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ABSTRACT By focusing on unmanned aerial vehicle (UAV) communications in non-terrestrial networks
(NTNs), this paper provides a guideline on the appropriate base station (BS) service provisioning scheme
with considering the antenna tilt angle of BSs. Specifically, two service provisioning schemes are considered
including the inclusive-service BS (IS-BS) scheme, which makes BSs serve both ground users (GUs) and
aerial users (AUs) (i.e., UAVs) simultaneously, and the exclusive-service BS (ES-BS) scheme, which has
BSs for GUs and BSs for AUs. By considering the antenna tilt angle-based channel gain, we derive the
network outage probability for both IS-BS and ES-BS schemes and show the existence of the optimal tilt
angle that minimizes the network outage probability after analyzing the conflict impact of the antenna tilt
angle. We also analyze the impact of various network parameters, including the ratio of GUs to total users
and densities of total and interfering BSs, on the network outage probability. Finally, we analytically and
numerically show in which environments each service provisioning scheme can be superior to the other one.

INDEX TERMS Non-terrestrial network, unmanned aerial vehicle, antenna tilt angle, line-of-sight (LoS)
probability, outage probability.

I. INTRODUCTION
Due to the increasing demand for novel and high-quality
mobile services, it becomes more difficult to provide reli-
able communications by the existing terrestrial networks
only, up to the level required by future mobile services.
To address these issues, non-terrestrial networks (NTNs)
have been considered as a promising solution to comple-
ment terrestrial networks by providing ubiquitous and global
connectivity [1], [2]. Conventional 2D ground space in ter-
restrial networks is now expanded to 3D aerial space in
NTNs with supporting communications for unmanned aerial
vehicles (UAVs), high altitude platform systems (HAPS),
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and satellites [3]. Among them, UAV communications have
been in the spotlight because UAVs have more flexible
mobility and can locate closer to ground users and base
stations (BSs) in terrestrial networks, compared to HAPS and
satellites. Therefore, many applications and services based
on UAV communications have appeared such as working
as a relay in hotspot and a data collector in large-scale
networks [4]–[6]. However, the integration of UAVs into
existing terrestrial networks brings a lot of challenges such
as resource and interference management since UAV com-
munications usually use the frequency band as well as BSs of
terrestrial networks.

In this context, many works have been presented for reli-
able UAV communications. At the beginning of studies,
the wireless channel modeling of UAV networks has been
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studied in [7]–[10], which is different from that of terrestrial
networks. Specifically, according to the height of the UAV,
the distance-dependent path loss model for the cellular-to-
UAV channel and the line-of-sight (LoS) probability between
the UAV and the ground device were modeled in [7], [8]
and [9], [10], respectively.

Based on the wireless channel modeling of UAV networks,
the optimal location of UAVs for various environments and
applications were studied in [11]–[18]. The deployment and
the power allocation for the UAV were jointly optimized
to minimize the outage probability in [11], [12]. The UAV
height and the antenna beamwidth were jointly optimized to
maximize the data rate [13] and the coverage probability [14].
The joint optimization of theUAV trajectory and the spectrum
allocation was considered to maximize the throughput [15]
and minimize the mission completion time [16]. The outage
probability was presented by considering the effect of the
UAV height and the channel environment in [17]. In [18],
multi-layer aerial networks were considered and designed
optimally to maximize the successful transmission proba-
bility and the area spectral efficiency. However, the works
in [12], [13], [15], [16] made a strict assumption that UAV-to-
ground communications channels are dominated by LoS links
only without considering the location-dependent probability
of having LoS links. Furthermore, all those aforementioned
works did not consider a BS antenna tilt angle, which signif-
icantly affects the communication performance between the
ground BS and the UAV. Especially, the antenna tilt angle of
the ground BS has been conventionally designed for ground
devices only, so the UAV can receive the signal from these
BSs with considerably small power [19], [20].

To overcome these issues, the efficient design of the
BS antenna tilt angle for UAV communications has been
considered in recent works [21]–[27]. The vertical antenna
gainwas considered for analyzing the successful transmission
probability of UAV communications in [21]. The BS antenna
tilt angle was optimized to maximize the coverage probability
according to the heights of the UAV and the BS in [22], [23],
and also to maximize the successful content delivery prob-
ability in massive multiple-input multiple-output (MIMO)
systems in [24]. The BS association probability and signal-
to-interference-plus-noise ratios (SINRs) were studied for
two different association policies such as nearest-distance
based and maximum-power based associations by consider-
ing the antenna gain determined by the tilt angle in [25].
The handover rate as well as the coverage probability were
analyzed by considering the practical antenna configura-
tion [26] and also for the coordinated multi-point (CoMP)
transmission [27].

However, those works considered limited scenarios and
parameters of UAV networks in the design of the antenna
tilt angle. For instance, in [21], [25]–[27], a simple UAV net-
work, where ground users (GUs) do not exist, was considered
in spite of using ground BSs. In [21]–[27], they considered
only either the down tilt angle or the up tilt angle although
both should be considered to support aerial users (AUs)

together with GUs. Furthermore, only the inclusive-service
BS (IS-BS) scheme that makes BSs serves both GUs and
AUs was explored as in [22]–[24]. However, the exclusive-
service BS (ES-BS) scheme that makes BSs serve GUs or AUs
exclusivelymight be a better scheme for certain UAVnetwork
environments. In [22]–[24], [27], impractical parameters and
modeling were also considered, such as large side lobe gain
and a simplified rectangular antenna gain model, which has
a constant power gain for the main lobe. Thus, insights from
those works may not be applicable in practice.

Therefore, in this paper, we provide a framework to explore
an appropriate BS service provisioning scheme to support
both GUs and AUs with the optimum antenna tilt angle
design. First, the network outage probabilities of the ES-BS
scheme as well as the IS-BS scheme are derived. We then
explore how the optimal antenna tilt angles of BSs that
minimize the network outage probability are determined for
different service provisioning schemes as well as different
types of BSs. The impact of various network parameters such
as the spatial densities of total BSs and interfering BSs on
the performance of service provisioning schemes are also dis-
cussed. The main contributions of this paper are summarized
as follows.
• We derive the network outage probability for two BS
service provisioning schemes, i.e., IS-BS and ES-BS
schemes. We consider the parabolic antenna gain model
that has been used in 3GPP studies [28], [29]. In this
model, the main lobe gain varies according to the
antenna tilt angle (i.e., not constant).

• We analytically show that changing the antenna tilt
angle gives conflicting impacts on the network outage
probability. Specifically, as the absolute value of the tilt
angle decreases, the service area with the main lobe
becomes wider (i.e., positive impact), but the link dis-
tance between the serving BS and the user increases
(i.e., negative impact). From these results, we show that
there exists the optimal BS antenna tilt angle.

• We show the impact of various network parameters on
the optimal antenna tilt angle including the UAV height,
the ratio of GUs, as well as densities of the total BSs
and the interfering BSs. For instance, different to [22],
we show that the optimal antenna tilt angle can exist not
only in the down tilt angle regime but also in the up tilt
angle regime. We newly show that the optimal antenna
tilt angle increases as the ratio of GUs increases.

• We also explore which service provisioning scheme
can be better in terms of the network outage probabil-
ity in various environments. Specifically, we analyti-
cally show the superiority of the ES-BS scheme to the
IS-BS scheme for the high BS density regime. Fur-
thermore, we numerically show the superiority of the
IS-BS scheme for the low interfering BS density regime
and that of the ES-BS scheme for the high interfering
BS density regime.

The rest of this paper is organized as follows. In Section II,
we represent the BS service provisioning schemes to serve
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TABLE 1. Notations used throughout the paper.

both types of users and describe the channel model and
the BS antenna power gain, which is affected by the BS
antenna tilt angle. We then describe the BS association rule.
In Section III, we derive and analyze the network outage prob-
ability for two service provisioning schemes. In Section IV,
we evaluate the network outage probability according to the
various network design parameters. We then compare the
communication performance of the IS-BS scheme and that
of the ES-BS scheme for network parameters. Finally, con-
clusions are presented in V.
Notation: The notation used throughout the paper is listed

in Table 1.

II. SYSTEM MODEL
In this section, we introduce the non-terrestrial network
model by mainly focusing on UAV networks. Moreover,
we describe the antenna power gain and the BS association
rules.

A. NETWORK MODEL
We consider a NTN for UAVs, where BSs, ground users
(GUs), and aerial users (AUs) (i.e., UAVs) are randomly
distributed in the spatial domain. The locations of users are
modeled by homogeneous Poisson point process (HPPP)
8U,i with density λi, where i ∈ {G,A} denotes the type of
user, i.e., i = G for GUs and i = A for AUs.1 The height of
the kth user is hk , where hk = hG for k ∈ UG and hk = hA
for k ∈ UA. Here UG and UA are the user index sets of GUs
and AUs, respectively.

In this paper, as shown in Figure 1, we consider two types
of BS service provisioning schemes as follows.

• Inclusive-service BS (IS-BS) scheme: In this scheme,
BSs serve both GUs andAUs simultaneously. Hence, the
antenna tilt angle of the BS has to be designed to serve
both GUs and AUs efficiently. The locations of BSs are
modeled by HPPP 8B,O with density λB. Since there is
only one type of BS, the BS density for GUs, λISB,G, and
the BS density for AUs, λISB,A, are the same as the total

BS density (i.e., λISB,G = λISB,A = λB). Note that this
scheme is the one, generally used in prior works such
as [21], [22], [24].

• Exclusive-service BS (ES-BS) scheme: In this scheme,
BSs are divided into two groups: 1) a BS for GUs
(BS for GUs (GBS)) and 2) a BS for AUs (BS for AUs
(ABS)). The GBSs and ABSs exclusively serve GUs and
AUs, respectively. Therefore, the antenna tilt angles of
GBSs and ABSs need to be designed respectively to
serve aimed users efficiently. We assume the locations
of GBSs and ABSs also modeled by HPPPs, 8B,G and
8B,A, with densities λESB,G = ρB,GλB and λESB,A = (1 −
ρB,G)λB, respectively, where ρB,G is the portion of GBSs
among all BSs.

Regardless of BS types, for all BSs, the antenna height is hB
and the transmission power is Pt.

B. CHANNEL MODEL
In UAV communications, both LoS and NLoS environments
can be considered for the links between a BS and a GU as
well as between a BS and an AU. The probability of forming
LoS link between the BS at x = (xB, yB, hB) and the kth user
at (xk , yk , hk ) is given by [32]2

pL
(
rk,x

)
=

{
1−

√
2πξ

|hk−hB|

∣∣∣∣Q(hkξ
)
−Q

(
hB
ξ

)∣∣∣∣
}rk,x√µν

,

(1)

1Note that we can also assume AUs are distributed according to Matérn
Hardcore Point Processes (MHCPP) with density λA that considers the
minimum safety horizontal distance, dmin, between any two AUs like the
ones in [30], [31]. However, the performance analysis and the results of this
work will be the same as only the density of AUs affects the performance,
not the distribution as the downlink is considered.

2The LoS probability is also defined differently in [9]. However, it is
determined by the elevation angle between the transmitter and the receiver,
not by the link distance.
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FIGURE 1. Examples of NTN for UAVs with randomly distributed BSs, GUs,
and AUs.

where Q(x) =
∫
∞

x
1
√
2π

exp(− t2
2 ) dt is the Q-function and

the horizontal distance between the BS and the kth user is

given by rk,x =
√
(xk − xB)2 + (yk − yB)2. Here, µ is the

ratio of land area covered by buildings to total land area,
ν is the mean number of buildings per unit area, and ξ is a
variable determining the building height distribution. Since
the NLoS environment is a complementary event of the LoS
environment, the NLoS probability between the BS and the
kth user is given by pN

(
rk,x

)
= 1− pL

(
rk,x

)
.

Based on the LoS probability, we consider different path
loss exponents and channel fading models for LoS and NLoS
links. The path loss exponent for LoS and NLoS links are
denoted by αL and αN, respectively. The channel fading is
modeled by Nakagami-m fading, so the distribution of the
channel gain is given by

f�v (x) =
mmvv
0(mv)

xmv−1 exp (−mvx) , x > 0, (2)

where 0(x) =
∫
∞

0 tx−1e−tdt and v ∈ {L,N} is the channel
environment, i.e., v = L for LoS links and v = N for NLoS
links. In addition, we assume that mL > 1, and mN = 1,
which means Rayleigh fading, i.e., �N ∼ exp(1). From (2),
we denote the channel fading between the kth user and the BS
as

�k,x =

{
�L, with probability pL

(
rk,x

)
�N, otherwise.

(3)

C. VERTICAL ANTENNA GAIN
The antenna power gain of the BS is determined by two types
of power gains: horizontal and vertical directional antenna
gains. We consider an omnidirectional antenna in the hori-
zontal direction, so the horizontal directional antenna gain
remains constant regardless of the direction of the antenna.
Therefore, we assume the horizontal directional antenna gain
is equal to a unit gain [33]. In this paper, we focus on the
design of the vertical antenna tilt angle for AUs as well
as GUs, and we consider the directional antenna in the ver-
tical direction. As shown in Fig. 2, the vertical directional
antenna gain is determined by the vertical antenna tilt angle,
−90◦ < θt < 90◦, which is the angle tilted upward or

FIGURE 2. Examples of antenna radiation patterns for different antenna
tilt angles.

downward relative to the horizontal plane.3 Here, we define
that the BS antenna tilt angle is a negative value when the
BS antenna tilt angle is up-tilted, i.e., tilting upwards with
respect to the horizontal plane of the BS antenna. On the
other hand, the BS antenna tilt angle is defined as a pos-
itive value when the BS antenna tilt angle is down-tilted,
i.e., tilting downwards with respect to the horizontal plane
of the BS antenna. Based on the 3GPP specification [28],
the BS antenna power gain G(rk,x, θt) can be represented
as

G
(
rk,x, θt

)
= 10

−min

(
12
(
θ(rk,x)+θt

θ3dB

)2

,η

)
/10
, (4)

where θ3dB = 10◦ is the 3dB beamwidth and η is the
minimum power leaking to the side lobe besides the main
lobe, which is commonly 20dB. In (4), θ

(
rk,x

)
is the elevation

angle between the BS antenna and the kth user, which is given
by

θ
(
rk,x

)
=

180
π

arctan
(
hk − hB
rk,x

)
, (5)

where hk−hB is the height difference between the BS and the
kth user. In this work, without loss of generality, we assume
that the height of AUs is higher than that of BSs (i.e., hA −
hB > 0), while the height of GUs is lower than that of BSs
(i.e., hG − hB < 0). From (4), for given θt, the user can be

served with the main lobe when 12
(
θ(rk,x)+θt
θ3dB

)2
≥ η. Here,

we define the boundary of horizontal distance between a BS
and the kth user that the user is served by the main lobe as
r lbk (θt) ≤ rk,x ≤ rubk (θt), where r lbk (θt) and r

ub
k (θt) are the

lower and upper boundaries. Since all GUs and all AUs have
the same height, hG and hA, respectively, the boundaries are
determined by the user types not user’s specific location, i.e.
rubk (θt) = rubi (θt) and r lbk (θt) = r lbi (θt) for k ∈ Ui, and given

3Note that there are two types of tilting methods [34]: mechanical tilting
and electrical tilting. The mechanical tilting rotates the antenna of the BS
physically. On the other hand, the electrical tilting applies an overall phase
shift to all antenna elements in the array. In this paper, we consider the
electrical tilting method to analyze the communication performance math-
ematically.
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as follows

r lbG (θt) =


hG − hB

tan
{
π
180 (−θt − θth)

} , θt > −θth

∞, otherwise,
(6)

rubG (θt) =


hG − hB

tan
{
π
180 (−θt + θth)

} , θt > θth

∞, otherwise,
(7)

r lbA (θt) =


hA − hB

tan
{
π
180 (−θt + θth)

} , θt < θth

∞, otherwise
(8)

rubA (θt) =


hA − hB

tan
{
π
180 (−θt − θth)

} , θt < −θth

∞, otherwise,
(9)

where θth = θ3dB
√
η/12. In (6)-(9), the boundaries rubi (θt)

and r lbi (θt) are defined to be positive when θt satisfies
each conditions. For the convenience of analysis, we rewrite
G
(
rk,x, θt

)
in (4) according to the boundaries in (6)-(9) as

G
(
rk,x, θt

)
=


G1(rk,x, θt), bk,1(θt) < rk,x < bk,2(θt)
G2(rk,x, θt), bk,2(θt) ≤ rk,x ≤ bk,3(θt)
G3(rk,x, θt), bk,3(θt) < rk,x < bk,4(θt),

(10)

where bk,1(θt) = 0, bk,2(θt) = r lbk (θt) , bk,3(θt) = rubk (θt),
and bk,4(θt) = ∞. In (10), G1(rk,x, θt) = G3(rk,x, θt) =
10−η/10 is the antenna side lobe gain and G2(rk,x, θt) is the
antenna main lobe gain, which is given by

G2(rk,x, θt) = 10
−1.2

{
θ(rk,x)+θt

θ3dB

}2
. (11)

From (11), we can see that G2(rk,x, θt) is an increasing func-
tion of θt for −θth < θt ≤ −θ

(
rk,x

)
, and G2(rk,x, θt) is a

decreasing function of θt for −θ
(
rk,x

)
≤ θt < θth. This is

because as the antenna tilt angle θt approaches the elevation
angle between the BS and the user, the effect of the main lobe
becomes dominant and it is maximized when the antenna tilt
angle is equal to the elevation angle (i.e., θt = −θ

(
rk,x

)
).

D. BS ASSOCIATION RULE
In conventional networks, the BS association is determined
by the mean channel fading gain and the distance-dependent
path loss, considering the LoS probability [35]. However,
in more realistic UAV networks, the antenna gain G

(
rk,x, θt

)
affected by the horizontal distance between the serving BS
and the kth user should also be considered in the
BS association.

To analyze BS association rules, we first denote BSs which
belong to 8B,l, l ∈ {O,G,A}, forming LoS and NLoS links
as 8L

B,l and 8
N
B,l , respectively. We then divide each of 8L

B,l

and 8N
B,l into three groups according to the BS antenna power

gain G
(
rk,x, θt

)
in (10) as

8
vj
B,l=


8v1

B,l, bk,1(θt) < rk,x < bk,2(θt)
8v2

B,l, bk,2(θt) ≤ rk,x ≤ bk,3(θt)
8v3

B,l, bk,3(θt) < rk,x < bk,4(θt),

v ∈ {L,N},

(12)

where j ∈ J is the index of BS groups which is determined
by rk,x, and J = {1, 2, 3}. Note that from (10) and (12),
we know that BSs in 8v1

B,l or 8
v3
B,l transmit with the antenna

side lobe gain, and BSs in 8v2
B,l transmit with the antenna

main lobe gain. First of all, we examine the distribution of the
distance between the user and the BS in8vj

B,l . The horizontal

distance to the nearest BS among the BSs in 8vj
B,l is denoted

by X vjk . Here, depending on the LoS probability, the density
function of8vj

B,l is given by 2πλ
s
B,k tpv(t). Therefore, for BSs

in 8vj
B,l , the complementary cumulative distribution function

(CCDF) of X vjk can be obtained as

F̄ s
X vjk

(x) = P
[
X vjk ≥ x

]
(a)
= exp

{
−2πλsB,k

∫ uk,j(x,θt)

bk,j(θt)
tpv(t)dt

}
, (13)

where (a) is from the void probability [36] and uk,j(x, θt) is
given as uk,1(x, θt) = min(x, bk,j+1(θt)) if j = 1, uk,j(x, θt) =
max(x, bk,j(θt)), otherwise. λsB,k is the density of BSs that can
serve the kth user, i.e., λsB,k = λsB,i when k ∈ Ui. Here,
s ∈ {IS,ES} is the index of the BS service provisioning
scheme. By differentiating (13), we can obtain the probability
distribution function (PDF) of X vjk as

f s
X vjk

(x) = 2πλsB,kxpv(x) exp

{
−2πλsB,k

∫ x

bk,j(θt)
tpv(t)dt

}
,

(14)

where f s
X vjk

(x) = 0 if x ≤ bk,j(θt).

We denote a ∈ {na, sa} as the index of the BS association
criterion. Here, a = na and a = sa indicate the nearest
BS association rule and the strongest BS association rule,
respectively.

1) NEAREST BS ASSOCIATION RULE
In the nearest BS association rule (a = na), the horizontal
distance between the kth user and the serving BS is smallest.
Therefore, the probability that the serving BS exists in 8vj

B,l ,
and the horizontal distance between the serving BS and the
kth user is smaller than r is given by

P
[
X vjk ≤ r, xτ ∈ 8

vj
B,l | a = na

]
(a)
=

∫ r

bk,j(θt)
f s
X vjk

(x)
∏

jo∈J ,vo∈{L,N},
(jo,vo)6=(j,v)

P
[
x ≤ X vojok

]
dx.

=

∫ r

bk,j(θt)
f s
X vjk

(x)
∏

jo∈J ,vo∈{L,N},
(jo,vo)6=(j,v)

F̄ s
X vojok

(x)dx, (15)
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where xτ denotes the location of the serving BS and (a) is
from the fact that for given j and v, the horizontal distance
between the serving BS and the user is shorter than all other
candidates.

2) STRONGEST BS ASSOCIATION RULE
In the strongest BS association rule (a = s), the main link
has the strongest average received power. The probability
that the serving BS exists in 8vj

B,l and the horizontal dis-
tance between the serving BS and the kth user is smaller
than r is given in (16), as shown at the bottom of the page.
In (16), (a) is from the fact that for given j and v, the average
power of the serving BS should be greater than all other
candidates.

From (15) and (16), given a ∈ {na, sa}, we can obtain the
association probability Aa

vj as

Aa
vj = P

[
X vjk ≤ bk,j+1(θt), xτ ∈ 8

vj
B,l | a

]
. (17)

Therefore, when the kth user is associated with a BS in
j-group under the channel environment v, the cumulative dis-
tribution function (CDF) of the horizontal distance between
the BS and the user, rvjk,xτ , is given by

F s,a
rvjk,xτ

(r) = P
[
X vjk ≤ r, xτ ∈ 8

vj
B,l | a

]
/Aa

vj. (18)

Note that the distribution of the horizontal distance between
the serving BS and the kth user, rvjk,xτ , is the same for all
i-type users, so we use i index only without using k index
in the followings, i.e., rvjk,xτ = rvji for k ∈ Ui. By differentiat-

ing (18), we can obtain the PDF of rvji , which is given by

f s,a
rvji

(r)

=



2πλsB,ixpv(x)

Ana
vj

× exp

{
−2πλsB,i

∫ x

bk,j(θt)
tpv(t)dt

}
, a = na

∂

∂r
F s,sa
rvjk,xτ

(r), a = sa.

(19)

Note that f s,sa
rvji

(r) cannot be presented due to the complicated

form of (16). However, in Section IV, we show that the per-
formance of the strongest association and that of the nearest
association have similar trends. This means we can use the
analysis of the nearest association to design the case of the
strongest association as well.

III. OUTAGE PROBABILITY ANALYSIS
In this section, for both IS-BS and ES-BS schemes, we derive
the network outage probability in the presence of GUs and
AUs. We then analyze the impact of the antenna tilt angle on
network outage probability.

We assume that the available frequency resource is divided
into N sub-bands, and the interfering BSs are the ones that
use the same sub-band. Hence, in the IS-BS scheme, the
distribution of the interfering BSs is modeled as a HPPP
8I,O with density λISI,O = λB/N such as in [37]. In the
ES-BS scheme, the interference from GBSs and ABSs needs
to be defined differently as they use different tilt angles. The
distributions of interfering GBSs and ABSs are also modeled
as HPPPs, 8I,G and 8I,A, with densities λESI,G = λ

ES
B,G/N and

λESI,A = λ
ES
B,A/N , respectively.

For the case that the serving BS communicates with the
kth user, the SINR at the user can be given by

γ sv (rk,xτ , θt) =
Pt�k,vlv

(
rk,xτ

)
G
(
rk,xτ , θt

)
I s + σ 2 , (20)

where lv
(
rk,xτ

)
=

(
r2k,x + (hk − hB)

2
)− αv2

, v ∈ {L,N},

is the distance-dependent path loss between the kth user and
the serving BS at xτ for LoS and NLoS links, and σ 2 is the
noise power. In (20), I IS = I ISO and IES = IESG + I

IS
A , where

I sl is given by

I sl =
∑

x∈8I,l\{xτ }

Pt�k,xlv
(
rk,x

)
G(rk,x, θt). (21)

Using the SINR in (20), when the user associates to
a j-group BS with the distance rk,xτ and the tilt angle θt under
the channel environment v, the outage probability is given by

Pv
o,j(rk,xτ , θt) = P

[
γ sv (rk,xτ , θt) < γt

]
, (22)

where γt = 2
Ro
W − 1 is the target SINR. Here, Ro is the

target data rate and W is the bandwidth allocated to each
user [38].

For readability, instead of using the notation θt, when
scheme s is used, we denote antenna tilt angles of the
GBS and the ABS as θ st,G and θ st,A, respectively. Note
that in the IS-BS scheme, since all BSs serve both GUs
and AUs, we have a single antenna tilt angle θ ISt,O, i.e.,
θ ISt,G = θ ISt,A = θ ISt,O. Using similar steps in [22], [23], the
network outage probability can be obtained as the following
theorem.
Theorem 1: For IS-BS (s = IS) and ES-BS (s = ES)

schemes, the network outage probability can be presented as

P
[
X vjk ≤r, xτ ∈ 8

vj
B,l | a=sa

]
(a)
=

∫ r

bk,j(θt)
f s
X vjk

(x)
∏

jo∈J ,vo∈{L,N},
(jo,vo)6=(j,v)

P
[
Gj(x, θt)

(
x2+h2k

)− αv2
≥Gjo

(
X vojok , θt

) (
(X vojok )2 + h2k

)− αvo2 ]
dx

(16)
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a function of BS antenna tilt angles
(
θ st,G, θ

s
t,A

)
as

Ps
no(θ

s
t,G, θ

s
t,A)

= ρGPs
no,G(θ

s
t,G)+ ρAP

s
no,A(θ

s
t,A), s ∈ {IS,ES}, (23)

where ρi = λi/ (λG + λA) is the ratio of the density of
i-type users to that of total users, i ∈ {G,A}, and the outage
probability of i-type users Ps

no,i(θ
s
t,i) is given by

Ps
no,i(θ

s
t,i) =

∑
j∈J ,

v∈{L,N}

(∫ bi,j+1(θ st,i)

bi,j(θ st,i)
Aa
vjP

v
o,j(r, θ

s
t,i)f

s,a
rvji

(r)dr

)
,

(24)

where f s,a
rvji

(r) is given in (19) and Pv
o,j(r, θ

s
t,i) is given by

Pv
o,j(r, θ

s
t,i)

= 1−
mv−1∑
n=0

[
(−z)n

n!
dn

dzn
exp

(
−zσ 2

)
LI s (z)

]
z= mvγt

Ptlv(r)Gj(r,θ
s
t,i)

,

(25)

where LI IS (z) = LI ISO (z) and LIES (z) = LIESG
(z)LIESA

(z),

and LI sl (z) is the Laplace transform of the interference from
l-type BSs, l ∈ {O,G,A}, for the BS service provisioning
scheme s, given in (26), as shown at the bottom of the page.
In (26), ci,j(r, θ st,l) = min

[
bi,j+1(θ st,l),max(r, bi,j(θ st,l))

]
.

Proof: See Appendix.
From Theorem 1, we can obtain the network outage proba-

bilities for two types of service provisioning schemes, which
consider different channel fadings for LoS andNLoS environ-
ments. Here, we can see that the network outage probability is
affected by the main lobe service area that the BS can serve
with the strong main lobe gain, i.e., the area with distance
r lbi (θ

s
t,i)(= bk,2) to rubi (θ st,i)(= bk,3) from the BS (see Fig. 2).

Note that different to [22] and [23], which considers GUs
and AUs only with the constant main lobe gain, the network
outage probability is derived considering both GUs and AUs
with more realistic main lobe antenna gain that follows the
parabolic function as in (11). Therefore, the network outage
probability in (23) shows different performance to the one
in [22] and [23], which is verified in Fig. 5 of Section IV.

The main lobe service area is determined by the antenna
tilt angle, and the effect of the antenna tilt angle on∣∣∣rubi (θ st,i)− r

lb
i (θ

s
t,i)
∣∣∣ is presented in the following corollary.

Corollary 1: For θth < θ st,G <
π
2 and −π2 < θ st,A < −θth,∣∣∣rubG (θ st,G)− r

lb
G (θ st,G)

∣∣∣ and ∣∣∣rubA (θ st,A)− r
lb
A (θ st,A)

∣∣∣ increase, as
θ st,G and θ st,A approach θth and −θth, respectively.

Proof: From (6) and (7), we obtain the first derivative
of
∣∣∣rubG (θ st,G)− r

lb
G (θ st,G)

∣∣∣ with respect to θ st,G as

∂

∂θ st,G

{
rubG (θ st,G)− r

lb
G (θ st,G)

}
= ψ(θ st,G) (hB − hG) < 0,

(27)

for θth < θ st,G <
π
2 , where ψ(θ ) = csc2(θ + θth) − csc2(θ −

θth). In (27), the inequality is obtained since ψ(θ st,G) < 0 and
hB − hG > 0. From (8) and (9), the first derivative of∣∣∣rubA (θ st,A)− r

lb
A (θ st,A)

∣∣∣ with respect to θ st,A is given by

∂

∂θ st,A

{
rubA (θ st,A)− r

lb
A (θ st,A)

}
= ψ(θ st,A) (hA − hB) > 0,

(28)

for −π2 < θ st,A < −θth. In (28), the inequality is obtained
since ψ(θ st,A) > 0 and hA − hB > 0. Therefore, we can

see that
∣∣∣rubG (θ st,G)− r

lb
G (θ st,G)

∣∣∣ and ∣∣∣rubA (θ st,A)− r
lb
A (θ st,A)

∣∣∣ are
monotonically decreasing function and increasing function
of θ st,G and θ st,A, respectively.

Remark 1: From (6)-(9) and Corollary 1, we can see that∣∣∣rubi (θ st,i)− r
lb
i (θ

s
t,i)
∣∣∣, r lbi (θ st,i), and rubi (θ st,i) increases, as θ

s
t,G or

θ st,A approaches θth or−θth, respectively. This means the main
lobe service area becomes wider as θ st,G or θ st,A approaches
θth or −θth, respectively, as also shown in Fig. 2. How-
ever, as both r lbi (θ

s
t,i) and r

ub
i (θ st,i) increase, the link distance

between the serving BS and the user, located in the main
lobe service area, becomes larger, as shown in Fig. 2. Hence,
the change of the antenna tilt angle gives conflicting impacts
on the network outage probability, so we need to carefully
determine the antenna tilt angle to improve the network
performance.

Let the optimal values of the BS antenna tilt angle for
the IS-BS and ES-BS schemes that minimize P IS

no
(
θt,0
)
and

PES
no

(
θESt,G, θ

ES
t,A

)
be θ∗t,O and θ∗t,i, i ∈ {G,A}, respectively.

In the following corollary, we compare the network out-
age probabilities of the IS-BS and ES-BS schemes, i.e.,

P IS
no

(
θ∗t,O

)
and PES

no

(
θ∗t,G, θ

∗

t,A

)
, for given the optimal tilt

angle.

LI sl (z) = exp

−2πλsI ,l∑
j∈J


∫ bi,j+1(θ st,l )

ci,j(r,θ st,l )
tpL(t)

1−
1(

1+ z
mL
PtlL(t)Gj(t, θ st,l)

)mL

 dt

+

∫ bi,j+1(θ st,l )

ci,j(r,θ st,l )
tpN(t)

(
1−

1
1+ zPtlN(t)Gj(t, θ st,l)

)
dt


 (26)
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Corollary 2: When the density of BSs approaches infinity
(i.e., λB → ∞) and the optimal tilt angles are used for each
scheme, the network outage probability of the ES-BS scheme
is smaller than or equal to that of the IS-BS scheme, i.e.,

P IS
no
(
θ∗t,O

)
≥ PES

no
(
θ∗t,G, θ

∗

t,A
)
. (29)

Proof: When λB approaches infinity, λsB,G and λsB,A also

approach infinity, respectively. Hence, in (19), regardless of
the service provisioning scheme, the PDFs of the horizontal
distance between the i-type user and the serving BS become
similar, i.e., frvji

(r) ≈ f IS,a
rvji

(r) ≈ f ES,a
rvji

(r). Substituting

frvji
(r) into (24) and using the optimal antenna tilt angles,

network outage probabilities of i-type users for the IS-BS
scheme and the ES-BS scheme, P IS

no,i(θ
∗

t,O) and P
ES
no,i(θ

∗
t,i), can

be represented as

P IS
no,i(θ

∗

t,O) =
∑
j∈J ,

v∈{L,N}

(∫ bi,j+1(θ∗t,O)

bi,j(θ∗t,O)
Aa
vjP̂

v
o,j(r, θ

∗

t,O)frvji
(r) dr

)
,

PES
no,i(θ

∗
t,i) =

∑
j∈J ,

v∈{L,N}

(∫ bi,j+1(θ∗t,i)

bi,j(θ∗t,i)
Aa
vjP̂

v
o,j(r, θ

∗
t,i)frvji

(r)dr

)
.

(30)

In (30), we can always obtain P IS
no,i

(
θ∗t,O

)
≥ PES

no,i

(
θ∗t,i

)
,

∀i ∈ {G,A} because θ∗t,G and θ∗t,A in the ES-BS scheme
are optimized ones for GUs and AUs, respectively, while in
the IS-BS scheme, θ∗t,O is optimized one for both type users
to minimize the total network outage probability. Therefore,
from (23), we can conclude as (29).
From Corollary 2, we can see that when the density of

BSs is sufficiently large, the ES-BS scheme outperforms the
IS-BS scheme in terms of the network outage probability.
Therefore, when the number of BSs is large enough, it is ben-
eficial to exclusively serve GUs and AUs by independently
optimizing the BS antenna tilt angles. This is also verified in
Section IV, through the simulation results.

IV. NUMERICAL RESULTS
In this section, we evaluate the effect of the BS antenna tilt
angle, the BS density, the interfering BS density, and the net-
work parameters on the network outage probability. We first
show the network outage probability on each of the IS-BS
and ES-BS schemes. We then compare the performance of
service provisioning schemes. In the numerical results, for the
convenience of explanation, we denote the total interfering
density as λI regardless of the scheme, i.e., λI = λISI,O =

λESI,G+λ
ES
I,A. Unless otherwise specified, we use the simulation

parameters given in Table 2 based on the 3GPP specification
and consider the dense urban environment parameters µ, ν
and ξ [29], [39].

A. OUTAGE PROBABILITY OF GROUND AND AIR USERS
In this subsection, we analyze the impact of the BS antenna
tilt angle on the outage probabilities of GUs and AUs.

TABLE 2. Environment parameters.

FIGURE 3. Outage probability of the AUs as a function of hA for different
AU height distributions and the BS density.

Figure 3 presents the outage probability of AUs for the
cases of the fixed height h̄A and the uniform distribution
height (i.e., hA ∼ u[h̄A− δ, h̄A+ δ]). As shown in this figure,
trends of the outage probability with the random height are
similar to that with the fixed height only. Therefore, from
this result, we show that only the performance of the fixed
height case in the following figures. Even though there is a
gap between the performance of the random height and that of
the fixed height, the optimal height that minimizes the outage
probability is almost the same.

Figure 4 presents the outage probability of i-type users,
Ps
no,i(θ

s
t,i), as a function of the BS antenna tilt angle,

θ st,i, for different values of the interfering BS density, λI.
In this figure, simulation and analysis results are denoted by
lines and asterisk marks, respectively. We can see that our
analysis is well matched with the simulation results. Further-
more, the outage probability with the strongest association
rule has a similar trend to that with the nearest association
rule. The outage probability of the nearest association is
always higher than that of the strongest association. Hence,
in the following figures, we present the numerical results of
the nearest association only.

From Fig. 4, for large λI (e.g., λI ≥ 5 × 10−6) and GUs
(i = G), we can see that as θ st,i increases, P

s
no,i(θ

s
t,i) first
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FIGURE 4. Outage probability of i -type users as a function of θs
t,i for

different values of λI and BS association rules. The optimal BS antenna
tilt angles, θ∗t,i , that minimize Ps

no,i (θ
s
t,i ) are marked by dashed circles.

increases up to a certain value of θ st,i, and then decreases. This
is because as θ st,i increases, the number of interfering BSs
that form the antenna main lobe gain to the GU increases,
i.e., the GU receives larger interference. However, for rel-
atively large θ st,i (e.g., 0

◦ < θ st,i < 15◦), the serving BS
can transmit the signal with the antenna main lobe gain to
the GU mostly, while the number of interfering BSs with
the antenna main lobe gain decreases. Therefore, Ps

no,i(θ
s
t,i)

decreases with θ st,i. Furthermore, when θ st,i is much large
(e.g., θ st,i > 20◦), as θ st,i increases, the serving BS transmits
the signal with the antenna side lobe gain to the GUwith high
probability. In this case, the performance loss of the main link
is dominant, so Ps

no,i(θ
s
t,i) increases again. For AUs (i = A),

the trend becomes the opposite, but the reason is the same as
the case of GUs. For small λI (e.g., λI ≤ 10−7), the main
link channel’s quality, which is affected by the antenna gain,
mainly determines the performance. Hence, we observe that
as θ st,i increases, P

s
no,i(θ

s
t,i) first decreases and then increases.

This is because as θ st,i increases, the main lobe of the serving
BS is first closer to the user, and then gets further away.

From Fig. 4, we can also see that as λI increases, the
absolute value of the optimal tilt angle for i-type users, θ∗t,i,
which is marked by the dashed circle in the figure, increases.
This is to ensure that the number of interfering BSs with the
antenna main lobe gain to the GU or AU decreases, as the
number of interfering BSs increases.

B. RESULTS OF IS-BS SCHEME
In this subsection, we analyze the impact of the BS antenna
tilt angle on the network outage probability with the IS-BS
scheme.

Figure 5 presents the network outage probability of the
IS-BS scheme, P IS

no(θ
IS
t,O), as a function of the BS antenna

tilt angle, θ ISt,O, for different values of the BS height, hB, and
the AU height, hA. Here, we use λI = 5 × 10−6. In this
figure, for hB = 30 and hA = 50, we compare the network

FIGURE 5. Network outage probability P IS
no(θ IS

t,O) as a function of θ IS
t,O for

different values of hB and hA with λI = 5 × 10−6 [BSs/m2]. The optimal
BS antenna tilt angles, θ∗t,O, that minimize P IS

no(θ IS
t,O) are marked by

dashed circles.

outage probability with the rectangular antenna gain (RAG)
model (i.e., the constant main lobe gain model) to the one
in (23) that uses the parabolic antenna gain (PAG) model.
We can see that the trend of the network outage probabilities
with RAG and PAG models is different according to θ ISt,O.
Hence, the optimized antenna tilt angle with RAG model
(i.e., θ∗t,O = 19◦) is not the one that minimizes the network
outage probability for the PAG model (i.e., θ∗t,O = 16◦).

From Fig. 5, we can see that the optimal values of the
BS antenna tilt angle, θ∗t,O, exist in the considerably down
tilted regions. As shown in Fig. 4, the difference of the
optimal antenna tilt angles for GUs and AUs increases as λI
increases. Consequently, in terms of the network performance
of the IS-BS scheme, it is worth optimizing the antenna
tilt angle toward certain types of users, i.e., GUs or AUs.
Specifically, for a given configuration, AUs are more affected
by interference due to high LoS probability than GUs, hence
BSs transmit the signal to AUs with the side lobe to reduce
interfering signal power. On the other hand, to increase the
main link power, BSs transmit the signal toGUswith themain
lobe. Therefore, to minimize network outage probability, the
BS antenna needs to be tilted downwards.

We can also see that for the fixed height of AUs
(e.g., hA = 50 m), as the height of the BS increases
(e.g., hB = 20 ∼ 40 m), the optimal value of the BS antenna
tilt angle increases. This is to reduce the number of interfering
BSs which has the antenna main lobe gain to GUs and ensure
that most serving BS transmits the signal with the antenna
main lobe gain to GUs. On the contrary, for the fixed height
of BSs (e.g., hB = 30 m), there is no change in the optimal
tilt angle according to hA, because AUs are served by the side
lobe.

Figure 6 presents the optimal value of the BS antenna tilt
angle, θ∗t,O, according to the ratio of GUs to total users, ρG,
for different values of the total BS density, λB, with the IS-BS
scheme. Here, we use λI = 0.1λB. From Fig. 6, we can see
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FIGURE 6. Optimal BS antenna tilt angle, θ∗t,O, according to ρG for
different values of λB in the IS-BS scheme.

that as ρG increases, the optimal value of the BS antenna
tilt angle, θ∗t,O, also increases. Since the interference is not
significant in this environment, the main link channel’s qual-
ity mainly determines the network performance dominantly.
Hence, as the portion of GUs increases, the BS needs to tilt
its antenna downward. For large λB (e.g., λB ≥ 2 × 10−5),
we can also observe that the optimal antenna tilt angle is either
downwards (e.g., θ∗t,O = 18◦) or upwards (e.g., θ∗t,O = −13

◦).
Because of the significant difference of the optimal antenna
tilt angles for GUs andAUs, it is worth optimizing the antenna
tilt angle toward certain types of users, as also explained
in Fig. 5.

C. RESULTS OF ES-BS SCHEME
In this subsection, we analyze the impact of the BS antenna
tilt angle on the network outage probability with the ES-BS
scheme. Note that, in the ES-BS scheme, since the GUs and
AUs are exclusively served by the BSs, the antenna tilt angles
for GUs, θESt,G , and AUs, θESt,A , are independently designed to
minimize the network outage probability. Furthermore, in the
ES-BS scheme, the ratio of GBSs affects the optimal BS tilt
angles, and hence we optimize BS tilt angles in accordance
with the ratio of GBSs to total BSs, ρB,G.
Figure 7 shows the optimal ratio of GBSs to total BSs,

ρ∗B,G, that minimizes the network outage probability, accord-
ing to the GU ratio to total users, ρG. We consider different
values of the total BS density, λB, and we use λI = 0.1λB.
In Fig. 7, as ρG increases, ρ∗B,G also increases. This is because
it is beneficial to have more GBSs when the portion of GUs
is large. We can also see that for large ρG (e.g., ρG > 0.5),
ρ∗B,G decreases as λB increases. This is because there is
more the number of BSs, so we can have enough GBSs with
small ρ∗B,G. Thus, we can assign a larger portion of BSs as
the ABSs. On the contrary, when ρG is small (e.g., ρG < 0.5),
ρ∗B,G increases as λB increases for a similar reason.
Figure 8 presents the optimal value of the BS antenna tilt

angles, θ∗t,G and θ∗t,A, according to the ratio of GUs to total

FIGURE 7. Optimal ratio of BSs for GUs to total BS ρB,G according
to ρG for different values of λB in the ES-BS scheme.

FIGURE 8. Optimal BS antenna tilt angle (θ∗t,G, and θ∗t,A) according

to ρG for different values of λB in the ES-BS scheme.

users, ρG, for different values of the total BS density, λB, with
ES-BS scheme. Here, we use λI = 0.1λB. From Fig. 8, we
can see that as ρG increases, θ∗t,G and θ∗t,A also increase. In the
ES-BS scheme, as ρG increases ρ∗B,G also increases, as shown
in Fig. 7. Therefore, as the number of BSs increases, to reduce
the number of interfering BSs giving the large interference
with the antenna main lobe gain, the antenna is tilted more
downwards or upwards. For the same reason, we can observe
that for given ρG, as λB increases, the absolute values of θ∗t,G
and θ∗t,A also increase.

D. COMPARISON BETWEEN IS-BS SCHEME AND
ES-BS SCHEME
In this subsection, we compare the performance of the BS
service provisioning schemes in terms of the network outage
probability according to the ratio of GUs to total users, ρG.
For the comparison of the IS-BS scheme and the ES-BS
scheme, the antenna tilt angle of the IS-BS scheme (θ ISt,O), that
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FIGURE 9. Network outage probability of the IS-BS and ES-BS schemes
according to ρG with different values of λI.

FIGURE 10. Network outage probability of the IS-BS and ES-BS schemes
according to ρG with different values of λB.

of the ES-BS scheme (θESt,G, θ
ES
t,A), and the ratio of GBSs (ρB,G)

are optimized, respectively.
Figure 9 presents the network outage probability,

Ps
no(θ

s
t,G, θ

s
t,A), as a function of the ratio of GUs, ρG, for

different values of λI and service provisioning schemes. From
Fig. 9, we can see that when λI is large (e.g., λI ≥ 10−6),
the ES-BS scheme outperforms the IS-BS scheme. This is
because, for the ES-BS scheme, interfering BSs of different
types from the serving BS mostly transmit signals to the
user with antenna side lobe gain. On the other hand, for
small λI (e.g., λI ≤ 10−7), the IS-BS scheme performs
better than the ES-BS scheme. This is because the effect
of the interference is relatively small, so more serving BS
candidates (i.e., λISB,i > λESB,i) can improve the performance of
the main link.

Figure 10 presents the network outage probability,
Ps
no(θ

s
t,G, θ

s
t,A), as a function of the ratio of GUs ρG for

different values of the total BS density λB and different
service provisioning schemes. Here, we use λI = 0.1λB.
From Fig. 10, we can see that when the total BS density is

FIGURE 11. Critical BS density λc
B according to hB with different

values hA.

small (e.g., λB ≤ 5 × 10−6), the IS-BS scheme outperforms
the ES-BS scheme. On the contrary, for the large total BS
density (e.g., λB ≥ 10−5), the ES-BS scheme provides better
performance than the IS-BS scheme in terms of the network
outage probability. From these observations, we can find that
when there exist enough BSs in the network, it is benefi-
cial to exclusively serve each type of user by independently
optimizing the BS antenna tilt angle for each type of user
(ES-BS scheme). On the other hand, when the number of BSs
is relatively small, the efficient service provisioning scheme
is that all BSs serve both GUs and AUs by optimizing the
BS antenna tilt angle to maximize the network performance
(IS-BS scheme).

In Corollary 2 and Fig. 10, for large λB, the ES-BS scheme
outperforms the IS-BS scheme, and for small λB, vice versa.
Therefore, there exist the value of λB that makes the perfor-
mance of the two schemes to be equal such as P IS

no(θ
IS
t,O) =

PES
no (θ

ES
t,G, θ

ES
t,A), and we define this value of λB as the critical

density of BSs, λcB. That means in the region of λB < λcB, the
IS-BS scheme is superior to the ES-BS scheme in terms of
the network outage probability and vice versa.

Figure 11 presents the critical density of the BSs, λcB, as a
function of the BS height, hB, for the different values of
the AU height, hA. In this figure, we can see that as the
distance between the BS and the AU becomes closer, (i.e.,
hB increases for fixed hA or hA decreases for fixed hB), λcB
increases. In this case, since the performance of the AUs is
good enough due to the relatively short distance, the BS in
the IS-BS scheme mainly tilt the antenna for GUs to enhance
the network performance. Therefore, the IS-BS scheme can
provide better performance than the ES-BS scheme. In con-
trast, for the case that the BS is far from the AUs, the BS
in the IS-BS scheme has to properly tilt the antenna by
considering the performance of both GU and AU. Therefore,
in this case, the ES-BS scheme can be more efficient as it can
be independently optimized the antenna tilt angles for GUs
and AUs, respectively.
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V. CONCLUSION
This paper explores an appropriate BS service provision-
ing scheme to serve both GUs and AUs by considering tilt
angle-based antenna gain. We first derive the network outage
probability for two types of provisioning schemes, i.e., IS-BS
scheme and ES-BS scheme (in Theorem 1). We then explore
the conflict impact of the antenna tilt angle on the network
outage probability, i.e., as the absolute value of the tilt angle
decreases, the main lobe service area becomes wider, but the
main link distance increases (in Corollary 1 and Remark 1).
From this relation, we numerically show that there exists the
optimal BS antenna tilt angle that minimizes the network
outage probability. Moreover, we show the impact of the
ratio of GUs, the BS height, the UAV height, and densities
of the total BSs and the interfering BSs on the optimal tilt
angle as well as network outage probabilities for two service
provisioning schemes. Finally, for given network parameters,
we present which service provisioning scheme is more appro-
priate. Specifically, in Corollary 2, we show that the ES-BS
scheme is better than the IS-BS schemewhen BSs are densely
deployed. In contrast, the IS-BS scheme performs better
than the ES-BS scheme for low BS density or interfering
BS density. The outcomes of this work can be useful for the
optimal antenna tilt angle design and the BS provisioning
service scheme determination in the networks, where both
GUs and AUs exist.

APPENDIX
PROOF OF THEOREM 1
From (20) and (22), Pv

o,j(r
vj
k,xτ , θ

s
t,i) can be presented by

Pv
o,j(r

vj
k,xτ , θ

s
t,i)

= P

�k,xτ <
γt(I s + σ 2)

Ptlv
(
rvjk,xτ

)
Gj(r

vj
k,xτ , θ

s
t,i)



(a)
=EI s


γ

(
mv,

mvγt(I s+σ 2)

Ptlv
(
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)
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k,xτ ,θ

s
t,i)

)
0(mv)


(b)
= 1− EI s

mv−1∑
n=0

1
n!

 mvγt(I s + σ 2)

Ptlv
(
rvjk,xτ

)
Gj(r

vj
k,xτ , θ

s
t,i)

n

× exp

− mvγt(I s + σ 2)

Ptlv
(
rvjk,xτ

)
Gj(r

vj
k,xτ , θ

s
t,i)

 ,
(31)

where (a) is from the CDF of the Gamma distribution, and
(b) follows from the definition of the incomplete gamma
function for integer values of mv. From (31), we obtain (25)
by using EI s [exp(−z(I s + σ 2))] = LI s (z) exp(−zσ 2) and
following property

EI s [(−I s)n exp(−zI s)] =
d
dzn

LI s (z). (32)

In (25), LI IS (z) = LI IS0 (z) and LIES (z) = LIESG
(z)LIESA

(z), and
LI sl (z), l ∈ {O,G,A}, is given by

LI sl (z)

= E8I,l

exp
−z ∑

x∈8I,l\{xτ }

Pt�k,xlv
(
rk,x

)
Gj(rk,x, θ st,l)


=E8I,l

 ∏
x∈8I,l\{xτ }

E�k,x
[
exp

{
−zPt�k,xlv

(
rk,x

)
Gj(rk,x, θ st,l)

}]
(a)
=E8I,l

 ∏
x∈8I,l\{xτ }

 pL
(
rk,x

)(
1+ z

mL
PtlL(rk,x)Gj(rk,x, θ st,l)

)mL

+
pN
(
rk,x

)
1+ zPtlN(rk,x)Gj(rk,x, θ st,l)


 , (33)

where xτ is the location of the serving BS, and (a) is from the
Laplace transforms of the Gamma distribution and the expo-
nential distribution. From (33), by applying the probability
generating functional (PGFL) [40], we obtain (26).

By averaging Pv
o,j(r

vj
k,xτ , θ

s
t,i) in (25) over r

vj
k,xτ , P

s
no,i(θ

s
t,i) is

given by

Ps
no,i(θ

s
t,i) = Ervjk,xτ

[
Pv
o,j(r

vj
k,xτ , θ

s
t,i)
]

(a)
=

∑
j∈J ,

v∈{L,N}

(∫ bk,j+1(θ st,i)

bk,j(θ st,i)
Aa
vjP

v
o,j(r, θ

s
t,i)f

s,a
rvjk,xτ

(r)dr

)
,

(34)

where (a) is from the definition of8vj
B,l in (12). In (34), for k ∈

Ui, by substituting from f s,a
rvjk,xτ

(r) and bk,j(θ st,i) to f
s,a
rvji

(r) and

bi,j(θ st,i), respectively, we obtain (24). Finally, using the law of
total probability and (24), the network outage probability for
the given ratio of GUs and AUs, ρG and ρA, is given in (23).
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