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Abstract—The ecosystem of airborne platforms is maturing
rapidly and becoming essential to meeting the communication
requirements of modern wireless networks. In such a context,
the speed, range, and quality of service are highly dependent
on a timely access to the right amount and type of affordable
spectrum. In this way, evaluating the statistical properties of
the air-to-ground (AtG) channel in different built-up propaga-
tion environments with regard to the operating frequency is
crucial for performance analysis of airborne platform-assisted
communications. In this paper, we construct a framework for
the line-of-sight (LoS) probability based on the intrusion ratio
of obstacles within the first Fresnel zone, yielding an analytical
expression for the LoS probability that is sensitive to the
operating frequency, the transmitter and receiver heights, the
horizontal distance between them, and three other parameters
depicting the statistical properties of the urban environment.
The model developed is accurate enough to capture scattering
mechanisms such as reflection and diffraction, while being
sufficiently flexible mathematically to allow, based for instance on
powerful analytical tools such as stochastic geometry, a seamless
and physically meaningful system-level performance evaluation of
modern wireless networks in the presence of airborne platforms.

Index Terms—Coverage Probability, High Altitude Platform
Station (HAPS), Stochastic Geometry, Unmanned Aerial Vehicle
(UAV).

I. INTRODUCTION

Outbreaks such as Covid-19 have spurred the digital trans-

formation of modern society and increased the reliance on ad-

vanced mobile communication services, such as video stream-

ing/conferencing and augmented/virtual reality (AR/VR). This

trend is expected to be addressed by the fifth generation

(5G) wireless networks, or even beyond 5G (B5G) that would

unlock the full and sustainable potential of the Internet of

Things (IoT). As of today, the bulk of 5G deployments around

the world have leveraged the mid-band spectrum (i.e. 3.3 to

5 GHz); however, as the adoption of 5G evolves and more

diverse devices and services mature into such networks, there

will be a need for spectrum in the low (i.e. 700 MHz-2.6 GHz)

and high (i.e. 24-43.5 GHz) bands, as specified in the Third

Generation Partnership Project Release 15 (3GPP-R15) and

the requirements of IMT-2020 [1].
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In addition, the role of airborne platforms in modern wire-

less networks is rapidly growing and emerging as a key enabler

for 5G/B5G communication requirements [2]. Indeed, 3GPP

has considered aerial platforms as a new radio access for 5G

as embodied in the standardization documents TR 38.811 [3],

TR 22.829 [4], and TS 22.125 [5]. In this way, unmanned

aerial vehicles (UAVs) operating at low altitudes of a few

hundred meters can act as flexible and agile relays, base

stations (BSs), or user equipments (UEs) (e.g., cargo delivery,

aerial surveillance, IoT data gathering), while high-altitude

platform stations (HAPSs) operating at higher altitudes of

8 to 50 km above the ground can offer longer flight times

compared to UAVs, wider coverage areas, and transmission

links between BSs and the core network for the backhauling

traffic [6]. In fact, owing to their 3D mobility and scalable

altitude, the statistical characteristics of the AtG channel are

essentially different from ground communication channels. In

this way, the evaluation of the link quality between airborne

platforms and ground nodes in a range of urban propagation

environments and frequency bands adopted by 3GPP-R15 and

IMT-2020 is crucial for the design of 5G/B5G systems. That is,

as the likelihood of LoS links is an essential component in the

modeling of AtG channels [7], characterizing an accurate but

tractable LoS probability (i.e., PLoS) is a timely and ongoing

critical issue in the field of system-level performance analysis

of modern airborne platform-assisted wireless networks.

The modeling and calculation of the LoS probability in

urban environments has been studied by both academia and

standardization bodies. There are typically three families of

methods: i) empirical methods that conceive the mean LoS

probability using curve fitting from real-world measurement

data [8]. Significant efforts based on this approach can be

found in 3GPP TR 38.901 [9] and ITU-R Rec. M.2412-0 [10]

and subsequently in 3GPP TR 36.777 [11] by way of extension

to the context of aerial UEs; ii) deterministic methods [12]

where environmental clutters are placed in specific configura-

tions and simulation tools such as ray-tracing are performed

to estimate the effects of path loss and shadowing, and thus

predict the realistic behavior of electromagnetic wave propa-

gation in these clutter setups. This method generally leads to

relatively simple analytical expressions of the LoS probability,

but their accuracy is dependent on the environment-specific

database such as information about terrain topography, electri-

cal parameters of buildings, and their internal structure, which

renders the generalization of the model to other environments

presenting different properties less precise; and iii) stochastic

methods that grasp the characteristics of the propagation

environment through a series of random processes whose key



parameters are estimated from standard field measurements;

this method allows to capture the key dependencies of the

propagation environment along with the network performance

connectivity, while also improving computational capability as

compared to previous methods.

Although empirical and deterministic methods can provide

a good understanding of signal propagation characteristics in

the presence of airborne platforms, they remain data-driven

and require extensive simulations for each new configuration

of the environment. Accordingly, stochastic methods for the

modeling of LoS probability emerge as a preferable choice for

system-level performance analysis. Early studies, in this re-

gard, commonly suggest that the LoS probability is a function

of the statistical modeling of environmental blockages and the

elevation angle between the aerial platform and the terrestrial

node [13]–[18], [20], [21]. Nevertheless, the sensitivity of

the LoS probability to the transmission frequency is driven

by the underlying abstraction for the definition of the LoS

link. Accordingly, these prior efforts can be divided into two

classes:

• Models that define the LoS link by the optical ray joining

the transmitter (Tx) and the receiver (Rx) [13]–[19],

which implicitly assumes an almost infinite transmission

frequency (since the beam width is inversely proportional

to the frequency) that is not the case for the frequencies

adopted by the 3GPP-R15 and IMT-2020 requirements.

This LoS abstraction means that environmental blockages

should not touch the direct line between Tx and Rx for

the link to work properly (i.e., communication with a

path loss exponent (PLE) approaching 2), but this is only

partially valid. Indeed, although these standard models

are generally easy-to-use and analytically flexible, they

are only relatively accurate since they do not capture the

scattering mechanisms such as reflection and diffraction.

One important consideration for these scattering mecha-

nisms is the intrusion degree of environmental blockages

into the first Fresnel zone being defined by an ellipsoid

with foci at Tx and Rx such that the path length difference

between the direct path and the alternative paths is half

the wavelength.

• Models that construct LoS links based on the intrusion

ratio of blockages into the 1st Fresnel zone [20], [21].

Although these models can provide an accurate LoS

probability that depends on the operating frequency, their

resulting analytical expressions are computationally very

complicated and cannot be used to develop tractable

representations for important metrics of interest. In partic-

ular, such elaborate LoS probability expressions preclude

a more thorough system-level performance evaluation

of airborne platform-assisted communications. Actually,

considering the abstraction under a powerful analytical

tool such as stochastic geometry [22], these models fail

to derive the following integral

Λ (u) =

∫ u

0

x (1− PLoS (x)) dx, (1)

which is necessary to obtain, based on the concept of

independent thinning of the Poisson point process (PPP)

[22], the spatial intensity of nodes in LoS and non line-

of-sight (NLoS) conditions with the typical UE, and then

to calculate the probability density function (PDF) of

the horizontal distance between the typical UE and the

nearest node in LoS and NLoS transmission. These PDFs

are in turn essential for the evaluation of key performance

metrics, such as coverage probability and ergodic rate.

Overall, tractable LoS probability models are actually less

realistic since they abstract the required LoS area based on

the direct ray joining Tx and Rx1, while accurate models

based on the intrusion ratio into the 1st Fresnel ellipsoid are

computationally intensive, intractable, and cannot be exploited

for a thorough system-level performance evaluation of airborne

platform-assisted communications. In this paper, we aim to

bridge this gap and overcome the limitations of stochastic

approaches by developing a LoS probability model that offers

a good tradeoff between modelling accuracy and analytical

tractability. The main contributions of this work can be sum-

marised as follows.

• Using tools from the two-ray propagation and the knife

edge diffraction (KED) models, we first demonstrate that

the key issue affecting the transition from free-space path

loss (FSPL), i.e., PLE ≃ 2, to a much stronger one,

i.e., PLE> 2, or equivalently the transition from LoS

to NLoS conditions, is indeed the intrusion degree of

environmental objects into the 1st Fresnel zone, rather

than into the optical ray joining Tx and Rx.

• Considering the statistical model of blockages adopted by

the ITU-R Rec. P.1410-5 [24], we propose a stretched ex-

ponential function for the probability of LoS by building

the required LoS clearance zone on a fraction of the 1st

Fresnel zone. Results show that the proposed model can

outperform the popular and widely adopted model [13]

in terms of accuracy and analytical tractability.

• Taking benefit from the improved accuracy and tractabil-

ity of the proposed LoS model; we illustrate its applica-

bility by analyzing the coverage probability at a UE of

interest served by a particular aerial platform. The de-

veloped LoS probability enables to derive a closed-form

expression of the PDF of the horizontal distance between

the typical ground UE and the best aerial platform in

terms of the lowest path loss association scheme. Using

tools from stochastic geometry [22], we are able to eval-

uate the coverage probability for both fixed/deterministic

and random PPP-distributed UAV/HAPS locations around

the typical ground UE.

Notations: P (·) and E (·) stand for probability and expectation

measures, FX (·) is the cumulative distribution function (CDF)

of a random variable X , Γ (s, x) =
∫

∞

x
ts−1e−tdt is the

upper incomplete gamma function, while Γ(s, 0) = Γ(s) is

1In some mission-critical tasks, this lack of accuracy can actually be
problematic as it may distort the evaluation of system-level performance. In
fact, it tends to overestimate the likelihood of LoS for the desired serving
Tx and thus leads to an optimistic version of the signal-to-noise ratio (SNR).
Alternatively, it can overestimate the detrimental effect of interference (since
blockages can be seen as a natural mechanism for interference avoidance [23])
and thus lead to a pessimistic version of the signal-to-interference-plus-noise
ratio (SINR).
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Fig. 1. Geometry of the 1st Fresnel zone clearance.

the ordinary gamma function, and min (x, y) and max (x, y)
are the minimum and the maximum of two reals x and y,

respectively. |AB| is the Euclidean distance between points A

and B.

II. INTERPRETATION OF THE REQUIRED LINE-OF-SIGHT

In this section, leveraging the resilience of the two-ray

propagation and KED models, we establish analytically and

numerically that the crucial factor affecting the transition from

LoS to NLoS in AtG connections is actually the intrusion ratio

of obstacles into the 1st Fresnel ellipsoid.

A. Blockages Setup

As depicted in Fig. 1, we consider a single-link commu-

nication scenario between an aerial Tx (i.e., aerial platform)

located at an altitude ht and a ground Rx (i.e., UE) located

at an altitude hr. The elevation angle is denoted by θ, while

UE and the aerial platform are separated by a distance

ℓ =
√

D2 +∆h2t,r, where D is the horizontal distance between

Tx and Rx and ∆ht,r = ht−hr is the height difference between

Tx and Rx.

We adopt the statistical setup of the ITU-R Rec. P.1410-

5 [24] in which the buildings are assumed to have null

width and are evenly spaced along the propagation direction

between Tx and Rx. In such a context, the number of buildings

between Tx and Rx can be tuned by two key parameters: i)

α[dimensionless] the ratio of land area covered by buildings to

total land area, and ii) β[number of buildings/km2] the average

number of buildings per unit area2. The number of buildings

between Tx and Rx separated by a horizontal distance D in

[m] is expressed as [24]

N(D) = ⌊D
√

αβ/1000⌋, (2)

while the horizontal distance between O and the kth building

is expressed as [24]

yk = (k − 0.5)D/N(D) , for k = 1, . . . , N(D) . (3)

2β is introduced to distinguish between propagation environments where
the buildings structure generates the same α but with a different spatial
arrangement.

Furthermore, blockages are assumed to be generated with

random heights based on a given PDF fh (·). Note that the

Rayleigh distribution is adopted by the ITU-R Rec. P.1410-5

[24], where the probability that the building height is equal to

u is expressed in terms of the most frequent building height

γ as

fh (u) =
u

γ2
exp

(

− u2

2γ2

)

. (4)

Typical values of γ, α, and β enabling to capture differ-

ent urban propagation environments from suburban to high-

rise urban areas can be found in [18]. In particular, the

triples (γ, α, β) are calculated as (0.1, 750, 8) for suburban,

(0.3, 500, 15) for urban, (0.5, 300, 20) for dense urban, and

(0.5, 300, 50) for high-rise urban.

If there are no environmental obstructions (building, tree,

hill, etc.) between Tx and Rx, radio waves travel in a straight

line between them. Otherwise, they can reflect off these

surfaces and arrive either out of phase or in phase with the

signals going directly to the Rx. One important consideration

to evaluate propagation losses due to diffraction and reflection

brought by objects between the Tx and Rx is the concept of

the 1st Fresnel zone [25]. It is defined as an ellipsoid whose

foci are located at Tx and Rx, where the path length between

the direct path and the alternative paths is half-wavelength. As

illustrated in Fig. 1, the 1st Fresnel ellipsoid centered at O’,

can be constructed as the locus of all points P for which the

sum of the distances from the antennas Rx (i.e. point F1) and

Tx (i.e. point F2) is half a wavelength greater than the direct

distance between Tx and Rx. Formally,

|F1P |+ |PF2| = ℓ+
λ

2
, (5)

where λ = c/f is the wavelength such that c is the speed of

light and f is the operating frequency.

As a special case, the semi-major axis a of the ellipse can

be obtained from (5) by considering P at one vertex of the

ellipse, which gives

2a = ℓ+
λ

2
. (6)

Also, the semi-minor axis b of the ellipse can be obtained from

(5) by considering P at one co-vertex of the ellipse, which

gives

2

√

b2 +
ℓ2

4
= ℓ+

λ

2
. (7)

As a numerical application, consider a transmission frequency

of 2.4 GHz and a distance ℓ = 1 km. The semi-minor axis b
can be estimated using (7) resulting in 5.6 m, which is much

smaller than the dimensions of a typical building. In such sce-

narios, evaluating the LoS probability through the likelihood

of impinging obstacles within the 1st 2D Fresnel ellipse does

make sense. For analytical tractability, the generalization of

the analysis through a 3D ellipsoid as in [20], [21] will be

studied in a future work.

Accordingly, the equation of the 1st Fresnel ellipsoid in

(Oyz) plane can be obtained based on some transformations



(i.e., rotation counterclockwise through θ and translation), as

[20], [21]
(

y cos(θ) + (z − hr) sin(θ)− ℓ
2

)2

a2

+
((z − hr) cos(θ)− y sin(θ))

2

b2
= 1, (8)

where a and b are, respectively, the semi-major and semi-

minor axis of the ellipse expressed from (6) and (7) as a =
ℓ
2+

λ
4 , b = 1

2

√

λ
(

ℓ+ λ
4

)

, θ is the angle of elevation in radians

obtained as θ = arctan
(

∆ht,r

D

)

.

As depicted in Fig. 1, it can be observed that the top of an

obstructing object can intrude into the 1st Fresnel zone without

cutting the optical ray joining the Tx and Rx antennas. In this

case, a component of the signal is reflected from the top of

the object to create an alternate path to the receiver. Thus, the

direct path and the reflected one have different path lengths,

resulting in different phases of the signals traveling along the

two paths at the receiver, so they combine constructively or

destructively to increase or decrease the signal strength at the

receiver. Alternatively, if the obstruction were to be higher

and intrude deeper into the Fresnel zone to intersect with the

optical ray between Tx and Rx, we would no longer have a

direct transmission path, nor a conventional reflective surface

to produce an alternative signal path. Instead, we would have

another physical phenomenon; namely, diffraction. Overall, it

is important to keep the 1st Fresnel zone clear enough in order

to operate the communication under an FSPL (i.e., establishing

a LoS connection). In the following, we will discuss the impact

of the intrusion ratio of blockages into the 1st Fresnel zone on

the establishment of a LoS connection between Tx and Rx.

B. Two-Ray Propagation Model

We consider a two-ray propagation model [25] which, based

on geometric optics, will capture a direct ray and a ground-

reflected ray between Tx and Rx, as illustrated in Fig. 2(a).

Assuming a specular reflection by the ground, the received

signal strength (RSS) at the UE of interest can be expressed

as a function of the transmit power Pt as [25]

RSS = Pt

(

λ

4π

)2
∣

∣

∣

∣

∣

1

ℓ
− e−j∆φ

r1 + r2

∣

∣

∣

∣

∣

2

, (9)

where j2 = −1, r1+ r2 =

√

D2 + (hr + ht)
2

is the length of

the reflected path on the ground, and ∆φ = 2π(r1+r2−ℓ)
λ

is the

phase difference between the direct and the reflected paths.

Note that for sufficiently small ℓ, the ground reflection is

not possible according to Snell’s law of reflection and thus

the Tx-Rx connection is established via the direct path only.

In this way, RSS in (9) scales with ℓ−2. For sufficiently

large ℓ, relatively to the height of Tx/Rx antennas, we have

ℓ ≃ r1 + r2 and then e−j∆φ ≃ 1 − j∆φ ≃ 1 − j 4πhthr

λD
,

RSS in (9) starts then to scale with ℓ−4. Similarly, as the

distance between Tx and Rx increases and/or the transmission

frequency reduces (i.e., λ increases), b becomes larger, which

increases the probability that the 1st Fresnel zone and/or inner

D
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Fig. 2. (a) Abstraction of a two-ray propagation model, where the dotted
ellipse indicates the 1st Fresnel zone, with two foci F1 (located at the UE)
and F2 (located at the aerial platform). The inner solid line ellipse represents
the required crucial area of LoS clearance, where bη = ηb is the length of the
semi-minor axis such that 0 < η ≤ 1, and foci F1’ and F2’ displaced from

F1 and F2 such that δ =
√

a2 − η2b2 −
√
a2 − b2, (b) Penetration of a

knife-edge obstacle into the 1st Fresnel zone, (c) Regular separation distance
between buildings in a built-up area.

ellipses (i.e., ellipses with a semi-minor axis length bη = ηb
with 0 < η ≤ 1) will hit the ground plane, and then induce

fluctuations in the propagation losses.

We aim now to evaluate the interplay between the crossing

point of the RSS scaling range from ℓ−2 to ℓ−4 and the

penetration ratio of the ground into the 1st Fresnel zone. Let’s

consider the scenario where the 1st Fresnel zone intrudes into

the ground (which might be possible by acting on D, λ, and

∆ht,r), so that the inner ellipse with semi-minor axis length

bη just starts to reach the ground at a point P (cf. Fig. 2(a)).

The rationale is to evaluate up to what value of η, obstructions

commencing to encroach on this inner ellipse (i.e. the critical

clearance zone in Fig. 2) will trigger the transition of the RSS

scaling range from ℓ−2 to ℓ−4.

From the geometrical construction of inner ellipses, point P

verifies that

|F1′P |+ |PF2′| = 2a
√

h′r
2 + |A′P |2 +

√

h′t
2 + |PB′|2 = ℓ+

λ

2
. (10)



Then, since
{

h′t|A′P | = h′r|PB′|
|A′P |+ |PB′| = |A′B′| , (11)

and
{

h′t = ht + δ sin (θ) =
(

1 + δ
ℓ

)

ht − δ
ℓ
hr

h′r = hr − δ sin (θ) =
(

1 + δ
ℓ

)

hr − δ
ℓ
ht
, (12)

(10) can be simplified as

|A′B′|2 + (ht + hr)
2
=

(

ℓ+
λ

2

)2

, (13)

where

|A′B′|2 = (ℓ+ 2δ)2 − (h′t − h′r)
2

(a)
= (ℓ+ 2δ)

2 − (ht − hr)
2

(

1 +
2δ

ℓ

)2

, (14)

where (a) follows from (12). Combining (13) and (14) gives

(ℓ+ 2δ)
2
+ (ht + hr)

2
=

(

ℓ+
λ

2

)2

+ (ht − hr)
2

(

1 +
2δ

ℓ

)2

.

(15)

Considering that the direct link distance is generally very much

larger than the wavelength, i.e., ℓ≫ λ, δ can be derived as

δ =
√

a2 − η2b2 −
√

a2 − b2

(a)
=

ℓ

2

(

√

(

1 +
λ

2ℓ

)2

− λη2

ℓ

(

1 +
λ

4ℓ

)

− 1

)

(b)≃ ℓ

2

(
√

1 +
λ (1− η2)

ℓ
− 1

)

(c)≃ λ
(

1− η2
)

4
, (16)

where (a) is obtained by replacing the semi-major axis a and

the semi-minor axis b by their respective expressions in (6) and

(7), (b) follows by ignoring the second order of (λ/ℓ), and (c)

holds since (1 + x)
n ≃ 1 + nx for very small x ∀n ∈ N.

(15) can then be simplified as

ℓ2 − 4hthr

λη2
ℓ+

(

1− η2
)

(ht − hr)
2

η2
= 0. (17)

In this way, the horizontal distance D between Tx and Rx can

be calculated as

D =

√

ℓ2 − (ht − hr)
2
, (18)

where ℓ is the positive root from (17), resulting in

ℓ =
2hthr

λη2
+

√

(

2hthr

λη2

)2

−
(

1− η2

η2

)

(ht − hr)
2
. (19)

Fig. 3 calculates the path loss between Tx and Rx under

the two-ray propagation model for different key 5G NR

spectrum bands (i.e., 700 MHz, 3.5 GHz, and 25 GHz). Table I

calculates analytically the horizontal distance D from (18) for

η = 0.6 and 1. Mapping these analytical results of D with the

numerical ones in Fig. 3 shows that although one may initially

think that the 1st Fresnel zone boundary might be the starting
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Fig. 3. Calculation of the path loss under the two-ray propagation model
exploiting different key 5G NR spectrum bands for comparison with the FSPL
model. The height of the UE and aerial platform are set to hr = 2 m and
ht = 100 m, respectively.

TABLE I
ANALYTICAL RESULTS FOR D

η 700 MHz 3.5 GHz 25 GHz

1 1.86 km 9.33 km 66.66 km

0.6 5.18 km 25.92 km 185.19 km

point for signal attenuation, it actually appears to be a place

where the signal is being amplified. Indeed, for η = 100%
(i.e., 0% ground intrusion), we obtain approximately +6 dB

gain w.r.t. FSPL. Besides, when the ground starts to intrude

into the 1st Fresnel zone (i.e., η is decreasing), the +6 dB

gain starts to decrease, until it becomes 0 dB when η is

approximately around 60% (cf. Fig. 3). In other words, when

the ground starts to penetrate nearly into the 60% region

of the 1st Fresnel zone, this is a trigger factor leading to

the change in the PLE from 2 to 4. So, by enlarging the

1st Fresnel zone either by increasing the horizontal distance

between Tx and Rx or by lowering the transmission frequency,

the NLoS transmission starts occurring from the horizontal

distance D enabling η = 0.6 even though there is a clear

visibility between Tx and Rx.

C. Knife Edge Diffraction Model

Assuming ideal conditions of LoS propagations where there

are no environmental objects between the Tx and Rx, the two-

ray model of geometrical optics can provide accurate path

loss results in Fig. 3. However, this technique is not suitable

to evaluate the scenario where diffraction by environmental

objects is significant. In other words, those events where the

blockage may come very close to the optical ray joining Tx

and Rx, or even cross it (cf. Fig. 2(b)). In such a context, the

KED model is widely adopted for approximate prediction of

diffraction losses from a single edge in outdoor propagation

environments, as well outlined in the ITU-R Rec. P.526-15

[26]. According to this theory, the total path loss over a single
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Fig. 4. Variations of the total path loss as a function of the transmission
frequency and height of the penetrating blockage located at a distance d =
600 m from the Tx. The Tx-Rx parameters are ht = 100m, hr = 2m, and
D = 1000 m.

impenetrable knife-edge obstacle can be expressed as follows

PL = FSPL+ PLdiff, (20)

where PLdiff is the diffraction loss due to the intrusion of the

knife-edge obstacle into the 1st Fresnel zone. It is expressed

as

PLdiff= −20 log10





√

(1−C(v)−S(v))2 + (C(v)−S(v))2

2



 ,

(21)

where C(v) and S(v) are the real and imaginary parts of

the complex Fresnel integral Fc (v) =
∫ v

0
exp

(

j πs
2

2

)

ds,

respectively, and v is a dimensionless parameter expressed as

a function of the terms defined in Fig. 2(b) as

v = ∆

√

2

λ

(

1

d1
+

1

d2

)

. (22)

Note that ∆ is measured w.r.t. straight line joining the two

ends of the path. It is positive if the top of the obstruction cuts

through the direct path, and negative if it is below it. Using

some geometric manipulations in Fig. 2(b), we can obtain

∆ =
(h− ht)D + (ht − hr) d
√

D2 + (ht − hr)
2

, (23)

d1d2
d1 + d2

=
d

D

(

1− d

D

)
√

D2 + (ht − hr)
2
. (24)

In Fig. 4, we plot the fluctuations of the total path loss

in (20) as a function of the degree of blockage intrusion

into the 1st Fresnel zone (Fig. 2(b)). Typically, the minimum

height of the knife-edge obstacle causing diffraction losses

can be calculated numerically from Fig. 4. In particular, we

have h = 35.2m at 700 MHz, h = 38.5m at 3.5 GHz, and
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Fig. 5. Calculated LoS probability under the direct link and 60% Fresnel
zone abstractions for different propagation environments and transmission
frequencies. Tx-Rx height parameters: hr = 2 m and (a) ht = 300 m, (b)
ht = 10 km.

h =40.2m at 25 GHz. Given that the radius of the 1st Fresnel

zone at the point where the knife-edge obstacle intrudes is

rd =
√

λ d1d2

d1+d2
(which simplifies as rd ≃ 241.15

√
λ for the

numerical values of Fig. 4 in (24)). Previous numerical results

of h yield ∆/rd ≃ 0.6, which is equivalent to almost 60% of

obstacle intrusion into the 1st Fresnel zone.

From previous discussions, it is clear that the definition of a

LoS link needs to be judiciously based on the intrusion ratio of

obstacles into the 1st Fresnel zone between Tx and Rx rather

than on the simplistic fact of cutting the direct ray joining

them [13]. In this way, we develop in the next section an

accurate but tractable LoS probability model. Accurate since

it is based on the intrusion ratio of environmental blockages

into the 1st Fresnel zone rather than the direct line between Tx

and Rx; and tractable since it enables the derivation of closed-

form expressions with PDFs of interest, which facilitates

a thorough system-level performance evaluation of airborne

platform-assisted communications.

III. MODELING THE LINE-OF-SIGHT PROBABILITY

As illustrated in Fig. 2(c), for a given number N(D) of

buildings between Tx and Rx, the probability of LoS is defined

as the probability that the height hk (k = 1, . . . , N(D)) of

all blockages between Tx and Rx is smaller than zk, the

least solution of (8) for y → yk = (k − 0.5)D/N(D) (i.e.,



zk = hr +
1

2
(

a2 cos2 (θ) + b2η sin
2 (θ)

)

(

yk sin (2θ)
(

a2 − b2η
)

+ ℓb2η sin (θ)

− 2abη

√

cos (2θ)

2

(

a2 − b2η −
ℓ2

4

)

+
1

2

(

a2 + b2η −
ℓ2

4

)

+ yk (ℓ cos (θ)− yk)

)

. (26)

TABLE II
KEY STOCHASTIC LOS PROBABILITY MODELS FOR ELEVATED TX AND/OR RX WITH ASSOCIATED SYSTEM-LEVEL ANALYTICAL TRACTABILITY AND

ACCURACY IN THE AVERAGE RMS SENSE.

Reference LoS Probability Model Parameters
System-level
analytical tractability

RMS Average
RMS15 m 25 m 35 m

[13] 1

1+m exp
(

−n
(

180
π

arctan
(

∆ht,r
D

)

−m
)) m, n Medium 0.0594 0.0432 0.0225 0.0417

[18] m+ m−n

1+







180
π

arctan

(

∆ht,r
D

)

−p

q







s m,n, p, q, s Medium 0.0622 0.0303 0.02 0.0375

[17], [19] exp
(

−mn D
∆ht,r

) m,n = min (E (h) ,∆ht,r) [17]

or n = 4γ
√

2αβ
π

Q
(

hr
γ

)

[19]
High 0.0503 0.0397 0.0206 0.0369

[11]

{

1 , D
∆ht,r

≤ m

m
∆ht,r

D
+

(

1−m
∆ht,r

D

)

exp
(

−n D
∆ht,r

)

, D
∆ht,r

> m
m,n Medium 0.0494 0.0344 0.0194 0.0345

Proposed 1− exp
(

−m
(

∆ht,r

D

)n)

m, n High 0.0502 0.0327 0.0197 0.0342

the distance between O and the kth building) and bη = ηb
as the length of the semi-minor axis. In other words, each

building between Tx and Rx should not intrude into the critical

clearance zone (e.g., 60% of the 1st Fresnel zone for η = 0.6).

Formally,

PLoS =

N(D)
∏

k=1

P (hk < zk)
(a)
=

N(D)
∏

k=1

Fh (zk)

(b)
=

N(D)
∏

k=1

(

1− exp

(−z2k
2γ2

))

, (25)

where (a) holds since (hk)k=1,...,N(D) are independent and

identically distributed (i.i.d.) and (b) comes from the PDF of

buildings height in (4).

Solving the quadratic equation in (8) for y → yk and b →
bη, we obtain the expression of zk in (26). Note that if we set

η → 0, thus considering that the abstraction of LoS is actually

based on the direct line connecting Tx and Rx, (26) reduces

to

zk = hr + yk tan (θ) , (27)

which is independent of the transmission frequency as in

[13], [24]. In this way, Fig. 5 illustrates the curve of LoS

probability as a function of the elevation angle in different

urban environments, highlighting the differences between the

paradigms of constructing the LoS clearance zone based on

the intrusion ratio into the 1st Fresnel zone (Eq. (25) based

on (26)) or on the optical ray joining Tx and Rx (Eq. (25)

based on (27)).

The LoS probability in (25) calculated from (26) as a series

product is in a complicated form and cannot be effectively

implemented in the analytical approach presented in next

section. We then propose its approximation by a compact

mathematical expression that is both analytically tractable and

allows the best fit to empirical data in terms of the root-mean-

square (RMS) deviation defined as

RMS =

√

√

√

√

s
∑

i=1

(Pc
LoS (θi)− PLoS (θi))

2

s
, (28)

where s is the size of data samples and Pc
LoS (θi) and PLoS (θi)

are, respectively, the calculated and model-based data LoS

probability for 1 ≤ i ≤ s.
We therefore propose to build on the merits of the stretched

exponential function (also known as the complementary CDF

of Weibull distribution) given by e−mun

, where m and n are

tunable parameters. This model has demonstrated great success

in modeling several measures of interest in wireless commu-

nications. For instance, the stretched exponential is shown to

capture accurately experimental propagation measurements for

dense and ultra-dense networks [27]. It also emerges in the

Laplace transform for interference power when the location

of the transmitters is modeled as a 2D PPP with no exclusion

region around the typical receiver [28, Eq. (17)]. In this way,

we propose a LoS probability model of the form

PLoS (D) = 1− exp

(

−mf

(

∆ht,r

D

)nf
)

, (29)

where mf and nf are positive fitting parameters.

Fig. 6 verifies this model with the same simulation results

developed in [19] for different UE height and an aerial Tx

at ht = 300 m. Results show that owing to its mathematical

construction, the proposed model in (29) can provide the best

fit among all popular candidate models presented in Table II.

Typically, these models are ordered by increasing improvement

of the average RMS error over the three considered UE

heights. In particular, and for the sake of clarity, only the two

models with the highest and lowest performance in terms of

average RMS are shown in Fig. 6. In fact, the simple modified

Sigmoid function proposed in [13, Eq. (5)] is actually the most

popular and widely used model in the literature with more



10 20 30 40 50 60 70 80

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Simulation, 15 m

Simulation, 25 m

Simulation, 35 m

Proposed model fit

[13] model fit

Elevation angle (θ) [◦]

L
o

S
p

ro
b

ab
il

it
y

–
D

en
se

u
rb

an

Fig. 6. LOS probability as a function of Rx height and elevation angle for
ht = 300 m and f = 2.4 GHz in dense urban environments.

than 1200 citations and, thus, will be taken as a baseline LoS

probability model for comparison with the proposed one in

this work.

It is clear to mention that the proposed model in (29) tends

to 1 by scaling θ = arctan (∆ht,r/D) → π/2 (i.e., aerial

platform stands right atop the ground Rx), which comes by

shrinking the Tx-Rx horizontal distance (i.e., D → 0) or by

having a sufficiently high altitude of the aerial platform (i.e.,

ht → ∞). Alternatively, LoS probability can shrink to almost

0 as θ → 0, which can be achieved by scaling D → ∞, while

the scenario of ∆ht,r → 0 is not feasible when assuming AtG

channels. However, in the context of air-to-air (AtA) channels,

Tx and Rx can operate at approximately comparable altitudes

(i.e., ∆ht,r → 0), which gives θ → 0 but does not necessarily

result in a very small LoS probability as in the case of AtG

channels. In such a context, (26) reduces to

zk = hr − bη

√

1−
(

ℓ
2 − yk

)2

a2
. (30)

To capture the scenario where ht ≃ hr, we suggest to revisit

(29) as

PLoS (D) = 1− exp

(

−mf

(

∆ht,r

D

)nf
)

, (31)

where ∆ht,r = δtrh+(1− δtr)∆ht,r such that h = (hr + ht) /2
and δtr is the Kronecker delta defined as

δtr =

{

1 if ht ≃ hr

0 if ht ≫ hr.
(32)

Fig. 7 illustrates the differences between the proposed LoS

probability model in (29) that fit the calculated data from

(25) based on (26) and the simple modified Sigmoid function

presented in [13] that fit the calculated data from (25) based on

(27). By analyzing such differences, one can observe that the

deviation from the direct line based model becomes tight as the

transmission frequency increases. This is due actually to the

observation that the semi-minor axis of the 1st Fresnel ellipse

is frequency-dependent where b→ 0 as f → ∞ and then (26)

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

 

 

Suburban

Urban

Dense urban

Urban high-rise

Proposed model fit (29)

Direct LoS path [13]

Elevation angle (θ) [◦]

L
o

S
P

ro
b

ab
il

it
y
P

L
o
S

(a)

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

 

 

Suburban

Urban

Dense urban

Urban high-rise

Proposed model fit (29)

Direct LoS path [13]

Elevation angle (θ) [◦]

L
o

S
P

ro
b

ab
il

it
y
P

L
o
S

(b)

Fig. 7. The proposed LoS probability model fitting calculated data from (25)
based on (26) in different propagation environments and the simple modified
Sigmoid function presented in [13] that fit the calculated data from (25) based
on (27). Parameters: hr = 2 m, ht = 5 km, and (a) f = 700 MHz and (b)
f = 3.5 GHz.
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Fig. 8. The proposed LoS probability model as a function of Rx/Tx height
(i.e., ht ≃ hr) in different propagation environments for D = 1000 m and
f = 3.5 GHz.

reduces to (27). Furthermore, Fig. 8 shows how the revisited

LoS probability model in (31) – to capture the scenario where

Tx and Rx have comparable altitudes in an AtA fashion (i.e.,

ht ≃ hr) – can fit the calculated data from (25) based on (30).

In Table III, we estimate the empirical parameters nf and mf

of the proposed model in (29) from the data in (25) calculated

using (26) for different transmission frequencies and Tx and

Rx altitudes in such a way to minimize the RMS deviation. In

this way, by taking RMSf obtained from the deviation between

the model in (29) and the data calculated using (26) and



TABLE III
EMPIRICAL PARAMETERS OF LOS PROBABILITY MODELS BASED ON THE DIRECT LINK AND 60% OF THE 1ST FRESNEL ZONE ASSOCIATED WITH RMS

CALCULATIONS. (a) hr = 2 m and (b ) hr = 20 m.

700 MHz 3.5 GHz 25 GHz
UAV altitude md nd mf nf RMSf RMSd mf nf RMSf RMSd mf nf RMSf RMSd

50 0.17 28.81 145.02 2.75 0.0288 0.0670 82.03 2.28 0.0243 0.0383 65.50 2.09 0.022 0.0275
300 0.20 21.98 45.80 2.44 0.0086 0.0716 35.47 2.08 0.0080 0.0353 31.26 1.92 0.0075 0.0206

1000 0.21 21.52 37.30 2.35 0.0088 0.0730 31.74 2.04 0.0073 0.0357 28.81 1.90 0.0063 0.0204
5000 0.21 21.21 35.97 2.34 0.0085 0.0735 30.54 2.03 0.0071 0.0359 27.73 1.88 0.0063 0.0206

Suburban

10000 0.21 21.16 35.67 2.34 0.0085 0.0736 30.32 2.03 0.0071 0.0360 27.55 1.88 0.0064 0.0207

50 0.36 12.88 7.73 2.18 0.0648 0.0770 8.36 2.12 0.0613 0.0653 8.7 2.09 0.0593 0.0611
300 0.44 9.8 4.67 2.29 0.0174 0.0562 4.98 2.15 0.0159 0.0319 5.11 2.08 0.0151 0.0237

1000 0.45 9.26 3.9 2.19 0.0103 0.0574 4.26 2.06 0.0112 0.0312 4.43 2 0.0105 0.0221
5000 0.46 9.11 3.72 2.17 0.0115 0.0578 4.08 2.05 0.0102 0.0310 4.24 2 0.0095 0.0216

Urban

10000 0.46 9.09 3.69 2.17 0.0116 0.0580 4.05 2.05 0.0103 0.0312 4.22 1.98 0.0096 0.0218

50 0.45 10.03 5.80 2.47 0.0744 0.0844 5.65 2.31 0.0720 0.0777 5.61 2.24 0.0707 0.0754
300 0.53 8.42 2.59 2.33 0.0227 0.0521 2.82 2.22 0.0209 0.0324 2.94 2.17 0.0200 0.0261

1000 0.55 7.83 2.10 2.19 0.0135 0.0519 2.34 2.10 0.0124 0.0292 2.46 2.05 0.0119 0.0216
5000 0.56 7.7 1.98 2.15 0.0127 0.0523 2.22 2.07 0.0114 0.0288 2.34 2.03 0.0108 0.0208

Dense Urban

10000 0.56 7.67 1.96 2.15 0.0126 0.0524 2.20 2.07 0.0114 0.0290 2.33 2.03 0.0108 0.0209
(a)

700 MHz 3.5 GHz 25 GHz
UAV altitude md nd mf nf RMSf RMSd mf nf RMSf RMSd mf nf RMSf RMSd

300 0.02 512.92 45.70 0.92 0.0038 0.0318 99.88 0.97 0.0055 0.0096 335.96 1.21 0.0046 0.0051
1000 0.02 512.73 47.09 0.93 0.0040 0.0326 98.50 0.96 0.0056 0.0097 332.90 1.21 0.0046 0.0051
5000 0.02 512.68 47.40 0.93 0.0040 0.0328 97.77 0.96 0.0056 0.0097 330.75 1.20 0.0046 0.0051

Suburban

10000 0.02 512.67 47.44 0.93 0.0040 0.0329 97.70 0.96 0.0056 0.0097 330.50 1.20 0.0046 0.0051

300 0.18 17.44 8.88 1.16 0.0191 0.0620 8.53 1.04 0.0170 0.0442 8.24 0.98 0.0154 0.0390
1000 0.18 16.81 8.28 1.14 0.0197 0.0636 8.02 1.02 0.0174 0.0454 7.78 0.96 0.0158 0.0402
5000 0.18 16.63 8.07 1.13 0.0201 0.0643 7.84 1.01 0.0178 0.0460 7.63 0.95 0.0161 0.0407

Urban

10000 0.18 16.61 8.04 1.13 0.0202 0.0644 7.82 1.01 0.0178 0.0460 7.61 0.95 0.0161 0.0408

300 0.30 10.02 5.03 1.31 0.0191 0.0573 5.15 1.22 0.0174 0.0432 5.19 1.17 0.0164 0.0395
1000 0.31 9.52 4.60 1.27 0.0186 0.0589 4.75 1.19 0.0168 0.0442 4.81 1.15 0.0158 0.0403
5000 0.32 9.32 4.42 1.25 0.0190 0.0598 4.58 1.17 0.0172 0.0450 4.65 1.13 0.0161 0.0411

Dense Urban

10000 0.32 9.28 4.39 1.25 0.0191 0.0600 4.56 1.17 0.0173 0.0452 4.62 1.13 0.0162 0.0413
(b)

comparing it with RMSd obtained from the deviation between

the popular model developed in [13] and the data calculated

using (27), one can observe that the RMS is greatly enhanced,

particularly when assuming those scenarios where the impact

of randomness in the blockages height is diminished (i.e.,

considering for instance sufficiently high UAV altitudes and/or

propagation environments such as suburban, urban, and even

dense urban). In particular, the gap between the calculated

data of the LoS probability and the direct line based model

shrinks with increasing frequency due to the dependence of

the semi-minor axis b of the 1st Fresnel ellipse on frequency.

This observation can be verified both visually from Fig. 7 and

numerically from Table III where RMSd decreases with in-

creasing frequency. In addition, for a given urban environment

and frequency, Table III shows that the empirical parameters

mf and nf become almost independent from the UAV altitude

for higher altitude values (i.e., ht > 1000m). In such a context,

performance evaluation can be performed with no need to

repeatedly calculate the empirical parameters at each given

altitude.

Besides its accuracy improvements, the proposed model in

(29) has more tractability allowing to develop closed-form

expressions of some measures of interest as will be discussed

in the following section. This is notably granted since the

following integral based on (29) can be derived in closed-form

as [30, Eq. 2.325.6]

Λ (x) =

∫ u

0

x (1− PLoS (x)) dx

=
∆ht,r

2
(mf)

2
nf

nf

Γ

(

− 2

nf

,mf

(

∆ht,r

u

)nf
)

. (33)

Nevertheless, Λ (·) under the LoS models proposed in [13],

[18] remains unsimplified in view of their construction as a

composite of the functions exp(.), arctan(.), and 1/x, which

may require efficient numerical methods to evaluate Λ (·)
and hence increases computational complexity when used in

extended PDF formulations.

IV. MODELING AND ANALYSIS OF COVERAGE WITH

AERIAL PLATFORMS

In this section, we will take advantage of the LoS probability

developed earlier in (29) to evaluate the downlink performance

of a UE served by an aerial platform. We will consider i) the

case of a fixed aerial platform location, and ii) the case where

aerial platforms are randomly distributed according to a PPP

around the typical ground UE.

Propagation through the wireless channel experiences both

fading and path loss. Let g represent the channel power

fading gain between Tx and Rx. Specifically, we assume that

the channel amplitude for LoS propagation conditions are

Nakagami-m distributed, i.e., gLoS ∼ Gamma (m, 1/m), and

the channel amplitude for NLoS propagation are Rayleigh

distributed, i.e., gNLoS ∼ exp (1). In addition, we adopt the

standard power-law pathloss model such that, depending on

the propagation group (i.e., LoS or NLoS connection) between



UE and aerial platform, the RSS at the UE of interest is given

by [13]

RSS

Pt

=

(

c

4πf

)2
{

10−
κL
10

(

D2 +∆h2t,r
)

−
αL
2 LoS link,

10−
κN
10

(

D2 +∆h2t,r
)

−
αL
2 NLoS link,

(34)

where αL is the PLE over the channel for LoS propagation

and κL and κN are the mean value of the excessive pathloss in

dB due to the LoS and NLoS connections, respectively. As in

[13], the following typical pairs (0.1, 21), (1.0, 20), (1.6, 23),
and (2.3, 34) will be used for (κL, κN) in suburban, urban,

dense urban, and high-rise urban environments, respectively.

For convenience, we consider the following shorthands: K =

10
κN−κL

5αL , ωL = 10
κL
10

(

4πf
c

)2

, and ωN = 10
κN
10

(

4πf
c

)2

.

We consider σ2 = WN0 as the noise power expressed as

a function of the transmission bandwidth W and noise power

density N0 = 10
N0(dBm)

10 with N0 (dBm) = −174 + FdB and

FdB being the noise figure in dB assumed to be constant with

respect to the operating frequency.

Unless stated otherwise, we consider the following param-

eters in the numerical analysis: a standard PLE αL = 2, the

Fresnel critical clearance zone is parametrized by η = 0.6,

a UE height hr = 2 m, f = 3.5 GHz, W = 25 MHz, and

a shape parameter m = 10 (which corresponds to a Rician

K-factor of 13dB [17]).

A. A Priori Known Location of the Aerial Platform

When the horizontal distance D between the UE of interest

and the aerial platform is known a priori (i.e., deterministic),

the coverage probability of the UE is defined as the probability

Pcov of receiving a downlink SNR greater than a given

threshold T from the aerial platform. In other words, coverage

probability here can be seen as the fraction of the disk of radius

D that is covered with an SNR greater than T . In this way,

Pcov can be derived as

Pcov = P

(

gLoS

RSS

σ2
> T,LoS Link

)

+ P

(

gNLoS

RSS

σ2
> T,NLoS Link

)

(a)
= P

(

gLoS >
ωLσ

2T

Pt

(

D2 +∆h2t,r
)

αL
2

)

PLoS (D)

+ P

(

gNLoS >
ωNσ

2T

Pt

(

D2 +∆h2t,r
)

αL
2

)(

1− PLoS (D)

)

(b)
=

Γ
(

m, mωLσ
2T

Pt
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where (a) results from splitting RSS according the LoS and

NLoS propagation groups and (b) follows by calculating the

complementary CDF of the channel amplitude for LoS and

NLoS propagation conditions, respectively.

Fig. 9 presents the trend of coverage probability when

considering the probability of LoS in (29) with empirical
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Fig. 9. Coverage probability as a function of the aerial platform altitude
and horizontal distance D for T = 10 dB and Pt = 37 dBm in high-rise
urban environment. The solid lines represent the proposed PLoS model with
empirical parameters fitted with fixed altitude 1000 m, lines with markers
represent the calculated Pc

LoS
from (26) as a function of the aerial platform

altitude.

parameters computed at a fixed altitude ht = 1000m (solid

line), and the probability of LoS calculated from (26) for

several altitudes of the aerial platform (circle line). It is obvi-

ous that both models are in agreement for high values of the

aerial platform altitude (ht > 1000m) at which the empirical

parameters mf and nf of the model in (29) become weakly

dependent on altitude ht and hence no need to recalculate

them for every altitude value (see Table III). Further, the two

data-set strands in Fig. 9 (computed and analytical) support the

observation that the coverage probability function is unimodal,

which yields an optimal altitude range that maximizes the

coverage probability. These optimal values are in fact the result

of a tradeoff between the likelihood of a link being in LoS and

the path loss, both growing with altitude, which ultimately can

lead to the joint optimization of communication and energy

consumption of aerial platforms, and many other parameters

and resources.

B. Random Location of the Aerial Platform

Here, the horizontal distance D between the UE of interest

and its serving aerial platform is considered to be a random

variable. In such a context, we consider a cellular network

comprised of aerial platforms elevated at an average altitude

ht with locations modeled by a 2D homogeneous PPP Ψt with

density λt [number of aerial platforms/m2]. Without loss of

generality and as permitted by the Slivnyak-Mecke’s theorem

[29, Th. 1.4.5], the typical UE, denoted by UE0 and with

altitude hr, is located at the origin and taken as the object of

the analysis.

The coverage probability of UE0 is defined as the probabil-

ity Pcov of receiving a downlink SNR greater than a certain

threshold T from the best aerial platform in terms of the lowest
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where ψ (u) =
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path loss criterion [22]. Formally,
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where fL
D and fN

D in (a) and (b) are the PDFs of the horizontal

distance between UE0 and the best aerial platform from Ψt in

terms of the lowest path loss association rule, in LoS and

NLoS propagations, respectively.

In fact, the horizontal distance from UE0 to the nearest

aerial platform of Ψt among the ones with LoS and NLoS

propagations are denoted by DL and DN, respectively. Their

CDFs are obtained from the null probability of the PPP as

FDL (u) = 1− exp

(
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∫ u
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xPLoS (x) dx

)

, (33)

FDN (u)=1−exp
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x (1− PLoS (x))dx

)

. (34)

The CDF of the horizontal distance D between UE0 and the

best aerial platform of Ψt in terms of the lowest path loss

association rule, in LoS propagations is derived as
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(35)

The exact expression of the PDF in (36) is then obtained by

deriving (35) with respect to u and using (33) for further
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Fig. 10. Coverage probability as a function of the aerial platform altitude
and the SNR target T for Pt = 43 dBm.

simplifications. A similar approach is followed to derive the

PDF of the NLoS case in (37).

The tractability of the proposed LoS probability model

in (29) has particularly permitted to elaborate a closed-form

expression of fL
D and fN

D—the PDFs of the horizontal distance

between UE0 and the best aerial platform from Ψt in terms

of the lowest path loss association rule, in LoS and NLoS

propagations, respectively—which increases the computational

efficiency of coverage probability in (32) as compared to other

widely used models in the literature [13].

Fig. 10 illustrates the average coverage probability over

the horizontal distance between UE0 and its serving aerial

platform as a function of altitude and SNR target T . In

particular, we can observe that the coverage probability is

a monotonically decreasing function with ht and T for

sufficiently higher altitudes. For a given minimum required

coverage probability P0
cov, the aerial platform altitude can be

increased to a particular height h0t to keep that coverage prob-

ability requirement, beyond this altitude h0t it is inevitable to

reduce the SNR threshold T to maintain the desired coverage

probability requirement.



V. CONCLUSION

In this work, we evaluated a key component of the AtG

channels in the emerging 5G/B5G cellular networks being de-

ployed on several specific sub-6GHz and mmWave frequency

bands as projected by 3GPP-R15 and IMT-2020 requirements.

It consists of a LoS probability model that, as opposed to

the widely adopted models developed in the literature, is both

accurate and mathematically tractable. It takes into account the

scattering mechanisms such as reflection and diffraction that

suggest, as we have shown through the two-ray propagation

and KED models, that the environmental obstacles should not

intrude into 60% of the 1st Fresnel ellipsoid between Tx and

Rx to ensure communication under FSPL (i.e., PLE ≃ 2).

In addition, it enables, under the abstraction of a powerful

analytical tool like stochastic geometry, the development of

closed-form expression for PDFs of interest, which facilitates a

seamless and physically meaningful system-level performance

analysis of future 5G/B5G networks in the presence of air-

borne platforms.

For future extensions of this work, it would be interesting to

explore the merits of the proposed model in terms of accuracy

and analytical flexibility to address the joint optimization of

communication and other relevant resources such as the energy

efficiency of ground and/or airborne networks, data delivery

delay by aerial platforms from data aggregators in the context

of the IoT ecosystem, and the joint access and backhaul

communication via aerial platforms.
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