensor networks [8].

By comparing the characteristics of fixed-wing and rotary-
wing UAVs, a dilemma is noticed that there is no suitable
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FIGURE 1. The fixed-wing UAV based network model, where the UBS
provide the continuous available wireless services to ground users
through the fronthaul links (red lines) and the GBS provides the
wireless backhaul links (blue line) for the UBS.

approach to provide continuous available wireless services to
ground users for a long time. To solve this problem, a novel
design using fixed-wing UBS to provide continuous available
wireless services is considered in this paper. To be specific,
an energy-efficient joint resource allocation and trajectory
design is studied for fixed-wing UBS.

Furthermore, as shown in Fig. 1, the UBS needs to con-
nect with the ground base station (GBS) through a wireless
backhaul link, where the GBS serves as a gateway to forward
the user data to/from the core network. The out-band wireless
backhaul scheme, where the fronthaul and backhaul links are
operated in separated frequency bands, is usually considered
in the existing works. On the other hand, the in-band wireless
backhaul, which allows the backhaul links to be operated in
the same band as the fronthaul links, has been considered in
recent works to improve spectrum utilization [9], [10]. Based
on the wireless backhaul schemes, the corresponding joint
trajectory and resource allocation designs are discussed and
analyzed in this paper.

A. RELATED WORKS

As mentioned above, the rotary-wing UBS can act as a static
aerial base station. Several works have studied the placement
optimization of UBS to improve network performance. For
example, the optimal altitude that maximizes the converge
area was derived in [11]. The optimal location of UBS to
serve the maximum number of users was obtained in [12] by
solving a mixed-integer nonlinear optimization problem.

Moreover, multiple-UBS placement has also been consid-
ered to provide services to large areas. In [13], a successive
multiple-UBS placement scheme based on geometric disk
cover problem was designed. An energy-efficient multiple-
UBS deployment method based on optimal transport theory
was developed in [14]. As an extension of [14], an optimal
user association with maximum hovering time constraints
was proposed in [15].

Meanwhile, some works considered wireless backhaul in
the rotary-wing UBS deployment problems. To maximize
the overall reliability of both fronthaul and backhaul links,
an optimal altitude was derived in [16]. In [9], the overall
spectrum efficiency was optimized by adjusting the altitude
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of UBS. In order to achieve the required network capa-
bility, a “working zoom™ was derived and then used as a
constraint for UBS placement problem in [17]. A multiple
UBS placement problem with joint fronthaul and backhaul
resource allocation was solved using convex optimization
method in [18].

Although the fixed-wing UBSs can not hover at fixed
locations, they can fly toward the target users to reduce trans-
mission distances. As demonstrated in [19], the mobility of
base stations have significant impact on the network capacity.
In [4], with a given trajectory, a variable-rate protocol that
can reduce the outage probability and improve the achievable
information rate was developed to relay data between two
ground stations. In a similar point-to-point relaying system,
a joint trajectory and power allocation design was proposed
in [20], where a significant throughput gain was achieved.

The trajectory design for multiple users was studied in
recent works. In [21], a joint trajectory and communication
design with multiple UBSs and multiple users was proposed.
By considering the energy harvesting from solar power,
a joint 3D trajectory and resource allocation problem was
studied in [22]. In [23], a secure energy-efficiency trajectory
design that avoids the eavesdroppers was designed. The opti-
mization problems in [21], [22] and [23] have used the long-
term throughput as the objective function or as a constraint.
Therefore, the corresponding resource allocations would only
serve the users with the strongest receiving signal at the given
time slot, while no services are provided for the rest users. In
other words, the ground users can only be served when the
UBS is close to them, and they would suffer from significant
delay when the UBS has flown away. This kind of resource
allocation is not desirable in providing continuous available
wireless services.

Motivated by the aforementioned delay problem, the tra-
jectory design for delay-sensitive applications based on the
rotary-wing UAVs was also considered in recent works. In
[24], the tolerance for delay was considered as constraint
in the throughput optimization problems. Another literature
[25] considered the scenario that a fraction of user data is
delay-sensitive. The interesting delay-throughput trade-off
for rotary-wing UBS is demonstrated in both [25] and [24].
However, when the delay requirements are high, i.e., the
tolerance for delay is O or the ratio of delay-sensitive user
data is 1, the optimized trajectories in [24] and [25] become
single points, which are not feasible trajectories for fixed-
wing UAVs.

B. CONTRIBUTIONS
In this paper, the trajectory design and resource allocation of
the fixed-wing UAV are jointly optimized to provide contin-
uous available wireless services for ground users. The main
contributions of this paper are three-fold.
1) We consider a practical problem of joint trajectory
design and resource allocation for providing continu-
ous available wireless services with a minimum rate
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guarantee at every time slot, which has not been
addressed in current studies.

2) We propose a framework to solve the energy-efficient
trajectory design problem. In particular, the resource
allocations for both out-band and in-band wireless
backhaul schemes are derived in closed-form. Based on
the optimal resource allocations, a sequential convex
optimization framework that transforms the original
problems into a sequence of convex optimization prob-
lems is developed.

3) Extensive simulations are conducted to prove the effec-
tiveness of the proposed algorithms and provide a com-
parison between the out-band and in-band backhaul
schemes.

The rest of this paper is organized as follows. Section II
describes the system model. In Section III, the trajectory
optimization problem of out-band backhaul scheme is formu-
lated, and the corresponding sequential convex optimization
method is developed. Similarly, the problem formulation and
trajectory design for the in-band backhaul scheme are dis-
cussed in Section IV. The simulation results are provided
in Section V to validate the performance of the proposed
algorithm. Finally, Section VI concludes this paper.

Il. SYSTEM MODEL

A. NETWORK MODEL

As shown in Fig. 1, we consider a geographic area in which
a fixed-wing UBS is deployed to provide wireless services to
a set of unserved ground users. In the meanwhile, a GBS is
used to provide the wireless backhaul link for the UBS. The
set of ground users is denoted as M, and the locations of the
ground users are given by x"¢" = {x}’Ser e R2|Vj € M.
The location of the GBS is given by x2% € R?. The goal
of this paper is to optimize the UBS’s trajectory to minimize
the energy consumption while guarantees the minimum rate
Rmin for all users. The energy-efficient trajectory design can
improve the endurance of the UBS and preserve the on-board
energy for future assignments of different tasks. In particular,
we focus on the optimization problem in a finite duration 7,
which can be divided into N discrete time slots. We assume
that the time slot is small enough, and the projection of the
UBS on ground at time slot n € A can be approximated as a
constant x,,, where A = {0, 1, ..., N — 1}. For convenience,
the location of UBS at the end of T is denoted as xy. Then,
the trajectory can be denoted as a sequence of discrete points
given by x = {x, € R*|Vn € N}, where Nt = N U {N}.

The UBS flies at a fixed altitude 4, and the distance d, ;
between user j and the UBS at time slot n is given by d,, j =
\/ lx, — x}‘serll2 + K2, where ||-|| denotes the 2-norm. The
distance between the GBS and the UBS at time slot 7 is given
by dPak = /[lxgbs — x, ;|12 + h2.

According to recent path loss measurements [26]-[28],
the air-to-ground communication channels are dominated by
the LoS links. In the 3GPP propagation model for UAV
[29], the altitudes required for 100 % LoS channel in the
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Rural Macro scenario and the Urban Macro scenario are 40 m
and 100 m, respectively. Since the high altitude is already
required for UBS to avoid some obstructions from the ground,
the altitude requirements for the LoS channel are reasonable.
Moreover, the Rician fading model is commonly used to
model the small scale fading in the LoS dominated channels,
in which the Rician factor is used to characteristics the power
ratio between the LoS signal component and the scattered
signal component. Given the high altitude of UBS, the Rician
factor is large enough, and the LoS channel model gives a
reasonable approximation [30], [31]. Furthermore, by assum-
ing the Doppler effect is compensated, the path loss can be
modelled by the free space propagation. Let K be the transmit
power of UBS, the received power of user j at time slot n is

_ K/(4nf/c)?

Sej =~
nj

’

where f is the carrier frequency, c is the speed of light. Then,
the spectrum efficiency can be given as

S, .
E,;=log (% + 1),

where o is the noise power. Similarly, the receiving power of
the UBS at time slot n is

Kback/(4nfback/c)2
| d,'?aCk |2 ’

back __
spack =

where KP2K is the transmit power of GBS and P2k is the
carrier frequency of backhaul. The corresponding spectrum
efficiency of backhaul link is

Sback
EP*K = og < ”0 + 1> .

B. RESOURCE ALLOCATION SCHEME

Since the wireless links are employed in the UBS backhaul,
the backhaul resource allocation should be considered to
avoid the interference between fronthaul and backhaul links.
In particular, two resource allocation schemes are considered
in this paper.

1) OUT-BAND BACKHAUL

The out-band backhaul scheme avoids the interference by
assigning different frequency bands to the fronthaul and
backhaul links. Without loss of generality, the time-division
duplexing (TDD) with equally allocated uplink and downlink
time slots is further assumed for both fronthaul and back-
haul links. Since the frequency bands of fronthaul and back-
haul links are isolated from each other, no fronthaul/backhaul
time slot alignment is required for the out-band backhaul
scheme.

2) IN-BAND BACKHAUL

To improve the spectrum utilization, the in-band backhaul
scheme could be used to dynamically allocate the resources to
fronthaul and backhaul links from a common frequency band.
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FIGURE 2. Reverse-TDD time slots configuration.

However, as a result of the band sharing, a carefully designed
resource allocation is required. In particular, simultaneously
transmitting and receiving should be avoided at the UBS to
prevent self-interference. Assume that the TDD with equally
allocated uplink/downlink time slots is used and the time
slots of fronthaul and backhaul links are aligned, the reverse-
TDD proposed in [32] is adopted. As illustrated in Fig. 2,
the time slot configurations for uplink and downlink are
reversed among fronthaul and backhaul. More specifically,
the UBS is receiving data from both the GBS and the users
in the first time slot. In the next time slot, the data collected
from the users is forwarded to the GBS, and the data received
from GBS is sent to the users. By repeating this process, self-
interference is avoided.

C. ENERGY CONSUMPTION MODEL

In practice, the communication-related energy consumption
is much smaller than the UBS’s propulsion energy [33], [34].
Hence, the communication-related energy consumption is
omitted in this paper. On the other hand, the energy con-
sumption model developed in [35] is adopted to calculate the
propulsion energy. Assuming that the velocity and accelera-
tion are constant during a small time slot, the total propulsion
energy consumption over the N time slots is

] > —
2 n
P=5) " |cill’+ 14— ) A,
l[vall g
neN
ey
where (-)T indicates the transpose operation, § = % is the

length of each time slot, @, € R2 and v, € R? are the
acceleration and velocity of UBS in time slot n, ¢; and ¢,
are two energy consumption parameters related to the UBS’s
weight, wing area, air density, and so forth, g is the gravita-
tional acceleration, Ax = %m(||v1\/||2 — |Ivoll?) is the change
of the UBS’s kinetic energy, vy is the ending velocity, and m
is the mass of the UBS.

D. REQUIREMENTS FOR TRAJECTORY DESIGN

The v = {v,|Vn € Nt} and a = {a,|Vn € N} mentioned
above are respectively the time-varying velocity and accel-
eration vectors associated with the trajectory x. Therefore,
the relation between these variables can be expressed with
the following discrete state-space equations

Vne N, 2)
82
— n: VneN. 3)

Vil = Vu + 8ay,
Xpp1l = Xp + v, +

Since the UBS flies at a fixed altitude, the velocity, acceler-
ation and trajectory are considered within a two-dimensional
horizontal plane.
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The optimized trajectories should satisfy the following
constraints that represent the physical velocity and acceler-
ation limits of the UBS.

Vne N, 4)
Vne N, 5)

Vel < Vmax,

lanll < amax,

where viax and amax are the maximum velocity and acceler-
ation, respectively.

Moreover, the UBS may abuse the kinetic energy to reduce
the energy consumption. More specifically, the UBS will
start the trajectory at a very high speed and end with a low
speed that the change of kinetic energy becomes negative.
Although the energy consumption within the target time
period is reduced, this kind of trajectories is undesirable since
the UBS should keep a reasonable velocity to reduce the
overall energy consumption within the whole flying period.
Therefore, the following constraint is adopted to prevent the
abusing of kinetic energy Ax.

Ivoll® < llva 1% (6)

It could be desirable that the trajectories start or end with
given locations and velocities. For example, when the user
distribution is diverged from the initial locations due to user
mobility, it is desirable to use the current UBS location
and velocity as starting points to design a new trajectory.
However, the starting and ending point constraints are lin-
ear constraints, which can be easily handled by the convex
optimization techniques used in this paper [36]. These start-
ing/ending points constraints are omitted for brevity.

Ill. RESOURCE ALLOCATION AND TRAJECTORY DESIGN
FOR OUT-BAND BACKHAUL SCHEME
To model the out-band backhaul scheme, the fronthaul band-
width F' and backhaul bandwidth B can be treat as two fixed
parameters. Given the required rate Rpn, the optimization
problem is formulated as

minimize P (7a)

x,v.a,f

subject to Rmin < BujEnj, Yje M,Vne Nt, (7b)

Y Buj<F. VneNt, (7c)
jeM
> BujEnj < EP**B. Vne Nt  (1d)
jeM

(), (3), @), (5) and (6),

where B = {B,,I¥j € M,Vn € N} is the set of fronthaul
bandwidth allocations for each user at each time slot. In this
optimization problem, the constraints in (7b) guarantee that
the required rate Rpy is available for each user in each time
slot. The constraints that the fronthaul resources allocated
to users can not exceed the total fronthaul bandwidth are
represented by (7c). The constraints in (7d) represent the
requirements that the fronthaul rate should be accommodated
by the backhaul link.
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Since the objective function P and constraints (6), (7b)
and (7d) are non-convex, (7) is a non-convex optimization
problem and the global optimum is difficult to obtain. To
tackle this problem, we firstly study the circular trajec-
tory design as a special case. Based on the solution of the
special case, an efficient iterative algorithm is proposed to
solve (7).

A. CIRCULAR TRAJECTORY FOR OUT-BAND BACKHAUL
An empirical circular trajectory is considered in this subsec-
tion. It is assumed that the UBS flies at a constant veloc-
ity within the circular trajectory. Then, we have |v,|| =
Veir, Vi € N'F, where vy, is the constant velocity value. The
magnitude of the centripetal acceleration required to maintain
V2~

the circular trajectory is given as [la,|| = -, Vn € NT,
where r is the radius of the circular trajectory. Since the cen-
tripetal acceleration is always perpendicular to the velocity,
we also have aJv, = 0. By substituting the velocity and
acceleration of the circular trajectory into the energy con-
sumption model (1), the energy consumption of the circular
trajectory is simplified as

o 2 3 (&)
P.r = 6N ((Cl + g27> Veir T E) ) (3)

where the change of kinetic energy is zero and omitted in (8).
Since P is a convex function of the velocity vei; > 0,
the optimal velocity can be obtained by solving the first-order
optimality condition, i.e., 9, Pcir = 0. The optimal velocity
is given by

Veir

©))

*
cir

By substituting v,
tion is derived as

. 4 (&)
e = 30N 93¢3 <c1 + W)' (10)

It can be checked that P;ir is a decreasing function of 7,
i.e., the minimizing of energy consumption is equivalent to
obtain the maximum radius. To this end, a simplification of
constraints (7b), (7d) and (7¢) is studied. Notice that the max-
min user rate R°"(x,,) can be defined as the optimal objective

value of the following optimization problem.

into P, the optimal energy consump-

maximize yy

n

subjectto ¥, < BujEnj, Vje M,

> Buj<F. (11)
jeM

Z BujEnj < EX*¥B,
jeM

Rout (xn) —

where B, = {B,;|Vj € M} is the set of fronthaul spectrum
allocations in time slot 7 and y;, is an auxiliary variable. Then,
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the constraints (7b), (7c) and (7d) can be simplified as
R(x,) > Rmin, YneNT. (12)

Moreover, the optimal solution of (11) can be derived in
closed-form expression as

EbaCkB F
Rom(xn) = mln{ nM s 1 }’ (13)
2jeM B

where M = | M| is the number of users. Since R°"(x;,) is non-
smooth, we extend the constraints in (12) into the following
two-part constraints for convenience.

EbaCkB
> — > Rpin, VneNT. (15)
jeM E,;

The left-hand-side of (14) is a quasi-concave function with
respect to x,,, and its superlevel set is a convex set [36]. Hence,
(14) can be equivalently written as the following convex
constraints
— K2

12, — x%)|% < VneN, (16)

exp (—ng‘M) -1

where Kbk = w. This is to say that the feasible
set of x represented by (14) is a circle centered at the GBS.
To simplify the analysis, we empirically assume that the
feasible set represented by (15) can be approximated by a
circle centered at the geometric mean of user locations, where

. - _ . xuser
the geometric mean is denoted as X" = Z’G+ The
radius of the circle is obtained by doing a numerical root-
finding of # — Rpin on the line £ = {pr + x"%|p €
je E, i
gbs __ zuser
R*}, where r = m [37].

Then, as shown in Fig. 3, the circular trajectory with the
largest radius is obtained as the inscribed circle of the inter-
section of the feasible sets (14) and (15). The optimal velocity
can be obtained by substituting the radius of the inscribed
circle into (9).

FIGURE 3. The circular trajectory for out-band backhaul.
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B. SEQUENTIAL CONVEX OPTIMIZATION
FOR OUT-BAND BACKHAUL
As shown in Fig. 3, the intersection of the feasible sets (14)
and (15) is spindle-shaped, and the circular trajectory may
not be the optimal trajectory. To further reduce energy con-
sumption, a sequential convex optimization algorithm is
developed to solve the trajectory design problem (7). In
particular, the original problem is approximated by more
tractable approximations on local points, and the local points
are updated after each iteration.

Firstly, an upper bound of the energy consumption
model (1) is given by

2
P<> (qllvnll + ” j (1 +”C;%”>> LA (17a)

neN
2
ola R
22” n” ) AR,

< crlvall® +
Z( " ||n|| &2llval

neN

(17b)

where A& = 2|l — 2 (|| 2 + 26T (v — v(”)) and

(') is a local point obtained in the iteration ¢. (17a) is obtained

by using the fact that (‘ll‘" Vﬁ) > 0. The upper bound in (17a) is
tight when the acceleration direction is perpendicular to the
velocity direction, i.e., a) v, = 0. A& is obtained by applying
the first order Taylor expansion of Ax with respect to v,
and the inequality in (17b) is a result of the property that
the Taylor expansion is a global upper estimator of a concave
function.

By using (17b), the problem (7) is transformed into min-
imizing an upper bound of the energy consumption. Fur-
thermore, by replacing the constraints (7b), (7c) and (7d)
with (14) and (15), the problem in (7) is reformulated as

minimize § Z <c1||v,,|| + — +62”an” >+AI€ (18a)
X,v.,a,T,€ ‘L’n
neN
subjectto 0 < 17,, Vne N, (18b)
2 < |val®, VneN, (18¢)
1 F
Z — < . VneNT, (18d)
jem €n,j Rumin
0<enj, VjeM, VneNT, (18e)
€nj < Enj, YjeM, Vne Nt, (18f)

(2), 3), (4), (5), (6) and (16),

where T = {1,/Vn € N}ande = {e,|Vj € M,Vn €
Nt} are the auxiliary variables. It can be shown that 7, =
Ivall, ¥n € N at the optimum of (18) since otherwise we can
always increase t, to obtain a better objective value. Also,
it can be shown that the constraints in (15) are equivalent
to the combination of (18d), (18e) and (18f) since the right-
hand-side of (18d) is minimized at €, ; = E, j, Vn € N'*. As
a result of the reformulation, the objective function (18a) and
the fronthaul spectrum efficiency constraints (18d) are now
convex. The remaining non-convex parts of the problem (18)
are the constraints (6), (18c) and (18f).
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To tackle the remaining non-convexity in (18), the local
approximations are derived. By taking the Taylor expansion
of ||va > on vy, the convex constraints that approximate (18c)
are obtained as

2 < IVO12 4+ 200)T (v, — v,
(1)

Vne N, (19)

where v,,’, n € A are local points obtained in the iteration
t. Slmllarly, let vg,) be a local point, the constraint (6) can be
approximated by

voll2 < VY112 + 208) T (v — V). (20)

With regard to (18f), although E, ; is non-concave with
respect to x,j, it is convex with respect to d2 Thus,
the approximation of (18f) is obtained by applying the Taylor
expansion with respect to dr%, i

<1 <k +1>
€nj <log| —— —
4,
VieM, VYneNT, (@2

where d( ) is a local point and K = M Since dzj i
convex in respect to x,, the right-hand- 51de of (21) is concave
with respect to x;. Thus, the constraints in (21) is convex.

The problem (7) can now be approximated by a convex
optimization model as follows.

minimize § E (CIHVn” +2 4 callanl? >+ AR
x,v,a,t,€e g Tn

neN
subject to (2), (3), (4), (5) and (16),

(18b), (18d), (18e), (19), (20) and (21). (22)

k(42— 14r)

a2 (142 + )

As a convex optimization problem, (22) can be solved
effectively by a general propose convex problem solver [36],
[38]. Then, the original non-convex problem (7) can be solved
by iterative optimizing of (22) with the local points vgf), Vn €
NT and d,(zl}, Vj € M,Vn € N updated in each iteration,
and the circular trajectory derived in Section III-A is used as
the initial local points.

For the computational complexity of solving (22), the com-
plexity analysis of the ellipsoid method is used since the
ellipsoid method can provide a complexity upper bound for
solving convex optimization problems [39]. The ellipsoid
method can be viewed as a multi-dimensional extension of
the bisection search, where the search area is cut in half in
each iteration. More specifically, the complexity of O(MN) is
required in each iteration to determine the multi-dimensional
cut. Since the ellipsoid method takes the complexity of
O(M?*N?) to converge, the total complexity for solving (22)
is O(M3N3).

Moreover, due to the non-convex nature of (18), it is dif-
ficult to analyze the convergence of the sequential convex
optimization process theoretically. Instead, the corresponding
experiments are conducted to demonstrate the convergence
behavior in Section V.
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IV. RESOURCE ALLOCATION AND TRAJECTORY DESIGN
FOR IN-BAND BACKHAUL SCHEME
Under the in-band backhaul scheme, the fronthaul and back-
haul resource allocations are no longer fixed parameters, but
design variables that can be dynamically changed in different
time slots. Let F = {F,|Vn € N} and B = {B,|Vn € N}
be the set of spectrum allocation at different time slots for
fronthaul and backhaul links, respectively. Given the total
bandwidth C, the in-band backhaul optimization problem is
formulated as
minimize P
F.B,B.x,v,.a

subject to Ryin < B jEn,,

(23a)

Vjie M,Vne NT, (23b)

> Buj<Fn VneNT, (23¢)
jeM
> BujEnj < EY“B,, VneNT, (23d)
jeM
Fo+B,<C, VneNT, (23e)

(2), 3), 4, (5) and (6).

The minimal rate requirement is enforced by the con-
straints in (23b), the fronthaul resource limitations and the
backhaul rate limitations are represented by (23c) and (23d),
respectively. In addition, the constraints in (23e) indicate that
the total bandwidth used for fronthaul and backhaul links
should not exceed the total available bandwidth.

A. CIRCULAR TRAJECTORY FOR IN-BAND BACKHAUL
Similar to the out-band backhaul scheme, an empirical
method is developed in this subsection to obtain the circular
trajectory with the maximum radius. In particular, R"(x,) is
defined as the max-min user rate, which is given as the opti-
mal objective value of the following optimization problem.
maximize y,

n

subjectto y, < B jEnj, Vj € M,

<
,§4 Bnj < Fu, o
Z BujEnj < EX**B,,
jeM
F,+B, <C.
By using R™™(x,)), the constraints of (23b), (23c), (23d)
and (23e) can be replaced by

Ruin < Rin (xn),

Rin(xn) =

VneNT. (25)

Furthermore, the problem in (24) can be solved in closed-
form expression as

R"(x,) = <

(26)
M 1

Fhak T 2 jeM Enj
As we will see in Section V, the constraints in (25) can be

approximated by an ellipse. As shown in Fig. 4, we empir-
ically use the line £¢ = {pr, + x&|p € R} as the major
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FIGURE 4. The circular trajectory for in-band backhaul.
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axis, where r, = m is the major axis direction.

The length of the major axis is obtained by doing a root-

finding of —;—=< — — R"(x,) on £ to locate the two
Fhack T2 jeM E,;

vertexes of the ellipse. The ellipse center x. is obtained as
the midpoint of the two vertexes. Furthermore, the minor
axis direction is obtained by rotating the major axis for 90°,
0-1
10
another root-finding on line Ll = {pry+xc|p € R}. Finally,
the circular trajectory is obtained as the inscribed circle of the
ellipse. The corresponding optimal velocity is calculated by
using (9).

ie., rp = r4. The co-vertexes are obtained by doing

B. SEQUENTIAL CONVEX OPTIMIZATION

FOR IN-BAND BACKHAUL

By employing the upper bound of P in (17b) and the closed-
form expression of Ri“(xn) in (26), (23) can be reformulated
as

2
minimize 8 (c1||v,1||3 24 62”2‘1"” > + AR (27a)
x,v.a,t n g1y,
e’eback neN
subjectto 0 < €2k vp e N'F, (27b)
edack < phack vy e AT, (27¢)
M 1 C
e - +
Eback + Z €n.i = Rmin’ Vn e N ’ (27d)
n je/\/l 5J

(2, (3), (4), (5) and (6),
(18b), (18c), (18e) and (18f),

where P2k = {e}:aCkWn € Nt} is a set of auxiliary vari-
ables. It can be proved that the combination of (18e), (18f),
(27b), (27c) and (27d) is equivalent to (25). The remaining
non-convexity parts of (27) are the constraints (6), (18c), (18f)
and (27¢).

Similar to (18), the non-convexity parts can be handled by
using approximations based on local points. In addition to the
approximations (19), (20) and (21) derived in Section III-B,
the constraints in (27¢) can be approximated by

back ]%back
ack o 1
€, = log |drl?ack,(t)|2 +

R back <| AR | d,l;ack,(t)|2) §
— |d,?aCk’(t)|2 (|d2ack,(z)|2+k) ., YneNT, (28)
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K
where d22%® 5

iteration f.
Finally, a convex optimization problem is formulated to
approximate (23) as

2
inimi ¢ C2la .
minimize § E cillval® + = + —”2 nl + AR
x,v.a,t T @

€ N are local points obtained in the

€, eback neN
subject to (2), (3), (4), (5), (18b), (18e), (19) and (20),
(21), (27b), (27d) and (28). (29)

As a result, (23) can be solved by iteratively optimiz-
ing (29) with a convex problem solver [36], [38] and update
the local points, where the circular trajectory is used as the
initial local points.

The complexity analysis of problem (29) is similar to
problem (22), and the total complexity is also O(M 3N,
Moreover, the convergence behavior of the sequential con-
vex optimization process for solving (27) is demonstrated in
Section V.

V. SIMULATIONS RESULTS

In this section, the numerical results are provided to validate
our proposed methods. In the simulations, M = 50 users are
distributed in a square area of size 1 km x 1 km. Without loss
of generality, it is assumed that the coordinate of the GBS is
(0, 0). A fixed-wing UBS is deployed to provide continuous
available wireless services to the users. Other simulation
parameters are listed in Table 1.

TABLE 1. Simulation parameters.

Symbols Value  Description

h 100m  Altitude of the UBS

g 9.8m/s?  Gravitational acceleration
2GHz  Fronthaul carrier Frequency

fback 2GHz  Backhaul carrier Frequency

K 30dBm  UBS transmit power

K back 30dBm GBS transmit power

o —100dBm  Noise power

m 10kg  The mass of UBS

c1 9.26 x 10~*kg/m  Energy consumption parameter

c2 2250kgm?/s*  Energy consumption parameter

C 20MHz  In-band total bandwidth

F 10MHz  Out-band fronthaul bandwidth

B 10MHz  Out-band backhaul bandwidth

T 100s  UBS fly time duration

N 100  Number of discrete time slots

1) 1s  Time slot duration

Fig. 5 plots the max-min user rate at different UBS loca-
tions under both out-band and in-band schemes, where the
bright color indicates the high values and the dark color indi-
cates the low values. The contour lines that indicate different
max-min rates are also illustrated to emphasize the feasible
sets of different required rates. The location of GBS is marked
as red dots in the figures. It is observed that the feasible
set enlarges with the decreasing of the required rates. This
is intuitive since the corresponding constraints are relaxed
when Ry, is decreased. Also, the feasible set of the in-band
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FIGURE 5. Max-min rate for different backhaul schemes (Mnat/s).
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FIGURE 6. Trajectory comparison of in-band and out-band backhaul.

backhaul scheme is significantly larger than the feasible set
of the out-band backhaul scheme with the same required rate.
This is a result of the higher spectrum utilization achieved
by the in-band backhaul since the resource allocation for
fronthaul and backhaul can be dynamically adjusted. More
specifically, when the UBS flies away from the users, more
resources are allocated to the fronthaul to compensate for the
long-distance transmission, and vise versa.

Fig. 6 plots the optimized trajectories of both out-band and
in-band backhaul schemes under the required minimum rate
of Rmin = 1.75Mnat/s, where the location of GBS is illus-
trated as a red dot. The corresponding circular trajectories are
also illustrated for comparison. As shown in Fig. 6, the opti-
mized trajectories are different from the circular trajectories.
By comparing the optimized trajectories with the contour
lines in Fig. 5, it is observed that the trajectories are adapted
into the shapes of feasible sets to reduce maneuvers, which
in turn reduce the energy consumption. Especially, instead of
following the contour line, the optimized trajectory for out-
band backhaul scheme follows a smooth curve around the
sharp corners of the spindle-shaped feasible set to avoid the
sharp turning.

Fig. 7 plots the energy consumption of the optimized tra-
jectories under different required minimum rate and different
backhaul schemes. The energy consumption of the circular
trajectories are also illustrated as benchmarks. It is observed
in Fig. 7 that a significant improvement is achieved by the
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different minimum required rates.
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FIGURE 8. Energy Consumption with different separation of spectrum
resources.

optimized trajectories compared with the circular trajectories.
This is a result of adapting the trajectories to the feasible sets
that unnecessary maneuvers are avoided. It is also shown that
the energy consumption increases with the required minimum
rate. By comparing the feasible sets under different required
rates in Fig. 5, this result becomes intuitive that the increased
minimum rate would result in smaller feasible sets, and
additional energy consumption is required to keep the UBS
from leaving the feasible set. For a similar reason, as demon-
strated in Fig. 7, the in-band backhaul scheme can achieve
a lower energy consumption compared with the out-band
backhaul.

Fig. 8 plots optimized energy consumption of out-band
backhaul scheme under different required minimum rate and
different fronthaul/backhaul resource allocations. The opti-
mization results of the in-band backhaul scheme are also
illustrated as a reference. The feasible sets are already very
small at the boundaries of the illustrated curves that the opti-
mization problem would become infeasible if the resources
allocated to fronthaul is further increased or reduced. As
shown in Fig. 8, a suitable fronthaul/backhaul resource allo-
cation can significantly reduce energy consumption. How-
ever, as a result of the dynamic fronthaul/backhaul resource
allocation, the in-band backhaul scheme would outperform
the optimal resource allocation in the out-band backhaul
scheme.
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Fig. 9 plots the converge behavior of both out-band and in-
band backhaul schemes. As shown in the figures, when the
required minimum rate is Ry, = 1.50 Mnat/s, the energy
consumption gaps between the circular trajectories and opti-
mized trajectories are small, and our proposed algorithm
converged within about 10 steps. The gaps are much larger
when Rpin = 1.75 Mnat/s, and the convergence takes more
steps. However, an optimized result can still be achieved
within 200 steps. More interestingly, the convergence curve
of out-band backhaul with Ry, = 1.75Mnat/s has two
flat areas before the final convergence. This convergence
behavior reflect the non-convex nature of the energy-efficient
optimization problem.

VI. CONCLUSION

In this paper, we propose a joint fixed-wing UBS trajectory
and resource allocation scheme that can guarantee a con-
tinuous available minimum rate for each user at all times.
The resource allocation is derived in closed-form for both
the out-band and in-band backhaul schemes. Then, a sequen-
tial convex optimization framework is proposed to solve the
energy-efficient UBS trajectory design problems. Moreover,
we provide detailed evaluations of our proposed methods.
It is shown that our proposed methods can achieve signifi-
cant lower energy consumption than the circular trajectory
scheme. Besides, we demonstrated that the in-band backhaul
scheme could achieve lower energy consumption than the
out-band backhaul scheme.
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