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Abstract

In this paper, we investigate the successful transmission probability of an aerial cellular network in which an unmanned aerial
vehicle (UAV) as a Macrocell Base Station (UAV-BS) serves other UAVs as aerial users. The beamforming capable antennas
are mounted on the UAVs, to increase the throughput of the network. The random effects of inner forces such as controlling
errors or outer forces like the air conditions result in the random fluctuations. We assume Rician fading distribution over the
links between the UAVs, then, we calculate the distribution of the channels under hovering fluctuations. Also, we derive the
closed form expressions for successful transmission probability. Defining an optimization problem on the average successful
transmission probability of the network, we obtain the best placement of UAV-BS along with the resource allocation. The
problem turns out to be a non-convex problem and time consuming via numerical exhaustive search methods. Instead, we solve
the optimization problem for its lower bound. Maximization problem for the achieved lower bound is equivalent to maximize
the main problem. Then, we use some approximations to convert it to a low complex problem to find the solution. We use
the entity of the low complex problem to obtain the allocated power for each UAV and in the following, the problem becomes
convex which is solved by KKT conditions to obtain the location of UAV-BS. The theoretical results show that optimizing the
lower bound probability achieves the suboptimal solution for power assignment and placement problem, which is verified by

simulation results.
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1 | INTRODUCTION

The emerging Unmanned Aerial Vehicle (UAV) technology has attracted a great research interest whether in industrial areas
such as providing logistic applications or telecommunication projects specially in 5G networks such as monitoring devices, aerial
base stations, aerial users and etc. Attaching the UAVs to the cellular networks could enhance its performance and provide more
qualified services. Particularly, the flexibility for adjusting altitude (generally the location), has become a privilege in proportion
to the terrestrial base stations which enables them to increase the Line-of-Sight (LoS) probability'” to the ground users. However,
the increasing demand to apply multiple UAVs has created great challenges such as coverage probability, link capacity, channel
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model analysis and etc. in 5G communications. To provide a network infrastructure for a large number of mobile users and
Internet of Things (IoT) devices and to extend the coverage of terrestrial base stations specially to remote areas, the architectures,
requirements and corresponding issues of integrating UAVs with such networks have been widely discussed in%245,

1.1 | Related Works

The deployment of UAVs in swarm networks was considered as flying ad hoc networks (FANETS) or Internet of Drones (IoD)
which enhance the Quality of Experience (QoE) for ground terminals®. A multi-antenna UAV was considered to communicate
with a cluster of single-antenna IoT devices as a MIMO link and the data collection efficiency was optimized over the transmis-
sion power parameter during the whole flight time'Z. On the contrary, the joint trajectory and achievable sum rate of UAV-assisted
IoT networks in downlink direction, were achieved using an efficient iterative algorithm which optimizes the power allocation
in the network®. In traditional methods, the gathered data from wireless senors is recorded during the flight of a UAV and is
offloaded at the end of the journey. Due to high data rate and low delay in 5G networks, the UAVs could make use of trans-
missions during their flight which lowers the risk of data loss. However, the performance of 5G networks is highly dependent
on the channel statuses, obstacles and movements of the UAVs. Therefore, an integrated full-stack simulation framework was
proposed to evaluate the end-to-end data transfer in the network for mmWave communications which decreases the data loss
during flight time®. Likewise, an Intelligent UAV-based Data Aggregation Algorithm, (IDAA) was proposed in which the secu-
rity tasks are done in the UAVs and an energy efficient trajectory is planned by deep reinforcement learning methods to collect
more data by UAVs'?, Intell-UAV-5G was proposed to predict the connected access nodes and intelligently provide the service
in 5G networks. Minimizing the time of service interruption, the Intell-UAV-5G algorithm guarantees the quality of service
and outperforms the existing methods't. Z. Ullah et al. classified the joint optimization problems for UAV networks based on
the various parameters and they have shown the effect of similar learning methods such as artificial intelligence (Al), machine
learning (ML), deep reinforcement learning (DRL), mobile edge computing (MEC) and software-defined networks (SDN) on
solving the problems''?. H. Bian et al. utilized an iterative algorithm to optimize the trajectory and power allocation for a UAV-
assisted vehicular network over movement and information-causality constraints and they showed the effect of UAV’s cache in
performance of the network. A height dependent channel model and antenna patterns were taken to account to evaluate the
coverage probability and rate of both links in which the overlay method seems to show better performance. The study on impact
of realistic channel models in such networks showed that the power control policy could be useful to find the best performance
trade-off for both U2U and GUs communications'®, An efficient beam tracking was proposed using a beam training method to
predict the beam direction of a UAV base station which communicates with mobile users'>. The beam training codebook design
was considered for both insufficient and sufficient beam training cases which increases the average downlink capacity of the
network in compared with the other conventional methods. A multi-antenna UAV was deployed to cover a set of ground base
stations in which the line of sight phenomenon and ground base stations’ interference in uplink mode could be considered as a
challenge in maximizing the uplink sumrate'l°.,

The dynamic model for the flock of UAVs was investigated to obtain the efficient trajectory planning via Improved Particle
Swarm Optimization (IPSO) and Gauss Pseudo-spectral Method (GPM)Z. Also, a hierarchical exploitation of swarm UAVs
was studied for a reliable communication with ground base stations (GBSs) and a new protocol was introduced via choosing a
swarm head among the UAVs to overcome the interference of occupied GBSs'8. A cooperative UAV sense-and-send protocol
was proposed for UAV-to-X communications in the uplink to optimize joint subchannel and speed in multi-UAV networks'?. The
spectrum sharing was considered in UAV networks where both U2U pairs and Ground Users (GUs) could transmit their signals in
underlay or overlay mode resulting a mutual interference??. In a cellular network with multiple UAVs, the average capacity of the
link between each UAV and its ground users was maximized simultaneously, guaranteeing the overall area coverage”?!. Turning
angle constraint was considered in UAV-to-UAV (U2U) communications and an energy optimization problem was defined over
joint UAV flight path planning and transmit power control which results in shortening the completion time lengthZ. Likewise,
the 3D movement of the UAVs with fix velocities were investigated to simulate the wideband non-stationary Air-to-Air (A2A)
channel model in which the results show that the impact of vertical movements is larger than horizontal movements23. X. Duan
et al. employed the (UAV)-enabled wireless power transfer (WPT) to transmit energy to ground users with lower energy levels.
The authors jointly optimized the three-dimensional (3D) location of UAV and beam pattern by applying the Butler Matrix feed
network which maximizes the energy harvesting gain in the network”®, C. T. Cicek et al. investigated the optimum location of
several Drone Base Stations (DBSs) with dynamic capacity which serve their ground users in a cellular network. The authors
showed that the capacity of each DBS is a non-linear function of distance and resources received from ground base stations which
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resulted in a Mixed Integer Non-Linear Program (MINLP) and was solved through heuristical methods??. F. Xu et al. proposed
an improved mean shift (IMS) algorithm to find the optimum location of UAVs where they provide computing services for the
ground users. They showed the trade-off between the cost of service providers and energy consumption in such networks2¢, An
adaptive discrete particle swarm optimization (ADPSO) algorithm and power calibration were employed to optimally localize
the UAVs in order to minimize the security threats of other UAVs?’. Also, deployment of UAVs as helpers to the main base
station was investigated by V. Sharma et al.*®
been proposed to maximize the UAVs positioning likelihood which optimizes the throughput of the network. On the other
hand, a self-healing mechanism in MAC layer and a fast beam tracking mechanism were developed to repair the failed links
and maximize the robustness of the UAV mesh networks?’. An optimal energy-saving algorithm was deployed in UAV swarm
networks considering the jointly balancing heterogeneous UAVs’ flying distances on the ground and final service altitudes in
the sky under No-Fly-Zone (NFZ) constraint and different initial locations=".

Many efforts have been made to characterize the channel models between UAVs and other user either ground or aerial users.
But the mobility and hovering as the inseparable characteristics of the UAVs, make them vulnerable to fluctuating effects which
reduces the antenna gains in the users with beamforming capabilities. The effects of these fluctuations as a normal random
variable was applied to the problem to derive mathematical expressions for probability density function (PDF) corresponding
to the channel behavior under Gamma fading“!. A summary of related works is represented in Table

in which a self-healing neural model and the concept of matrix-coloring have

1.2 | Scope and Contributions

In this paper, we consider a UAV cellular network with one aerial base station and many aerial users in which the orthogonal
channels have been assigned to the users. We use the method studied in"*! for aerial channel modeling to evaluate the average suc-
cessful transmission under Rician fading for Line-of-Sight (LoS) links. Then, we define the optimization problem to maximize
the average successful transmission probability which turns out to be a non-convex problem. Using some approximations and
converting the main problem to equivalent problems, we simplify the problems with lower complexity to find the closed-form
expressions. Our contribution is as following:

o Considering multi UAV network communicating with a multi-antenna UAV base station, we calculate the PDF of the
channel gains under UAV’s hovering fluctuations over Rician fading channels.

e We derive the closed-form expression for the average successful transmission probability in the network corresponding
to the location of each UAV and its allocated power.

o A tight lower bound is calculated for the average successful transmission probability of the network.

e An optimization problem is defined to maximize the average successful transmission probability over placement of the
UAV base station and UAV users’ transmission power. Due to the non-convexity of the defined problem, we use some
approximations to convert it into a minimization problem. Finding the solution to the power allocation, we convert the
problem into a convex problem which can be solved with KKT conditions resulting in the closed-form expression for
location of UAV base station.

The rest of this paper is organized as follows: Section II discusses the system model of hierarchical aerial cellular network and
successful transmission analysis. In section III the maximization problem is expressed to maximize the successful transmission
probability. The numerical results are presented in section IV, and finally, Section V concludes the paper.

2 | SYSTEM MODEL

We consider a hierarchical aerial communication network shown in Figure[T]in which a UAV, as an aerial Base Station (UAV-
BS), communicates with other UAV users denoted by U, for (I = 1,2, ..., L) in downlink mode. The location of UAV-BS and
each U, are given by (x, y, z) and (x,, y;, z;) in Cartesian coordination, respectively. These locations are available at UAV-BS.
All UAVs use rotary wings so that they could hover in the appropriate locations for the given purposes. Also, it is assumed
that all UAVs are capable of beamforming since they use mmWave antennas in their receiving and transmission directions. The
UAV-BS is equipped with multiple antennas so that each of them could be aligned towards the aerial users, independently.
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Table 1 Summary of Relevant Articles

Main Subject > E|E o Ret
Ik
2|
Sum-rate optimization in UAV-aided MIMO communications v | X | X z
Trajectory and power optimization in UAV-relay-assisted networks v | X | X g
UAV path planning VI X | x|V 2
Data aggregation in UAV-assisted IoT Networks X |V | X |V o
Optimizing cost/profit function in UAV-assisted 5G networks X |V | X | X 1
Throughput and energy efficiency maximization for UAV-assisted vehicular networks | X | v | X | X 13
Link coverage analysis in cellular UAV communications Vx| x|v | U4
UAV beam alignment in mmWave communications v |V X | X =
Interference cancellation and sum-rate maximization for multi-beam UAVs |V | X | X 16
UAYV swarm efficient trajectory VI Vv | x|v|
Reliable UAV swarm under D2D communications VI X | x|V I
Design and optimization for Cellular UAV-to-X communications IV x|/ 19
Cellular network analysis with underlay and overlay UAV-to-UAV communications | v | X | X | vV 20
Average capacity maximization for multi-UAV coverage X | X | X |V 2
Completion time minimization in UAV-to-UAV communications X |/ | x|V 2
Air-to-air channel model for UAV communications VX | x|V 23
Joint 3d placement and multi-beam design for UAV-assisted networks X |V | X | X et
Location allocation problem for UAV base station X |V | x|V ]| B
Localization problem in UAV-assisted edge computing network X |V | X |V 26
Localization and power allocation in UAV swarm network X |/ | x|V z
Positioning likelihood of UAVs in 5G networks X |/ | x|v/]| &
Beam management in mmWave UAV mesh networks VX | x|V 22
Sum-rate optimization with energy-saving UAV swarm X |V | x|V 20
Analytical channel models for mmWave UAV networks o x|v|v]| &
Present paper AR AR -
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Figure 1 Multi UAV Communication Network

To make the benefits of beamforming properties, the UAV-BS has the permission to fly in high altitude area to create LoS
channel with the other users. Without loss of generality, we assume that each user’s antenna is aligned towards the z-axis of the
corresponding antenna in the UAV-BS and vice versa. The random physical effects of propelling rotors, controlling system faults
and environmental phenomena such as air pressure could cause non-negligible fluctuations in any of the users which results in
deviations of Angle of Departure (AoD) in transmitters and Angle of Arrival (AoA) in receivers. According to 32133 the PDF of
these deviations could be considered as Gaussian distribution. Based on the alignment of antennas in z-axis, the AoD deviations
of transmitters in UAV-BS are denoted by 6,, and 6, in the x — z plane and y — z plane, respectively, and the AoA deviations of
receivers in each user are denoted by 6, and 6,,, in the x—z plane and y—z plane, respectively. Thus, we have 6, ~ N ©, p 03)’)
in which w € {tx, ty, rx,ry} (including both transmitter and receiver sides). Since the antenna gain is assumed to be constant in
x — z plane, the effect of fluctuations on the UAVs could be negligible in that dimension and we could compromise the impact
of deviation in x — z plane. Hence, the antenna gain is only a function of 6,, and 6, at each user. The summary of notations is
described in Table

2.1 | SNR Analysis under Hovering Fluctuation

The UAV-BS communicates with its users in TDMA mode and allocates the power P, for each user at each time slot. Considering
h; as the small-scale fading over the link between U, and UAV-BS and compromising the doppler shift effects, the received SNR
could be expressed as

| hl |2PIG(0ty, ’ Hry,)
J/ =
: PL(d))c?

ey

where G(H,y,, gry:) is instantaneous antenna gain, 0'12 indicates the variance of the Additive White Gaussian Noise (AWGN), &,
and PL(d,) denote the channel coefficient and path loss between UAV user and UAV-BS, respectively. To make the benefits
of mmWave properties, it is assumed that the altitude of UAV-BS is high enough to provide LoS link to the UAV users. Thus,
considering the Rician distribution for the line of sight links between UAV-BS and the UAV users, seems reasonable and the
corresponding channel gain takes the noncentral Chi-square distribution as below

F® = 3¢ 1 (I, @

where k, represents the Rician factor and I(.) is the modified Bessel function of the first kind and order zero.
Noting that there is no standard model for U2U communications and according to the distance between UAV-BS and UAV
users, we apply the free space path loss reported by 3GPP for Urban Macrocell (UMa) scenario”# as following

PL(d)) = 32.4 +20log,, d, + 2010g,, f., 3)
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Table 2 Summary of Notations

Symbols Description

UAV-BS UAV Base Station

U, [th UAV user

L Number of UAV users

(x,y,2) Coordination of UAV-BS

(X, ¥2) Coordination of U,

d, Distance between UAV-BS and U,

H,,. H,, | Minimum and maximum of flight height for UAV-BS
Oy, by, Angle of departure deviations of transmitters in UAV-BS
0,5 0,,, Angle of arrival deviations of receivers in each user
P,P,,. Allocated power for U; and maximum power to be allocated for U,
h, Small-scale fading over the link between U, and UAV-BS
PLd,)) Free space path loss between U, and UAV-BS

o, Variance of AWGN in U,

fe Carrier frequency used by UAV-BS

k, Rician factor of U,

f 2 (3] Distribution of channel gain between U, and UAV-BS
G(,,.0,,) | Instantaneous antenna gain in the direct line

G(@,,), Array gains at the transmitting

G@,,) antenna and the corresponding receiving UAV

G(,,) Approximation of G(8,,) by sectorized-cosine function
N, M Number of antenna elements, Number of sectors in each element
wa/ (w) PDF of G(6,,)

f G, (u) PDF of the deviation of antennas in the array factor

7 Yo Received SNR at U,, SNR threshold

@) PDF of SNR

pe Successful transmission probability for each user

prue Average successful transmission probability

a,vand A, | Lagrangian coefficients

in which f, is the carrier frequency used by UAV-BS and d;, = \/(x —x)%+ (y—y)?+ (z— z)?* is the distance between

UAV-BS and /th UAV.

Since each antenna consists of N elements, the instantaneous antenna gain in the direct line is given by=>

sin® (Nz6,,) sin®(Nx0,,)
N sin® (z6,,) N sin® (z0

-

6(6,.6,,) =

9
ry,)
_

-~ -~

GO, G©,,)

“
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where G(6,, ) and G(6,, ) are the array gains at the transmitting antenna and the corresponding receiving UAV, respectively.
According toL, G(6,,) could be approximated by sectorized-cosine model as

zNi 25 i i+1
N cos — <0, | < —
2MN MN — | wzl MN

G(Bwl, M) ~
0 otherwise

M-1
= NI(MNG,)+ Y Ncos( uzil )
i=1

; >2.5 (MN|0w[| MN|9w,|)
2M N j ’

+1 )~ 1K

where M denotes the number of sectors in each element and Il(x) denotes the Rect. function equal to 1 for |x| < 1 and zero
otherwise. The PDF of G(6,,, ) can be obtained by=!

M-1

fo, ) = ,Z:? A, (0] .5,)5 <w — N cos (2’;%[ )2'5> , )
where ) i+NM9(’oI i+1+NM9(',,,
A, (0, .0,) = Q<W> _Q<T"w,>
+Q<i_NM0;:>_Q<i+1_NM%:> -
NM%;, NMO'wl

where Q(.) indicates the Q-function. Therefore, the PDF of the deviation of antennas in the array factor is given by
fow= [ L1 @i, (“dw
W= [ l6, W,

M-1M-1
= Df.’jé (u—B;(M,N)), (8)
i=0 j=0

Ni 25 N \2
o, 0,,) and By, (M,N)=Nzcos(’r ’) cos<’r ’) )

I
where Di,f IYI (9 O-WI)AVYI 2MN 2MN

Now, we could calculate the PDF of ¥, as

[ PL(d)c? PL(d,)o%y
£, = / fo fe©de

141 pé
0
PL(d,)O' e_i I M-l
Z Y D x
i=0 j=0
e PL(d))o?
/ 0(\/ 2y < (I)GIY—B,..(M,N))de:
41 !
0

<

PL(d/)62 SSkMoiMol o pl Loy ki PL(d)o7y
S Z xe o b — 1| ©)
= &~ (M N) B, (M,N)P,

In the next subsection, we derive the successful transmission probability regarding to the channel model obtained in current

Il
=}

subsection.
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2.2 | Successful Transmission Probability Analysis

The successful transmission probability for each user is calculated by

PISMC = Pr{y[ Z 70} = /fy,(Y)d}/

Y0

PL(d))c?e 3k M1 M-I * k"P PL(d)c?y,
I—ZZD{'ZI—IXF mal, — 10 ) (10)
2P, 4 i ! 2B;;(M,N)P,

where PL(d)) = ﬂd[2 in which = (41.68f.)> (f, is the carrier frequency) and I'(s, 7) is the upper incomplete Gamma function.
We define the average successful transmission probability of the network as P¢ = 1 ZIL , P and we use the expansion

X36

series instead of incomplete Gamma function as I'(m + 1, x) = mle™ 2 , which is given by

km m(l)n

L oo
suc 1 5 -
P ZZZZ Ze 4Dl e "Xzzmr(mﬂ)z s (11)

. . 2yod? . . . . .
in which T[lj = mﬁ:’%. The last part of the equation lb including two summations is rewritten as
> ij ) 1

00 km m (Til')n k
2o & = Ut g+ T
o (m+1) n! ——

n=0
<1
2 3

[+ T+ TH I+ =L+ T + T2+ T 1+
232! 243
%,_/

<1 <1

mk”’

_ZZmFm+1) S (12)

The underbraced phrases in upside parts of equation (IZ)) have been omitted to obtain its minimum amount, however, note that
in practical systems with low noise variances, we have Ti’j < 1 which makes this assumption reasonable (The numerical results
also confirm this assumption in section IV). Then, the average successful transmission probability is lower bounded by
L M—-1M-I
suc k ! i,
Pl Y3 S s @3
I=1 i=0 j=0

In the next section, we will use the obtained lower bound instead of equation (TI)) to define the optimization problem.

3 | OPTIMIZING THE SUCCESSFUL TRANSMISSION PROBABILITY

Increasing the successful transmissions in the network would be taken to the account as an evaluating metric for Quality of
Service (QoS). In this paper, we intend to find the best location for UAV-BS and assign the optimum power for each UAV to
maximize the average successful transmission probability among the users. Thus, the optimization problem could be defined as
maximizing the lower bound of the average successful transmission probability as following

L M-1M-1

_ _Tl
R
{P} xyZL b

I=1 i=0 j=0
St.to:0< P <P, Vi=1,.L

z; <z, Vi=1,.,L
H,,<z<H,

max?

(14)

where P, is the maximum allowable transmission power for each UAV, H , and H,, are the minimum and maximum

altitudes for UAV-BS, respectively. Note that optimizing the altitude of UAV-BS is necessary since the altitude of other UAV
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users are not equal. The first constraint guarantees that each UAV user will receive the service during each time slot. On the
contrary, the plethora of the users in UAV networks causes more power consumption in the UAV-BS, therefore, the maximum
assignable power for each user is bounded by P,,,.. Considering the urban environment, the LoS links would be blocked by
surrounding tall buildings, hence, the second constraint would be a reasonable expression to assure the LoS channel between
the UAV-BS and UAV users. The third constraint pertains to UAV limitations and implementation standards.

Generally, the objective function in the optimization problem is non-convex and is difficult to be solved directly. The phrase
% is ineffective in optimization problem and could be eliminated from now on. Using the approximation e™ ~ 1 — x for x < 1,

1
we approximate R Tl.’j. Substituting the amount of Tl.’j, the problem P1 is equivalent to

L M-1M-1 Boy,d>
max Yy Z _'k’D{AS,<1—1—01>
(P} xyz =l £ = b ZBij(M,N)PI
Stto:0<P <P, Vi=1,.L
z;<z Vi=1,.,L

H,, <z<H, (15)

min —
Maximizing the objective function in P2 is equivalent to minimizing the righthand side sentence inside the parentheses in that
function. Thus, P2 is converted to

L M-1M-1 2 2

Boyrod
P3: min Y ehipl g 101
(P} xoy,z ek ek 4 +"I2B, (M,N)P,
St.to:0< P, < P,
z; <z, Vi=1,.,L

H,, <z<H, (16)

min —

Assume that we know (x, y, z), it can be seen that the object function in problem P3 is a decreasing function in terms of P, and
the maximum amount of P* = P, is the solution to P3. Thus, the problem P3 is converted to

L M—-1M-1 ,~3kpl 2
e 2'D; ;51077

ba: I)Pyl?; 2 255 B, (M, N)P

i=0 j=0 max
X[(x = x)?+ = y)*+(z—z)*]
St.to:z;, <z, Vi=1,.,L

H, <z<H, (17)

min —

(x — x;)? is a convex function for all x and so are (y — y,)* and (z — z,)* for all y and z, respectively. Since the summation of
several convex functions achieves a convex function, hence, P4 is convex and we could use the KKT conditions to obtain the
optimal values for (x, y, z) by defining the Lagrangian function as below

1
M—-1M-1 =3k pl 2
e 2 Di,jS/UI Yo

B;;(M,N)P,

[((x=x)* +(y—y)* +(z— 2)’]

+a(z - Hmax) + V(Hmm - Z) + /11(21 - Z), (18)
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where a > 0, v > 0 and A > 0 are Lagrangian coefficients. The KKT conditions are given as

-

162 "D} S,0710

or
0x_2112 210 B,,(M,N)P,

max

(x=x)=0

M1€2 D} 577,

v =Za X Ik ByNE,, 0TI =0

J5=2L%% Zle—le)( 2z ba—v=F, 4 =0 (19)
a(z-H,,)=0

v(H,,;, —z)=

(A(z,—2)=0

Based on hierarchical arrangement of UAVs and different positions for UAV users, satisfying the last phrase in equation (T9)
is achieved in two conditions; The first condition occurs if 4, = 0V [ = 1,..., L. The second condition occurs if 1, # 0 and
A =0V I =1,..,L\a where U, is the UAV user with maximum flight height (z, = max(z,)). Note that for more than one
A; # 0, the height of UAV-BS, z, must take several values according to the last complementary slackness in equation (19), which
is impossible.

In the first condition, regarding the two other complementary slackness in equation (I9), we have four following cases:

Case 1) « = 0 and v = 0: the solution to the equation (I9) is given by

M 1 e 3 ’D S,o‘
X* = . (20)

e > ’D’ S,6

M-1
Z[ ]Z z BU(M,N)

M122’D 507

Z/ 12 Z WYI

y = . 21
M—1¢€¢ 2 D S,o’

Z[ 1 Z Z BU(M,N)

M122DS,6

N Z/ 12 Z B—(M N 2l
z . (22)
1€ > ’D’ S,o’

zl 12 ZJ =0 B,(M.N)

Case 2) a = 0 and v # 0: in this case, we should have z = H,,, to satisfy the KKT conditions and the solution to x* and y*

are obtained by the equations (20) and (ZI)), respectively. Note that the obtained value for v from the third phrase of equation
(I9) will be positive which is necessary for the KKT conditions.
Case 3) a # 0 and v = 0: in this case, we should have z = H,,, to satisfy the KKT conditions, but substituting z = H,,, in

max
third phrase of equation (I9) achieves a negative value for @ which contradicts the conditions, hence, this case is unacceptable.
Case 4) a # 0 and v # 0: to satisfy the complementary slackness in equation , we should have simultaneously z = H,, .
and z = H,,;,, which is impossible. Therefore, this case is not a solution for problem.
In the second condition, the height of UAV-BS, z takes the maximum value of z;, since it has to be higher than all UAV
users, that is z = z,. Therefore, having @ # 0 or v # 0 implies that z = H,,,, or z = H,,,, respectively, which is contradictory

to z = z, and we should have &« = 0 or v = 0. Then, the amount of x* and y* are obtained by the equations and ,
respectively. Also, 4, could be found from the third phrase in equation (I9), which yields a positive value.
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Obtain Lower Bound for PJ4¢

Maximize P3¢ (P1)
Approximation

[Maximization Problem (PZ)J

Conversion

inimization Problem (P3

Substituting P/
Minimization Problem (P4)
as a Convex Problem

! ! KKT Conditions

Closed-Form Expressions for
Placement of UAV-BS

Figure 2 The Process of Solving the Optimization Problem

The optimal solution to the problem P4, is found by testing the solutions of case 1 and case 2 in the condition 1 and also the
condition 2, to determine which set of the answers maximizes the average successful transmission probability. The process of
approximation, conversion and solution to the optimization problem would be summarized in Figure 2]

4 | NUMERICAL RESULTS

In this section, we perform Monte-Carlo simulations to evaluate the analytical results. To simulate an actual antenna gain
corresponding to the equation , we generate 10° independent random variables for 0, using a given Normal distribution
(N (HC’U p 62;,))’ without loss of generality, we assume that 9; [ and 0, are equal for all UAV users in our simulations. Then, we
generate 10° independent channel coefficients from a Rician distribution to simulate the small scale fading. Thus, 10° values of
received SNR on each user could be obtained to be compared with y,,. Then, we distribute the UAV users in a 1000™ x 1000™
square area which is divided into equal L regions so that at least one UAV user is located in each region randomly in the Cartesian
coordination. This consideration is not specific and it is provided for a better realization of UAV-BS location, i.e. the simula-
tion for a dense aggregation of UAVs in a given area is similar to the simulation of sparse distribution of UAVs. Likewise, the
Rician factor has been considered equal for the UAV users in some diagrams to ease the calculations and considering various
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Figure 3 Average Probability of Successful Transmission vs. k;

values, does not have a significant impact on proceeding of the results. The settings are as follows: f, = 6GHz, M = 16,
62 =-90dBm, H,,,
simulations take place for L = 4 and L = 9 UAV users and the results are derived for optimum and random placement of the
main UAV. Finally, a set of diagrams are juxtaposed in each figure for better observations.

Figure E| shows P2i¢ vs. Rician factor considering equal to k; for each UAV. The Figures @ and [3c|are achieved for L = 4
and the Figures[3band [3d|are achieved for L = 9. As seen in the figures, the simulation results verify the analytical results both
in optimal approach and random localization of UAV-BS, precisely. As expected, all diagrams show that increasing the Rician
factor causes more successful transmissions. The reason to this behavior is due to improvement of channel quality for higher

= 150m and y, = 1. The rest of the parameters varies for each diagram to obtain various results. Also, the

amounts of Rician factor which causes less errors during the transmissions. In addition, the diagrams demonstrate the effect of
number of antenna elements (V) in the successful transmissions for N = 4 and N = 8. The Figures @ and@ are achieved for
N = 4 while the Figures [3c|and [3d] are obtained for N = 8. According to the equation (@), as N increases, the channel gain
corresponding to the mmWave communications increases in the direct link, that is, increasing the number of antenna elements
(N), increases P which is obvious in the diagrams. To show the effectiveness of the proposed optimal solution, we compare
our results with random location of UAV-BS so that a random location of the main UAV results in lower successful transmissions
and confirms the superiority of our method for various conditions.

FigureE| is the exhibition of P vs. maximum allocated power for each UAV. The Figures @ and are achieved for L =4
and the Figures [4b] and [4d] are achieved for L = 9. As expected, allocating more power for each UAV would enhances the
received signal power in the destination and consequently increases P;+¢. Similar to the Figure@ we show the effects of N for
different number of UAVs and various location of UAV-BS. The Figures [da]and [4b]are delineated for N = 4 and the Figures
and |4d| are exhibited for N = 8, respectively. As discussed above, increasing the number of antenna elements would enhance
the successful transmission while P, varies in the value. Likewise, the optimum value for the main UAV location achieves
maximum successful transmissions rather than random location which shows the superiority of our proposed approach.
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Figure 4 Average Probability of Successful Transmission vs. P, . for (k; = 2)

Figuredemonstrates P,¢ vs. variance of fluctuations (o, ) which is highly related to the environmental affects on the UAVs.
The Figures|Saland [Sc|are achieved for L = 4 and the Figures and@ are achieved for L = 9. The high o,, causes the higher
divergence in the arrival and departure angles of transmitter and receiver which reduces the advantages of direct link between
them. Hence, as o, increases, the antenna gains decrease in both transmitting and receiving UAVs which reduces the received
SNR at the UAVs and as a result decreases P:i¢. Similar to the previous figures, the effect of N has been demonstrated in the
diagrams, as well. The higher successful transmissions are achieved by growth of number of antenna elements even for intense
fluctuations. Likewise, the proposed method for UAV-BS placement outperforms the UAV-BS random location.

Finally, Figure |§| is the 3D demonstration of P> for a non-Uniform distribution of UAVs in which the UAVs have been
considered close to each other in x — y plane in a specific area. The colorful diagram represents the simulation results, achieved
for each point in the area and the green point is the optimal point of P>’ achieved by lower bound approach which verifies the
simulation results and confirms our calculations.

Note that the UAV's have been distributed randomly and the amount of P2»¢ for L = 4 is greater than that of L = 9, but it
does not necessarily mean that reducing the number of UAVs will increase the successful transmissions, because P."¢ depends
on the location of UAVs in the given area and in our simulations the location of UAVs have been closer to each other in L = 4
rather than L = 9. The gap for P between random location of the main UAV and its optimum point for L = 4 is greater than
L =9 due to better position of UAV location in L = 9 in proportion to L = 4, as well.
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S | CONCLUSIONS

We have investigated a downlink hierarchical UAV network in which a main UAV serves the other UAVs as users in orthogonal
channels. The UAVs could use beamforming properties to increase the antenna gains. The received SNR in each UAV, is in-
fluenced by physical fluctuations both in the transmitting and receiving sides. The successful transmission probability for each
link, has been obtained under Rician fading and the average successful transmission probability of the network has been derived
as closed form expressions. Then, an optimization problem has been defined to maximize the average successful transmission
probability in the network which is a non-convex problem. A lower bound for the average successful transmission probability
was used to find an equivalent problem which was simplified with some approximations. Converting the problem into a convex
problem, resulted in the optimum placement of the main UAV. The analytical results were verified by simulation results and
outperformed the other methods.

Having the knowledge on the physical distribution of UAV users such as Poisson Point Process (PPP) models instead of
the information about their exact locations, would be considered as an extension to the present work. Furthermore, the effect
of interferences caused by the other users in non-orthogonal channels and finding the optimum trajectory for non-rotary wing
UAVs will be considered in the future works.
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