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Abstract—Unmanned aerial vehicles (UAVs) are envisaged to
play a new and important role in future cellular networks. In
this paper, we analyze the uplink performance of heterogeneous
networks with UAVs in terms of coverage probability and area
spectral efficiency (ASE). To be more specific, we first investigate
the system performance under a general channel model, with
practical considerations such as (1) line-of-sight and non-line-of-
sight components, (2) antenna height difference L between the
UAVs and the base stations (BSs), and (3) idle mode capabilities
(IMCs) at the BSs to mitigate inter-cell interference. Thereafter,
we study the system performance under the latest UAV path
loss model defined by the 3rd Generation Partnership Project.
Under this special case, we provide a more detailed analysis of the
coverage probability as well as the ASE, and explore the impacts
of difference system parameters on the system performance.
Numerical results validate the analytical expressions and show
that (1) the IMC can improve the coverage probability and
the ASE, especially when the network is dense, (2) the overall
system performance degrades when L increases, and (3) the
fractional power control factor has a negligible impact on the
UAVs performance when L is large enough.

I. INTRODUCTION

Unmanned aerial vehicles (UAVs) have attracted much
attention recently, being of use now in many scenarios such
as search and rescue, wildlife and nature conservation and in-
spection [1, 2]. Due to their swift deployment and controllable
mobility in three-dimensional (3D) space, UAVs can also be
used as an enabling technology in wireless communications.

In recent years, many articles have studied the performance
of UAVs from a cellular perspective, most of them considering
UAVs as aerial relay base stations (BSs) [1–4]. In these works,
the main objective is usually to derive the right number and
position of UAV relay BSs to optimise the coverage and/or the
capacity of ground user equipment (UE) in different scenarios.

On the other hand, more and more applications can benefit
from using UAVs, not as BSs, but as end-users. In this light,
a reliable command and control channel for these UAVs is
important. To enable a realistic analysis, in [5], the authors
discussed the radio propagation characteristics of BS-to-UAV
radio channels, while in [6], the authors studied the UAV
performance in a multi-UAV scenario. However, these works
only considered simplistic single-slope path loss models,
ignoring for example the importance of line-of-sight (LoS) and
non-line-of-sight (NLoS) components. To be more realistic,
and avoid misleading conclusions, we believe that a more
practical channel model should be considered.

Another important aspect is that of the UE density. In [7–
9]the authors assumed that the density of ground UEs is
much larger than the density of BSs to simplify the analysis.
However, this assumption does not apply to the UAV reality,
especially in the first few years and in dense cellular networks.
With this in mind, the work in [10] analyzed the coverage
probability with a finite number of UEs, while the authors
in [11] studied the network performance with a finite number
of UEs as well as a BS idle mode capability (IMC), both
assuming a single-tier cellular network. The IMC means that if
a BS has no UE communicating with it at a particular moment,
the BS can be turned off. Embracing this feature, Chuan et
al. [12] extended the analysis from single-tier to multi-tier
networks, while considering both a finite UE density and the
IMC. However, these studies focused on the downlink (DL)
performance and they were not targeted to UAVs.

In this paper, we focus on the uplink (UL) performance
of homogeneous networks in terms of coverage probability
and area spectral efficiency (ASE), with UAV acting as UEs.
Moreover, we consider LoS and NLoS transmissions to make
the results more practical. Due to the low ratio of the UAV
density to the BS density, we also adopt the IMC. The main
contributions of this paper are as follows:
• We derive the expressions of the UL coverage proba-

bility and the ASE, considering a path loss model that
incorporates both the LoS and NLoS transmissions and
is dependent of the UAV height.

• We investigate the impact of different parameters on UL
network performance, such as the UAV height, the BS
density and the UL fractional power control (FPC) factor.

• We also study the UL performance difference between
BSs with and without IMC.

II. SYSTEM MODEL

We consider an UL cellular network consisting of multiple
UAVs and BSs. In the model, the BSs are modelled as a
homogeneous Poisson point process (HPPP) ΦB with density
λ BSs/km2. Similarly, the UAVs are modelled as an HPPP,
denoted as ΦU with intensity ρ UEs/km2. In previous articles,
it was usually assumed that ρ� λ, so that it is safe to consider
that each BS has at least one associated UE in its coverage
area at any time. However, considering that the application of
UAVs as UEs is in its infancy, the UAV density ρ is finite and
not sufficiently larger than the BS density λ in our model.

978-1-5386-8088-9/19/$31.00 ©2019 IEEE 

Authorized licensed use limited to: NANJING UNIVERSITY OF SCIENCE AND TECHNOLOGY. Downloaded on January 11,2021 at 13:24:36 UTC from IEEE Xplore.  Restrictions apply. 



Based on this UAV density assumption, a BS with the IMC
will enter in idle mode when it has no associated UAV. Thus,
the density of active BSs mainly depends on the distribution
of UAV and the UAV association strategy (UAS). Considering
the existence of LoS and NLoS, we adopt an UAS in which
each UAV is connected to the BS with the smallest path loss,
and an UAV will only be associated with a BS at the same
time. Thus, the density of active BSs is at most equal to
the density of active UAVs. As the UAVs and the BSs are
randomly and uniformly distributed, it is safe to assume that
the distributions of the active UAVs and BSs are also HPPPs.
The density of active BSs λ̃ can be derived as

λ̃ = λ

1− 1(
1 + ρ

qλ

)q
 , (1)

where the value of q depends on the path loss model, and
q = 3.5, as recommended in [13, 14].

Without loss of generality, we randomly choose an active
BS to be the typical BS, and assume it is at the origin. The
UAV communicating with the typical BS is referred to as
the typical UAV. Simultaneously, other UAVs communicating
with other BSs are the interferers as shown in Fig. 1.

Fig. 1. An UL cellular network consisting of multiple UAVs and BSs.

Also note that the UAV and BS heights are denoted by
hUT and hBS, respectively, while the two-dimensional (2D)
distance between an UAV and a BS is denoted by r. Thus, the
absolute height difference can be calculated by L = hUT−hBS,
while their 3D distance can be computed as ω =

√
r2 + L2.

A general path loss model ζ (ω) is adopted,

ζ (ω) =


ζ1 (ω) , 0 < ω ≤ d1

ζ2 (ω) , d1 < ω ≤ d2

...
...

ζN (ω) , ω > dN−1

, (2)

where ζn (ω), n ∈ {1, 2, . . . , N} can be written as

ζn (ω) = APath
n ωα

Path
n , (3)

where Path ∈ {L,NL} represents the LoS and the NLoS
cases, respectively, APath

n is the path loss at the distance of 1

meter, and αPath
n is the path loss exponent. PrPath (ω) is the

probability of having a LoS or NLoS case, where

PrPath (ω) =


PrPath

1 (ω) , 0 < ω ≤ d1

PrPath
2 (ω) , d1 < ω ≤ d2

...
...

PrPath
N (ω) , ω > dN−1

. (4)

Moreover, we consider the following assumptions. First,
each BS and each UAV in the network are equipped with an
isotropic antenna. Second, the multi-path fading is modelled
as independently identical distributed Rayleigh fading.

In addition, the transmission power of an UAV k is denoted
as

Pk = Bζ(ω)
ε
, (5)

where B is the baseline power, and ε ∈ (0, 1] represents the
FPC factor. In contrast, the received power at the typical BS
is denoted as

P rx = Bζ(ω)
(ε−1)g0, (6)

where g0 is the channel gain, and g0 ∼ exp (1).

III. MAIN RESULTS

In this section, we use a 3D stochastic geometry analysis
to study the performance of the presented network in terms
of the coverage probability and the ASE.

A. The Coverage Probability

The coverage probability is defined as the probability that
the UAV signal to interference plus noise ration (SINR) at the
typical BS is larger than a pre-designated threshold.

P cov (λ, τ) = Pr [SINR > τ ] , (7)

where τ is the pre-designated SINR threshold, and the UAV
SINR can be written as

SINR =
P rx

IZ + σ2
, (8)

where σ2 is the noise power, Z is the set of interferers, and
IZ is the interference, which is given by

IZ =
∑
z∈Z

Bζ
(
ωS
z

)ε
ζ
(
ωT
z

)−1
gz. (9)

where ωS
z and ωT

z are the distances from the UAV z to its
serving BS and the typical BS, respectively, and gz is the
channel gain between the UAV z and the typical BS.

According to our segmented path loss model and UAS,
which considers LoS and NLoS, the main results of coverage
probability P cov (λ, τ) are shown in Theorem 1.

Theorem 1: The coverage probability P cov(λ, τ) can be
derived as

P cov (λ, τ) =
N∑
n=1

(
T L
n + TNL

n

)
. (10)

In (10), we have

TPath
n =

∫ √d2n−L2

√
d2n−1−L2

Pr

[
Bζ(ω)

(ε−1)
g

IZ + σ2
> τ

∣∣∣∣∣Path

]
× fPath

ω,n (r) dr, (11)
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where d0 and dN are L and +∞, respectively.
Note that fL

ω,n (r) and fNL
ω,n (r) are given by the following

equations as

fL
ω,n (r) = exp

(
−
∫ r

0
PrL

(√
u2 + L2

)
2πuλdu

)
× exp

(
−
∫ r1

0

(
1− PrL

(√
u2 + L2

))
2πuλdu

)
×PrL

(√
r2 + L2

)
2πrλ,

(12)

and

fNL
ω,n (r) = exp

(
−
∫ r2

0
PrL

(√
u2 + L2

)
2πuλdu

)
× exp

(
−
∫ r

0

(
1− PrL

(√
u2 + L2

))
2πuλdu

)
×
(
1− PrL

(√
r2 + L2

))
2πrλ,

(13)

where

r1 =

√√√√√AL(r2 + L2)
αL

2

ANL

 2
αNL

− L2, (14)

and

r2 =

√√√√√ANL(r2 + L2)
αNL

2

AL

 2
αL

− L2. (15)

In addition, Pr
[
Bζ(ω)(ε−1)g
IZ+σ2 > τ

∣∣∣Path
]

can be derived as

Pr
[
Bζ(ω)(ε−1)g
IZ+σ2 > τ

∣∣∣Path
]

=

exp

(
− τσ2

B(APathωαPath)
(ε−1)

)
LIZ

(
τ

B(APathωαPath)
(ε−1)

)
,

(16)
where when the path link is LoS, LL

IZ
(s) can be derived as

LL
IZ (s) = exp

{
−2πλ̃

∫ ∞
r

PrL
(√

x2 + L2
)

×
(∫ ∞

0

f (u, x) fL
ω (u) du

∣∣LoS

)
dx

}
× exp

{
−2πλ̃

∫ ∞
r1

PrNL
(√

x2 + L2
)

×
(∫ ∞

0

f (u, x) fNL
ω (u) du

∣∣NLoS

)
dx

}
,

(17)

and when the path link is NLoS, LNL
IZ

(s) can be derived as

LNL
IZ (s) = exp

{
−2πλ̃

∫ ∞
r2

PrL
(√

x2 + L2
)

×
(∫ ∞

0

f (u, x) fL
ω (u) du

∣∣LoS

)
dx

}
× exp

{
−2πλ̃

∫ ∞
r

PrNL
(√

x2 + L2
)

×
(∫ ∞

0

f (u, x) fNL
ω (u) du

∣∣NLoS

)
dx

}
,

(18)

where

f(u, x) =
1

1 + s−1B−1ζ
(√
u2 + L2

)−ε
ζ
(√
x2 + L2

) .
(19)

Proof: Due to the page limit, we omit the proof and will
provide it in the journal version of this work. �

Note that the difference between the DL and UL analysis
in Theorem 1 is mainly in the Laplace transform of IZ shown

in (17) and (18), where an additional integral with respect to
the distance ωS

z is required in the UL case.

B. The Area Spectral Efficiency

The ASE in bps/Hz/km2 can be mathematically defined as

AASE (λ, τ0) = λ̃

∫ ∞
τ0

log2 (1 + γ)fΓ (λ, γ) dγ, (20)

where τ0 is the pre-defined minimum working SINR, and
fΓ (λ, γ) is the probability density function (PDF) of the SINR
observed at the typical BS, which can be written as

fΓ (λ, γ) =
∂ (1− P cov (λ, γ))

∂γ
. (21)

From Theorem 1, we can see that some equations are
function of the BS density λ, e.g. the expressions of (12) and
(13), while some others are function of the active BS density
λ̃, e.g. the expressions of (17) and (18). The reasons for being
function of different BS densities are as follows:

1) According to the UAS, each UAV should associate with
the BS which can offer the smallest path loss. Thus,
each UAV compares all the BSs, and chooses its serving
BS. (12) and (13) show the impact of the serving BS
selection. Obviously, we should use λ instead of λ̃.

2) The impact of the aggregate interference power is mea-
sured in (17) and (18). Based on the definition of inter-
ferer, we know that only UAVs transmitting can cause
interference, and that the amount of simultaneous UAVs
transmitting defines the amount of active BSs, which
equals to λ̃.

Based on the above discussion, we have the following two
remarks.

Remark 1: For the coverage probability and the ASE
without IMC, we can simply replace λ̃ with λ in eqs. (10)
and (20).

Remark 2: The coverage probability is always larger when
considering the IMC. This is because a) λ̃ < λ and λ̃ < ρ; b)
exp(−x) is a decreasing function in eqs. (17) and (18); and
c) LIZ (s) decreases as the active BS density increases.

IV. ANALYSIS BASED ON THE 3GPP SPACIAL CASE

Based on the 3GPP recommendations [15], we adopt the
following case to show our analytical results, where the path
loss model is a two-piece function, and can be expressed as

ζ (ω) =

{
ALωα

L

, LoS : PrL (r)

ANLωα
NL

, NLoS :
(
1− PrL (r)

) . (22)

Note that the probability function in (22) depends on 2D
distances instead of 3D ones, and can be defined as [15]

PrL (r) =

{
1, r ≤ d

d
r + exp

(
− rp
) (

1− d
r

)
, r > d

, (23)

where d = max (294.05log10 (L)− 432.94, 18) is the small-
est NLoS link distance, and p = 233.98log10 (L)− 0.95.

Combining Theorem 1 with this special case, we can get
that

P cov (λ, τ) =
2∑

n=1

(
TL
n + TNL

n

)
. (24)
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As mentioned before, the coverage probability P cov (λ, τ)
is a function of the PDF of UAV to BS distance, and according
to this path loss model, the PDF of the distance from the
interferer UAV to its serving BS u can divide into 3 cases.

Case 1: When the path between the interferer UAV and the
typical BS is LoS, and the distance x ≤ d, fL

ω,1 (u) can be
derived as

fL
ω,1 (u) = 2πuλ exp

(
−πλu2

)
. (25)

Case 2: When the path between the interferer UAV and the
typical BS is LoS, and the distance x > d, f2L

ω (u) can be
derived as

f2L
ω (u) =

{
fL
ω,1 (u) , LoS, 0 < u ≤ d,
f2L
ω,1 (u) , LoS, d < u ≤ x, d < x ≤ y2
fL
ω,1 (u) , LoS, 0 < u ≤ d,
f2L
ω,1 (u) , LoS, d < u ≤ y2,
f2L
ω,2 (u) , LoS, y2 < u ≤ x,
fNL
ω,2 (u) , NLoS, d < u ≤ x1,

x > y2

,

(26)

where y2 =

√(
ANL(d2+L2)

αNL
2

AL

) 2

αL

− L2, and x1 =√(
AL(x2+L2)

αL
2

ANL

) 2

αNL

− L2.

In (26), we have

f2L
ω,1 (u) = exp

(
−2πλ

(
p (d− p− u) exp

(
−u
p

)
+ ud− 1

2
d2 + p2 exp

(
−d
p

)))
×
(
d+ exp

(
−u
p

)
(u− d)

)
2πλ,

(27)

f2L
ω,2 (u) = exp

(
−2πλ

(
1

2
u2

1 + d (u− u1)

+ p (d− p− u) exp

(
−u
p

)
−p (d− p− u1) exp

(
−u1

p

)))
×
(
d+ exp

(
−u
p

)
(u− d)

)
2πλ,

(28)

fNL
ω,2 (u) = exp

(
−2πλ

(
1

2
u2 + d (u2 − u)

+ p (d− p− u2) exp

(
−u2

p

)
−p (d− p− u) exp

(
−u
p

)))
×
(
u− d− exp

(
−u
p

)
(u− d)

)
2πλ,

(29)

where u1 =

√(
AL(u2+L2)

αL
2

ANL

) 2

αNL

− L2, and

u2=

√(
ANL(u2+L2)

αNL
2

AL

) 2

αL

− L2.

Case 3: When the path between the interferer UAV and the
typical BS is NLoS, and the distance x > d, f2NL

ω (u) can be
derived as

f2NL
ω (u) =


fL
ω,1 (u) , LoS, 0 < u ≤ d
f2L
ω,1 (u) , LoS, d < u ≤ y2

f2L
ω,2 (u) , LoS, y2 < u ≤ x2

fNL
ω,2 (u) , NLoS, d < u ≤ x

, (30)

where x2=

√(
ANL(x2+L2)

αNL
2

AL

) 2

αL

− L2.

TL
1 , TNL

1 , TL
2 and TNL

2 respectively relate to the coverage
probability when the typical UAV is communicating with the
typical BS with a LoS or a NLoS link of different distance,
and we investigate these in the following subsections.

A. The Result of TL
1

Lemma 1: The coverage probability TL
1 can be written as

TL
1 =

∫ d

0

e
− τσ2

B(ALωαL)
(ε−1)

LIZ
(

τ

B(ALωαL)
(ε−1)

)
× fL

ω,1 (r) dr, (31)

and LIZ (s) can be written as

LIZ (s)

= exp

{
−2πλ̃

∫ d

r

(∫ ∞
0

f (u, x) f1L
ω (u) du

∣∣LoS

)
xdx

}

× exp

{
−2πλ̃

∫ ∞
d

(
d+ exp

(
−x
p

)
(x− d)

)
×
(∫ ∞

0

f (u, x) f2L
ω (u) du

∣∣LoS

)
dx

}
× exp

{
−2πλ̃

∫ ∞
d

(
x− d− exp

(
−x
p

)
(x− d)

)
×
(∫ ∞

0

f (u, x) f2NL
ω (u) du

∣∣NLoS

)
dx

}
. (32)

B. The Result of TNL
1

Since

fNL
ω,1 (r) = exp

(
−
∫ r2

0

2πuλdu

)
× exp

(
−
∫ r

0

0× 2πuλdu

)
× 0× 2πrλ

= 0,

(33)

we have

TNL
1 =

∫ d

0

e
− τσ2

B(ANLωα
NL)

(ε−1)

× LIZ

(
τ

B
(
ANLωαNL

)(ε−1)

)
fNL
ω,1 (r) dr = 0.

(34)
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C. The Result of TL
2

Lemma 2: The coverage probability TL
2 can be written as

TL
2 =

∫ ∞
d

e
− τσ2

B(ALωαL)
(ε−1)

LIZ
(

τ

B(ALωαL)
(ε−1)

)
× f2L

ω (r) dr, (35)

where

f2L
ω (r) =

{
f2L
ω,1 (r) , d < r ≤ y2

f2L
ω,2 (r) , r > y2

, (36)

and LIZ (s) for d < r ≤ y2 and r > y2 are respectively de-
noted as

LIZ (s) = exp

{
−2πλ̃

∫ ∞
r

(
d+ exp

(
−x
p

)
(x− d)

)
×
(∫ ∞

0

f (u, x) f2L
ω (u) du

∣∣LoS

)
dx

}
× exp

{
−2πλ̃

∫ ∞
d

(
x− d− exp

(
−x
p

)
(x− d)

)
×
(∫ ∞

0

f (u, x) f2NL
ω (u) du

∣∣NLoS

)
dx

}
, (37)

and

LIZ (s) = exp

{
−2πλ̃

∫ ∞
r

(
d+ exp

(
−x
p

)
(x− d)

)
×
(∫ ∞

0

f (u, x) f2L
ω (u) du

∣∣LoS

)
dx

}
× exp

{
−2πλ̃

∫ ∞
r1

(
x− d− exp

(
−x
p

)
(x− d)

)
×
(∫ ∞

0

f (u, x) f2NL
ω (u) du

∣∣NLoS

)
dx

}
. (38)

D. The Result of TNL
2

Lemma 3: The coverage probability TNL
2 can be written as

TNL
2 =

∫ ∞
d

e

− τσ2

B
(
ANL(ω)α

NL
)(ε−1)

× LIZ

(
τ

B
(
ANL(ω)α

NL
)(ε−1)

)
fNL
ω,2 (r) dr, (39)

and LIZ (s) can be written as

LIZ (s) = exp

{
−2πλ̃

∫ ∞
r2

(
d+ exp

(
−x
p

)
(x− d)

)
×
(∫ ∞

0

f (u, x) f2L
ω (u) du

∣∣LoS

)
dx

}
× exp

{
−2πλ̃

∫ ∞
r

(
x− d− exp

(
−x
p

)
(x− d)

)
×
(∫ ∞

0

f (u, x) f2NL
ω (u) du

∣∣NLoS

)
dx

}
. (40)

V. SIMULATIONS AND DISCUSSIONS

In this section, we investigate the UL network performance
in terms of coverage probability and ASE, and use both
numerical and simulation results to establish the accuracy of
our analysis. The parameters in our paper come from [15],
and are as follows: αL = 2.225 − 0.05log10 (hUT), αNL =
4.32 − 0.76log10 (hUT), AL = 1010.3692, ANL = 103.842,
P0 = −76 dBm, σ2 = −99 dBm, and hBS = 10 m.

A. Validation of the Analytical Results of P cov(λ, τ)
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Fig. 2. P cov(λ, τ) vs. τ with ε = 0.9 and ρ = 300 UEs/km2.

In Fig. 2, we plot the coverage probability P cov(λ, τ) versus
the SINR threshold τ , with ε = 0.9 and ρ = 300 UEs/km2.
The analytical results are based on the analysis in Section
IV, while the simulation results are collected from Monte
Carlo simulations. To validate the correctness of our analysis,
we consider various scenarios, such as different UAV-to-BS
antenna height differences and different BS densities.

From Fig. 2, we can see that our analytical results match
the simulation results well, thus indicating the accuracy of
our analysis. As a result, we only use analytical results of the
coverage probability P cov(λ, τ) in our discussion hereafter.

The observations based on Fig. 2 are as follows:
• The coverage probability P cov(λ, τ) decreases with an

increasing τ , and approaches zero faster as τ grows.
• For L = 15 m, when τ is small, e.g., τ < −5 dB, the

coverage probability of a dense network (with a larger λ)
is better than that of a sparse network. This is because
the signal power plays a major role, as a large amount of
interference can be tolerated. However, when τ > 0 dB,
the coverage probability with λ = 30 BSs/km2 is better
than that with λ = 300 or 3000 BSs/km2. This is because
the interference power plays a major role, and there are
more interferers with the more aggressive spatial reuse.

• When the BS density λ = 300 BSs/km2, the coverage
probability P cov(λ, τ) with L = 40 m is smaller than that
with L = 15 m, and the former reduces to zero faster.
This is because many interferers turn from NLoS to LoS,
due to the higher height of the interferers overlooking
larger areas.
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B. The Results of P cov(λ, τ) vs. L
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Fig. 3. P cov(λ, τ) vs. L with τ = −3 dB, ε = 0.9 and ρ = 300 UEs/km2.

10
2

10
3

10
4

BS density  [BSs/km
2
]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

P
co

v
(

,
)

=0.9, Inf UEs/km
2

=0.8, 300 UEs/km
2

=0.9, 300 UEs/km
2

=1.0, 300 UEs/km
2

L=15 m

L=40 m

Fig. 4. P cov(λ, τ) vs. λ with τ = −3 dB.

In Fig. 3, we show the results of coverage probability with
τ = −3 dB, ε = 0.9 and ρ = 300 UEs/km2 versus various
UAV-to-BS antenna height differences L. Some interesting
observations are as follows:

• The coverage probability P cov(λ, τ) decreases as UAVs
fly higher, especially in dense networks (large λ), where
P cov(λ, τ) almost crashes to zero when L > 90 m,
implying a total network outage.

• The denser the network, the faster the coverage proba-
bility decreases as L increases. This is again due to the
more interferers and the larger LoS probability with the
BS density and the UAV height, respectively. This is in
line with the results of Fig. 2.

As can be observed in Fig. 3, when L > 50 m, the coverage
probability is smaller than 0.2, which is rather poor. To ensure
good network performance, we only consider L < 50 m
hereafter.

C. The Results of P cov(λ, τ) vs. λ

In Fig. 4, we show the results of coverage probability with
τ = −3 dB and for various BS densities. We focus on three
comparisons:

1) For a certain L, e.g., 15 m or 40 m, the coverage
probability of an infinite UAVs density approaches zero
when the network is ultra dense, which is referred to
as the ASE Crash in [7, 16]. In contrast, when the UAV
density is finite, the number of interferers is also finite,
and thus the coverage probability becomes better.

2) For L = 15 m and ρ = 300 UEs/km2, we can see that:
• When the network is relatively sparse, e.g. λ < ρ,

the coverage probability decreases as the BS density
increases. This is because when the BS density in-
creases, the scenario is light up with coverage and the
number of active UAVs increases, which means the
interference received at the typical BS increases too.

• When the network is dense enough, e.g. λ > ρ,
the coverage probability increases as the BS density
increases. Compared with the sparse networks, the
number of interferers exhibits a slow pace in the
growth rate in dense networks, and their transmit
power decreases as they are closer to their servers.

• No matter whether the network is sparse or dense, the
case of ε = 0.9 exhibits the best performance among
the investigated ceases.

3) For L = 40 m and ρ = 300 UEs/km2, the coverage
probability monotonically decreases with the increasing
BS density, even when the BS density is large enough.
This is because the interfering UAVs are now at a much
higher height, and thus are always in LoS with the
typical BS and they approach it relatively faster with the
BS density (the vertical and not the horizontal distance
dominates and drives the LoS).

From Fig. 4, we can see that the coverage probability
with various UAV heights presents different trends. To further
discuss the influence of L, we plot Fig. 5, where τ = −3 dB,
ε = 0.9, ρ = 300 UEs/km2 and L adopts different values. The
observations are as follows:
• When L ∈ [15, 35] m, the coverage probability increases

as the BS density increases in dense network, i.e., λ >
7000 BSs/km2, and the growing trend of the coverage
probability with a smaller height is more obvious than
that with a larger height. This is because the number
of interferers exhibits a slow pace in the growth rate in
dense networks, and their transmit power decreases as
they are closer to their servers.

• When L > 35 m, the coverage probability decreases as
the BS density increases when λ ∈ [30, 1000] BSs/km2.
The height dominates and drives more and more UAVs
as LoS interferers.

D. The Results of AASE(λ, T0) vs. λ

In Fig. 6, we show the results of ASE with τ0 = 0 dB and
ε = 0.9 based on the analytical results of P cov(λ, τ).

The observations are as follows:
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• When the UAV density is Inf UEs/km2, the ASE decreas-
es when the BS density increases, and approaches zero
when the BS density is large enough, which is referred
to as the ASE Crash in [7, 16].

• When the UAV density is 300 UEs/km2 and the net-
work is sparse, i.e., λ ∈ [30, 60] BSs/km2, the ASE
increases when the BS density increases. This is because
the network is generally noise-limited, and the smaller
distance from the typical UAV to the typical BS can
improve performance. Then, the ASE decreases as the
BS density increases when L ≥ 35 m, while it increases
when L = 15 m. When the BS density is dense enough,
i.e., λ > 1000 BSs/km2, the ASE increases as the BS
density increases.

• For L ∈ [15, 45] m, when ρ is the same, the ASE with a
larger L is always better than that with a smaller L .

VI. CONCLUSION

In this paper, we have provided an analytical framework
to compute the coverage probability and the ASE in the UL

when the UAVs act as UEs and BSs have an IMC. Moreover,
we have studied the performance impact of the absolute
height difference between the UAV and the UE, considering
probabilistic LoS and NLoS transmissions. Such impact is not
only quantitative but also qualitative. The coverage probability
and the ASE decrease as the UAV-to-BS antenna height
difference L increases, which indicates the operators should
not place the UAVs at too high altitudes. Thanks to the BS
IMC, the coverage probability and the ASE with finite UAVs
is much better than that with infinite UAVs. Moreover, we
find that the influence of FPC factor is small, and even makes
no difference when L = 40 m. In our future work, we will
consider both aerial UEs and ground UEs, and discuss the
influence brought by the aerial UEs to the ground UEs.
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