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Abstract. In Flying Adhoc NETwork
(FANET), the communications between Un-
manned Aerial Vehicles (UAV), UAVs to
infrastructure, and UAVs to wireless sensors
are crucial design factors. With strict energy
constrain during flying operation, the allocation
of power and resources, the flying strategy, and
the medium access mechanism shall be effec-
tively used. When employing cellular network
as backhaul for UAVs, the flying height of UAVs
not only affects the communication between
UAVs and end users on the ground, but also
determines the reception between infrastructure
(base stations from the cellular network) to
UAVs. In this paper, we optimize the flying
height of UAVs for better reception from the
cellular network by wusing stochastic geometry
analysis to model the aggregated interference at
the UAV side. The network system performance
is also examined under the effect of fading-less
channel and Rayleigh fading channel.
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1. INTRODUCTION

Flying Adhoc NETwork (FANET) is an adhoc
network connecting autonomous flying vehicles,
which are referred to as the Unmanned Aerial
Vehicles (UAVs). With the development of
the Internet of Things, employing UAV in the
wireless communication process has attracted
notable attention. With some unique features
like changing topology, fluid with number of
UAVs, changing link and changing relative
position of UAVs, FANET has brought a lot of
challenges in the design of PHY/MAC. With
limited battery capacity, some UAVs might be
offline from the network due to malfunction or
power lost which makes the network topology
changes more frequent. As a result, the network
link can also be formed and vanished with
respect to the change in position of UAVs.

The cellular-flying adhoc network refers to
two communication networks: the communi-
cation between cellular infrastructure to UAVs
where UAVs are clients, and the communication
between UAVs to end users on the ground where
UAVs act as servers. To deliver reliable services,
UAVs in the network not only have their
optimal connectivity maintain for end users,
but also have to get adequate reception from
the cellular network. The first aforementioned
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type of communication between UAVs and end
users has drawn more attention since there
has been an amount of works on modeling the
network and optimizing the position of UAVs
(two-dimension position) for better coverage to
end users. This paper focuses on optimizing the
third dimension of UAVs’ position, the UAVs’
flying height, for better reception from the
cellular network.

In this paper, Poisson Point Process has
been used to model the location distribution of
cellular base stations. The system performance
is analyzed with the help of stochastic geometry.
The purpose of cellular - FANET is employing
the cellular reception onto UAVs so that UAVs
could offer coverage for end users on the ground.
A successful cellular reception is counted when
the Signal-to-Interference-plus-Noise-Ratio is
greater than the threshold at UAV antenna.
By computing the aggregated interference at
UAV side, the probability of getting successful
cellular reception is evaluated in this paper.
The flying height optimization problem is done
with the desire variable is the random variable
representing the real distance between UAV
and base station. The objective function in
this optimization problem is the probability of
getting successful reception from base station at
UAV side. From the analytical results, insight
on factors that effect the network performance
are also discussed.

The remains of this paper are organized as fol-
lows: Section 2 is the literature review on UAV
networks modeling. Section 3 describes the sys-
tem model in detail, the mathematical analysis
is in Section 4. Section 5 is on evaluating the
system performance through simulation and nu-
merical results, and the paper is concluded in
Section 6.

2. RELATED WORKS

Works have been done on unmanned aerial ve-
hicle networks can be categorized as follows:

e Channel modeling
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e Performance analysis
e Trajectory optimization

e Cellular connected UAV.

In the communication between UAVs and end
users on the ground, authors in [I] model
the air-to-ground path-loss for low altitude
platforms in the urban environment. The work
in [2] derives an optimal UAV altitude function
for maximum coverage on the ground in the
urban environment. A closed form formula
for predicting the probability of line-of-sight
between UAV and end users is also presented
in [2]. For high altitude platforms, path-loss
and fading for air-ground link has been modeled
in [3]. A comprehensive review on air-ground
channel modeling is presented in [4] with the
challenges considered for unmanned aircraft
systems. The empirical channel model is
done in [5] for the unmanned ground vehicle
(including sensor network), which is considered
as end users on the ground in UAV network.
The work in [5] can be adopted into cluster
sensor network, then cluster heads communi-
cate to UAVs. An air-ground channel selection
method using digital elevation model data is
proposed in [6]. The model is derived based
on the measurement results for urban and
suburban environment. Authors in [7] introduce
a geometry-based stochastic model for UAV
channel modeling and propose a novel three
dimensional geometry-based stochastic model
for UAV - MIMO channel.

In the category of analyzing the network
performance, a use case for UAV as flying
base station is analyzed in [§]. A framework
coverage and rate analysis are derived for the
downlink data transmission and an underlaid
device-to-device communication network [§].
The optimal dimensioning and performance
analysis for drone-based wireless communi-
cations are also presented in [9]. The work
extends the traditional models with considering
the transmitter antenna gain patterns and
multipath fading.

UAV trajectory is one of the key parameters
in UAV-end user communications. Optimizing
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UAV trajectory to enhance the network per-
formance is done in [10] and [II]. The work
in [I0] applies the block coordinate descent
and successive convex optimization to optimize
the multiuser communication scheduling and
association jointly with UAV trajectory and
power control for UAV-end user network. [II]
presents an efficiently joint transmit power and
trajectory optimization algorithm. The work
results in water-filling characteristic in spatial
domain for the optimized transmit power.

Employing cellular network in assisting UAV
connection, the work in [12] analyzes the use
of LTE in transferring large amount of data
from UAV to the ground. The impact of
interference and path-loss on data transmission
to and from UAV have also been studied. An
in-depth analysis on the coverage probability
of cellular network for aerial and ground users
has been done in [13]. Modeling the channel
with Nakagami-m fading model, [13] evaluates
the base station height effect on the coverage
probability. Authors in [I4] identify the typical
airborne connectivity requirements and charac-
teristics of the LTE connectivity for low altitude
small UAVs. Different propagation conditions
are also highlighted with measurement and ray
tracing results.

The main difference of this paper to the above
works is that the UAV flying height being op-
timized through the analysis of the signal-to-
interference-plus-noise-ratio under various base
station density scenarios with the present of fad-

ing.

3. NETWORK MODEL

For different wireless technologies, to achieve
the expected accuracy in estimating the net-
work performance, system level simulation is
required and needs to be implemented on a
specific geometrical environment. In addition,
to confirm the accuracy of the simulation,
analytical approach is also required. The
analytical approach could give an insight into
the factors that affect the network performance.
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In cellular-FANET, the Base Station (BS)
density, the channel model and the resource
allocation all have direct effect to the network
performance. To model the location of BSs,
stochastic geometry has been widely used.

Assuming that the BS location follows homo-
geneous Poisson Point Process (PPP), with A
BSs per unit area, the distribution of BSs is de-
noted as

2
¢ ={X, R} .

Defining serving BS for an UAV is the BS
that UAV gets the highest received power,
average cellular boundary is the region
where all UAVs are associated to a serving
BS. The average cellular boundary of each
BS X,, is the Voronoi cell V (X,,): V(X,) :=
(g€ B |llg— X,| < |lg - Xl|VX: € B\ {X,}},
with ® is the BS set. The network is considered
as a homogeneous network with all BSs are
assumed to continuously transmit a constant
power level of P,. The UAVs distribution is also
considered a homogeneous distribution.

The received power at a certain UAV has
encounter some power losses with respect to
the BS transmitted power. These power losses
mainly include path-loss and fading, where both
slow fading (shadowing effect) and fast fad-
ing (Rayleigh fading for non-line-of-sight signals
and Rician fading for line-of-sight signals) are
present. The received power at a UAV is de-

noted as:
PRX = Po.g.h.L7 (1)

where ¢ is a random variable for log-normal
shadowing, h is a random variable represents
fast fading, L is the path-loss.

e The log-normal shadowing;:

=exp(Y), (2)

where Y is normally distributed with mean
1 and standard deviation %ad& where
o4 is the standard deviation in dB. o4p
usually ranges from 4 dB to 13 dB for out-

door channels [I5].

e The cellular to UAV path-loss includes ter-
restrial path-loss and the aerial excess path-
loss, where the aerial excess path-loss model
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Fig. 1: Serving base station to UAV channel with base station height of hpgs

is done for suburban environment in [16].
The cellular to UAV path-loss is as below:

L (d,0) = 10alog (d)
—9,

+ A0 — 90)61‘]9(79
+ 1o + N (0,00 + 0,),

) ©)

where « is the terrestrial path-loss expo-
nent, a is the UAV shadowing slope, o, is
the UAV shadowing offset, d denotes the
ground distance between UAV and the serv-
ing BS (referred to Figure, 0 is the deple-
tion angle which approximately ranges from
(—2°,10°), 6, is the angle offset, A is the
excess path-loss scaler and B is the angle
scaler [16].

4. SYSTEM
PERFORMANCE
ANALYSIS

Assuming that all BSs except the serving BS
cause interference to a UAV. The set of BSs that
interfere the serving BS X, is ®; = ®\{X,}.
All interferers are located outside of the sphere
s(0,R,), with R, is the sphere’s radius, which
is also the distance from a certain UAV located
at the origin to the serving BS. Therefore, the
aggregated interference at a certain UAV can be
described as below:

I1=>" PognhnLn,

Py

(4)

with L, is the path-loss contributing two ran-
dom variables: the ground distance d between
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BS and UAV, and the depletion angle . Those
two random variables can be expressed in term
of one random variable which is the distance r

as in Figure [1})

Let {P,}n,en+ = P,gh be a random vari-
able vector with identical and independently dis-
tributed elements, the aggregated interference at
a certain UAV can be rewritten as:

I=> Pu(Ry). (5)
Py

Let W represent the Additive White Gaus-
sian Noise (AWGN) power, the Signal-to-
Interference-plus-Noise-Ratio (SINR) at a UAV

is
Prx

, 6
I+w (©)
with Pgryx is the received power at UAV de-
scribed in , I is the aggregated interference

described in .

SINR =

Studying m number of UAVs flying at the
same height h. The optimal flying height and
the system performance can be evaluated by
finding the Cumulative Distribution Function
(CDF) of the SINR in (6). The SINR’s CDF
can be found through computing the CDF of
the aggregated interference I at a UAV in .

Since the CDF of the interference cannot be
obtained in closed form [I7], the CDF of the in-
terference can be obtained by using the inverse
Laplace transform [I8]. With s is the complex
variable, Laplace transform for a random vari-
able X is defined as Lx(s) = E[e~*X]. Hence,
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Laplace transform of the aggregated interference
I is described as below:

Li(s) =le™™]

—s > Pul(Ry)
o ]

= E@IEP[G
— ]E(I)IEP[H efsPnl(Rn)]
Dy (7)
=Eq, [[[Ep[e—" )]
P

= Eo, [ [ £p(—sl(Rn))].

D

Let Fy(x) denote the CDF of the interference
I, Fi(z) can be obtained through computing the
inverse Laplace transform as

Fr(z)=L"" iﬁl(s)}
— 1 %E@I[Hﬁp(—SZ(Rn))] (8)
L &
= £ | [T Ea, (Lo (~sl(R))
L @;

=27 [ (1—f(z))rdr
1 , then

Using E lH f(a:)] =e
Dy

=27\ [ (1—e ™ sPnl(En)ypdy
1 If( ) } (9
S

Fr(z)=L71 [e

When the SINR at a UAV falls below a thresh-
old level 7, the outage of service from serving
BS will happen. Let pg denote the probability
of successful reception at the UAV, pg is calcu-
lated as follows:

Ps = ER)h)g[P[SINR Z T|h,g,R]]
= Epg[Er[P[SINR = 7| g r]]]

= Eno[EnlBll < X )

P,
= Eng[Er[Fr(— —~W)]
P,h
= Eh,g[/ Fi( Tr‘lg — W).2X\7r exp(—Amr?)dr]

(10)

with F7 is the CDF of interference I calculated

as in .
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The system performance can be evaluated
through the probability of successful reception
ps in (10). The optimized flying height can be
obtained through optimizing random variable R.

SIMULATION AND
NUMERICAL
RESULTS

5.

In this section, the numerical results for the net-
work model will be validated. Simulation has
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Fig. 2: UAV flying height to get successful reception
from BSs with transmitted power of 50 W.

been done for some cases that all UAVs op-
erate at the same height in order to confirm
the numerical results. The parameters used for
numerical results and simulation are presented
in Table Note that all the parameters for
path-loss are from experimental results and are
adopted from [I6]. The BSs using in the simu-
lation are marco BSs with height of 30 m and
transmitting power of 50 W (approximately 47
dBm)(Figure [2) and 30 W (approximately 45
dBm).

Figure 2| denotes the effect of UAV flying
height on the system performance in term of the
probability of successful reception at UAV side.
These results are obtained with the default setup
for the SINR threshold 7 at the UAV antenna of
-8 dB, transmitted power P, is 50 W in various
BS density A condition. As shown in Figure

Journal of Advanced Engineering and Computation (JAEC)
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Tab. 1: Network model parameters

Parameter Symbol | Value

Terrestrial path-loss exponent « 3.04

UAYV shadowing slop a -0.41

UAYV shadowing offset o 5.86

Angle offset 0, -3.61

Excess path-loss scaller A -23.29

Angle scaler B 4.14

BS transmitted power P, 50 W

BS height hps 30 m

Channel fading amplitude oy 3

Rice factor (Rayleigh fading \ fading-less channel) | K 0\ o
the successful reception probability under all BS !
densities drop when UAV flying height is under 0.9}
30 m. At this flying height, UAVs get recep- sos -
tion from the main lobe of BS antenna and only % 07 g -
terrestrial path-loss is considered. In this fly- % S " e
ing range, the probability of getting non-Line-of- % 06 K*\ii\%,,/g o i - 7?; L
Sight is higher due to the blocking of infrastruc- g 057 L
ture. In the higher range of flying height, the %504} ’
probability of successful reception is increased %0_3,
thanks to high probability of Line-of-Sight. In “éﬂ :

. . L a 0.2 —*k—2BSs/km square, transmitted power of 50 W|

this flying height range, UAVs place themselves -~ ~2BSs/km square, transmitted power of 30 W
in the upper side lobes of BS antenna. The in- 01 o spoakm sauare, ransmited ngggw

crease of BS density also slightly increase the
probability of successful reception, however, it
does not have much impact. Note that the flying
height of UAV should not exceed 120 m accord-
ing to the US Federal Aviation Administration
guide for low attitude platform unmanned aerial
vehicles defined as vehicles flying under 400 feet
above the ground. Under the same condition, re-
sults in Figure [3] show the effect of transmitted
power on the system performance. With higher
transmitted power, we have better chance to get
successful reception when UAVs fly higher.

Figure [4] shows the effect of SINR threshold 7
at the UAV antenna on the probability of suc-
cessful reception from BS. This results are col-
lected under the scenario of having 4 BS in a
kilometer square with UAV flying height of 100
m and transmitted power of 50 W. The path-loss
considered includes terrestrial and aerial path-
loss. As shown in Figure [d with the increase
of SINR threshold, the probability of success-
ful reception decreases. This is simply due to
the increase of interference at UAV side. The

(© 2018 Journal of Advanced Engineering and Computation (JAEC)

20 40 60 80 100 120 140
UAV flying height (m)

Fig. 3: UAV flying height to get successful reception
with various transmitted power.

numerical results show that fading-less channel
(path-loss only scenario in Figured) gives higher
probability of successful reception than Rayleigh
fading channel.

6. CONCLUSIONS

This paper uses stochastic geometry analysis to
evaluate probability of getting cellular reception
for UAV in FANET. With different base station
density, the effect of UAV flying height on the
network performance has been observed. Also
for the network performance analysis, various
parameters that directly impact the probability
of successful reception have also been examined.
With a predetermined SINR threshold, densed
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Fig. 4: The effect of SINR threshold at UAV side on the
performance of the system.

BS scenarios give slightly higher chance of suc-
cessful reception. The optimized flying range for
UAV is above 100 m for best cellular reception.
The SINR threshold at UAV antenna also has
major impact on the system performance. Un-
der fading-less channel, smaller SINR threshold
gives better performance.
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