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ABSTRACT Integrating unmanned aerial vehicles (UAVs) as the base station is a recent progress and a
promising solution to assist cellular networks to improve coverage. In this paper, an analytical framework
is proposed to analyze coverage probability and capacity, using stochastic geometry. We incorporate the air-
to-ground (A2G), and two-piece path loss model that undergoes millimeter wave (mmWave) channel fading
in both line-of-site (LOS) and non-line-of-site (NLOS). Furthermore, we assume that all users’ equipment’s
(UEs) are clustered around Terrestrial Base Stations (TBS) and UAVs, according to Poisson Cluster Process
(PCP), i.e., Matern cluster process. We also propose Multiple-Input-Multiple-Output (MIMO) transmission
wheremultiple single-antennaUAVs simultaneously communicatewith TBS. Initially, we obtain expressions
for association probability with each tier. After that, we derive downlink coverage expression based on signal-
to-interference-plus-noise-ratio (SINR), by assuming 3D directional beamforming with UAV height being
not fixed. Numerical results demonstrate the efficiency and accuracy of the proposed approach.

INDEX TERMS UAV communication, coverage analysis, MIMO, 3D beamforming, stochastic geometry,
Nakagami-m fading.

I. INTRODUCTION
The use of unmanned aerial vehicles as base stations has
emerged as a promising solution for providing coverage and
capacity in fifth-generation (5G) cellular networks [1]. Due to
their higher placement, unmanned aerial vehicles (UAV) have
a greater chance to communicate with users on the ground,
through line of light (LOS) links [2]. Moreover, UAV can
assist terrestrial networks in preventing temporary congestion
in ultra-dense places such as stadiums. With the significant
increase in traffic demand, the millimeter wave (mmWave)
has become an appealing choice for the 5G network. In par-
ticular, UAV equipped with a mmWave offers a considerable
throughput at the same time.

The associate editor coordinating the review of this manuscript and

approving it for publication was Jie Tang .

The coexistence of UAV base station and the terrestrial cel-
lular network is widely studied. They face many challenges,
including the behavior between air-to-ground (A2G) channel
and terrestrial path loss and the UAV mobility impact [3].
In cellular communication that operate in mmWave fre-
quency, the signals suffer from significant path loss (PL)
and rain fade. This leads to a decrease in propagation dis-
tance [4]. Consequently, beamforming techniques can be
used to transmit signals further into the 5G network. Indeed,
beamforming concentrates the energy of the antenna array
in the desired direction and increases the propagation dis-
tance [5]. Currently, 3 dimentional (3D) beamforming tech-
niques are a more attractive and major challenge in future
cellular networks. Such a system has significant benefits over
previous approaches. Firstly, it provides links to increase
the signal range by avoiding blockages [6]. Secondly,
3D beamforming allows a larger number of neighboring
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streams to transmit simultaneously by reducing the interfer-
ence range of beams [7]. Finally, it can connect any two
racks with a single hop, limiting the need for multi-hop
links.

UAV-assisted cellular networks’ performance analysis has
been a prominent topic, in particular coverage and capacity
analysis [8], [9]. Without loss of generality, system-level
analysis of a network is highly dependent on the deployment
of the communicating entities such as base stations (BS)
and user’s equipment’s (UEs). In recent works, stochastic
geometry is introduced to model BS and UEs locations.
For instance, authors in [10] considered a two-dimensional
Poisson Point Process (PPP), in which UAVs are assumed
to be located at the same height. In [11], UAV-assisted
cellular network analysis is also investigated, where UEs are
clustered around UAV according to Poisson Cluster Process
(PCP). This representation is, according to 3rd Generation
Partenership Project (3GPP), the most appropriate one, as in
reality, UEs are more densely distributed in the areas where
UAV-BS are deployed. Therefore, PCP can make available
specific models for the location of UEs in UAV-assisted cel-
lular networks. The anticipated potential of UAVs to provide
better coverage has attracted significant research efforts to
model and analyze the UAV-assisted cellular network’s per-
formance. Using tools from stochastic geometry, the coverage
analysis for a single UAV was presented in [11], where UAVs
were distributed according to 2D PPP. Recently, authors
in [12] analyzed the downlink coverage probability of UAV
assisted mmWave network, where user equipments (UEs)
were clustered around the projections of UAVs. In addition
to the coverage probability, the area spectral efficiency was
determined. In [13], the performance of mobile UAV-UEs
was studied under 3D practical antenna configurations. The
impact of antenna elements on the coverage probability and
handover rate of mobile UAV-UEs is incorporated. More-
over, [14] developed a 3D beamforming analytical model
for wireless networks. In this study, different scenarios of
3D beamforming were compared in terms of throughput and
coverage probability. PCP models have also been performed
in the analysis of UAV-assisted cell networks in [15]. More
specifically, the association probability and energy coverage
of different tier UAVs and ground base stations (GBSs) are
investigated in both line-of-site (LOS) and non-line-of-site
(NLOS). It is worth noting that all of the aforementioned
work considered a downlink transmission where the UAVs
are placed at a constant height [2], [11], [15]. Similarly,
in [16] the theoretical approach analysis of cellular-connected
UAV by applying more practical 3D antenna radia-
tion patterns was provided, but beamforming was not
incorporated.

Motivated by the following rationale, this paper proposes
an analytical framework to analyze the coverage and capacity
of a UAV-assisted cellular network with a 3D beamforming
technique via stochastic geometry and Nakagami-m fading.
The main contribution of this document can be summarised
as follows:

• We present a comprehensive and tractable analyt-
ical framework for analyzing UAV-assisted cellular
communication, where a terrestrial base station TBS)
and UAV are distributed homogeneous PPP. We assume
that all UAV are located at different heights compared
to [3], [15] and equipped by Multiple-Input-Multiple-
Output (MIMO). Moreover, 3D beamforming is incor-
porated into TBS to increase coverage.

• As opposed to [15], we derive the distances distribution
and the associated probabilities of the UE, considering
that path losses are different between tiers. In this pro-
posed work, UEs are clustered around BSs according
to PCP.

• We derive the analytical expressions for the coverage
probability and capacity, taking into account the thermal
noise in the general expression of SINR. Finally, Laplace
transforms of interferences from each tier are computed
to obtain the final expression.

The remainder of this paper is organized as follows.
The system model introduced in Section II. Section III
describes the UE association in both LOS and NLOS link.
In Section IV, coverage and rate probability of the network
is computed. In Section V, some numerical and simulation
results are presented to further confirm the accuracy of the
derived expressions, and conclusions are drawn in SectionVI.

II. SYSTEM MODEL
A. NETWORK TOPOLOGY
A two-tier heterogeneous network (HetNet) consisting of
TBSs and UAVs in investigated in the considered network.
We assume that TBSs and UAVs are spatially distributed
according to homogeneous PPP, denoted respectively by 8T
and 8U , with respective densities λT > 0 and λU > 0.
All signals are transmitted by TBSs and UAVs using the
mmWave at constant powers PT and PU , respectively. UEs
are clustered around BSs according to PCP, i.e., Matern
cluster process denoted 8UE in a circular disc with a radius
RC [17]. As illustrated in Fig.1, it is assumed thatNt antennae
equip the serving UAVs, and are located at different heights
Hz, z ∈ {1, 2 . . . Z }. Each UE associates with a single BS that
provides the maximum received signal power.

B. CHANNEL MODEL
To analyze the network performance accurately, we adopt
different path loss models to accommodate the differ-
ences between TBS-UE and UAV-UE communications. Link
between BS and UE are mainly line-of-site (LOS) and non-
line-of-site (NLOS).

For a given altitude Hz, the path loss model in the UAV
scenario can be expressed as [18]:

PLLOSU (rU ) = ϕLOS (r2U + H
2
z )

αLOS
2 (1)

PLNLOSU (rU ) = ϕNLOS (r2U + H
2
z )

αNLOS
2 (2)
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FIGURE 1. Network topology where transmitters are modeled as a HPPP.

where Hz is the altitude of the UAVs in meters, r is the
distance between UE and the projection of UAV in the
2-D plane, ϕLOS and ϕNLOS are the additional path loss for
LOS and NLOS links respectively. αLOS and αNLOS are the
LOS and NLOS path loss exponents.

In the same way, the link between TBS and UEs is charac-
terised by a propagation model. Given the distance r between
the typical UE and TBS, the path loss model is given as
follows [15]:

PLkT (rT ) =

{
PLLOS (rT ) = ALOSr−α

LOS

T

PLNLOS (rT ) = ANLOSr−α
NLOS

T

(3)

whereALOS andANLOS represent the path losses at a reference
distance of rT = 1km.

C. SMALL-SCALE FADING
In cellular communication, small-scale fading is a character-
istic of the short-term variation in the received signal ampli-
tude resulting from constructive and destructive interference.
Several statistical models exist to describe a general fading.
It is assumed that each link follows independent Nakagami-m
fading, with shape parameter given by (NL , 1/NL) and
(NN , 1/NN ) for LOS and NLOS links, respectively. In this
paper, as in [15], [19], the power fading denoted hk is a nor-
malized Gamma random variable and its probability density
function (PDF) is given by

fh (x) =
mm

0(m)
xm−1e−mx x > 0 (4)

where 0 (m) =
∫
∞

0 xme−xdx is the Gamma function.

D. LINK STATE PROBABILITIES
To analyze the network performance accurately, we will
assume the general approach of taking the LOS/NLOS links
and their probabilities of occurrence separately. However,
The LOS probability and NLOS probability depend on the
nature of the environment, as well as the distance between
UEs and the serving base station. When the communication
is made between TBS and UE, the probability of having LOS
is given as PLOSS (r) = e−γ r , where γ represents the blockage

parameter, which depends on the density and building param-
eters. On the other hand, the probability linking between a
user and UAV in LOS is expressed as [11]

PLOSU (rU ) =
1

1+ b exp
(
−c

(
180
π
tan−1

(
Hz
rU

)
− b

)) (5)

where b and c are constants that depend on the environment.
The NLOS link probability is given by

PNLOSU (rU ) = 1− PUAVLOS (rU ) (6)

E. 3D BEAMFORMING
In this subsection, a 3D beamforming approach that leverages
ceiling reflections to connect racks wirelessly is proposed.
Indeed, 3D beamforming avoids obstacles in the horizontal
plane, thus eliminating the problem of antenna blockage.
As illustrated in Fig.2, the vertical gain of the BS antenna
radiation pattern in the direction of theUE is expressed as [20]

w
(
βj, θ

j
i

)
= 10

−0.1×min

12( θ ji−βj
θ3dB

)2

,SLL


(7)

where βj is the tilt angle of the BS antenna pattern and θ ji is
the vertical UE angle of arrival. Also θ3dB and SLL are the
half-power beamwidth (HPBW) and the side lobe level of the
BS antenna pattern in the vertical domain, respectively.

III. ASSOCIATION PROBABILITIES
A cell association criterion based on the strongest long-term
averaged maximum received power is assumed [21]. Further-
more, we consider that the LOS/NLOS transmission between
TBS and UE is independent of the LOS/NLOS between
UAV to UE link. In our approach, the association probability
depends on the distance distribution separating UE to the
serving BS. Under this assumption, the distribution of the
distance of a typical user from its serving BS is given by
lemma 1. The received power from UAV and TBS, transmit-
ting with a power level PT and PU respectively is expressed
by

PUr = PUGUwU
(
βj, θ

j
i

)
PLkU (rU )

−1
(8)

PTr = PTGTwT
(
βj, θ

j
i

)
PLkT (rT )

−1
(9)

where GU = Nt − NUE + 1 is the array gain for zero
forcing beamforming transmission [22]. UAV transmit simul-
taneously to NUE users such that Nt � NUE .
Lemma 1: The Complimentary Cumulative Distribution

Function (CCDF) and PDF of the nearest distance from the
typical UE to a LOS/NLOS BS can be expressed as follows
From UAV-to-UE

CCDF : FrkU (y) = W k−1
U

R∫
l

PkU

(√
D2 + H2

z

)
fD (d) dd

(10)

k ∈ {LOS,NLOS} and l =
√
y2 − H2

z
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FIGURE 2. 3D beamforming in both TBS and UAV.

PDF : frkU (y) =
2yPkU (y)

R2
W k−1
U (11)

From TBS-to-UE

CCDF : FrkT (y) = exp−
R2 − y2

R2W k
S

(12)

PDF : frkT (y) =
2y

R2W k
S

(13)

whereW k
S = 1−e

2πλS
y∫
0
tPkS (t)dt

,W k
U = 1−e

2πλU
∞∫
Hz
tPkU (t)dt

are
the probability that the typical UE has at least one LOS/NLOS
TBS and UAV respectively [23].

Proof:

FrU = P(r > x)

= W k−1
U ED [ (P (r > x)| k,D)P(k|D)]

= W k−1
U ED

[
(P(
√
D2 + H2

z > x

∣∣∣∣ k,D)PkU (√D2+H2
z )
]

= W k−1
U ED

[
P
(
D >

√
x2 − H2

z

)
PkU

(√
D2 + H2

z

)]

= W k−1
U

∞∫
l

PkU

(√
D2 + H2

z

)
fD (d) dd (14)

where fD (d) =
(
1− d2

r2U

)
1(0 ≤ x ≤ R) is the distribution

of distance from UE to its UAV projection (cluster center).
Then, we derive the association probability of an arbitrary UE
with BS in both LOS/NLOS conditions.
Lemma 2: The probability that atypical user is associated

with the nearest UAV/TBS in LOS/NLOS condition can be
given in (15) and (16), as shown at the bottom of the next
page.

Proof: see appendix A

IV. PERFORMANCE ANALYSIS
Under the system model defined earlier, we evaluate the
network performance from a coverage and rate perspective.
The major results is a general expression for the coverage and

rate probability. For a given SINR thresholdτ ,the coverage
and rate probabilities at the typical user are expressed as

Pcov = P (SINR > τ) (17)

R = E [ln (1+ SINR)] (18)

A. SINR EXPRESSION
Our model considers that the link between the UE and its
associated BS (UAV, TBS) is interfered by all other adja-
cent BS. When the user is associated with TBS, total inter-
ference combines the interference coming from NLOS UAV
and all TBS. Oppositely, in theUAV-UE communication case,
the aggregate interference is the sum of two elements as the
interference received from LOS/NLOSUAV and LOS/NLOS
TBS. The intratier interference can thus be given as follows:

I =

{
INLOSU ′ + I kT if UE is associated with UAV
IbT ′ + I

k
U if UE is associated with TBS

(19)

where

INLOSU ′ =

∑
U ′ 6=U ,
U ′∈8U

PU ′GU ′hU ′wU ′
(
βj, θ

j
i

)
PLNLOSU ′ (rU ′)

−1

(20)

I kT =
∑
T∈8T

PTGT hTwT
(
βj, θ

j
i

)
PLkT (rT )

−1
(21)

IbT ′ =
∑

T ′ 6=T ,T ′∈8T

PT ′GT ′hT ′wT ′
(
βj, θ

j
i

)
PLbT ′ (rT ′)

−1

(22)

I kU =
∑
U∈8U

PUGUhUwU
(
βj, θ

j
i

)
PLkU (rU )

−1
(23)

The downlink SINR for the typical user can be expressed as:

SINRU =
PUGUhUwU

(
βj, θ

j
i

)
PLkU

(
rU0

)−1
I + σ 2 (24)

SINRT =
PTGT hTwT

(
βj, θ

j
i

)
PLkT

(
rT0
)−1

I + σ 2 (25)

where σ 2 is the noise power. rU0 and rT0 are the distances
from the typical UE0 to its serving UAV, TBS respectively.
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FIGURE 3. Distance from serving BS and UE.

B. COVERAGE PROBABILITY
In the following, we use the distance distributions and the
SINR expression to evaluate the coverage probability. This
analysis reflects the probability that a given BS serves a
typical user. We evaluate the total coverage probability of the
proposed model which is mathematically expressed as

PTotc = Ak
UP

U
cov+A

k
TP

T
cov (26)

where Ak
U and Ak

T are association probabilities as given in
the previous section. PUcov and PTcov are conditional cover-
age probabilities whose final result is given in Theorem 1.
To approximate the conditional coverage probability expres-
sion, we apply a tight limit to the Cumulative Distribution
Dunction (CDF) of the Gamma distribution [22].
Theorem 1: If UE is served by LOS/NLOS link, the condi-

tional coverage probability can be expressed as

PUc,k =

Nk∑
n=1

(−1)n+1
(
Nk
n

)
ErU0

[
LO

(
−βkµ

)]
(27)

where µ =
τPLkU

(
rU0

)
PUGUwU

(
βj,θ

j
i

) and LO
(
−βkµ

)
= exp(−σ 2µ)×

(LINLOS
U ′
+ LI kT

) are the Laplace transform of different inter-
ference indicated above and given by (28), (29), as shown at
the bottom of the page. Thus, when TBS serves the UE, the
conditional coverage probability can be expressed as:

PTc,k = EGT [
Nk∑
n=1

(−1)n+1
(
Nk
n

)
enεσ

2
LI (nε) (30)

where ε =
βkτPLkT

(
rT0
)

PTGTwT
(
βj,θ

j
i

) and βk = (Nk !)
−

1
Nk . Note that

LI (nε) = LI k
T ′
+ LINLOSU

and given by (31), (32), as shown
at the bottom of the next page.

C. RATE PROBABILITY
After calculating the probability of coverage in both cases,
i.e., UAV and TBS, the average achievable rate is computed
using the Shannon capacity formula. It is useful to analyze
this metric because the achievable rates provide a better
assessment of the system’s spectrum efficiency. It should be
noted that the average achievable rate reported here is in the
unit of Mbits. Hence, theorem 2, gives the average achievable
rate for a typical UE.
Theorem 2: The average achievable R rate of UE when

using 3D beamforming can be expressed as

Rk
U =

∫
v>0

ErU0 ,O

 0u

(
m,m

PLkU

(
rU0

)
PUGUwU

(
βj,θ

j
i

)
)

0(m)
× (ev−1)O

 dv (33)

Rk
T =

∫
v>0

ErT0 ,O

 0u

(
m,m

PLkT

(
rT0

)
PT GT wT

(
βj,θ

j
i

)
)

0(m)
× (ev−1)O

 dv (34)

Ak
U =

∞∫
Hz

exp

−πλT
 PTGTwT

(
βj, θ

j
i

)
ϕk

PUGUwU
(
βj, θ

j
i

)
Ak

(
r2U + H

2
z

) αkU
2


1
αkT

× 2yPkU (rU )
R2

W k−1
U drU (15)

Ak
T =

∞∫
0

exp

−2πλU
√
Q∫

Hz

PkU (rU )rUdrU

× 2rT
R2

W k−1
S drT (16)

LINLOS
U ′

(µ) = exp

−2πλUEGU ′


∞∫
x

1−

 1

1+
µPU ′GU ′wU ′

(
βj,θ

j
i

)
ϕb
(
r2T+H

2
z
) αb

2

Nk


NLOS rPNLOSU ′ (r) dr


 (28)

LIT (ε) = exp

−2πλTEGT

 ∞∫
x

1−

 1

1+
εPTGTwT

(
βj,θ

j
i

)
Ak r−αk

Nk


Nk rPkT (r) dr


 (29)

6654 VOLUME 10, 2022



D. Alkama et al.: Downlink Performance Analysis in MIMO UAV- Cellular Communication

where 0u

(
m,m

PLkU
(
rU0

)
PUGUwU

(
β j,θ

j
i

)
)
/0 (m) is the complemen-

tary cumulative distribution function (CCDF) of the gamma
distribution [23].

Proof:

Rk
U = E [ln (1+ SINR)] =

∫
v>0

P(ln(1+ SINR) > vdv (35)

The method of computing Laplace transom LLLI can be found
in [26].

By using E [X] =
∫
v>0 P(x > v)dv for a positive random

variable [27], we obtain:

Rk
U > P

ln
1+

PUGUhUwU
(
βj, θ

j
i

)
(I+σ 2)PLkU

(
rU0

)
> vdv

Rk
U =

∫
v>0

×ErU0 ,O

P
hU > vPLkU

(
rU0

)
PUGUwU

(
βj, θ

j
i

) (I+σ 2
) dv

Rk
U =

∫
v>0

ErU0 ,O


0u

(
m,m

PLkU
(
rU0

)
PUGUwU

(
βj,θ

j
i

)
)

0 (m)

 dv (36)

The same calculation is applied to obtain the rate probability
for TBS.

V. NUMERICAL AND SIMULATION RESULTS
This section evaluates the proposed analytical modeling ver-
sus the simulations results for coverage and rate probabili-
ties. The theoretical expressions obtained are validated using
Monte Carlo. In the simulation, we assume that the trans-
mit power of TBSs and UAVs are 30 dBm and 24 dBm
respectively. We include 3D beamforming to demonstrate the
advantage in improving coverage. The parameters values are
listed in Table 1.

First, we examine the effect of 3D beamforming on
the association probability while varying the height of the
deployed UAVs. As shown in Fig.4, 3D beamforming signif-
icantly improves the association probability. Indeed, from a

TABLE 1. System parameters.

FIGURE 4. Association probability as function of antenna down tilt with
different values of UAV height Hz variation.

certain tilt value (at about 8 degrees), the association proba-
bility increases and then becomes stable. It is because UAV
and TBS can direct their beam toward the user through a
larger down tilt. Furthermore, when the height varies between
40 meters and 120 meters, the total association probability
increases. This can be explained from the fact that when the
height of the UAVs varies between 40 and 120 meters, the
probability of the link in LOS increases, i.e. the blocking phe-
nomenon becomes less important. Fig.4 also demonstrates
that there is an optimal down tilt for each UAV height value
in which the association probability is maximized.

Regarding the impact of the cluster size on association
probability in the case where we apply a 3D beamform-
ing and directional beamforming respectively, Fig.5 shows
that as the cluster size of UAVs increases, the probability
of association with UAVs decreases whereas the probabil-
ity of association with TBS increases. The displacement
of UEs can explain this to adjacent TBS clusters. We also
observe that the 3D beamforming improves the association
probability when the cluster size increases, compared to the

LINLOSU
(µ) = exp

−2πλUEGU


∞∫
x

1−

 1

1+
µPUGUwU

(
βj,θ

j
i

)
ϕb
(
r2T+H

2
z
) αb

2

Nk


NLOS rPNLOSU (r) dr


 (31)

LIT ′ (ε) = exp

−2πλTEGT ′

 ∞∫
x

1−

 1

1+
εPT ′GT ′wT ′

(
βj,θ

j
i

)
Ak r−αk

Nk


Nk rPkT ′ (r) dr


 (32)
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FIGURE 5. Association probability versus UAV cluster size with different
beamforming (3D beamforming and directional beamforming).

FIGURE 6. Coverage probability comparison as function of SINR
threshold: 3D beamforming vs. directional beamforming.

directional beamforming. Thus, the application of 3D beam-
forming increases the possibility of having LOS connections
despite the increase in cluster size.

In Fig.6 and Fig.7, we study the influence of 3D beam-
forming and UAV height on coverage probability. From
Fig.6, it can be observed that the coverage performance in
terms of SINR with 3D beamforming is greater than with
2D beamforming. This is expected, as the interference level
degrades with increasing the vertical gain of the BS antenna
radiation patternw

(
βj, θ

j
i

)
. More specifically, in Fig.7, when

UAVs’ altitudes increase, the coverage probability degrades.
In addition, the path loss exponent has a significant impact
on the coverage probability. Indeed, a large increase in value
leads to a decrease in coverage probability. The illustration
also reveals the need for a correlation between the height of
the UAVs and the path loss exponent to achieve satisfactory
coverage.

Next, we compare the coverage probability for different
values of the number of antennas used in the transmission.
Fig.8 illustrates the relationship between the UAVs height
and the number of antennas applied. It can be seen that
increasing the number of antennas leads to an improvement in
coverage probability, despite the increasing of UAVs height.

FIGURE 7. Coverage probability as function of UAV height with different
path loss exponent.

FIGURE 8. Coverage probability as function of UAV height with different
number of antenna.

FIGURE 9. Achievable rate as function of UAV height with different
beamforming model.

Thus, under such analysis, the optimum number of antennas
can be determined using this model. In Fig.9, we plot the
variation of rate probability as a function of UAVs height for
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FIGURE 10. Achievable rate as function of UAV density with different UAV
height and 3D beamforming.

different beamforming techniques. From this figure, we con-
clude that as the height of the UAVs increases the achievable
rate decreases. This is caused by the influence of the increased
interference power from adjacent BS on the communication.
We can also observe that the 3D beamforming model has
a better performance compared to directional beamform-
ing. Therefore, 3D beamforming is more robust to intercell
interference.

Finally, Fig.10 depicts the impact of the UAVs density on
the average rate probability. We note that as UAVs density λU
increase, the achievable rate decreases for different values of
UAV height variation. Indeed, this this degradation is mainly
due to the increase of overlapping areas between clusters,
resulting in strong inter-cell interference on the typical user.

VI. CONCLUSION
In this paper, we have studied MIMO-UAV-assisted cel-
lular networks’ performance under 3D beamforming and
Nakagami-m fading. Different network parameters are taken
into account, such as down tilt, UAV height, and number of
antennas in transmission. In our model, the UEs locations
are clustered around the base station using Poisson Clus-
ter Process, i.e., Matern Cluster Process. Considering LOS
and NLOS conditions, we derived the downlink coverage
probabilities and rates by applying stochastic geometry laws.
A comparison between the 3D beamforming and directional
beam was investigated which has shown greater efficiency
with 3D beamforming. We can also conclude that the user’s
equipment are more likely to be associated with UAV when
the altitude is low. Interestingly, when UAVs are located
at different heights, the coverage probability was better
illustrated.

In future work, we propose to analyse the coverage and
handover probability for UAV assisted mmWave network
considering that the mobility of the UAVs is realized along
an orbital path.

APPENDIX
A. PROOF OF ASSOCIATION PROBABILITY
1) The UAV association probability.

Ak
U = ErU [P

(
PUr (rU ) > PTr (rT )

]
Ak
U = ErU

[
P
(
PUGUwU

(
βj, θ

j
i

)
PLkU (rU )

−1

> PTGTwT
(
βj, θ

j
i

)
PLkT (rT )

−1
)]

Ak
U = ErU

P
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(
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j
i

)
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(
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j
i

)
×ϕk

(
r2U + H

2
z

) αkU
2


Ak
U =

∞∫
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(
βj, θ
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)
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(
βj, θ

j
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)
Ak

×

(
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2
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) αkU
2

 1
αkT

× frkU (rU )
 drU (37)

By apply the null probability of a 2-D poisson process

P

rT > (
PTGTwT

(
βj,θ

j
i

)
ϕk

PUGUwU
(
βj,θ

j
i

)
Ak

(
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2
z
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) 1
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by:

exp
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)
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(
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j
i

)
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(
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2
z

) αkU
2


1
αkT


(38)

Substituting (38) and (11) into (37), we obtain the result
in (15).

2) The TBS association probability.

Ak
T = ErT [P

(
PTr (rT ) > PUr (rU )

]
Ak
T = ErT

[
P
(
PTGTwT

(
βj, θ

j
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× drT (39)
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By apply the null probability of a 2-D poisson process

P

rU >
√√√√(PUGUwU

(
βj,θ

j
i

)
Ak

PTGTwT
(
βj,θ

j
i

)
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) 2
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exp
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where Q =

√√√√(PUGUwU
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)
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T

) 2
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Substituting (40) and (13) into (39), we obtain the result
in (16).

B. PROOF OF COVERAGE PROBABILITY
1) The UAV coverage probability

PUc,k

= P[SINRU > τ ]
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where (26) is to from the definition of the binomial theorem.
By bounding the gamma distribution as [Theorem1, 24]
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transform of different interference indicated above and given
by lemma 2

2) The TBS coverage probability
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