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ABSTRACT This paper evaluates the performance of downlink information transmission in three-
dimensional (3D) unmanned aerial vehicle (UAV) networks, where multi-tier UAVs of different types and
flying altitudes employ directional antennas for communication with ground user equipments (UEs). We
introduce a novel tractable antenna gain model, which is a nonlinear function of the elevation angle and the
directivity factor, for directional antenna-based UAV communication. Since the transmission range of a UAV
is limited by its antenna gain and the receiving threshold of the UEs, only UAVs located in a finite region
in each tier can successfully communicate with the UEs. The communication connectivity, association
probability as well as coverage probability of the considered multi-tier UAV networks are derived for both
line-of-sight (LoS) and non-line-of-sight (NLoS) propagation scenarios. Our analytical results unveil that,
for UAV networks employing directional antennas, a necessary tradeoff between connectivity and coverage
probability exists. Consequently, UAVs flying at low altitudes require a large elevation angle in order to
successfully serve the ground UEs. Moreover, by employing directional antennas an optimal directivity
factor exists for maximizing the coverage probability of the multi-tier UAV networks. Simulation results
validate the analytical derivations and suggest the application of high-gain directional antennas to improve
downlink transmission in the multi-tier UAV networks.

INDEX TERMS directional antenna, multi-tier network, stochastic geometry, Unmanned aerial vehicle

(UAV).

I. INTRODUCTION

Unmanned aerial vehicles (UAVs) have gained increasing
interest in both academia [1], [2] and industry [3], [4].
By flying in the sky at moderate to high speeds, UAVs
can provide flexible short-term services such as information
collection over wireless, traffic surveillance, and disaster
information dissemination to wherever demand occurs at a
low cost [5]. An energy-efficient data collection method was
proposed for UAV-aided networks in [6], which can ensure
fairness for ground sensors. For surveillance of multi-domain
Internet-of-Things (IoT) devices, an approach based on linear
integer programming was proposed in [7] to minimize the
maximum flying range of UAVs. In [8], joint optimization of
the trajectory and scheduling of UAVs was investigated for a
UAV-assisted emergency network, where UAVs are deployed
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to re-establish communication between ground devices and
surviving BSs in the aftermath of natural disasters. Exploiting
the highly flexible and low-cost deployment of UAVs, several
works have suggested employing UAVs as aerial base station-
s (ABSs) to serve ground user equipments (UEs) directly and
offload traffic for terrestrial cellular networks. A novel three-
dimensional (3D) ABS deployment was investigated in [9]
for maximizing the number of UEs within ABSs’ coverage
while fulfilling the quality-of-service (QoS) requirements of
UEs. The performance of a two-tier network consisting of
ABSs and terrestrial cellular base stations (BSs) was ana-
lyzed in [10], where ABSs are deployed to offload cellular
traffic in hotspot areas. A distributed algorithm was further
proposed to minimize the average distance between UAVs
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and UEs without degrading the communication between
UAVs and cellular BSs [11].

The existing works [9]-[11] have considered omni-
directional antennas for UAV communication. However, as
omni-directional antennas employ uniform antenna gains in
all directions, the performance of UAV communication is
severely limited due to excess interference from neighboring
UAVs and terrestrial nodes, especially at high altitudes with
abundant line-of-sight (LoS) propagation [4]. To tackle this
issue, application of directional antennas for efficient UAV
communications has recently gained tremendous attention
due to the associated advantages of enhanced signal trans-
mission, interference mitigation, and payload deployment.
In particular, different from omni-directional antennas, UAV
with directional antenna generates highly directive beams
with strengthened signal power in the main lobe and re-
duced power leakage in the side lobes. Consequently, di-
rectional antennas with high antenna gain can improve the
communication distance and the data rate in the downlink
transmission without increasing the power consumption of
the UAVs. Moreover, due to the small footprint, the inter-
ference to other UAVs and the terrestrial cellular system
is reduced by employing directional antenna. The resulting
interference mitigation capability can significantly enhance
the performance of UAV networks. Furthermore, due to the
size, weight, and power (SWAP) constraints of UAVs, an
on-board deployment of large-scale antenna array is usually
difficult, whereas directional antennas with large antenna
gain and flexible payload deployment provide a promising al-
ternative for UAVs. Considering directional antennas in UAV
networks, joint optimization of UAVs’ flying altitude and an-
tenna beamwidth was investigated in [12] for maximizing the
throughput of downlink multicasting, downlink broadcasting,
and uplink multiple access, respectively. A long-range broad-
band aerial communication system using directional antennas
was proposed in [13], where a Wi-Fi infrastructure estab-
lished in the air is exploited for real-time communication.
Directional antenna has also been combined with millimeter-
wave technique, for high-resolution 3D localization in [14],
where multi-level beamforming with compressive sensing
based channel estimation is usually employed [15], [16].

Motivated by its huge potential, this paper investigates
the application of directional antenna in UAV networks
with a focus on evaluating the network performance in the
downlink. Different from terrestrial cellular networks, UAV
network occupies a range of altitudes in the air and inherently
has a 3D network topology. This is usually captured by a
multi-tier network model for performance evaluation, where
UAVs of a given tier keep flying at a certain altitude while
communicating with the ground UEs. Considering a multi-
tier UAV network deployed atop terrestrial heterogeneous
networks (HetNets), a cell management framework was pro-
posed in [17] to improve the communication coverage and
retransmission time for UEs in congested networks. In [18],
the authors investigated the spectral efficiency of downlink
multi-tier UAV networks and derived the optimal intensities

2

and altitudes for UAVs in different tiers. Assuming omni-
directional antennas, the association probability, success-
ful transmission probability, and area spectral efficiency of
multi-tier UAV networks were analyzed in [19]. Despite
the fruitful development in the aforementioned works [17]-
[19], a comprehensive performance evaluation for multi-tier
UAV wireless networks employing directional antennas is
still lacking, which may be hindered by two potential chal-
lenges. In particular, in the existing literature, especially for
millimeter-wave communication, the gain of directional an-
tenna was usually modeled as a flat-top antenna pattern with
the maximum antenna gain attained in the main lobe [20].
Although this model is suitable for receivers at fixed location
and within short transmission distance, it is not applicable
for UAV communication networks. This is becauce the UAV
flying in the sky usually changes its position and hence, the
angle of arrival (AoA) and angle of departure (AoD), which
will impact the antenna gain. In this case, the antenna gain
model should capture the complicated channel variations
associated with UAV communications along its flying trajec-
tory, including channel conditions both line-of-sight (LoS)
and non-line-of-sight (NLoS) propagation. Therefore, a novel
tractable antenna gain model should be introduced for UAV
communication networks.

On the other hand, the battery-powered UAVs usually
suffer from severely limited energy supply. To reduce energy
consumption and prolong the lifetime, signal transmission
at UAVs has to respect a maximum transmit power budget
and, at the same time, ensure at least a minimum receiving
power at the ground UEs required to activate the receiving
circuits. Therefore, transmit power management at different
flying heights is crucial for UAVs and has been extensively
studied in the literature while assuming omni-directional
antennas [21]-[23]. In [21], optimal power control for UAV-
assisted networks serving underlaying D2D communication
was investigated for minimizing the energy consumption and
increasing the battery’s service time. In space-air-ground
three-tier HetNets, the hovering altitude and transmit power
of UAVs were jointly optimized to reduce the cross-tier
interference [22]. In [23], joint trajectory and transmit power
optimization was investigated for UAV communication to
maximize the average secrecy rate between UAV and ground
UEs. Due to the signal enhancement and interference mit-
igation enabled by directional antennas, which are further
affected by the 3D mobility of UAVs, the impact of transmit
power management on UAV communication, particularly at
different flight heights, needs to be newly investigated but has
not been reported in the literature.

To address both challenges, in this paper, we propose
a framework for modeling the downlink of UAV networks
where, different from [9]-[11], [14]-[16], [18], UAVs are
equipped with directional antennas. We assume that the
ground UEs are associated with the serving UAV that pro-
vides the maximal receiving power while the UAVs in each
tier employ the same transmit power for communication. The
beam shaped by directional antenna has complicated impact
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on the user association in UAV networks. For example, UEs
may prefer a UAV located far away as serving ABS if the
UAV is transmitting to the UEs in the main lobe. Moreover,
for ground UEs located in the main lobe, directional antennas
deployed at UAVs will improve the connectivity probability
as they can easily activate their circuits, i.e., satisfying the
receiving signal threshold. In contrast, for UEs located out
of the main lobe, their connectivity probability reduces.
Therefore, by employing directional antennas, there exists
an interesting tradeoff between connectivity and coverage
of UAV networks, whereas such tradeoff is unavailable for
wireless networks employing omni-directional antennas. In
this paper, we present a detailed analysis of the coverage
and connectivity for the downlink of K-tier UAV networks.
The stochastic geometry, which has been widely used for
analyzing cellular networks [24], UAV networks [25], and
millimeter-wave communication [26], is adopted in this pa-
per to obtain closed-form results for performance evaluation.
Our derivation results take into account the directivity of
antenna elements, the receiving threshold, and the trans-
mit output power. We note that, due to the impact of its
antenna pattern, application of directional antenna leads to
much more complicated performance analysis than in [9]-
[11], [14]-[16], [18]. In [27], directional antennas with flat-
top, sinc and cosine pattern functions are considered for
millimeter-wave and cellular networks. However, the bounds
for the achievable transmission rate are obtained by utilizing
these approximate pattern functions, which fail to capture the
directivity factor of directional antenna and its impact on the
performance of wireless networks. In this paper, we adopt
a novel tractable pattern function for directional antenna,
which enables us to characterize the connectivity, association
probability, and coverage probability of the considered UAV
networks while capturing the impact of antenna directivity
factor.

The contributions of this paper are as follows:

e We propose a tractable framework for modeling down-
link transmission employing directional antennas in K-
tier UAV networks. The associated probability distribu-
tion of communication distance between UEs and UAVs
is analyzed taking into account the transmit output pow-
er, flying height, and directional antenna pattern of the
UAVs. We find that a maximal transmission height of
UAVs exists, independent of the directivity factor of di-
rectional antennas, within which UAVs can successfully
connect the UEs.

o The probabilities of connecting the UAV network and
associating with given tier of UAVs are both derived
in closed form. We show that, with the adopting of
directional antennas, ground UEs are prone to connect
to UAVs flying at a large height.

« By investigating the coverage probability of downlink
transmission in K -tier UAV networks, we show that
UAV network equipped with directional antennas of
large directivity factor can achieve much higher cover-
age probability than that with omni-directional anten-
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nas.

The remainder of this paper is organized as follows. In
Section II, the system model of the considered multi-tier
UAV networks employing directional antenna is presented.
The probability distribution of communication distance for
ground UEs served by the considered UAV networks is
derived in Section III, where the impact of transmit output
power, receiving threshold, and directivity of antenna ele-
ment is revealed. In Section IV, the connectivity and the
association probabilities of the considered UAV networks are
analyzed, based on which the total coverage probability is
further derived in Section V for LoS and NLoS transmissions.
The derived results are validated via Monte Carlo simulation
in Section VI, where the impact of maximal transmission
distance, density and height of UAVs, and directivity factor
of directional antenna on the downlink system performance
is revealed. Finally, Section VII concludes the paper.

Il. SYSTEM MODEL

A. NETWORK MODEL

As shown in Fig. 1, we consider downlink transmission in
a 3D UAV network composing K tiers of ABSs. The ABSs
in each tier are located at a given height but are randomly
distributed horizontally. Let (m; x, hy) be the 3D location
of ABS i in tier k € {1,---, K}, where hy, is the height
and m, j denotes the horizontal coordinate. We assume that
the horizontal locations of ABSs in tier &, denoted by &5, =
{m;x;1=1,2,3---}, follow a homogeneous Poisson Point
Process (PPP) with density A;. The ABSs in tie k transmit
signals with output power Pj. The UEs are randomly dis-
tributed on the ground with a height assumed to be zero. The
locations of the UEs are modeled by a homogeneous PPP
with density A, denoted as ®,, = {x;}, which is indepen-
dent of ®,. For a tractable analysis, we assume that the ABSs
of each tier move only horizontally while providing wireless
communications in the considered multi-tier UAV networks.
Since the speed of UAVs is relatively low, the locations of
the ABSs in the air are considered to be fixed during the
transmission of a data packet, whereas the ABSs may fly
horizontally to different locations for the transmission of
multiple data packets. Hence, the spatial distributions of the
ABSs under random horizontal movements can still be cap-
tured by the PPP model. We assume that the channel fading
keeps constant within a time slot, as commonly adopted for
performance analysis of UAV networks [28], [29].

The ground UEs are associated with the ABSs in a tier
that provide the strongest average receiving power. In this
paper, we aim to analyze the performance of the considered
multi-tier UAV networks and would ignore the terrestrial BSs
which do not exist in the considered area or otherwise may
employ orthogonal radio resources as the ABSs. Moreover,
we focus on analyzing a typical UE Uy located at the origin
O and the typical cell Cj, where the ground UEs within
Cy, including the typical UE, are served by the same UAV.
The derivation results of the typical UE can be extended to
other UEs on the ground by applying the Palm theory [30].

3



IEEE Access

J. Zhang et al.: On the Application of Directional Antennas in Multi-tier Unmanned Aerial Vehicle Networks

P O
‘g T
e e N
L4 [ e 2 ) ) .
A\l e e *~ J e tier k+l
. A ) O
L . o L, e
L L = e
.
o 4 ® . A ° .
o« o o -~
. e L a
. (a <) Loe ° L]
N = a1 7 o A tier k

® LosABs
ANLoSABS | §

FIGURE 1. llustration of the considered multi-tier UAV network model, where
the ABSs serve the associated ground UEs within the coverage of their
directional beams.

We assume open access within the UAV network, whereby
the ground UEs are allowed to access ABSs in all tiers to
maximize the coverage probability. However, all downlink
transmission within the UAV network occupy the same spec-
trum, whereby the UAVs in networks can interfere with each
other while serving the ground UEs.

B. DIRECTIONAL ANTENNA
The ABSs are equipped with directional antennas for com-
munication with the ground UEs. In general, the antenna
gain of a directional antenna, denoted as G(¢, 1), is a highly
nonlinear function of the azimuth angle ¢ € [—, 7] and the
incidence angle ¢ € [0,7/2], which complicates the per-
formance analysis. To simplify the derivations, in this paper,
we consider conic directional antenna elements. The antenna
gain of a conic antenna is given as G(p, 1) = A, cos™(v),
where A, is the maximal gain of antenna element and m is
the directivity factor dependent on the beam shape [31].

The directivity D of antenna element is obtained from the
following antenna equation [32]

47
D = — .
fjﬂ foi (G(p, 1)/ Aer) sinpdipdep

By substituting G(p,%) into (1), the directivity of conic
antenna is D = 2(m + 1), which only depents on the
directivity factor. The considered conic antenna gain model
facilitates us to evaluate the impact of the shaped beam on
the downlink performance of UAV networks. Fig. 2 shows
the normalized power pattern G(ip, 1))/ A, for different m.

D

C. CHANNEL MODEL

The ABSs with a large elevation angle usually have a
high likelihood of establishing LoS communication with the
ground UEs [33]. As shown in Fig. 3, let 6 be the elevation
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FIGURE 2. The normalized power pattern versus the incidence angle for
different directivity factor m.

angle of the typical UAV in rad, which is the angle formed
by the line from the UAV to the typical UE and the ground
plane. In this paper, we assume that the ABSs always point
the directional antennas toward the ground and, hence, we
have § = 7/2 — 1. According to [33], the probability of
establishing LoS communication from ABS at m;j to the
UE at O, denoted by Py, (), is given as

1

1 + qe—b(0—a)’ 2)

Py (0)
where a and b are constants capturing the statistical proper-
ties of the signal propagation environment. Consequently, the
probability of NLoS communication is given by Py (6) =
1— Py (6).

Considering path loss and fading effect in the channel
model, the receiving signal power at the typical UE is given
as

. s ) PuAercos™ (5 —0) GrL7" (mig,o0),for LoS,
TR PeAer cos™ (% — 0) Hi Ly (mix, 0), for NLoS,
3

where P, is the transmit power of the ABS located at m; j
and A, cos™ (g — 0) denotes the transmit antenna gain of
the ABS with incidence angle ¢ = 7 — ¢ (Note that the
receiving antenna gain of ground UEs is assumed to be 1 in
(3)). Moreover, L (m; i, 0) = ||m; x||“ models the path loss
for signal propagation from m; j, to o, which is a function of
the Euclidean distance between m; ;. and o, ||m; k||, and the
path loss exponent o. We distinguish the path loss exponents
for LoS and NLoS propagation by o, and «a, respectively,
where o, < oy usually holds. Moreover, the channel fading
for LoS and NLoS propagation, denoted by G, and Hy, are
modeled as Nakagami-mg and Rayleigh random variables,
respectively. Consequently, G, ~ Gamma (my) follows the
Gamma distribution with scale parameter mg while Hy ~

2
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A Typical user

FIGURE 3. The footprint of a UAV with directional antenna.

exp (1) is exponentially distributed with unit mean power.
For deriving the analytical results, the path loss exponent o,
and oy are assumed to vary rarely across different tiers.

D. DOWNLINK SIGNAL TRANSMISSION

The ABSs should utilize large enough transmit output power
to activate the receiver circuit at the UEs after combating
the path loss and hence, the maximal allowable path loss
between UAVs in tier k£ and the typical UE is given by
Lyax.z = Pr/pe, where p. is the receiving signal threshold
of the UEs. UAVs will fail to communicate with the UEs
when their distances exceed L.y . This implies that only
a portion of UAVs can successfully connect the typical UE.
Based on the PPP, the ABSs in tier k£ that can successfully
connect the typical UE are uniformly distributed within a disc
by (o, ri) centered at o, = (0,0, hy). The radius of the disc,
Tk, can be derived based on the channel model (3), as will be
revealed in Section III.

We note that the transmit power P}, and the receiving
signal threshold p. can jointly impact the performance of
the considered multi-tier UAV networks. For example, the
maximum distance between UAV and UEs, which impacts
the connectivity of UAV networks, will be limited by the
receiving signal threshold and the transmit power. Moreover,
a higher transmit power Py at UAVs will enable a large access
region but leads to more interfering UAVs competing for the
allocated spectrum. This reduces the signal-to-interference-
plus-noise-ratio (SINR) and the coverage for UAV communi-
cation. Therefore, the joint impact of the transmit power and
the receiving signal threshold on coverage and connectivity
should be investigated in detail, which is the aim for the rest
of this paper. The key notations used in this paper are listed
in Table I.
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TABLE 1. LIST OF KEY NOTATIONS

Symbols i Definitions
D, Ak PPP of kth tier ABSs and density
Pe Receiving signal threshold of UEs
Py, Transmit power of kth tier ABSs
ayg, N Path loss exponent for LoS and NLoS channels
G Nakagami-mg fading of LoS channel
H Reighlay fading of NLoS channel
hi Height of kth tier ABSs
hL s B e Maximal height of UAV transmission under LoS
and NLoS communication
mﬁ, mg Maximal communication distance of UAVs in
tier k£ under LoS and NLoS communications
b, (0K, Tk) Disc with radius r;, and center oy,

lll. COMMUNICATION DISTANCE DISTRIBUTION

In this section, we first derive the maximal distance within
which the ABSs can successfully connect to the UEs. Then
we characterize the probability distribution of the distance
between the closest ABS in the k-th tier of the UAV networks
and the ground UEs.

A. MAXIMAL COMMUNICATION DISTANCE

For the UAVs in tier k£ with height hj, the maximum com-
munication distances to the typical UE U are calculated for
LoS and NLoS propagation channels separately. When the
ABS located at m; j transmits in LoS channels, the receiving
signal power at the typical UE is given as

P, = PyA,, cos™ (g - 9) GrL7! (mig,0). &)

Since Uy is located at the origin, thereafter we simply denote
Ly (z,0) and Ly (z,0) as Ly, (z) and Ly (x), respectively.
In order to activate the receiver circuit, the average receiving
power P, should exceed the receiving threshold p., i.e.,

P kAer (hk
m

m
) Il = > pe. )
3
where cos (7/2 — 0) = hy,/||mi || according to Fig. 3.
Therefore, the maximal communication distance for the

kth tier ABSs under LoS transmission is
1
PkAerhm aptm
my = <p k ) . (6)

Given the flying height of the ABSs in tier k, hg, the radius
of the disc of ABSs in tier k that can activate Uy is further
derived as

2
Py Ao b\ 7o
r,g_\/<’“p k) R @)

Similarly, the maximal communication distance and radius
for the kth tier ABSs under NLoS transmission are given as

N <PkAerh2n) QNIW

m =
g pe
2
P A, b\ T
andrﬁ\/(k r k) " — hZ, 8)
pe
5
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respectively. Since o, < ap, we have r,f > r,iv. That is,

the ABSs implementing LoS and NLoS communications to
the UE may occupy different (though overlapping) regions.
Therefore, the performance of LoS and NLoS communica-
tions should be evaluated separately.

We note that, constrained by the maximal transmit power
of UAVs, Pax, @ maximal transmission height, .y, also
exists for the ABSs. If the height of UAVs in tier k exceeds
the maximal transmission height, i.e., hy > hpax , any UAV
in this tier cannot successfully transmit signals to the typical
UE. Based on (7) and (8), the maximal transmission height in
tier k£ under LoS and NLoS communications can be obtained
as

hL _ (Pmaerr ) 1ew and hN _ (Pmaerr ) ten
max Do max Pe
)

Note that the maximal transmission height is independent
of the directivity factor of directional antenna, m. This is
because the maximal transmission height appears when the
ABS is located at the center of disc b;. In this case, the
elevation angle is 6 = 7/2 and the maximal antenna gain
A, is achieved independent of the directivity factor m.

B. DISTRIBUTION OF COMMUNICATION DISTANCE
Recall that, in tier k, only the ABSs located within disc
by, can successfully communicate with the typical UE. The
communication distance between the ABSs and the UE under
LoS and NLoS communication, denoted by random variables
D,f and D{CV , have the following probability density functions
(PDFs)

e ifhy < dy, < mE,

Fop (di) = {(rﬁ)” (10)

0, otherwise,

and

2dg o ifhy < dp < mb,
fD,gv<dk)={<T?>2 E. (1)

0, otherwise,

where L, 7Y, mL, and mY are given in (6)~(8). Note that
(10) and (11) can be obtained similar to Lemmas 1 and 2
in [28], which conclude that a given number of UAV nodes
uniformly distributed within a finite region follow a binomial
point process (BPP).
Lemma 1: Based on the maximal transmission distance and
the uniform location distribution of UAVs in tier k, the
average number of ABSs implementing LoS and NLoS com-
munications are given as

L

L] Tk T
E [ng] = 2m /0 ) +a67b(arcm(%)7a)dx’ (12)

and

r 7b(arctan(h:7k)fa)
N k. xae

E [n}] :27r)\k/0 e () de.  (13)

ae ©

Proof: Recall that the UAV with elevation angle 6 can
implement LoS communication with probability given in (2).
The elevation angle can be expressed as § = arctan (2),
where d is the distance between UAV in tier k and oj. The

6

number of UAVs in tier £ implementing LoS communication
is then given by

L
k

27 T
E|nk| = / / by T dzddy,
[ ] 0 0 1+ae*b(arctan(%)fa)
L
k

= 271’)%/
0

where ¢y, is the angle subtended by line from the ABS to oy,
and the x-axis in disc by, and is uniformly distributed within
[0, 27]. The UAVs failing to implement LoS communication
will communicate under NLoS condition. The number of
UAVs in tier k implementing NLoS communication is

27 T‘I,V
E [nkN] :/ / A )\,@<1 — 1 - ) dxdpy,
0 0 1+ aefb(arctan(T)fa)
r}c\f maefb (arctan(%’“) 711)
- 271—)\]6/0 7b(arctan(h—k)fa)
1+ ae @

T

1 + ae—b(arctan(%)—a)

dz, (14)

dz, (15)

which complete the proof. [ |

The typical UE is associated with the ABS providing the
maximal average receiving power. As all UAVs in tier k
employ the same transmit power Py, the ABS in tier k£ having
the closest distance will provide maximal average receiving
power for the typical UE. This motivates us to derive the
probability distribution of the closest distance between ABSs
in tier k and the typical UE and the result is included in the

following lemma.
Lemma 2: The PDF of the closest distance between the ABS
in tier k£ and the typical UE under LoS transmission is

]E{ni’]fl
L 1.27<h )2 T . L
o) = (B (= ) it < <

0, otherwise,
(16)

where I [nf] is the average number of UAVs in tier k
implementing LoS communication as given in (14).

Proof: For the ABSs in tier k£ having the closest distance,
the cumulative distribution function (CDF) of the closest
distance to the typical UE is obtained as

Fyp (@) =1-P(Xf > )
:1—P(min{Xﬁl,X,f’Q,...,X,inﬁ} >m>

)]E[nﬂ . a7

:1—[1—FX,5(1

The PDF can obtain from the derivation of (17) as

dFX,f (z)
dx

2 2 E[né]_l
z° — (hg) 2x
1-— . . 18
( (rk)? ) (rk)? (4
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Similarly, the PDF of the closest distance between the
ABSs in tier k£ and the typical UE under NLoS transmission
can be obtained as

(- )

0, otherwise.

fX,i\’ (z) =

19)

IV. CONNECTIVITY AND ASSOCIATION PROBABILITIES
OF UAV NETWORKS

In the considered UAV networks, the ground UE can connect
with an ABS provided its receiver circuit can be activated by
the ABS. Meanwhile, according to the association policy, the
ground UE will associate with the ABSs in any tier that pro-
vide the maximum average receiving power. In this section,
we will analyze the connection and association probabilities
for the considered multi-tier UAV networks.

A. CONNECTIVITY PROBABILITY OF UAV NETWORKS

Based on the analysis in Section III, the typical UE can
connect to the considered UAV networks if and only if there
exists k € {1,---, K} such that at least an ABS in tier k is
located within disc b;. On the contrary, for ABSs spatially
distributed according to a PPP, the probability that ABSs in
tier k£ cannot connect with the typical UE, which is given
by P{®;Nb; = ¢,Vi =1,---, K}, can be characterized in
Lemma 3.

Lemma 3: The probability that the typical UE cannot connect
with UAV networks is

P{®;Nbi=¢,Vi=1, -,

K 2
BcAahfkm ) m+tar,
- A
exp< 03 (( AN

K} =

) )

I (mo)
(20)

Proof: The typical UE cannot connect with the ABSs
in tier k if and only if it can neither connect with the ABSs
implementing LoS nor NLoS communication, i.e.,

P{@kﬂbk:¢}zp{q>kﬂbk7L:¢ and @kﬁbk,N:(ﬁ}. 21

Since by ; and by n have the same center oy, by ; and
by, v would overlap with each other. Moreover, as r,iv <
rL, by covers by ny and hence, P{®,Nb, =¢} =
P {®;, N by, = ¢}. Consequently, the typical UE cannot con-
nect with the ABSs if all ABSs in tier £ are located outside
the circle by 1. Thus, the probability that the typical UE
cannot connect with the ABSs implementing LoS commu-
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: N
ﬁ’ lfhkgzgmk, m
() —P<Pk CT( hi

nication in tier k is

P{q)k Nby = (;5}
=P ( max PpAercos™

m; k€EPy

(5 -0) GeLz" (mi.0) < pe>

—« 2
2+h2)m/2Gk (T2+hi) v/ <pg>
r k

2
= (7’2 > (4PkAeerh;n‘> mer — hi)
pe
Pk;Ae’r‘th #QL m+2a 2
—exp | —TAg pi E |G, 8 | — hg
mN\ g L5 +mo
—exp (ﬂ'kk ((Mghk ) +or ( Ltm ) hi)) .

mopPe T (mo)
(22)

As the point processes of ABSs in different tiers are indepen-
dent of each other, we have

P{@iﬂbi=¢,Vi=1,~~~,K}

:Hp{q)kmbk:¢}

k=1
K AA L\ 7 T —2— +mo
=exp 77‘(’2)\}@ ( ) for ( Ltm ) *hi ’
P Mo pPe T (myo)
(23)
which complete the proof. ]

Based on Lemma 3, the probability that the typical UE can
connect with the K-tier UAV networks is

| —exp (—ﬂzx ((Bn“j:s’")*‘w _ 2)) |

(24)

From (24) we observe that the directivity of directional
antenna, m, highly impacts the connection probability of the
ground UEs. It can be further proved that the probability
of UE connecting UAV networks decreases with m. This
is because, by utilizing directional antennas, the radius 7y,
of by will decrease with m and more UAVs are located
out of bg. Therefore, by employing directional antennas, the
region where UAVs can successfully connect with the UE
will reduce and less ground UEs can communicate with the
UAV networks.

B. ASSOCIATION PROBABILITY OF UAV NETWORKS

When the typical UE can connect with the UAV networks, it
will associate with the serving ABS providing the maximal
average receiving power. The probability that the typical UE
is associated with the ABS in tier £ under LoS commu-
nication, denoted as P (AL = k) is given in the following
theorem.
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Theorem I: Under LoS communication, the typical UE will
be associated to the ABSs in tier £ with a probability given
as

P (AL = k)
P 2 h 2m qnf
O\ ™ Ta
mi‘ K Pj\ mtar (hj\mtor 7’2 _h
) Py e j
— (TL)2
ko j=1,j#k J

(i)ﬁ(’i)mﬁw o)\ ]
1—

mtay
y r h

j=1 (@32

2 2\ Hnk] -1
I r° — (hi) 2r
Elnkl (1 - —2"k . dr. 25
& ( (rf)” ) (rh® =

Proof: As the UAVs can implement both LoS and NLoS
communications, the associated ABS in tier k£ for serving
the typical UE has to satisfy two independent conditions.
For association with the ABSs under LoS transmission, the
serving ABS has to provide the maximal average receiving
power among all ABSs. Meanwhile, the receiving power
from the serving ABS has to exceed that from all ABSs under
NLoS transmissions. Let R be the closest distance between
the UAVs in tier £ and the typical UE. We have

]P’(AL:k):

Er EPL (P,%k(R) >J1_3%Pfj) Py (P w(R) > max P, J)} .
(26)

As the ABSs implement LoS and NLoS communications
independently, we can calculate (26) as

]P’(AL:k)
K

> P,f\;)
=15k

K hk m hy m
= Er . H Pr, (&Aer (E) GkR_aL>}DjAer (E) GkR;aL>
J=1j#k
H]PL (BCA67< ’“) GiR “ > BAc, (1}%) H,J%;“N)

L

1 _m
/ H Pr (R S ( ) mtar (&) mtar r>
hi hi

K
PLY - TP (Pha(r)
j=1

j=1,j#k
1 m
. m+a . m4a m4a
-H]P’L R; > & v ﬁ v 7”"'*“1% fr(r)dr
i Py hi
: - s[nt]
P;\ m+ta m+ta
[ ()T
- - 2
he =15k ()
2 _2m m+4a E[nY
K (II;J)m N (%)7HMN T2En++a]\z;) - h? [ i
. H 11—t k fr(r)dr,
: (rN)?
Jj=1 J
27
where fz(r) has been obtained in (16). Theorem 1 can be
proved by Substituting (16) into (27). [ |
8

Under NLoS transmission, the probability of association
to the ABS in tier £ can be similarly obtained as

P (AN = k)
= Hn3]
_/mkN ﬁ _(}}j;)m+aN (%)mi@N 7'2—]7,? j
P =157k (7,;\/)2

-\ m 2a ) m% 2(mtay) ]E{nL]
BT
()

r? = (h)’® 2r
E[n{ev] ( - (Tév)2 > (7“;];])2dr. (28)

Let X}, be the distance between the typical UE and its serving
ABS when the typical UE is associated with the ABS in tier
k. Recall that the ABSs which can connect to the typical UE
must be located within disc by. Given the location distribution
of ABSs in tier k, cf. Lemma 2, the PDF of X, can be derived
in the following theorem.

Theorem 2: Under LoS transmission, the PDF of X, the
distance between the typical UE and its serving ABS in tier
k, is given as

ka('T)_
2 2m E{HL]
b ([ @ e
PAL =8, T (rf)?
X P\ wtan (hy\miey 2mEen) o, gl
11 1_(P7) (E) @ e —hj
i (r)?
E[nf]-1
B k] kel UK Y 29)
* (rf)? (rh)*

Proof: Let Ry, be the distance between the typical UE
and its serving ABS. Under the condition that the associated
ABS is located in tier £ and has LoS communication with the
UE, we have

P{RE >z, A"
P{Ri > olaf} = s Af:k) s (30)
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with
P{Rﬁ >z, AL = k}

=P (Rg% > x,BY (Rk) > maxP and B} (Ry) > max PTJJV)
G=1,o

m ,W N\ mtar
-7 (( DTG
T j=1,5#k k

K 1 m
. m+a . m+ta m-4a
. I I P [ R; > & N hij N Tm-mT%, fr,, (r)dr
: Py hi ’

j=1
: 2 5[]
B (O e
T o1k (TJL)Q
2m m—4a ]E[nL]
()7 () )
TIl- ; fr ()
j=1 ()
(31)
Moreover, substituting (25) into (30), we have
P{Xy >z} =
2 2m Hrnk|
e
]P)(AL_ ) T j=14#k (TJL)2
2 2m Amta H{nN]
K (%)M,WN (}%)MMNT%(WL) _h]z !
. H 1-— 5 ka (T‘)d?“
j=1 ()
(32)

Finally, Theorem 2 can be proved be taking fx,(x) =
w m

Meanwhlle under the condition that the serving ABS with
LoS transmission is in tier & and has distance R}, to the UE,
other ABSs in the UAV networks will interfere the desired
signals due to the full spectrum reuse among the ABSs. The
receiving interference power at the typical UE caused from
other interfering ABSs should be less than the receiving
power from the serving ABS. Define X7 ; as the distance
between the typical UE and an interfering ABS in tier j. The

PDF of X; ; can be described in the following lemma..
Lemma 4: Given that the serving ABS is located in tier k
at a distance of R, the PDF of the distance between the
typical UE and interfering ABS in tier j, X ;, with LoS
transmission is

2xy
2 2m
2 <i) mtop (’4) mtar p2
J h k
f(zr; > Re) = T m
) I3 mtap .
( ) (#) , if R < my,

0, otherwise.
(33)

Proof: As the distance between the typical UE and the
serving ABS in tier k is Ry, the distance from the interfering
ABS in tier j to the UE should satisfy

PyAer (hi/R)™ (Ry) "L > PjAe, (Xh—) (X1;)7% . (34)
1,5
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1
We obtain that X ; > (%) mer (£> L Ry Hence,

P i
221,
f(zr; > Ri) = 2 2m , (39
27(&)7711»&]\] (h_7>m+aLR2
J P, Rk
which completes the proof. [ ]

Similarly, the PDF for the distance between the typical
UE and an interfering ABS in tier j, X7 ;, with NLoS
transmission is

2zr

2m  2(mtarp)
m2_( Ei m+aN MWNR mtan
J Py hk
m4ag,

1
) (&) mEen (’Lﬂ) e JAER]TN <my,

flr; >Ri)=

Py, hi
0, otherwise.
(36)

V. ANALYSIS OF COVERAGE PROBABILITY

Based on the association probability in Section IV, we can
further derive the coverage probability of the K-tier UAV
networks. For this purpose, we first have to derive the Laplace
transform of the aggregated interference power caused from

the interfering ABSs.

Based on the distance distribution of the serving ABS and
interfering ABSs, the total coverage probability of the K -tier
UAV networks, P,., can be calculated as

P. = Z(]P’L

where PL(A = k) (PY (A = k) ) is the coverage probability
conditioning on that the serving ABS is in tier k£ and has
LoS (NLoS) transmission. Aﬁ and A,ICV are the association
probabilities that the serving ABS in tier k£ has LoS and NLoS

transmissions, respectively.

Given that the distance from the serving ABS in tier £ with
LoS or NLoS transmission is IRy, ,, the signal-to-interference
ratio (SIR) at the typical UE can be given as

K)AL + PN (A = k)AY ) , 37

h m —a
PkAET (Rkljo) Grk,oRk:,oL
Ip + 1IN ’
hy e
PiAer (#) Hyp RSV
In + In ’
where I, and Iy are aggregated interference powers from

interfering ABSs under LoS and NLoS transmissions, respec-

tively.
Based on [34], the coverage probability P (A = k) can be
defined as

PY(A = k) =Exg,, [P{SIR} (Rio) < T}, (9

SIRF (Rk.0) =

(38)

SIRyY (Ri,o) =

where 7' is the SIR threshold for downlink transmission.
Moreover, given that the distance of the serving ABS is
R, the Laplace transform of interference power with LoS

transmission, I, is given in the following Lemma.
Lemma 5: Given that the serving ABS with LoS transmission
is located at a distance of R away from the typical UE, the

Laplace transform of the interference power, I, is given as
LF¥(s|R) = IE%L [exp (—sIL) |R] ]EfN [exp (—sIn)|R], (40)

9



IEEE Access

J. Zhang et al.: On the Application of Directional Antennas in Multi-tier Unmanned Aerial Vehicle Networks

where
Ef, [exp (—sIL) |R =
—moHn%
K m; SPjAe'rh;_nwf(aLm) O[E{ .7]
H P; = e 1+ m
v (7)) 7 (1) 0
2x

dzx

: — 2 N 2m
_ 2 : m+aL hy m+tay,
ms—re ()" (i)

my m,,—(r+m) —mg(!E{nﬂ—l)
. / <1 L PR ) 2z
R

mo
and

E7y [exp (—sIn) |R =

H/ m+aN {) TN R (1 +sPjAerhz™

2x

E[nj']
(OtN+m)>

dz. (42)

2m 2(m+ar,)

m -(#) TN (hy ) TR RO

J Py,

Proof: The Laplace transform of the interference power,
Iy, + Iy, can be derived as
L7 (s|R) = Ef [exp (= (I + In)) | R]

=E7, [exp (—sIL) |R]ET, [exp (—sIn)|R].  (43)

Herein, the Laplace transform of the interference power
caused by ABSs with LoS transmission is given in (44).
Moreover, the interference power caused from ABSs with
NLoS transmission has the following Laplace transform,

Ery [exp (—sIn) |R]

K B[]
=E;, |exp _SZ L;| IR
j=1 i=1
i 5] o
_]EIL H exp (*SPjAer (u:j) H“i,juzjaN) |R
j=1 i=1
N
K nj
:HEU H ( SP Aerh Hu7 , 2J(ﬂcz\r-‘-'m)) |R
Jj=1 i=1
K Eln ]
:HEUL H Ex |:6Xp (_SPjAerh;n :;aN+m))] IR
Jj=1 i=1

N
, (3]
7(04 +m) ‘R
1 + stAerh;”ui’j N

K/mj 1 B
_]1;[1 (%)mmN(lkyniuNR"HﬂN |:1 +SPA€Thmx (aN-‘rm)]
2x
I s TV L
) ()
(45)

where U ]%, ; 1s the set of interfering UAVs implementing
NLoS transmission in tier j. Substituting (44) and (45) into
(43), we can obtain (40), which completes the proof. [ |

Similarly, given that the serving ABS with NLoS transmis-
sion has distance R, the Laplace transform of the interference
power, I, + Iy, is

L7 (s|R) = E7, [exp (—sIL) |R]E7y [exp (—sIn)|R], (46)

where

Efy lexp (—=sIL) |R =
H/m m+aL
21:

2(m+a 2 2m
<7n+0<£\/> PJ mtep, hii mtar
Py, hi

mba
m*ﬂLRWH—OtL

mo

T
()

dz, (47)

m? —R
and

E7y [exp (—sIn) |R =

P ) (]
I '/(P-)M(h;)w#%m(l+81%Aevh§”fﬁ‘(“w”’)

2z

/R (1 +5-BcAeTh;n$7

@ +m)

)(E{nml) %

(43)

Based on(40) and (46), the coverage probability of the K -tier
UAV networks can be obtained in the following theorem.

Theorem 3: The total coverage probability of the K -tier UAV
network, definedas P, = >/,
cf. (37), can be obtained by substituting

= _z:(—l)ile (70) /mkﬁf (8)s=ns frEjaL (r)dr,

hy

(49)

and
N N

P (A = k‘) = " [,] (S)|S:P;1A;rlh;7nRz}:7'LT fRﬁV‘;% (T)d?“.

(50)

. —1 4—13 —m pap+m L N

where M = inP A h, ™ R 5T T. Moreover, Ay and A are

given in (22) and (25), respectively.

Proof: The coverage probability of the typical UE asso-
ciated with the serving ABS under LoS transmission in tier k
can be calculated as

P*(A=k) =Eng, , []P’ {SIRQ (Ri.o) > T}]
— /hmk P{SIRﬁ(r) > T} Frp (r)dr (51)
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EY, exp (~sI1) |R)

E[n}] E[nE]-1
=Er |exp | =s Z Z Lij + Z Lk R
j=1,j#k i=1
[k B[] BT E[nk]-1 o
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A /ﬁ mtar (hj
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mo
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(44)

where f RE (r) is given in Lemma 3. Moreover, we have
P{SIR} (Ri0) > T}
=P{Gr, = PA TR (I + ) |
99 g, [[1 —exp (4,7131; ST

mo 1
_Z ( ) +1EI [exp( SI)“s:inPl;lAlzlh;mR:LerT .
(52)

Ry (1 + 1) )| ]

where (a) follows from Lemma 6 in [34] and 7
mo (mg! )(1/m°). Similarly, we have

P {SIRY (R0) > T}

oy +m
k,o T

—P {Hrk’o > P AL R (I + IN)}

=By [exp (— P AR RYSTT (I + 1)) |

= By [exp(~sD)] (53)

_p—1,—1, —m pap+m .
=P, Aerhk Rk,o T

Based on Lemma 5 and (46), Theorem 3 can be thus proved.
|

VL. NUMERICAL AND SIMULATION RESULTS

In this section, we evaluate the performance of a two-tier
UAV network, where the ABSs in tier 1 and 2 are located at
heights h; and ho, respectively. Unless otherwise specified,
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the simulation parameters are set according to Table II. We
present both analytical and simulation results, where Monte
Carlo simulations are employed to validate the analytical
results obtained in Sections III-V. Thereby, the horizontal
locations of UAVs and UEs are randomly generated in a large
plane and the height of UAVs in each tier is set based on the
empirical data from Qualcomm [35]. We simulate 10* spatial
realizations for the locations of ground UEs and UAVs. For
each spatial realization, the locations of the ground UEs and
UAVs are fixed, which enables us to obtain the empirical
connection and coverage probabilities. The final results are
gathered by averaging over all simulation realizations. We
note that Monte Carlo simulations have been widely adopted
to evaluate performance and validate analytical derivation for
cellular networks and UAV networks [29], [36], [37].

A. CONNECTION PROBABILITY OF THE UAV NETWORK

Fig. 4 shows the connection probability of the considered
UAV network as a function of the height of the first-tier
ABSs when different receiving thresholds are employed at
the ground UEs. From Fig. 4 we observe that the Monto Carlo
simulation results are in a good match with the analytical
results, implying that the derivations in Section III are valid.
As the height of the first-tier ABSs increases in the small
value regime, the connection probability increases quickly
before it saturates. This result is due to the high directivity of

11
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TABLE 2. SIMULATION PARAMETERS

Parameter || Default Value
Pmax 1W
Pe —50dBm
ar, 2
apn 2.8
h1 100m [35]
ha 2h1 [35]
A1 10/km?
A2 A1
mo 3
m 6
T 0.1
Acr 5dB
1 v
f
|
0.9 i |
1 9
08 \ i
\
.
0.7 .
- |
Z06 '
8 '
-8 I
£05 |
3 |
e '
o4 '
§) o —
| Analytical. 5, =40dbm
0.3 ' O Simulation: 5 =40dbm
V| - = ~Analytical: p =35dbm
0.2 1 T Simulation: p,=35dbm
: =+ ANalytical p,=300bm i
01 : ¢ Simulation: /rL:I‘}OdDm
\
' i
s o o o
0 1000 2000 3000 4000 5000 6000

Flying height h1(m)

FIGURE 4. Connection probability of the UAV network versus flying height of
the first-tier ABSs for different receiving thresholds of the ground UEs.

directional antenna. In particular, the ABSs at a low height
would transmit signal over the sidelobe of the generated
beam, resulting in only small antenna gain. In this case, the
connection probability of the UAV network is small. As the
ABSs’s height increases, the connection probability of the
UAV networks improve as more UEs receive signal from the
main lobe of the UAVs such that the associated antenna gain
increases. On the other hand, we also observe from Fig. 4
that, after the flying height exceeds a limit, e.g., 1300 m for
receiving threshold p,,=40 dBm, the connection probability
quickly drops to zero. This is consistent with our derivations
of the maximum flying height in Section III. In particular,
due to the receiving threshold of the typical UE and the
maximum output power of the ABSs, only ABSs within a
given flying height can activate the receiving circuit at the
UEs. Consequently, the region where ABSs can overcome
the path loss to a UE shrinks when the height of the ABSs
increases and further vanishes when the flying height of
the ABSs exceeds hl . In the latter case, the connection
probability of the UAV network decreases quickly.

Fig. 5 evaluates the connection probability of the consid-
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FIGURE 5. Connection probability versus directivity factor of antenna element
for different flying heights of the ABSs.

ered UAV network as a function of the antenna’s directivity
factor when the ABSs adopt different flying heights. From
Fig. 5 we observed that, for directional antennas, the con-
nection probability decreases with the antenna’s directivity
factor. This is because the main lobe of the generated direc-
tional beam shrinks as the directivity factor increases. Conse-
quently, a UE has to communicate with the ABS via the side
lobe with a high probability, which reduces the connection
probability. In contrast, for omni-directional antennas with
m=0, the connection probability is always close to 1 for the
considered simulation setup. Moreover, by employing direc-
tional antenna, it is interesting to observe that the ABSs flying
at a large height can provide a high connection probability,
espcially when the directivity factor is large. This is because,
as the flying height increases, only the ABSs close to the top
of their served UEs can successfully connect with the UEs.
Although a high directivity factor leads to a disc of small
the radius, the large antenna gain enables ABSs to connect
with the UE at large height. This result implies that the UAV
network employing highly directive antennas is suitable to fly
at a large height provided it is within the limit of the flying
maximum height.

Fig. 6 shows the connectivity probability as a function
of the receiving threshold when the UAVs employ antennas
of different directivity factors. From Fig. 6 we observe that
the connection probability of the considered UAV network
decreases with the receiving threshold of the UE. However,
as the directivity factor of antenna elements increases, the
connection probability tends to decrease with the receiving
threshold at a slower rate. This is because the radius of
the disc decreases with the directivity factor; consequently,
fewer ABSs can successfully connect with the ground UEs
using their transmit output power. In the large regime of
the receiving threshold, the connection probability of UAV
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FIGURE 6. Connection probability versus receiving threshold of the ground
UEs for antennas of different directivity factors.

network decreses sharply and approaches 0. In the latter case,
the ground UE cannot connect to the UAV network. This
is because the maximal transmission height decreases with
the receiving threshold. Consequently, more ABSs at large
flying heights will fail in signal transmission until, when the
receiving threshold of ground UEs is large enough, none of
the ABSs can successfully connect with the ground UEs.

B. COVERAGE PROBABILITY OF THE UAV NETWORK

Fig. 7 shows the total coverage probability as a function
of the flying height of the first-tier ABSs when the ground
UEs employ different receiving thresholds. From Fig. 7
we observe that there exists an optimal flying height that
achieves the maximal coverage probability. This is because
by employing directional antennas, the radius of disc by
increases with the height of the ABSs such that more ABSs
can serve the UEs. When the flying height of the ABSs is low
(e.g. 100m < h; < 200m), the radius of the disc is small
such that few ABSs can successfully activate the ground
UE. As the flying height of the ABSs increases, the disc
of radius as well as the connection probability of the UAV
network improves. Nevertheless, as the number of interfering
ABSs also increases with the radius of the disc, the coverage
probability deteriorates. Therefore, a tradeoff between the
connection probability and the coverage probability exists
when employing directional antenna in UAV networks and
the maximal coverage probability of the UAV networks is
achieved at the optimal flying height by balancing between
signal enhancement and interference mitigation. From Fig. 7
we also observed that the coverage probability decreases
quickly for large receiving thresholds of the ground UEs.
This is because, by adopting large receiving thresholds, the
distances between the ground UEs and their serving ABSs
decrease. Consequently, the ABSs at a large flying height
have to overcome the large path loss, which reduces the
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FIGURE 8. Coverage probability versus SIR threshold of the UAV networks for
different densities of the ABSs.

coverage probability of the UAV network.

Fig. 8 shows the coverage probability as a function of the
SIR threshold for different densities of UAVs. From Fig. 8,
we observe that the coverage probability decreases with the
SIR threshold. Similar results for a two-tier terrestrial cellular
network have been reported in [38]. We note that, in the
same SIR threshold regime, the coverage probability of the
considered two-tier UAV network is always larger than that
of the two-tier cellular network considered in [38]. This is
because the directional antenna provides additional antenna
gains to overcome the path loss and, at the same time, reduce
the impact of interfering ABSs. Moreover, as the density of
the ABSs increases, the coverage probability decreases due
to the increased number of interfering ABSs.
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Fig. 9 compares the coverage probability of the considered
two-tier UAV network with the baseline one-tier UAV net-
work as considered in [28]. For both networks, the coverage
probability is evaluated as a function of the SIR threshold
for deploying the UAVs at different flight heights, where
the path loss exponent is ay = 2.5. It can be seen from
Fig. 9 that the coverage probabilities of the considered UAV
networks shows the same tendency, which decreases with the
SIR threshold. However, the proposed two-tier UAV network
with directional antenna always outperform the baseline UAV
network for the considered SIR thresholds.

Finally, Fig. 10 shows the coverage probability as a func-
tion of the antenna’s directivity factor for different path loss
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exponents under NLoS transmission. From Fig. 10 we ob-
serve that, for directional antennas, the coverage probability
increases with the antenna’s directivity factor, as the antenna
gain of the serving ABSs enlarges. When the directivity fac-
tor is high enough, the radius of the disc reduces. In this case,
both the serving ABS and the interfering ABSs are located
close to the center of the disc and the number of interfering
ABSs reduces. Consequently, the SIR increases with the
directivity factor of antennas and application of directional
antennas leads to much higher coverage probability than that
of omni-directional antennas. From Fig. 10 we also observe
that, with a large pass loss exponent, the UAV network can
obtain a high coverage probability. This result implies that
UAVs equipped with directional antenna can achieve high
coverage probability even for propagation scenarios of large
path loss.

VIl. CONCLUSIONS AND FUTURE WORK

This paper developed a novel analytical framework for eval-
uating the distance distribution, connectivity probability, and
coverage probability of K-tier UAV networks that employ
directional antennas. To facilitate a tractable performance
analysis, we introduced a simple elevation angle based an-
tenna pattern model to capture the antenna gain provided by
directional antennas. It was revealed that the directivity fac-
tor can highly impact the connection probability, especially
when the UAVs deployed at low flying heights have a large
elevation angle. However, the coverage probability of K-
tier UAV networks can be enhanced by adopting directional
antennas as the interference power caused from other ABSs
reduced. Both the analytical and simulation results showed
that the application of directional antennas for UAVs at large
flying heights can provide excess antenna gain to overcome
the propagation pass loss and, at the same time, mitigate the
impact of interfering UAVs. These results demonstrated the
huge potential of employing directional antennas to enhance
the performance of multi-tier UAV networks. In the future,
the application of directional antenna for uplink communi-
cation and the associated performance evaluation of multi-
tier UAV networks in the uplink are interesting extensions of
this work. Moreover, selecting the optimal directivity factor
of directional antennas for given density and flying height of
UAVs is another compelling research direction.
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