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Abstract—This paper investigates the performance of cellular
networks assisted by unmanned aerial vehicles (UAVs) acting as
flying base stations (FlyBSs). We focus on a scenario with multi-
hop relaying via FlyBSs to deliver data from a ground base
station (GBS) to users in a challenging case with the channels
reused at all hops to exploit radio resources efficiently. Our
objective is to maximize the sum capacity of the users via an
optimization of FlyBSs’ position in 3D, association of users to
either GBS or to one of the FlyBSs, allocation of channels for
communication at individual hops, and allocation of transmission
power for all channels. Moreover, practical constraints on the
FlyBSs’ movement, transmission and propulsion power, and
backhaul capacity are taken into account. Due to a non-convexity
and discreetness of the objective and some constraints, there is no
optimal solution to the formulated problem. Thus, we propose
an analytical solution based on an alternating optimization of
an energy-efficient placement of the FlyBSs, channel allocation,
user association, and transmission power. Each subproblem in
the alternating optimization is substituted either by a linear
programming (LP) problem through a change of variables,
or by a convex problem via a conversion of the objective
and constraints. The results show an increase in sum capacity
by 35%—-60% compared to related works while the FlyBSs’
propulsion power consumption is not increased.

Index Terms—TFlying base station, multi-hop relaying, wireless
backhaul, channel reuse, sum capacity, mobile networks, 6G.

I. INTRODUCTION

Deployment of unmanned aerial vehicles (UAVs) as flying
base stations (FlyBSs) has been investigated heavily in the
past years. Intrinsic characteristics, such as mobility and
adaptability to the users requirements and environment makes
the FlyBSs an efficient tool to deliver high quality of ser-
vices to users via improved channels gain, enhancement of
line of sight (LoS) probability, reduced transmission power
consumption, extension of coverage, etc. [1], [51], [3]. An
improvement in the system performance via the FlyBSs is
reached provided that several aspects, including a placement of
FlyBSs, energy consumption, and resource management [4],
[5], [6] are carefully addressed. These aspect are even more
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pronounced in the scenario with multiple FlyBSs due to mutual
interference among them [7]. The mutual interference can
be mitigated by orthogonal resources allocated for individual
FlyBSs. However, the usage orthogonal radio resources with
no reuse leads to a low spectral efficiency. In contrast, the reuse
of resources usually results in intricate and complex problem
to be solved due to non-convex objective and/or constraints.

The situation becomes even more complicated if relaying
via multiple FlyBSs (multi-hop) is supported to improve
performance. The basic version of relaying is a two-hop model
that considers FlyBSs placed at the access link, i.e., the FlyBSs
serve the users directly and relay data between a ground base
station (GBS) and the users [8], [9]. Several recent works study
the two-hop relaying networks with single FlyBS from a per-
spective of an analysis of the coverage/outage probability [10],
[11], sum capacity maximization [12], [13], [14], optimization
of required number of FlyBSs [15], minimization of FlyBS’s
propulsion power [16], or minimization of network latency
[17]. Nevertheless, an extension of these works designed for
single FlyBS to multiple-FlyBS scenario is not trivial.

The two-hop relaying with multiple FlyBSs is also consid-
ered in literature for optimization of, e.g., ratio of covered
users to energy consumption [18], network’s utility [19],
network latency [20], sum capacity [21], [22], [23], minimum
throughput of all links [24], minimum user’s rate [25], or
aggregated energy efficiency [26]. Even if multiple FlyBSs
are considered, the two-hop relaying might not be efficient if
the channel conditions between the FlyBSs and the GBS are
poor due to obstacles, or distance. An extension of the two-
hop relaying to higher number of hops is often not possible or
straightforward due to the constraints introduced by backhaul
capacity at individual hops.

There are only a limited number of works that consider more
than two hops for relaying via FlyBSs. In [27], resource allo-
cation and FlyBS’s positioning are studied in the network with
a single FlyBS connected to the network via a satellite serving
the ground users. In [28], the problem of joint optimization of
transmission power and FlyBSs’ placement is investigated to
maximize the throughput between two users. The solution in
[28], however, only assumes a horizontal placement of the
FlyBSs. Furthermore, an association of users to individual
relays is not addressed. In [29], the authors minimize the trans-
mission energy consumption of relaying FlyBSs to establish
a time-slotted communication between source and destination
nodes. Nevertheless, the aspects of FlyBS’s positioning, user
association, and channel allocation are not addressed. In [30],
the problem of optimization of the number of FlyBSs and
2D positioning of relaying FlyBSs is investigated to ensure
a certain required level of signal-to-noise ratio (SNR) among



the FlyBSs. The aspects of backhaul constraints, transmission
power allocation, and channel allocation are, however, not
addressed. In [31], the problem of relaying FlyBS’s positioning
and transmission power allocation is studied to minimize a
utility function that is defined as a weighted summation of the
FlyBSs’ altitude and transmission power. Still, the backhaul
connectivity, user association, and channel allocation are not
addressed. Then, in [32], the authors consider a multi-hop
relaying in a scenario where multiple small cells are connected
to a core network through a set of FlyBSs. Each small cell is
served by one FlyBS, and the FlyBSs are connected to the core
network via another relaying FlyBS. The total sum rate of the
small cells is maximized via a positioning of the FlyBSs and
association of small cells to the FlyBSs at the access link. In
[33], the authors minimize the cost of FlyBSs’ deployment via
FlyBSs’ positioning and resource allocation to ensure quality
of service to the users. The authors consider scenario with
three hops, but with only one FlyBS at the first hop for relaying
data between the GBS and other FlyBSs. The problem of
FlyBSs’ placement is investigated in [34] to minimize the
communication delay for users. The provided solutions in [33]
and [34], however, assume orthogonal transmission. On one
hand, interference among FlyBSs is not present making the
problem easier to solve. On the other hand, radio resources
are not used efficiently and, thus, performance is limited. In
[35], the number of FlyBSs required for a multi-hop relaying
is investigated to ensure coverage of the users while still
guaranteeing connectivity of the FlyBSs to the GBS through
backhaul. Furthermore, the authors in [36] deploy multi-hop
FlyBSs to connect remote users to the GBS and propose an
interference management scheme based on machine learning
and a positioning based on K-means to maximize energy
efficiency.

In our prior work [37], the sum capacity is maximized via
the FlyBS’s positioning and transmission power allocation at
the access link, but the backhaul is neglected.

In our another work [38], the transmission power is opti-
mized over the backhaul channels with a channel reuse for
single FlyBS in a two-hop network. Furthermore, we also
study the problem of user association and FlyBSs’ positioning
in the scenario with multi-hop relaying with a single relaying
FlyBS in [9].

In the view of the conducted research on relaying via
FlyBSs as explained above, an inclusion of multiple relaying
FlyBSs in a multi-hop scenario together with the aspects of
user association, channel allocation, 3D positioning of the
FlyBSs, and transmission power allocation over all GBS-
FlyBS, GBS-user, FlyBS-FIyBS, and FlyBS-user channels is
not yet addressed in literature. The optimization of all the
mentioned aspects is not addressed even for a simple two-hop
relaying via FlyBSs in existing literature while we address
it in multi-hop scenario. Hence, we provide a framework to
address all the aforementioned key aspects in the scenarios
with multiple FlyBSs serving mobile users. The proposed work
goes even beyond addressing those aspects by also enabling a
multi-hop relaying across the FlyBSs and allowing the GBS
and all FlyBSs in multi-hop scenario to serve users directly,
which is also not considered in the related works and it

changes the derived solution significantly. Due to interference
resulting from channel reuse, multiple FlyBSs, and multi-
hop communication, the existing solutions dealing with non-
convexity of similar objectives/constraints cannot be applied.

The main contributions of this paper are further elaborated
as follow

o We formulate the problem of sum capacity maximization
via an optimization of 3D placement of FlyBSs, user
association, channel allocation, and transmission power
allocation in the networks moving users in multi-hop
scenario. Besides, to increase an efficiency of the radio
resource usage, a full channel reuse at all hops is al-
lowed and practical constraints, such as FlyBSs’ altitude,
maximum flying speed, transmission and propulsion en-
ergy consumption, and maximum transmission power are
considered. Moreover, the relaying causality is taken into
account.

e Due to a discreetness of certain variables and non-
convexity of the objective and some constraints, the
formulated problem cannot be solved optimally. Hence,
we propose an iterative, but quickly converging solution
based on an alternating optimization of all variables. For
the user association and channel allocation, a change of
variables is proposed to convert the problem to a linear
programming (LP) problem. Furthermore, the FlyBSs’
placement and the transmission power allocation are
both solved via proposed iterative approaches. For each
derived subproblem, analytical solutions are proposed and
developed to deal with the non-convexity of the objective
functions and constraints in a way that the sequence
of those steps leads to a converging solution without a
violation of the constraints in the problem.

o We demonstrate that our proposed solution increases the
sum capacity by 35%—60% compared to state-of-the-art
works while the total energy consumption, consisting of
transmission and propulsion, is close to these state-of-
the-art schemes.

The rest of this paper is organized as follows. The system
model for multi-hop relaying is presented in Section II. Then,
the problem of sum capacity maximization under practical
constraints is formulated in Section III. In Section IV, the
proposed methodology to solve the formulated problem is
outlined, and the challenges related to solving the problem
are explained. Next, Section V demonstrates our proposed
solution to the FlyBSs’ positioning. In Section VI, the problem
of joint optimization of the channel allocation and the user
association is targeted. Then, in Section VII, the problem of the
transmission power allocation to the channels is investigated.
Next, the overall proposed solution is summarized with its
computational complexity discussed in Section VIII. Then, we
explain the simulation scenario in Section VIII and we present
the results to benchmark the performance of the proposed
solution against the state of the art. Last, Section IX concludes
the work and suggests further advancements for the future.

II. SYSTEM MODEL

In this section, we outline the scenario and network model
and we explain the model adopted for system parameters such



as user association, transmission channels as well as channel
allocation, and transmission power. Then, we formulate user’s
capacity. The key notations used throughout the paper is listed
in Table I.

Notation: for a clarity of presentation of notations used
throughout the paper, scalar parameters are shown by a plain
italic font, whereas vectors are shown by boldface font, and
sets are presented by calligraphic font.

A. Scenario and network model

We consider a set of M FlyBSs providing coverage to a
set of N mobile users U = {uq,...,uy}. The FlyBSs are
connected to the GBS either directly or via other relaying
FlyBSs. For a clarity of presentation, the FlyBSs that only
serve the users and not another FlyBS(s) are referred to as
the access FlyBSs, or FlyBSs at the access link throughout
the rest of this paper. Then, the term relaying FlyBSs is used
for the FlyBSs that facilitate the backhaul communication for
other FlyBSs (in addition to serving the users directly). Let
Mz and M, denote the set of indices for the relaying FlyBSs
and the access FlyBSs, respectively. The FlyBSs in both tiers
My and My as well as the GBS can serve the users directly.
Following the defined notations, M = My U My U {0} is the
set of indices of all BSs including GBS and FlyBSs, where
the index zero represents the GBS. Without loss of generality,
we assume that M = [1, M,] and Mgz = [M,+ 1, M, + M, ].
Hence, | M| = M + 1 = M, + M, + 1. Each of the access
FlyBSs can potentially communicate with all the relaying
FlyBSs simultaneously. Fig. 1 depicts the connection between
the BSs and the users as well as the connection among the
BSs.

Let Q = {qo,--,gn} be the set of locations of all BSs,
where g [t] =[X,[t], Yiu[t], Hm [t]]T is the location of the
BS m (0 < m < M). The location of the user n at
the time step k is denoted by gn[t] =[zn[t], yn [t],zn[t}]T
Furthermore, let d,, ./[t] and d,, ,,,[t] denote the Euclidean
distance between the BSs m’ and m and between the user n
and the BS m, respectively.

Note that the duration of each time step, denoted by d;, is
chosen to be small enough so that the FlyBS’s displacement
can be modeled as a constant velocity motion [14], [50]. The
speed of the FlyBS m at the time step ¢ is denoted by V,,[t]
an calculated as

Valt] = }tnqmm ~gmlt— 1|l )

where Il is the -£2 norm.

B. User association and channel allocation

The association of users to any BSs is represented by a
binary matrix A = (a,.m,) € {0,1}" M+ guch that, for
columns {0,...,M} in A, a,,, = 1 indicates the user n
being served by the BS m and a,, ,, = 0 otherwise. Note that
the column "0" indicates the GBS. As in common cases, each
user is served by just one BS at any time step, i.e.,

Z an,m[t] <1, Vn, an,m[t] € {07 1} 2
meM

— BS-user link
——= BS-BS link

G Access link FlyBS
"G Relaying FlyBS

Figure 1: Multi-hop model with access FlyBSs, relaying FlyBSs,
and GBS serving moving users. Each BS-user or BS-BS link can
comprise none, one, or multiple channels. A user can be served by
any BS. The interference at the users/BSs caused by other BSs (due
to channel reuse) is not shown to avoid cluttering.

Now let us explain the channel allocation. Assume that
X = {x1,-.-, Xk} is the set of available channels (sub-bands)
so that the channels are orthogonal to each other. Then, let
B, denote the bandwidth of x; (k € [1, K]). We model the
channel allocation as a mapping

I:x— {Um,m'EM(m7 m/)a UmeM,nE[l,N] (m7 n)}a 3

where each channel (indexed within [1, K]) is allocated for
the transmission between the BS m and the BS m’ (m # m/)
and/or between the BS m and the user n.

Also, let I, be the set of indices of channels used by the
BS m to transmit. Furthermore, for a clearer presentation of
formulations, let I, C I, denote the set of channels used
by the BS m to transmit to the BS m/. Fig. 2 demonstrates
the adopted channel allocation. The blocks on the left-hand
side represent the channels to be assigned to the GBS-FlyBS,
GBS-user, FlyBS-FlyBS, and FlyBS-user links on the right-
hand side.

Note that in this paper, parameters related to channels are
sometimes formulated at the user’s end. Hence, we also adopt
the specific notation k,, to indicate the index set of channels
allocated to the user n.

In our system model, we assume that each BS uses orthog-
onal channels to transmit to different BSs/users. Nevertheless,
different BSs can use same channels. Since the number of
channels allocated to |I,,| and |1, | for all m and m’ cannot
exceed the total number of available channels, we have

|1, < K, |Lyw|<K. Vmm' eM 4)

Furthermore, we assume full-duplex FlyBSs. Hence, such
full-duplex operation incurs self-interference at each FlyBS’s
transmitter over same channels used for both receiving and
transmitting.

C. Propulsion power and transmission power consumption

The propulsion power consumption is modeled in line
with [39] for quad-rotor UAVs. In particular, the propulsion
power consumption of the FlyBS m is denoted as P, ,, and
calculated in terms of the FlyBS’s speed V/,, as follows
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Figure 2: Illustration of channel allocation model. Each channel is
represented by a block on the left hand side and is mapped to the
BS-BS or the BS-user link.
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Figure 3: Propulsion power consumption versus flying speed for

quad-rotor UAVs. A maximum threshold of P, ¢, for propulsion
power consumption corresponds to a maximum flying speed of V.
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where (3 is the FlyBS’s mass, g is the acceleration of gravity,
¥4 is the fuselage drag ratio, J; is the thrust coefficient, and
the coefficients cg, c1, c2, c3, ¢4 are defined as

Co = ¢(2)R0, Cc1 = 3OQE¢ ,Co = QTRO go
T
Qg o R
c3 = 30T ——— ¢y = T2 2 (6)
3 () 0z

where the parameters ¢g, Rg, (g, Y, and Q7 are the FlyBS’s
no-load current, motor resistance, back-electromotive force
constant, torque coefficient, and torque constant, respectively.
Fig. 3 demonstrates the propulsion power consumption versus
the FlyBS’s speed (V,,,).

The transmission power, let P = (p} m) be a K-by-(M+1)
matrix, where pk denotes the transmission power of the BS
m over the channel k. The power pmm’ ;. Teceived by the user
n over the channel k (k € k,,) is then calculated as:

: FlyBSS mq, mp

pn m,k ’K;’ﬂ m, k?[ ]dn ?r? o [t]p{i{l [t]7 (7)

def o
with Ky k = an(7+1h + ,H_lh DI s pgf(n where

the parameter I';, ,,, depends on communication frequency and
gain of antennas, vy is the Rician fading factor, h,, is the
line-of-sight (LoS) complex component satisfying |h,| =1,
h,, denotes the non-line-of-sight (NLoS) complex component
satisfying h,, ~ CN(0,1), and Qi is the pathloss exponent.

A similar relation applies for the transmission and received
power over backhaul link, i.e.,:

Pt 1] = Bt ol ™ (10K 0 1], (®)

where pZ . is the received signal power at the BS m from
the BS m’ over the channel k.

D. Communication capacity formulation
The downlink capacity of the user n over the channel s is
denoted by C), 5 and is calculated as
pfz%,m,k[t]
onkt Zm’e{amm,:o} pﬁ,m/,k[ﬂ

Cnm.k[t] = Bilogy(1 + ), 9

where ofl, i 1s the noise power over the assigned channel & at
the link to the user n.

Then, the overall capacity of the user n from the BS m is
denoted by C), ,, and defined as

t]= > Bilog,(1+

k€kn

pf,m,k:[t]
0-727,,16 + Em’e{a

,=0} pﬁ,m’,k[t] 7
(10)

n,m

Next, for the access FlyBS m, the capacity from the BS
m’' (m' € My U{0}) is denoted as C,, ,,,y and calculated as

follow
mom[t] = Y Brx an
kEIm !
pm m/ k[t]
log, (1 + = ),
2 O T 9 mpk m[t] + > pﬁ,m”,k[t]
m' emz U{0}—{m'}
where g is the gain of the channel k£ due to the m-th

FlyBS’s self—mterference [21], [40].
The capacity of the relaying FlyBS m’ (m’ € Myz) from the
GBS is

Cm’,O[t] =

pvlfﬂ 0,k [t]

).
’m’k—"_gkm’pkm/[ﬂ—’_ 2: pm m”k[t]
m' ey

(12)

Z Bylog, (1 +

kEIm’,O

III. PROBLEM FORMULATION

In this section, we introduce the problem of sum capacity
maximization and we explain the challenges regarding the
solution to user association, channel allocation, transmission
power allocation, and FlyBS’s positioning.

Our goal is to maximize the sum capacity at every time step
t via associating the users to the BSs (including GBS and Fly-
BSs), allocating channels and transmission power to the BSs,
and 3D positioning of the FlyBSs. The problem is formulated



Table I: KEY NOTATIONS ADOPTED IN THIS PAPER

Notation Description

M, M set of all BSs including GBS, total number of BSs

U, N, uy set of users, number of users, user n

My, M, set of relaying FlyBSs, number of relaying FlyBSs

My, M, set of access FlyBSs, number of access FlyBSs

Q, qm, Gn position of all BSs, position of BS m, position of user n

[y Yn, 2n) z, y, and z coordinates of user n

(X0, Yon, Hp z, y, and z coordinates of BS m

Hpomins Himmaz minimum altitude of FlyBS m, maximum altitude of FlyBS m

Vins Vinomaz speed of FlyBS m, maximum speed limit of FlyBS m

t, & index used for time step, duration of time step ¢

Pyroms Porom,tn propulsion power of FlyBS m, threshold of propulsion power
mom’s Qo distance between BSs, distance between BS and user

A, aym association matrix, binary association indicator of user n to BS m

Cnms Con capacity at user n from BS m, capacity at BS m from BS m’

kn, k index set of channels allocated to u,,, general channel index

K total number of channels

X> Xk» Bk set of all channels, channel &, bandwidth of channel &

I channel allocation mapping for BS-user and BS-BS links
binary indicators of channel allocation to BS-BS and BS-user links
channels used by BS m, channels used in BS-BS links
maximum number of channels assigned to each BS-user channel
transmission power vector over all channels
TX power of BS m over channel k, maximum TX power of BS m

€k,m,m’> Ek,mn

s n,m

Lmax

TX TX
Pr,m> Pmmax

pﬁ.m.k signal power received by user n from BS m over channel s
PR ik signal power received by BS m from BS m/ over channel s
- R - B R — —On.m TX
Kk coefficient fulfilling p)Y ., . = Knm,klnm " Dp

ﬁ PP R — ~@mm! TX
fom,m’ k coefficient fulfilling p,,, .,/ x = Fm.m k™ Ph iy

i {n channel gain for self interference of BS m over channel k

under constraints on the FlyBSs’ altitude, speed, maximum
transmission power, and propulsion power threshold, as well
as constraints on the backhaul links. Hence, we formulate the
problem of the sum capacity maximization as follows

N
SN tnmComlt], VE

P1: max (13)
I,P,AQ
meM n=1

s.t. Hm,min < Hm [t] < Hm,maxv (1321)
Vinlt] < Vinaz, m € (1, M, + M,] (13b)
N

> mComlt] < Y Crwe[t], m € My (13¢)
n=1 m’' €My

N
> anm Crr[t] + Y Cowm[t] < Co[t], m € My (13d)

1 meMy
K
> Pkt S P ass PEmlt] =0, me M (13e)
k=1
Pp’r’,m[t] S Ppr,m,th[t]a m € MK U Mg

(2), (4),

where Hp, pin and H,, ma, in (13a) limit the minimum
and maximum flying altitudes of the FlyBS m, respectively.
Furthermore, V.4, in (13b) is the maximum supported speed
of FlyBSs. In addition, (13c) ensures that the capacity over
the backhaul link for each access FlyBS is not lower than
the FlyBS’s sum downlink capacity, and the constraint (13d)
suggests that the link capacity between the GBS and each
relaying FlyBS is not lower than the total capacity that the
relaying FlyBS provides to the users and to the access FlyBSs.
The constraint (13e) indicates that the transmitting power
for each BS should not exceed the maximum transmission

power of the BS. Furthermore, the constraint (13f) limits
the propulsion power consumption of the FlyBS m to the
maximum value of P, ; ,, and this maximum value is set
arbitrarily so that the positioning of FlyBSs does not incur
excessive energy consumption, which would potentially affect
the FlyBS’s performance adversely. In general, Py, 41, can be
dynamically adjusted over time and according to the FlyBSs’
available energy to maintain the FlyBS’s operation. A setting
of such upper bound P, ., is introduced in, e.g., [46] to
prolong the FlyBS’s coverage.

Challenges regarding the optimization problem P1 in (13)
include: 1) the sum capacity function is non-concave with
respect to the FlyBSs’ positions (i.e., gm, m € Mg U M)
as well as to the transmission power P, 2) the backhaul
constraints (13c) and (13d) are non-convex with respect to the
FlyBSs’ positions (@) and transmission power (P), and 3) the
discrete user association A and channel allocation I makes the
optimization problem (13) non-tractable. Due to the challenges
above, only sub-optimal solutions can be provided. To tackle
these challenges, we propose a heuristic solution to (13) by the
means of alternating optimization of all four variables in P1.
Still, the alternating optimization of the variables (as explained
later) faces complications (due to non-convexity) with the
optimal derivation of either of the target variables. Hence,
several tricks and analytical transformations are proposed.

Note that, in contrast to some existing works targeting the
aggregated sum capacity over multiple time-slots, we choose
the instantaneous sum capacity as the objective in P1. This is
due to the fact that the maximization of the aggregated sum
capacity is not feasible in scenarios (including ours) where
the knowledge of the future locations of the users is naturally
unavailable. In such scenarios, the optimization of the sum
capacity at every time step is a reasonable approach. This
is justified by stressing the fact that, despite an unpredictable
future of the users’ locations, the users’ displacements are still
constrained by their limited moving speed, and the optimiza-
tion time step can be set to a short duration (say, a second).
Hence, the next optimal positions of the FlyBSs (to which
the FlyBSs move to in the next time step) are typically close
to their optimal positions from the previous time step. It is
worth mentioning that, the unavailable future knowledge of the
network parameters is the only factor keeping us from opti-
mizing the aggregated sum capacity. Otherwise, the challenges
to deal with the hypothetical objective and the constraints

(13f) are quite similar to those mentioned above regarding solving

P1. In particular, the hypothetical objective is a summation
of the objective in P1 over multiple time steps, and once
the objective in P1 is converted to a convex or to an LP
problem via our proposed solution (as will be explained in the
following sections), the hypothetical objective could use the
same procedure at every time step to convert to a convex or to
an LP problem, respectively. Furthermore, all the constraints in
P1 still apply for each time step of the hypothetical problem.

In the following section, we outline our proposed solution.

IV. OVERVIEW OF THE PROPOSED SOLUTION

In this section, we outline principle of the proposed solution
to the problem P1. To solve the problem P1, we propose an
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Figure 4: Schematic of the solution based on alternating
optimization of the variables I, P, A, and Q with the converged
outcome {I*, P*, A", Q*}.

alternating optimization of the variables, since a derivation of
the optimal solution to the non-convex problem in P1 is not
possible. Our solution is inspired by the basic approach of
alternating optimization although with specific modifications
in line with the nature of the optimization variables.

Fig. 4 depicts the flow of the proposed alternating opti-
mization. At the beginning, the variables {I, P, A,Q} are
initialized by the values of these variables derived for the
previous time step. For ¢ = 1, the initialization is done by
picking random values that fulfill the constraints in (13). Next,
the position of the FlyBSs @ are updated while the values of
the other optimization variables are temporarily fixed. This
task itself is split into two steps: i) positioning of the access
FlyBSs, and i) positioning of the relaying FlyBSs. These two
steps are iterated until convergence. Then, a joint optimization
of the discrete variables {I, A} is targeted while the values of
other variables are fixed. Afterwards, the transmission power
allocation P is optimized at a fixed setting of the other
variables. To this end, the transmission power is optimized
by iteratively updating the transmission power over BS-user
links and BS-BS links until convergence. Now, although an
optimization of all variables is performed once, we do not yet
consider the first round of optimization as completed. More
specifically, there is a relatively greater impact of the variables
P and {I, A} on each other compared to Q. Hence, the latest
update of P is intuitively more suitable to be followed by a
further update of {I, A} rather than an update of Q. This
is shown in Fig. 4 as an iterative process inside of the gray
block. Of course, once the interchanging update of P and
{I, A} converges, the next round of optimization starts by an
update of @), and so on, unless a new round is not required
due to a convergence of all variables.

The reason for updating each of the variables Q and P
in two steps relates to our proposed methodology. More
specifically, if the approximations used to tackle the non-
concavity of objective or the non-convexity of constraints are
applied in separate steps, they would perform better and with
lower approximation error compared to the case where the

approximations are applied all at once. This proposed approach
is elaborated in the next sections.

Furthermore, note that the reason for selecting the order of
optimizations as it is explained above (and shown in Fig. 4) is
due to a relaxation of some constraints. More specifically, in
the course of updating each of the target variables, some con-
straints may be relaxed in order to facilitate a solution. How-
ever, despite such local relaxations, the proposed sequence of
optimization will still ensure that the final solution fulfills
all the constraints included in P1. Moreover, the solution
converges at every round (iteration) of optimization with only
a polynomial computational complexity. As we show later via
simulations, the entire proposed solution converges in only a
few iterations.

V. FLYBS PLACEMENT

As the first part of the proposed alternating optimization,
we provide the positioning of the FlyBSs with respect to a
fixed setting of I, P, and A. To this end, we first modify the
problem P1 and we explain the proposed solution consisting of
placement of the the access FlyBSs and the relaying FlyBSs,
as described in the following subsections.

A. Formulation of the FlyBS placement problem

The subproblem of the FlyBSs’ placement with re-
spect to constraints from (13) related to positioning (i.e.,
(13a),(13b),(13¢),(13d),(13f)) is formulated as follow

N
P2: mgx Z Z an,m Cn,m[t], VE

meM n=1

st. (13a), (13b), (13c), (13d), (13f), (14)

The constraints (13a), (13b), and (13f) are convex with respect
to Q, however, the objective (sum capacity) is neither convex
nor concave, and the constraints (13c) and (13d) are not
convex. To address these challenges, we propose a substitution
of the objective and the constraints to convert P2 to a convex
problem. In particular, we replace the objective with a concave
under-estimator, and the constraints (13¢) and (13d) with con-
vex constraints such that, upon a fulfillment of the alternative
constraints, the original constraints are met as well. Note that,
after the convex alternative problem to P2 is solved, the convex
approximation process is repeated with the approximations in
the new round done with respect to the optimal ) derived from
the previous round so that the process results in an increasing
converging values for the objective in P2.

Moreover, the approximation to convert P2 to a convex
problem would require several steps if the positions of both re-
laying and access FlyBSs’ are targeted simultaneously, which
overcomplicates the solution and also leads to redundant errors
in approximation. Hence, we propose a solution based on an
alternating optimization of the relaying and access FlyBSs.
To this end, assuming a fixed position of the relaying FlyBSs,
the position of the access FlyBS m (m € M) is updated
and, then, the position of the relaying FlyBS m’ (m’ € 9My)
is optimized for the fixed (updated) positions of the access
FlyBSs. In the following, we elaborate the proposed solution.



B. FlyBS placement at the access link

Following the discussion earlier in this section, the problem
of access FlyBSs’ positioning at the is first formulated for a
given fixed position of the relaying FlyBSs as follow

N
P2* : max Z Z AnmCnomlt], m' € Ma,Vk

™ meM n=1

st. (13a), (13b), (13c), (13d), (13f), (15)

The objective in P2* is non-concave and the constraints
(13c) and (13d) are non-convex with respect to g,,,7, m’ € M.
In the following Proposition 1, we propose a solution to deal
with P2*.

Proposition 1. The problem in P2* can be converted to
a convex problem without a violation of the constraints as
explained in Appendix A.

Proof. See Appendix A. O

C. Placement of relaying FIlyBSs

Once the placement of the access FlyBSs is carried out
according to the proposed solution presented in Section V.B,
the relaying FlyBSs are then positioned. Thus, the subproblem
of relaying FlyBS positioning is formulated as

N
P2## n.mCrnmlt], m' € Mg, Vk 16
r;laf(ZZa’ mlt], m R (16)

™ meM n=1

s.t. (13a), (13b), (13c), (13d), (13f).

Similarly as in P2*, the objective is neither concave nor
convex with respect to the optimization variable, i.e., the
relaying FlyBSs’ positions g, (m € Mg). Furthermore, the
constraints (13¢) and (13d) are also non-convex. Hence, in the
following, we propose a solution to tackle the non-convexity.

Proposition 2. The problem in P2** can be converted to
a convex problem without a violation of the constraints as
explained in Appendix B.

Proof. See Appendix B. O

Algorithm 1 demonstrates the proposed solution to FlyBSs
positioning. According to the lines 3-9, the positions of the
access FlyBSs are derived via approximating P2* with a
convex problem, solving it, and repeatedly updating it using
derived values from previous iteration. Once converged, the
subproblem of the relaying FlyBS positioning is then solved
via converting P2** to a convex problem and iteratively
updating it with respect to the optimal values derived in the
previous iteration. In case the FlyBSs are not converged, the
explained two-step process is repeated until convergence.

After the positioning of the FlyBSs, the optimization of the
variables I, P, and A (as will be explained later) is repeated
until convergence, that is, until there is no further change in
the outcome of any of the variables I, P, A, and Q.

Algorithm 1 FlyBS positioning

Gm,(0): initialized positions of BSs

Ak,m: auxiliary variable to track convergence for g,

{A,I, P}: preset user association, channel allocation, and

transmission power of BSs

)\k,m — dm,(0)

repeat

repeat

substitute the objective in P2* at g,y (0) according to (30)-

(33)

5: substitute (13c) with a convex constraint by applying (35)-
(38) at gy, (o) for {A, I, P}

6: apply (39)-(42) at g, o) and at {A, I, P} to replace
(13d) with a convex constraint

7. modify P2* according to lines 4-6 and solve using CVX

8: update g, (o) according to solution in line 7

9:  until convergence of A p,

10:  repeat

11: substitute the objective in P2** at g,, (o) according to
(43)

12: derive a convex constraint from (13c) by applying (45) at
dm,(0) for {Av I, P}

13: derive a convex constraint from (13d) by applying (46)-
(48) at @y, (o) for {A, I, P}

14: solve P2** with the updated constraints in lines 11-13
using CVX

15: update g, (o) according to solution in line 14

16:  until convergence of Ay ,,

17: )\k,m < qm,(0)

18: until convergence of Ay p,

E A

Output: position of the BSs ¢, m € M.

VI. CHANNEL ALLOCATION AND USER ASSOCIATION

In this section, we demonstrate our solution to the user as-
sociation and the channel allocation. We propose to determine
the variables I and A jointly. In other words, each channel
is assigned to the user-BS and BS-BS links. Of course, this
joint optimization is done with respect to the constraints (2)
and (4). To this end, we first formulate the subproblem of user
association and channel allocation as

N
P3:max > > anmComlt], ¥k (17

meM n=1

s.t. (2),(4),(13¢c), (13d).

The backhaul constraints (13c) and (13d) complicate the
solution due to a discrete nature of I and A. Nevertheless,
neglecting these constraints would normally lead to solutions
to P3, where the channels are chiefly assigned to BS-user links,
and consequently, the backhaul link would become the bottle-
neck limiting the sum capacity. In order to tackle this issue,
we temper the formulated problem in P3 by the following
steps: 7) (13c) and (13d) are relaxed and are directly taken
into account when optimizing the placement of the FlyBSs
(Section V) and the transmission power (later in Section VII),
and 47) in order to not limit the backhaul capacity, we define an



auxiliary condition such that the number of assigned channels
to any BS-user link should not exceed an arbitrarily set value
of tmar. We further elaborate this condition and the way of
setting it later in this section.

A. Reformulation of P3

Following the explained adjustments above, we propose a
conversion of P3 to an LP problem. This is done using a
definition of new auxiliary variables. In particular, we set the
binary parameter ey ., ..,/ [t] such that e ., .,/ [t] = 1 indicates
the channel xj being assigned to the link between the BSs
m and m’ at the time ¢, and ey, m/[t] = 0 otherwise.
Similar definition is made for ey, (for instance, in Fig.
2, the parameters €x—_1,m,n> €2,m,n’» €1,m’,m1» €K—1,0,n are
all equal to one). The value of ej,,, can be determined
via a knowledge of values of both k,, and @ m,, and vice
versa. To begin with a conversion of P3 according to the
newly defined variable e, ., »,, we first re-express the defined
auxiliary condition on the maximum number of assigned
channels to each BS-user link (as mentioned earlier in this

section) as
E E €k.m,n < bmax, vn

keK meM

(18)

Next, the assumption of orthogonality among the channels
used by same BS to transmit to other BSs/users is formulated
as

ek’m’m/ [t]ek,m’i[t] = 0, m’ 75 7 (19)
ek.m.i € 10,1}, m € Mz U{0}, m',i € Mz U [1, N],
where
€k,m,i € {0,1}, m € Mz U{0},i € My U[1, N]. (20)

According to (19) and (20), e n,m and ey ., ; cannot be
equal to one at the same time, meaning that each BS m
maintains orthogonal transmissions to other BSs/users. Note
that this condition, straightforward as it sounds, is quadratic.
In order to reduce the complexity of the problem and its
solution, we use the fact that ey ,,,; (i € Mz U[1,N]) is a
binary variable. Using this fact, we convert (19) to a linear
equivalent constraint

Z ehom,i < 1,m € My U{0}.
1€MzU[1,N]

21

Next, in order to formulate the sum capacity in terms of
€k,m,n,» We point to the fact that, if a,, ,, = 0, then ey, , =0
for any channel k. Furthermore, if a,, ,, = 1 (i.e., the user n
is associated to the BS m), then the capacity of the user n is
calculated by summing over all channels assigned to the link
between the user n and the BS m, or in other words, over
channels fulfilling ey, = 1. Hence, the objective in P3 is
rewritten as

N
§ an,mcn,m
n=1

Furthermore, the constraint (2) is rewritten in terms of
€k,m,n as

S 3ID D) SR

kE[L,K] meM n=1

(22)

Y ehmn <1, Vn (23)
meM
Also, the constraint (4) is rewritten as
N
Z Z er,mn < K, m € Mg U {0},
ke[1,K]n=1
Z Z €k,m,m’ <K, meg Mg{ U {0} 24)

m €My ke[1,K]

With the conversion of the objective and associated constraints
as explained above, the problem in P3 is converted to maxi-
mization of sum capacity in (22) via a determination of ey, ,, ;
and under the constraints (21), (23), and (24) as follows

P4 : max

N
- Z Z ek,m,nCn,m[t], 1€ M,q U [1, N]
Rt LK) meat n=1
(25)

st (18),(20), (21), (23), (24).

Solving P4 is challenging due to the binary nature of ey, ;.
To tackle this, we first relax the binary constraint (20) and
solve the following relaxed problem

P4* : max Z ZzeknLn n,m ]77:6M/’4U[17N]

ot I K] ment n=1
(26)

st (18),(21), (23), (24).

According to P4*, the objective in P4* as well as the con-
straints (18), (21), (23), and (24) are linear with respect to
ek,m,n- Hence, P4* is an LP problem, and we solve it using
the interior-point method in linprog tool in MATLAB. Next,
the solution to P4 is calculated via rounding the values of
€k,m,; derived from the solution to P4*.

Last, the following Proposition provides the setting of ¢4
in (18).

Proposition 3. 7o solve P4%* the value of tyqq in (18) is
derived as explained in Appendix C.

Proof. See Appendix C. O

VII. TRANSMISSION POWER ALLOCATION

In this section, we focus on the allocation of the trans-
mission power over FlyBS-user channels as well as over
the backhaul. Before providing the solution for transmission
power allocation, we formulate the problem to be solved
considering the general defined problem P1.

A. Formulation of power allocation problem

Note that, although the transmissions over the backhaul
links are considered as interference in the sum capacity
(according to (10)), decreasing the transmission power on the
backhaul channels would not necessarily increase the user
capacity, since decreasing the backhaul transmission power



would lower the backhaul capacity, which would result in lim-
iting the achieved capacity of the users. Thus, we formulate the
subproblem of transmission power allocation while keeping
backhaul constraints (13c) and (13d) as follows

N
P5 : max DY tnmComlt], Vt (27)

meM n=1

s.t.  (13c¢), (13d), (13e).

Challenges regarding solution to P5 are that the objective is
neither convex nor concave with respect to the power vector
P, and the constraints (13c) and (13d) are also non-convex. To
tackle these challenges, convex substitutions of the objective as
well as the constraints in PS5 are proposed. To this end, certain
approximations are applied. The approximations are proposed
in a way such that ¢) the alternative (convex) objective is set
to be an under-estimator of the original objective in P5 so
that the maximization of the alternative objective would result
in enhancement of the original objective, and i7) the derived
alternative (convex) constraints would be no looser than the
original constraints, hence, a fulfillment of the alternative
constraints would automatically fulfills the original constraints.

Before elaborating the solution according to steps ¢ and ¢
above, we note that the process of convex approximation of
P5 is of an iterative manner. More specifically, the process
in the steps ¢ and i¢ leads to a convergent solution to the
alternative problem to P5. In order to fully exploit the men-
tioned optimization technique, after the alternative problem to
PS5 is solved, the steps ¢ and 4 are repeated such that the
approximation in the new round is done using the derived
(optimal) values for P from the previous round. This way,
not only the derived optimal value to the alternative objective
increases in every iteration, but it converge eventually.

Now let us elaborate the steps ¢ and #¢. In the course of
the approximations for the objective and the constraints in P35,
the approximations used for the transmission power over BS-
user channels does not conform well with the approximations
over BS-BS links, in the sense that, applying both types of
approximation to the same objective/constraint would either be
very complicated, and/or result in excessive error in approxi-
mations. To avoid such unwanted complications, we propose
a solution in two steps where the transmission power is first
optimized over the BS-user links and, then, over the backhaul
BS-BS links. In the following subsections, we elaborate our
proposed solutions for both links.

B. Power allocation over BS-user links

In line with the approach explained earlier in this section,
we formulate the subproblem of power allocation for BSs as
follow

N
P5% : max Z Z nmChnmlt], k € I,

pTX
km mem n=1

(28)

st (13c), (13d), (13e).

The objective in P5* is non-concave and the constraints
(13c) and (13d) are non-convex with respect to pgx m e M,

m?

k € I,. In the following Proposition 4, we propose a solution
to convert P5* to convex.

Proposition 4. The problem in P5* is solved by converting
the problem to convex using approximations on the objective
function and the constraints (13c) and (13d) as explained in
Appendix D.

Proof. See Appendix D. [

C. Power allocation over BS-BS links

After optimization of the transmission power over the BS-
user links, the subproblem of transmission power optimization
for the BS-BS links with respect to associated constraints is
formulated as follows

N
| max Z ZanymC’nym[t], k€ @yw

Pl/m! meM n=1

(29)

st (13c), (13d), (13e).

The objective in P5** is non-concave and the constraints
(13c) and (13d) are non-convex with respect to p{jfl/,
m' € M —{m}, k € I, .. In the following Proposition 5,
we propose a solution to tackle the mentioned non-concavity/-
convexity.

Proposition 5. The problem in P5** is solved by converting
the problem to convex using approximations on the objective
function and the constraints (13c) and (13d) as explained in
Appendix E.

Proof. See Appendix E. O

D. Algorithm for transmission power allocation

Algorithm 2 demonstrates the solution to P5. According to
the lines 3-9 in Algorithm 2, the subproblem of transmission
power allocation for the BS-user links is solved via iteratively
converting the problem P5* into the convex problem with
respect to the derived values from previous iteration. Next,
the lines 10-15 provide a similar iterative solution via con-
verting P5** to the convex problem using derived values from
previous iteration. Then, in line 16, the transmission power is
calculated and, in case not converged yet, the algorithm repeats
the procedure.

VIII. OVERALL PROPOSED ALGORITHM FOR
OPTIMIZATION OF MULTI-HOP RELAYING VIA FLYBSS

In this section, we sum up the steps towards an optimization
of the user association, channel allocation, and transmission
power allocation and FlyBSs’ positioning as elaborated in the
Sections V-VII and we discuss the computational complexity
of the solution.



Algorithm 2 Transmission power allocation

pffn,(o), m € M, k € [1, K]: initialized transmission power
of BSs over channels
Pk,m: auxiliary variable to track convergence for pfi(n
{A,I,Q}: preset user association, channel allocation, and
BSs’ positions
L Prm Pffn’(o)
2: repeat
3:  repeat
4: substitute the objective in P5* at ka’,)vgn,(O) according to
(50)
5: substitute (13c) with a convex constraint by applying (51)-
(55) at pgj(n’(o) for {A,I,Q}
6: substitute (13d) with a convex constraint similarly as in
line 5
7: modify P5* according to lines 4-6 and solve using CVX
8: update p; % ) according to solution in line 7
:until convergence of py
10:  repeat
11: derive a convex constraint from (13c) by applying (56) at
pg,i(n,(()) fOI' {Aa Ia Q}
12: derive a convex constraint from (13d) by applying (57)-
(59) at pgfn’(o) for {A, I,Q}
13: use CVX to solve P5** with the updated constraints from
lines 11-12
14: update pgjf% 0) according to solution in line 13
15:  until convergence of pj n,
16: Pkm < Pk,
17: until convergence of py, ,,

TX

koms T S

Output: BSs’ transmission power over channels p
M, ke [l,K].

A. Overall proposed solution

Algorithm 3 shows the overall proposed solution to
the original problem in Pl at one time step ¢. For ev-
ery setting of (4., We use auxiliary variables C, and
{Ao,m; Lo,m; Po,m: Qo,m} to keep track of changes in values
of sum capacity and {A, I, P, Q}, respectively. Furthermore,
a binary variable w is adopted such that w = 1 indicates that
the algorithm has finally reached the optimal ¢,,4,. According
to Algorithm 3, the optimization variables, ¢,,44, w, and Cyy,
are first initialized in the lines 1 and 2. Then, according to
the proposed alternating optimization of the variables, the
positioning @ is first optimized in line 6, and then, the
optimization of I, A, and P is targeted (lines 8-13) at a
fixed value for @ as derived previously. In particular, I and
A are jointly optimized (line 9), and then P is updated (line
11) with respect to the updated values of I and A. This
interactive optimization continues until convergence of all of
I, A, and P. In case the sum capacity is not converged, the
newly derived I, A, and P are used as preset values to repeat
the next round of optimization with updating @) again, and so
on. After convergence of the sum capacity, the current value of
Lmaz 18 decreased by one (line 16), and the same optimization
procedure is repeated. The optimal value of ¢4, is reached
when the sum capacity starts decreasing by further lowering

of timaz- For the next time step, Algorithm 3 is repeated with
the updated initial values of { Ao, Iy, Po, Qo } using the result
from its previous time step and according to line 18.

B. Complexity of the proposed solution

To calculate the computational complexity of the proposed
solution to P2, we first note that there are M, decision
variables and 2M,. + 2M constraints in P2*, as well as M,
decision variables and 2M, +2M constraints in P2**. Hence,
the complexities of P2* and P2%* scale as ©(M,*(2M, +
2M)%5 + (2M, + 2M)35) and O(M,?*(2M, + 2M)?5 +
(2M,, + 2M)35), respectively. Hence, the overall complexity
of the solution to P2 is O(M,*(M, + M)>*® + (M, +
M)3® 4 M, *(M, + M)?>® + (M, + M)3?), or more simply
as (9(MT,4'E’M(L2'5 + M,,Q'E’Ma4'5). The derived complexity
is deemed favorable as the typical values of M, and M,
in practice are low (order of one). Note that the complexity
corresponding to a conversion of the subproblems P2* and
P2** are much less than the calculated complexities above,
and are not mentioned here as they do not change the derived
order of overall complexity.

Furthermore, the LP programming problem in P4 includes
LP programming, for which a derivation of computational
complexity is not conventional due to a relatively high de-
pendency of the complexity on the objective as well as on
a correlation between the variables which is represented by
the set of constraints in the problem. Only upper bounds with
worst-cases analyses have been provided in the literature for
that matter [41], [42]. In the following, we derive an upper
bound for complexity similarly as in [41]. In P4, there are
K(M.M, + (M, + M,)N) decision variables and 2N +
3M,. + 3 constraints. Since the number of decision variables is
higher than the number of constraints, then according to [41],
the computational complexity of the interior-point method

Algorithm 3 User association, channel allocation, power
allocation, and FlyBS positioning

w: binary flag to indicate reaching optimal tmax
Cim : temporary value of sum capacity
{Ao, Io, Po,Qo}: initialized optimization variables
0,im, L0,tm, Po,m, Qo,m }: temporary value of variables
: {A7IaPaQ} <~ {A07I05P05Q0}
S bmaz — K, w40, Gy <0
while ~ w
{Ao,m, To,m, Po,im, Qo,m} < {Ao, Io, Po,Qo}
repeat
: derive @ from P2 at Ag,m, Lo,m, Po,m using Algorithm 1
: QO,tm — Q
repeat
: find I and A via solving the LP problem P4 at Po,im, Qo,m
10: AO,lm < A, IO,lm — I
11: solve P5 to find P at Ao,m, Lo,m, Qo,m using Algorithm 2
12: PO,tm < P
13: until convergence of A, I, P
14:  until convergence of sum capacity
15: if sum capacity increased, update Cim else w <— 1 End if
16: tmaz & tmaz — 1
17: End while
18: {Ao, Io, Po,Qo} + {Ao,m, Lo,m, Po,m, Qo,m}
Output:{A, I, P, Q}

-
e I

N




is upper bounded by (9<(KMrMa + (M, + Ma)N)?"S), or

more simply by O (K3'5M3'5N3'5> for each setting of ¢,,q.
Then, since a determination of ¢,,,4, requires a repetition of the
solution to P4 by at most K times, the overall complexity of
solution to P3 is then upper bounded by © gK A5NBOSN 35)
Even though the actual computational complexity is supposed
to be smaller, still the derived upper bound is of polynomial
complexity and confirms that the proposed solution is suitable
for a relatively wide range of M, K and N in practice.

Next, to calculate the complexity of the proposed so-
lution to P5*, let us note that there are a maximum of
KN(M + 1) decision variables in P5* (depending on the
apriori channel allocation and user association) as well
as 2M constraints. Hence, the complexity of the solution
scales as O(KN(M +1)*(2M)*° + (2M)*°), or sim-
ply as O(K2?N2M*5). Furthermore, there are a maxi-
mum of K (M, + 1)M, decision variables in P5** as
well as 2M constraints. Thus, the complexity of the solu-
tion is O(K (M, + DM, (2M)*° + (2M)3'5), or simply
O(KM,*M,*M*>). Therefore, the overall complexity of
the solution to P5 is O(K2N2M*5 + KM,>M,*M*®).
Note that the process of conversion of P5* and P5** into
convex problems are of considerably less complexities than
the solution to the converted problems and so do not change
the mentioned order of overall complexity.

The total computational complexity of the proposed solution
to P1, which is represented by Algorithm 3, is calculated by
summing the complexity of the subproblems P2, P4, and P5.

IX. PERFORMANCE EVALUATION

In this section, we explain the scenario adopted for simula-
tions and we show the performance of our proposed solution
and compare it with related existing schemes.

A. Simulation scenario and models

We consider a scenario where the users are distributed
both at the proximity of the GBS and fairly away from the
GBS. This is a practical scenario as the remote region could
represent a disastrous situation to be served via the access
FlyBSs that communicate through midway relaying FlyBSs to
the GBS. Similar configurations are adopted in many works,
e.g., [24], [34], [43], [44], [45].

The simulation area is modeled as rectangular region of a
size of 1000m x 2000m with the GBS at one of its corners, as
shown in Fig. 5 The region is split by obstacles (e.g. mountains
or buildings) to a remote area (size of 1000 m x 1000 m) and
the area in the GBS’s proximity (1000 m x 500 m). Out of all
users, 25% and 75% are initially distributed randomly in the
GBS’s area and over the remote area, respectively. The users
move based on a random-walk mobility model with a speed
of 1 m/s.

A total bandwidth of 100 MHz is split into 100 channels,
each with a bandwidth of 1 MHz. The maximum transmis-
sion power of 37 dBm and 30 dBm is considered for the
GBS and the FlyBSs, respectively [46]. The noise power
is set to -90 dBm [47]. Due to a more dense presence of

access FlyBS
obstacles w w
relaying FlyBS . °
o
L =) o
=) _ uscir
° 1000 m

1000 m

Figure 5: Simulation scenario

obstacles between the two regions (compared to inside of
the regions), we consider different pathloss exponents based
on the positions of the BSs and the users. In particular,
for transmissions between the BS and the user, the pathloss
exponent of ¢, ,, = 2.6 is assumed. Furthermore, the pathloss
exponents of &, m = 2.1 and oy, = 3.4 are adopted for
the GBS’s transmission to the FlyBSs at the relay and at the
access link, respectively. Following [40], the channel gain of
gf{n = 1076 for self-interference is assumed for all channels
allocated to the FlyBSs. Omnidirectional antennas with gains
13 dBi, 7 dBi, and O dBi are assumed for the GBS, FlyBSs,
and users, respectively [46], [48]. An allowed altitude range of
[Himin,ms Hmaz,m] =[100,300] m and the maximum traveling
speed of 20 m/s are assumed for the FlyBSs. The results are
shown for N € [100,300] users and M € [2,6] FlyBSs with
the performance evaluated for different number of FlyBSs at
the relay/access link. The results are averaged out over 100
simulation drops, where each simulation is of a duration of
1200 seconds.

We compare our proposal with the following most related
recent schemes in the literature: 7) transmission power alloca-
tion, FlyBSs’ placement, and association of users for two-hop
networks derived from [21] to maximize the sum capacity
in a device-to-device network (referred to as SCDD) with
multiple relaying FlyBSs. Note that, the original work in [21]
assumes uplink and downlink users in the device-to-device
model. Thus, in order to match their model with ours, we
assume that the GBS in our model corresponds to the uplink
users. In other words, the uplink users in [21] are all assumed
to be located at the GBS’s location in our model,

i) sum rate maximization (referred to as SRM) via user
association and FlyBSs’ positioning in a three-hop network
with one relaying FlyBS as introduced in [32].

iiil) Maximization of average data rate via positioning and
transmission power allocation (referred to as ARPT) in a
multiple-FlyBS scenario, as provided in [51].

B. Simulation results

In this subsection, we present and discuss simulation results.
Fig. 6 demonstrates the performance of different schemes in
terms of sum capacity for different number of users for a total
of M = 2 FlyBSs (top figure) and M = 6 FlyBSs (bottom
figure). Thanks to its flexibility on a setting of the number of



relaying FlyBSs, the performance of the proposal for M = 6 is
shown for the cases with one and two relaying FlyBSs. Note
that, the SRM scheme can adopt only one relaying FlyBS,
and an extension of the solution to more relaying FlyBSs
is not trivial. The results show that the proposed solution
increases the sum capacity compared to SRM, SCDD, and
ARPT by 50%, 41%, and 63%, respectively, for M = 2, and
by 46%, 35%, and 52%, compared to SRM, SCDD, and ARPT,
respectively, for M = 6.

According to Fig. 6, the sum capacity increases only slightly
with the number of users for the proposed scheme. This is due
to the fact that the number of users has no significant impact on
the interference in the system, as the proposed channel alloca-
tion would potentially utilize all available channels regardless
of the number of users, and hence, a change of the number of
users only causes a rearrangement of assigned channels. The
benchmark schemes SRM and SCDD also do not experience
any notable change in the sum capacity. This is because both
schemes treat the entire available spectrum as a single channel
to be used by each FlyBS. Hence, adding more users in the
system results in an increase in the channel interference. A
similar trend is observed for ARPT. This is because, although
the increasing number of users would favorably reduce the
average distance between the FlyBS and the users, it would
also unfavorably lead to an allocation of smaller bandwidth to
each user.

Moreover, regarding the proposed solution, increasing the
number of relaying FlyBSs for a fixed M increases the sum
capacity only slightly. This is indeed due to a superposition of
two opposing effects: i) for a fixed M, having more relaying
FlyBSs leads to having fewer access FlyBSs, which limits the
sum capacity; ii) having more relaying FlyBSs can potentially
provide higher backhaul capacity by providing more channels
for backhaul, which gives the FlyBSs a higher freedom of
movement due to less restricting constraints on the backhaul
(i.e., (13c) and (13d)).

Next, Fig. 7 plots the sum capacity for different number
of FlyBSs, different number of relaying FlyBSs, and for
N = 100 (top figure) and N = 300 (bottom figure) for
different schemes. Note that the line for each scheme starts
from the minimum possible number of FlyBSs. For instance,
the proposed solution with two relaying FlyBSs should include
at least three FlyBSs considering a minimum of one access
FlyBS. According to Fig. 7, the proposed solution increases
the sum capacity by 51%, 42%, and 60%, compared to
SCDD, SRM, and ARPT, respectively, for N =100. Moreover,
for N = 300, the proposal increases the sum capacity by
51%, 40%, and 59%, compared to SCDD, SRM, and ARPT,
respectively. According to Fig. 7, there is an increasing trend
for the sum capacity with the number of FlyBSs (M) for all the
schemes. This trend is due to the fact that, the number of users
associated to each FlyBS decreases with M and, consequently,
decreasing the average distance between the users and the
FlyBSs leading to a higher capacity. Furthermore, a larger
number of channels can be associated to each FlyBS-user link
in general. Moreover, due to an increasing interference in the
network (because of channel reuse by different FlyBSs), the
sum capacity tends to saturate by increasing M. The sum
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Figure 7: Average user capacity vs. M for different schemes for
N =100 (left plot) and N = 300 (right plot).

capacity, however, does not show a tangible trend with the
number of relaying FlyBSs for the same M in the proposed
solution. This is due to the fact that, despite an increase in the
potentially supported capacity over the backhaul link (because
of having more relaying FlyBSs), a decrease in the number of
access FlyBSs results in an association of more users to each
FlyBS resulting in an increase in the average distance between
the FlyBSs and the users, and an allocation of a lower number
of channels to the FlyBS-user links.

In order to better understand the impact of each of the
optimization steps, as illustrated in Fig. 4, we also show the
achievable sum capacity in cases when the optimization of
one of the variables I, P, A, @ is left out from the proposed
solution. Fig. 8 compares the performance of the entire pro-
posed solution with each of such alternatives. According to
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Fig. 8, an exclusion of the optimization of I, P, A, and
@) degrades the sum capacity with respect to the proposed
integrated optimization of all variables by 25%, 33%, 23%,
and 19%, respectively, for N = 100, and by 20%, 26%, 25%,
and 21%, respectively, for N = 300. It is observed that the
sum capacity decreases with the number of FlyBSs M for
the proposed solution if either I or P are not optimized.
This is because adding more FlyBSs in the system causes
excessive interference, which is not managed via optimization
of I or P leading to a degradation in the sum capacity. In
case that either A or ) is not optimized, a combination of
the optimization of the other three variables still manages to
moderate the degradation caused by interference and/or by an
increase in the FlyBS-user distances.

Next, Fig. 9 demonstrates fairness among the users (mea-
sured as the Jain’s fairness index) for different number of users
and FlyBSs. The relatively high values of the index (always
above 0.8) shown in Fig. 9 indicate that the total provided
capacity by the FlyBSs is distributed among the users in a
fair way.

Furthermore, we show that the acquired gain in the perfor-
mance with respect to the existing solutions is not at the cost
of excessively energy consuming movements of the FlyBSs.
Fig. 10 demonstrates the average incurred propulsion power
for different schemes and for different number of FlyBSs,
relaying FlyBSs, and users (/N = 100 and N = 300 for the top
and bottom subplots, respectively). According to Fig. 10, the
energy consumption of the proposal is quite similar to that of
SCDD and SRM (less than 5% difference), while the achieved
sum capacity is increased up by 51% as shown earlier in this
section.

According to Fig. 10, there is an increasing trend in the
propulsion power consumption with the number of FlyBSs
M for the proposed solution. This is due to the fact that,
by increasing M, more interference is introduced in the
network. Consequently, a change in the transmission power
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Figure 9: Jain’s fairness index among users for different number of
users and different number of FlyBSs.
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Figure 10: Average propulsion power consumption vs. number of
FlyBSs for different schemes.

of the FlyBSs over channels becomes more correlated with
the FlyBSs’ positioning, necessitating the FlyBSs to relocate
more often to alleviate the interference. Furthermore, it is also
observed that increasing the number of relaying FlyBSs in the
proposed solution increases the propulsion power consumption
a bit. This is because, having more relaying FlyBSs gives
them more freedom in movement to maximize sum capacity
while ensuring the backhaul capacity constraints, which in turn
allows more mobility to the access FlyBSs. Moreover, Fig. 10
shows that increasing the number of the users from 100 to
300 results in a decrease in the propulsion power consumption.
This is because, by increasing N, a larger number of users are
associated with each FlyBS. As a result, the users’ movements
cancel out each other’s effects on the sum capacity by a higher
degree, which leads to a less frequent movement of the FlyBSs.

Last, to verify that the iterative manner of the proposed
solution does not limit its practical application, we also plot
an evolution of the sum capacity in Fig. 11 over iterations of
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100 | 0.28
200 10.39
300 |0.57

(1,4)
0.30
0.44
0.64

(1,5)
0.31
0.47
0.68

(22|23
0.32
0.57

0.78

2,4)|(3.1)

0.29
0.55
0.74

(3:2)
0.33
0.60
0.78

(3.3)

0.29
0.54
0.77

0.33
0.63
0.81

0.36
0.64
0.83

Table II: Running time (in seconds) of the proposed solution
(Algorithm 3) for different numbers of users and FlyBSs

optimization of the variables for different number of relaying
FlyBSs and for N = 100 (left figure) and N = 300 (right
figure). Note that, each iteration corresponds to one whole
round of optimization as presented in Fig. 4. Four FlyBSs
are assumed in both subplots. The lines for SRM, SCDD,
and ARPT are only shown for reference. According to Fig.
11, the proposed solution converges quickly and in only
few iterations. Furthermore, even after one or two iterations,
the proposal outperforms all the schemes SRM, SCDD, and
ARPT. Following the fast convergence shown in Fig. 11 in
terms of the number of iterations, Table II also indicates
the running time (in seconds) of the proposed algorithm,
represented by Algorithm 3, using computer with the Intel
Core 17-7600U CPU @ 2.80GHz. The duration is shown for
different numbers of users and FlyBSs at the relay and access
links. According to Table II, the running time is notably shorter
than the duration of the selected time steps (i.e., 1 second)
in the simulations. This confirms feasibility of the proposed
solution even for dense scenarios with high numbers of users
and FlyBSs.

X. CONCLUSIONS

In this paper, we have studied the problem of sum capacity
maximization in multi-hop relaying via FlyBSs. In addition
to the direct links between the access FlyBSs and the GBS,
a set of relaying FlyBSs are also deployed to improve the
communication between the access link and the GBS. The

GBS and the relaying FlyBSs can also serve the users di-
rectly. Furthermore, to exploit the available radio resources
efficiently, a reuse of the channels is allowed at all links. The
sum capacity is optimized via an analytical solution based on
alternating optimization of FlyBSs’ positioning, association of
users to FlyBSs, channel allocation, and transmission power
allocation. The problem is solved under practical constraints
on the FlyBSs” movement as well as on the backhaul capacity.
The proposed solution increases the sum capacity by tens of
percent compared to the state of the art.

In the future, the problem of resource allocation in multi-
hop scenarios with non-orthogonal multiple-access (NOMA)
together with related aspects such as clustering, interference
cancellation, and decoding shall be studied.

APPENDIX A
PROOF TO PROPOSITION 1

Proof. Let us first deal with the non-concavity of the objective
with respect to g, (m € My).

1) Non-concavity of objective in P2*: We derive a concave
lower-bound to the objective. To this end, lets rewrite the log(.)
term in the capacity in (10) using (7) as
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(30)

Next, we provide a lower bound for the interference term in
(30), e, for 3 cpa oy Fnmr ko™ DR We use
the fact that the smallest possible distance between the FlyBS
m and the user n at the time step ¢ can be derived from their
distance at the time step ¢ — 1 and based on the limitations
on the FlyBS’s speed. Thus, the distance at the time step ¢ is
lower bounded by

dn,m,min = ||qm[t - 1] - qn[t]H - Vmaw5t7 (31)

where d; is the duration of time step ¢. Then, using (31), the
interference in (30) is upper-bounded as follow
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Next, using the inequality in (32) and by applying log,(1 +
asc"l) > log,(14axgt) — m , we derive an under-
estimator for the left-hand-side in (30) as
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and dy, (o) is the evaluation of d, ,, at the reference point-
note that the d,, ,, o) is initially selected arbitrarily whilst
fulfilling (13a)-(13f), and then updated by the derived solution
from P2*,
The derived lower bound in (33) is concave with respect to
the position of access FlyBSs.

2) non-convexity of (13c) in P2*: Next, we address the non-
convexity in (13c). In particular, we first derive a lower bound
for the term Zm,GMK Cp,ms in (13c), and an upper bound

for the term 22]21 @, Cr.m in (13c), such that the resulting
derived (tighter) constraint would define a convex space for
Q. To this end, using (8), the log(.) term in Cy, ,,’ (as shown
in (11)) is first rewritten to
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Furthermore, we find an upper bound for the interference term
in (35). To do so, we determine the maximum possible distance
A, m’ min between the FlyBSs m and m’ at the time step ¢
using their distance at the time step ¢ — 1 and the maximum
speed of the FlyBSs, i.e.,

dm,m’,min = ||qm[t - 1] — g [t - 1]” - 2Vma15t-

Then, the lower bound for 3° ¢, Cm,m/ can be derived
similarly as in (33), which yields a concave expression with
respect to Q.

Next, we derive an upper bound for ZnN:1 Gn;mChnym. TO
this end, we use the fact that the maximum distance between
the FlyBS m and the user n at the time ¢ can be determined
from their distance at the previous time step t— 1 and from the
maximum possible displacement of the FlyBS. The maximum
possible distance dy, . mae[t] between the FlyBS m and the
user n is

(36)

dn,m,maw = qu [t - 1] —dn [t]H + Vmax6t~ (37)

From (30), (31), and (37) the log(.) term in the sum capacity
is upper bounded as

—Qn,m TX
Hn,m,kdn,m pk,m
10g2(1+ 2 % om! TX )S
On.k + Zm’e{anym,:o} H”amlvkdn,m’ k,m’
—Qn,m TX
1 (1+ K’namvkdn,m,minpk,m )
082 2 d_an,'m./ TX
On.k + Zm’e{an,MIZO} En,m’ kQp m! mazPlk,m’
(38)

Hence, (13c) is replaced by the a substitute constraint so that
the left-hand side of (13c) adopts the upper bound in (38)
instead of the log(.) term, and the right-hand side adopts the
lower bound in (33) instead of the log(.) term. The resulting
substitute constraint is then convex with respect to Q.

3) non-convexity of (13d) in P2*: As the last step to cure
P2*, we now deal with the constraint (13d). Note that the term
Chn,m’s Cmr.m, and Cp s are all non-convex with respect to
gm (M € Mz). Similar to the procedure for (13c), we derive
an alternative constraint to (13d) such that, upon fulfillment of
the alternative, the original constraint (13d) would be fulfilled
as well. To this end, a convex/concave upper/lower bound for
the left-/right-hand side in(13d) is derived as follow. For the
term C,, ./, a similar approach to the derivation of (38) (for
Cp,m) is taken. Next, for Cp,/ r,, the log(.) term (as in (11))
is rewritten and then upper-bounded as follow
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and dp,.;m/ maz 10 (40) is the maximum distance between the
FlyBSs m and m” that can occur at the time step t. The
maximum distance is determined from the distance between
the FlyBSs at the time step ¢ —1 as well as from to the FlyBSs’

maximum speed as
dm,m”,maz = ||QWL[t - 1] — g, [t - 1]” + 2Vmax6t~ (41)

Note that the derived upper bound in 39) is convex with respect
to @m, (m € [1, M,)).



As the final step in treating the constraint (13d) for the
formulated problem P2*, we derive a concave lower bound for
Co,m. To this end, the log(.) term in Cp y, is first rewritten
and lower bounded as
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Then, the right-hand-side in (42) is lower bounded using the
inequality log,(1 + az™1) > log2(1 +azyt) — m
with the variable x representing dm, o - The procedure follows
the derivation in (33). Details are omitted due to space

limitation. 0

APPENDIX B
PROOF TO PROPOSITION 2

1) Non-concavity of objective in P2**: In order to derive
a concave objective from the sum capacity, we find a lower
bound to the log(.) term in the sum capacity as follows
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and d,, ;v (0) is the evaluation of d,, v at the reference point
(0). Note that the brackets in d,, ,,/, (o) are used so as not to
confuse the reference points with the index 0 used for the GBS.
The value of d,, ,, (o) in practice is initially selected arbitrarily
to fulfill (13a)-(13f), and then updated by the derived solution
from P2#*. Also note that, the value of d,, ,,,/, (o) for the access
FlyBSs are the same as their actual value, since those FlyBSs
are at fixed points when targeting the placement of the relays.
The derived lower bound in (43) is now concave with respect
to @,,,r (M’ € My).

2) Non-convexity of (13c) in P2**: Next, a convex con-
straint is derived from (13c) via replacing the left-hand and
right-hand sides in (13c) by convex upper bound and concave
lower bounds, respectively. To this end, for the left-hand side
in (13c), the log(.) term in the capacity is first rewritten and
then upper bounded as
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Then, a lower bound to the subtrahend right-hand side in (45)
is derived by applying a similar approach as to (43). The
resulting upper bound (not shown here to save space) is then
convex.

Next, a derivation of convex lower bound t0 3,/ ¢ 5. Crn,mv
is provided similarly as in the proposed process for positioning
of the access FlyBSs (see (35) and the discussion after).
With the proposed replacements above, (13c) is converted into
a convex constraint.

3) Non-convexity of (13d) in P2**: Next, to tackle non-
convexity with (13d), let us note that the term C), ,,,s in (13d)
is upper bounded via a process similar to the derivation of
convex upper bound to C,, ,,, as explained above (see (45)).

Next, to deal with the non-convexity of C,, ,,,, the log(.)
term (as in (11)) is rewritten using (40), and then upper-
bounded as follow

R
pm,m’,k:
mk T gk mpk m T

10g2(1+ )=

=

R
pm,m”,kt
m' emzg U{0}—{m'}

1085 (ot + Komom? kdm T )

DY

m' emyg U{0}—{m'}

—10gy (070 & + 9 mPh,m

m,m’! TX

Rm,m!’ kdm m” Pk m”) <

a7n s m

10g2 (Cm m! ;maz T Km ,m/’ kdm m/ m/lnpk m/) 10g2( Om,k
+gk,mpk,m + Z Km,m!! kd Sm,y m”pzﬁ//) (46)

m'’ EMQ‘U{O}—{m }

where



2 SI . TX
Um k + gk mpk: m+

<maz =

>

m' eMzU{0}—{m'}

Qo m!’ TX
m,m/'’ mznpk m’’

K/m m’ kd (47)

Then, the subtrahend log(.) term on the right-hand side in (46)
is upper bounded by a convex function via a similar approach
as applied for the upper bound of the log(.) term in (45).

Last, we deal with the non-concavity of Cp ., in (13d).
We derive a concave lower bound to the log(.) term in Cj
(according to (12)) as follows
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The resulting lower bound in (49) is concave with respect to
the relaying FlyBSs’ positions q,,,» (m' € Mg).

APPENDIX C
PROPOSITION 3: DETERMINATION OF (1,4

Without a consideration of the backhaul constraints (13c)
and (13d), it is evident that having a higher BS-user overall
capacity does not guarantee a higher total capacity in the
network. This is because the actual overall capacity that each
BS could provide is still limited by the overall capacity of the
backhaul links connected to that BS. In the light of this fact, it
is not suitable to relax the backhaul constraints in PS5 without
adding any backup constraint, since it could lead to solutions
with an excessive amount of channels allocated to the BS-user
links resulting in insufficient capacities over the backhaul. To
tackle this issue, the parameter ¢,,q,; is introduced to limit the
maximum number of channels that can be assigned to each
BS-user link.

An analytical determination of ¢,,,,, however, is quite
difficult if not impossible, as the subsequent optimization of
transmission power could have a large impact on the capacities
of the BS-BS and user-BS links, and hence on ¢,,,4,. Thus, a
realistic approach is to regulate ¢4, according to the actual
values of the link capacities. More specifically, the value
of Lmar 18 determined for each iteration of the alternating
optimization of {I, P, A, Q} as explained in the following.
First, (14, 1s initialized by the total number of channels,
i.e., K. Then, one round of optimization of {I, P, A, Q} is
performed with I and A determined via solving P4 and with
respect to the adopted ¢,,,4.. Then, the total network’s capacity
is calculated at the derived values of {I, P, A, Q}. Next, the
same procedure is repeated for t,,,, = K — 1, and so on.

)t is expected that at some point for some value of ¢4,

SAY lmaz = liaz» the total capacity of network reaches its
maximum, and then starts to decrease for tyay > )4, Then
the optimal value of ¢,,,, for the considered iteration is set
to be ¢}, .- The optimal value of ¢4, is determined for next
iterations likewise.

APPENDIX D
PROOF TO PROPOSITION 4

To solve the problem in PS*, since the objective is non-
concave with respect to p,C . we first substitute the objective
with a concave under-estimator. To this end, the log(.) term
in (10) is expanded and, then, lower bounded by applying the

inequality log,(a+ x) < log,(a+ xo) + % as follows
(the time index "[t]" is omitted to avoid cluttering)
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where pl’ ;) is the evaluation of pf ., at the reference
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point for pgfn, 0) and according to (8). Initially, the value of
PR (0) 18 selected arbitrarily provided that the constraints
(13c¢), (13d), (13e) are fulfilled. Note that the value of pfim,’ &



derived from the solution to P5* is selected as the reference

value of pn ) for the next iteration.

The derived lower bound in (50) is concave with respect
to pfim,~ . and, hence, with respect to pffn according to (7).
Subsequently, a concave expression can be derived for sum
capacity.

Next, the constraint (13c) is first rewritten as
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Then, using the inequality logy (14 57%5) > logy(1+ 570 ) —

k(xz—xz0) : )
(b+mo)(a+b+0kT e for a,k > 0 and arbitrary g > -7,
we derive an under-estlmator for the log(.) term on the right-
hand-side in (51) (with pk being the corresponding x in the

mentioned inequality) as follows
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The right-hand side in (52) is linear with respect to pff(n
Next, as for the left-hand side in (51), the log(.) term on is
first expanded as
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Then, by applying the inequality log,(a + z) < log,(a +
x0) + (a-;—tx_ior)i)n)(Z) (for k > 0 and arbitrary z) to derive an over-
estimator to the second term on the right-hand side in (54),

we get
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The derived upper bound in (55) is now convex with respect
to the transmission power over the access links (i.e., pgfn and
pfifl, in (55)).

Next, the first term on the left-hand side in (13d) is
neither convex nor concave with respect to the transmission
power over the access links (the second terms is convex).
Furthermore, the right-hand side in (13d) is convex. Hence,
we propose to replace (13d) with a convex constraint such
that, by fulfilling the substitute constraint, (13d) would be
automatically fulfilled as well. More specifically, we derive
a convex upper bound for the left-hand side in (13d), and
a concave lower bound for the right-hand side in (13d). To
this end, for the term ZT]:] 1 @n,m'Croms, We take a similar
procedure as in the derivation of (55) for Z —1 @n,mCnm to
get a convex upper bound (the derivation is not included to
avoid cluttering). Furthermore, for the term Cj .,y in (13d),
we adopt a similar derivation as in (52) (which is for Cp, /).
Therefore, the problem P5* is replaced by the problem of
maximization of a concave objective under convex constraints,
which is solved using CVX.

APPENDIX E
PROOF TO PROPOSITION 5

To solve the problem in P5**, it is observed from (10) that
the objective is convex with respect to the transmission power
over the BS-BS link. Nevertheless, the constraint (13c¢) is non-
convex with respect to ka To tackle the non-convexity, we
derive a lower bound for the right-hand side in (13c) to be
concave with respect to p,C - More specifically, using the

inequality log,(a + z) < log,(a+ x¢) + %, the log(.)
term in the right-hand side in (13c) is rewritten and then lower

bounded as
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where Wy, ,,, = am kT gk L plX m- The right-hand side in (56)
is now concave Wlth respect to pkvm,.

Furthermore, in the constraint (13d), the term
22[21 Gn,m'Cn,m 1s convex with respect to the
transmission power over the BS-BS links. However, the
term Zme% Cnrm[t] is not convex, and the term Cp
is not concave. Thus, we propose to substitute (13d) with
another constraint such that, a fulfillment of the substitute
constraint would suffice to fulfill (13d) as well. More
specifically, we first derive an under-estimator for the log(.)
term in Cp ., according to (12) as follows
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and X m (o) is the evaluation of X .,/ at the references values
pffﬂ 0) and pﬁ ke (0)" The derived lower bound in (57) is
now concave with respect to pf X ' (note that pﬁ,mm i in (58)
is also linearly proportional to p! 7m, according to (8)), which
is the transmission power over the backhaul channels. Note
that p)% .

Next, we propose to derive an over-estimator for Cy,/ ,. To
this end, the log(.) term in (11) is rewritten and upper bounded
as follows
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where the substitution &, k= > pR s
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adopted to avoid cluttering in the presentation of expressions.
By adopting the substitutions in (56), (57), and (59), the
problem P5** is converted to a convex problem and, therefore,
is solved using CVX.
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