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Line-of-Sight Probability for mmWave-based UAV
Communications in 3D Urban Grid Deployments
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Abstract—The network operators will soon be accommodat-
ing a new type of users: unmanned aerial vehicles (UAVs).
5G New Radio (NR) technology operating in the millimeter-
wave (mmWave) frequency bands can support the emerging
bandwidth-hungry applications facilitated by such aerial de-
vices. To reliably integrate UAVs into the NR-based network
infrastructure, new system models that capture the features of
UAVs in urban environments are required. As city building
blocks constitute one of the primary sources of blockage on
the links from the UAV to its serving base station (BS), the
corresponding line-of-sight (LoS) probability models are essential
for accurate performance evaluation in realistic scenarios. We
propose a LoS probability model in UAV communication setups
over regular urban grid deployments, which is based on a
Manhattan Poisson line process. Our approach captures different
building height distributions as well as their dimensions and
densities. Under certain characteristic distributions, closed-form
expressions for the LoS probability are offered. Our numerical
results demonstrate the importance of accounting for the building
height distribution type as well as the orientation of the UAV with
respect to its BS. By comparing our model with the standard ITU
and 3GPP formulations, we establish that the latter provide an
overly optimistic approximation for various deployments.

Index Terms—3D LoS probability, urban grid deployment,
mmWave radio, UAV communication, 5G NR technology

I. INTRODUCTION

According to recent studies, millimeter-wave (mmWave)
communication promises to support connectivity between un-
manned aerial vehicles (UAVs) and their serving radio infras-
tructure [1], [2]. With larger available bandwidths, mmWave
transmission enables UAV-based applications and services that
require high data rates, such as real-time video transfer, area
surveillance, and many more. As mmWave bands are embraced
by 5G New Radio (NR) access technology, the latter is
expected to accommodate a new type of UAV users [3]–[5].
However, the incorporation of specific UAV features, such
as their three-dimensional (3D) mobility, introduces further
challenges and requires modifications to the existing channel
models [6], [7].

One of the essential roadblocks for arranging seamless UAV
support in mmWave-based 5G NR systems is the blockage
of line-of-sight (LoS) radio propagation paths. As UAVs are
envisioned to be utilized in city deployments [8], buildings
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constitute a major source of LoS blockage for the UAV to base
station (BS) links [9]. The penetration losses on mmWave links
occluded by a building may reach up to 40 dB [10], which can
cause frequent and harmful service interruptions. As a result,
characterizing the LoS blockage probability is a timely and
important problem in the field.

The challenge of LoS blockage by buildings in urban
deployments has been addressed in the literature, where several
models were ratified by 3GPP and ITU-R [11], [12]. However,
as we review in Section II, most of these earlier efforts
consider fixed building heights and/or widths as well as
randomized building layouts. These deployment parameters
may significantly affect the resultant LoS probability, espe-
cially in urban grid scenarios. Moreover, some of the past
models do not allow for simple closed-form solutions for
the LoS probability that are suitable for further performance
assessment of the prospective UAV deployments with system-
level evaluations.

In this work, we develop an analytical model to derive
the LoS probability for both fixed UAV locations and the
cases where the UAVs are distributed uniformly over the BS
coverage area. We consider a regular urban grid deployment of
building blocks captured by a Manhattan Poisson line process
(MPLP) having generally distributed building heights. For the
fixed UAV location case, we produce a closed-form expression
for the LoS probability under certain characteristic distribu-
tions of building heights. Our proposed model is capable of
assessing the impact of urban grid deployment type on the
LoS probability for the UAV to BS connections. Further, we
systematically study the effects of the building heights and
densities on the links between the UAV and its serving BS.

The main contributions of this work are the following.
• We propose a novel mathematical model that captures the

essential details of 3D urban grid deployments to assess
the existence of the LoS BS-to-UAV path. The developed
model provides the LoS probability as a closed-form solu-
tion for a set of well-known building height distributions.

• Our performance evaluation campaign demonstrates that
the LoS probability is highly sensitive to the (i) type of
the urban grid deployment, (ii) form of the building height
distribution, and (iii) UAV location with respect to the BS.

• Our comparison of the proposed model with the existing
standardized formulations (e.g., those by 3GPP and ITU-
R) indicates that the latter offer an overly optimistic
approximation for the UAV LoS probability for a range
of various deployments.

The rest of this text is organized as follows. In Section II,
we provide a brief account of the related studies. Further,
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in Section III, our system model is outlined together with
its main components. In Section IV, the respective analysis
method is developed. We study the effects of the key system
parameters on the UAV LoS blockage probability in Section V.
The conclusions are offered in the last section.

II. RELATED WORK

In this section, we provide a literature review related to the
blockage in general. We then give a comprehensive description
of the LoS blockage models available to the academia and
standardization bodies.

A. Blockage Modeling

According to the IMT-2020 requirements [13], the channel
models for the bands of above 6 GHz should have accurate 3D
space-time characteristics in LoS and non-LoS (nLoS) condi-
tions. Different types of blockage may transition the channel
state from LoS to nLoS, namely: (i) self-body blockage, e.g.,
head of a user; (ii) small-scale blockage, e.g., vehicle or human
body; and (iii) large-scale blockage, e.g., buildings.

In [14], the study delivered a model characterizing self-body
blockage via a cone blockage approach. In [15], the authors
proposed a method to calculate the probability of blockage
caused by human bodies, where humans are distributed uni-
formly over the area. Application of stochastic geometry tools
allowed to capture more comprehensive human-body blockage
scenarios. For example, in [16], the proposed model simulta-
neously accounted for link blockage, transmission directivity,
and vertical or horizontal directionality of transmit and receive
antennas in mmWave UAV-to-ground communication scenar-
ios. In [17], a coverage analysis was offered, while in [18],
an overview of mathematical models for mmWave system
modeling was provided.

There are two inherent properties of the reviewed models
that allow for in-depth analysis: (i) distance between the BS
and the user equipment (UE) is assumed to be much larger as
compared to the dimensions of blockers and (ii) humans are
distributed irregularly over the landscape. The latter property
permits to utilize purely random models of UE locations, such
as Poisson Point Process (PPP), while the former one does
not force to count the exact number of blockers that may or
may not occlude the LoS propagation path. However, these
two properties do not hold for large-scale blockage. Below,
we conduct a review of the existing LoS probability models
that consider large-scale blockage and complete this section
by indicating the gap that the proposed model can fill in.

B. Large-Scale Blockage

There has been extensive work to estimate, analytically eval-
uate, or otherwise compute the LoS probability due to block-
age by buildings. The research back from 1984 [19] proposed
a mathematical formulation to derive the LoS probability in
built-up areas for a receiver (Rx) to transmitter (Tx) pair. The
proposed framework [19] relied on an analysis of the mean
free path of moving particles in randomly distributed targets.
The resultant LoS probability was calculated for the scenario

where buildings are located along the X-axis between the
Tx and the Rx, and under exponentially distributed building
heights.

Further, in [20], the scenario considered a link between a
ground user and a satellite. That study addressed the blockage
arising from the buildings directly adjacent to the Rx because
of the high altitudes of satellites. Hence, the derivation of the
LoS probability was reduced to an integration of the building
heights. The work in [21] considered the Fresnel zone to
derive the LoS probability. For this purpose, a single knife-
edge diffraction model was employed to identify the radius of
the Fresnel zone and thus characterize the LoS probability.

The recent studies of terrestrial mmWave users actively
considered the LoS probability due to its significant role in
mmWave communication scenarios [18]. Particularly, the re-
search in [22] contributed an analytical framework to establish
the LoS probability for Tx to Rx links in an irregular de-
ployment of buildings. The latter was represented as random-
sized rectangles with the centers forming a PPP on a plane.
The proposed approach argued for a reasonable approximation
of the LoS probability in the scenarios where deployment is
irregular, e.g., a university campus.

Later, the research in [23] contributed the LoS probability
for air-to-everything links in a scenario with randomly dis-
tributed screens by following a similar approach as in [22].
The screens were representative of buildings with their height
disregarded in the derivations. To further simplify the LoS
modeling and provide a closed-form expression for the LoS
probability, the work in [24] demonstrated the so-called LoS
ball model. Accordingly, there is a circular area of a certain
radius around the BS, where there is LoS with probability 1.
Otherwise, there is link blockage for the Rx located outside
of this radius.

The study in [25] proposed a frequency-dependent LoS
probability model for a scenario with randomly-dropped
cuboid buildings and uniformly-distributed building heights.
That work also considered the first Fresnel zone and delivered
the LoS probability in its integral form. Closed-form solutions
were obtained for a number of special cases of interest
including the situation where there is no height difference
between the Tx and the Rx.

Not limited to irregular urban deployments, a number of
studies addressed regular urban grids. In [26], the derived
framework captured an urban grid with the MPLP wherein
its lines represented the streets. Due to the features of the
considered setup, where the user height was assumed to be
shorter than the building height, the model imposed LoS
conditions whenever a user was located on the street where
the BS was deployed. However, this approach is not directly
applicable to the UAV users as their altitudes of flight are
comparable to the heights of buildings and cannot be ignored.

In [27], the authors contributed system-level simulation
results for LTE and mmWave-based systems that support
UAVs. That study was based upon real-world data from the
city of Gent. Particularly, it reported the LoS probability
between the terrestrial BSs and the UAV as a function of the
UAV height derived from simulation data. The research in [28]
proposed a method for deriving the LoS probability based on a
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point cloud collected with a scan laser, where it was checked
whether any point fell into the Fresnel zone of a BS-to-UE
link. The methodology in question was applied to both open-
square and shopping-mall scenarios for gathering the data and
fitting them into an exponential LoS probability model.

A large-scale measurement campaign for the LoS proba-
bility was performed in [29] by using a ray-tracing approach.
Similarly to [28], the obtained statistical data were fitted to the
model. A limitation of these past studies is in the amounts of
time required to conduct measurement campaigns, ray-tracing
studies, or system-level simulations on the city-wide scales and
with varying parameters, such as BS and building heights, etc.

C. UAV LoS Modeling by 3GPP and ITU-R

ITU-R and 3GPP also considered an urban grid deploy-
ment as part of their efforts. Particularly, ITU-R P.1410 [12]
addressed the frequency range of 20 to 50 GHz. The LoS
probability was defined as PITU

LoS(r, hT, hR, α, β, γ), which is
the probability that the Tx-to-Rx link is not occluded by a
building. The input parameter r is the two-dimensional (2D)
distance in kilometers between the Tx and the Rx, hT and hR
are the Tx and Rx heights, respectively. The value of α is the
fraction of the area covered by buildings to the total area, β
is the average number of buildings per unit area, and γ is a
height distribution parameter.

To simplify the notation, we further employ PITU
LoS as the ITU

LoS probability, which is given as

PITU
LoS =

m∏
n=0

1− exp

 (hT −
(n+ 1

2 )(hT−hR)

m+1 )2

2γ2

 , (1)

where m = br
√

(αβ)c − 1 is the number of buildings in-
between Tx and Rx. The work in [30] considered this model
for the air-to-ground LoS probability modeling. One of the
limitations of this formulation is that it assumes the building
bases to be perpendicular to the LoS projection between the
Rx and the Tx onto <2. Even though the model accounts
for different mean heights of Tx and Rx, it captures neither
alternative building height distributions nor the LoS angle of
departure (AoD). Finally, the output of this modeling is only
available in the product-form, which limits its applicability.

To broadly characterize the UAV-based scenarios, 3GPP in
TR 36.777 [11] proposed a LoS probability model for the
link between the UAV and the BS. It distinguishes various
deployment types by delivering separate dedicated solutions.
The structure of this model is different for various heights
of the BS and the UAV. Below, we provide an example for
the UMi street canyon LoS model P3GPP

LoS (`2D, hR), which is
applicable for hT = 10m and the UAV heights in the range
of 22.5m < hR < 300m. The input parameter `2D is the 2D
distance in meters between the UAV and the BS.

We further employ P3GPP
LoS as the 3GPP LoS probability that

is defined as follows1

P3GPP
LoS =

{
1, `2D ≤ d,
d
`2D

+
[
1− d

`2D

]
exp

[
−`2D
p1

]
, `2D > d,

(2)

where the variables p1 and d are given as

p1 = 233.98 log10(hR)− 0.95,

d = max(294.05 log10(hR)− 432.94, 18). (3)

The precomputed parameters of the 3GPP LoS model do not
permit to alter the deployment dimensions, such as building
heights or densities. Furthermore, 3GPP provided the LoS
model for a fixed BS height.

To summarize, when considering the UAV-to-BS operation
in typical urban deployments, one cannot assume purely
stochastic deployments of blockers as cities typically follow
semi-regular street layouts. Moreover, the sizes of blockers
are then comparable to the lengths of the propagation paths.
Hence, one needs to explicitly consider each potential blocker
and its position with respect to the LoS path. Finally, as
the UAV height is comparable to the heights of buildings
(in contrast to the terrestrial users), the latter cannot be
disregarded in the LoS blockage modeling.

Despite several studies completed to date, there are no LoS
probability models that simultaneously capture the features of
a regular urban grid deployment, the planar urban geometry,
and the building height distribution. As many of the civil UAV-
based applications, such as video monitoring and package
delivery, are more relevant in urban deployments, the intended
LoS link blockage analysis in the corresponding environment
becomes essential.

Having an accurate LoS probability model as part of system-
level analysis allows to calculate the metrics of interest
more carefully and thus assess the operation of a UAV-
ready network. The system-level simulation times in UAV-
centric scenarios may be reduced dramatically by avoiding
exact modeling of the city deployment and instead employing
analytical LoS probability values. In what follows, we propose
a new LoS model that captures the said parameters, assess
their effects, and compare the results against those for the
formulations ratified by 3GPP and ITU-R.

III. SYSTEM MODEL

In this section, we introduce the considered urban grid
deployment. We then specify additional assumptions on the
locations of the communicating entities and define the metrics
of interest. The main parameters are collected in Table I.

A. Urban Grid Layout

We consider an urban grid setup illustrated in Fig. 1. It
assumes that the mean side of a building block is equal to
µb and the mean street width is µs. To capture a Manhattan-
type urban grid deployment, we utilize a commonly-employed
MPLP [26] as shown in Fig. 1(b). This process is specified by

1For different BS heights, hT, 35 m for RMa-AV, 25 m for UMa-AV, refer
to Table B-1, TR 36.777. For hR below 22.5 m, the UMi model in Table
7.4.2-1 of TR 38.901 becomes applicable.
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two one-dimensional (1D) homogeneous PPPs along the X-
and Y -axis with the intensity λ = 1/(µb + µs) and the origin
at point O. The points generated by the PPPs are the origins
of the streets displayed as parallel straight lines in Fig. 1(b).

We assume that the line segment between two neighboring
points along the X- and Y -axis contains the side of a building
block (hereinafter referred to as “block”) in the proportion of
µb/(µb + µs), while the remainder is the street. As demon-
strated in Fig. 1(b), the resultant rectangles represent buildings.
They act as potential blockers for the LoS path between the BS
and the UAV. The height of each block is a random variable
(RV) HB with the probability density function (pdf) fHB(h)
and the cumulative distribution function (CDF) FHB(h).

B. Network Deployment

Further, we consider the locations of the BS and the UAV
in our urban grid layout as illustrated in Fig. 1(a). We assume
that the BS is deployed along the street named a typical street.
The location ground point of the BS is point T and the height
is hT. The UAV is placed at point R and at height hR. We
assume that the UAVs cannot be located inside buildings. The
building always remains below the UAV in the case where their
2D positions coincide. There are two commonly considered
BS locations in urban grid deployments, which are studied in
our work [31]:
• The BS is placed at the intersection of two perpendicular

typical streets with a constant width of wh and wv. In this
scenario, the origin of the urban grid is located Khwh
and Kvwv away from the BS position as depicted in
Fig. 2(a). The coefficients Kh and Kv in the range of
(0, 1) represent the relative position of the BS along the
typical street, e.g., Kh = Kv = 0.5 refers to the BS
located at the center of the intersection.

• The BS is placed on the typical street with a constant
width of wv. In this scenario, the origin of the urban grid
is Kvwv away from the BS position as shown in Fig. 2(b).

TABLE I
SUMMARY OF NOTATION AND PARAMETERS

Notation Description
hT BS height
hR UAV height
HB Building block height
fHB (h) pdf of building block heights
FHB (h) CDF of building block heights
`2D 2D distance between BS and UAV
φD LoS AoD
λ Intensity of points along X- and Y -axis
wh, wv Width of horizontal and vertical typical streets
Kh, Kv BS position coefficients on horizontal/vertical streets
h0

m LoS height at the intersection point with the first contact side
hxm(x) LoS height at the intersection point with the vertical sides
hym(y) LoS height at the intersection point with the horizontal sides
x0, lx x-coordinates of the first two LoS projections on X-axis
y0, ly y-coordinates of the first two LoS projections on Y -axis
ps Probability of UAV being located on a typical street
R Cell radius
fΦ(φD) pdf of LoS AoD
fL(l2D) pdf of BS to UAV 2D distance
PLoS LoS probability
P∗

LoS Area LoS probability

hT

hR

HB

BS

UAV

R

(a) 3D view of our scenario

x

y

y0
wh

wv

x0
φD

UAV

T

R

O
K

hw
h

Kvwv

Building block

Typical street

2D

x

y

(b) 2D view of our scenario

Fig. 1. 3D and 2D urban grid snapshots for analytical modeling. BS base is
located at point T . UAV having base projection R onto 2D plane is separated
by `2D 2D distance from BS. Points along X- and Y -axis represent starting
points of streets generated according to PPP with intensity λ.

We note that if Kh = Kv = 0.5, our scenario becomes fully
symmetric. In this work, we also consider the BS coverage as
a circle of radius R on the plane, see Fig. 1.

C. LoS Blockage

We proceed with the conditions leading to blockage of the
BS-to-UAV link by buildings. Here, a LoS blockage decision
is made based on an occlusion of the optical LoS. Therefore,
a blockage occurs if at least one building that intersects the
LoS is higher than the optical BS-to-UAV LoS path.

Note that the LoS projection on the 2D plane TR can only
cross the 2D projection of the left (perpendicular to the X-
axis) and bottom (parallel to the Y -axis) sides of the blocks.
We thus consider only the sides that actually affect the LoS
blockage. We further refer to the side that is the first one to
intersect with TR as the contact side. The LoS 2D projection
TR can in fact intersect only one contact side of the block
that it interacts with.

We continue with UAV placement in the considered de-
ployment. For certainty, we consider the UAV located at any
point of the first quadrant. Observe that such analysis is similar
to that for other quadrants. Further, UAV location parameters
Kh = Kv = 0.5 make our setup fully symmetric. We also
require the height of the UAV to always remain above the
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height of the block if its position coincides with this block.
The latter forces the UAV to reside in the LoS or nLoS state
depending on the blockage from buildings along the LoS path
between the BS and the UAV. The 2D distance from the BS
to the UAV is denoted as `2D, while the LoS AoD is φD as
displayed in Fig. 1(b).

D. Metrics of Interest

We conclude with a description of two metrics of inter-
est, which are considered in our mathematical modeling. To
characterize communication between the UAV and the BS
in different urban deployments, we first address the LoS
probability parameter. To capture the UAV inside the BS
coverage, we then calculate the area LoS probability.

Definition 1. The LoS probability is the probability that the
height of every building with its base intersecting the LoS link
projection is lower than the height of the LoS link between the
BS and the UAV at the point of their intersection.

Therefore, for a fixed UAV location, we derive the LoS
probability conditioned on the urban grid deployment, the
UAV height, the UAV-to-BS separation distance, and the AoD
value. This parameter of interest can be incorporated into fur-
ther system-level analysis of UAV networks. Comprehensive
performance evaluation of such setups aims at demonstrating
the capability of wireless networks to accommodate UAV
users.

Definition 2. The area LoS probability is the probability
that the LoS link between the UAV (distributed randomly and
uniformly within the BS coverage of radius R) and the BS is
not occluded by any building with its base intersecting the LoS
link projection on a 2D plane.

We evaluate the area LoS probability within the region of
radius R, where R can be selected, e.g., based on the BS
density. The latter parameter of interest provides insights into
whether the current BS deployment is sufficiently provisioned
to support the UAVs. If the area LoS probability is low, one
may adjust the inter-site distance between the BSs by reducing
their coverage radius. Another option is to consider different
BS heights for supporting aerial users.

IV. PROPOSED ANALYSIS

In this section, we derive the two metrics of interest based
on the system model and the assumptions introduced above.
Below, we briefly outline our approach and then proceed
by calculating the UAV LoS probability and the area LoS
probability.

A. Methodology at Glance

To determine the LoS probability, PLoS, it is sufficient to
establish the probability that the 2D projection of the LoS
path, TR, does not intersect a block, whose height is higher
than the LoS height at the point of intersection. We then need
to determine all the contact sides of TR by specifying the
probability that the height of the building side at 2D distance
of x is lower than the height of LoS at x, Pr{HB < hxm(x)}.

We continue with determining the number of intersections
of TR with the contact sides. Even though there is a number
of sides for every line perpendicular to the X-axis, the TR can
in fact intersect only one of them. Therefore, the number of
intersections of TR with the contact sides perpendicular to the
X-axis equals the number of points on the X-axis generated
between the points T and R. The same holds for the sides
perpendicular to the Y -axis.

Hence, to determine the LoS probability, there is no need
to iterate over all of the possible combinations of blocks. To
preserve analytical tractability, we recall that the width of the
street is significantly smaller than the width of the block side.
Consequently, we assume that the LoS path always intersects
the side of the block. In Section V, we numerically confirm
that this simplification does not impact the results significantly.

After identifying the number of intersections of TR with
the contact sides, we consider the actual LoS probability. For
an UAV to experience the LoS conditions, all the contact
sides intersecting the LoS path need to be lower than the LoS
height at the point of their intersection. Hence, to determine
the effective density of points occluding the LoS path, one has
to thin the PPP with the probability of side height being above

R

φD,2

φD,1
θh,1

θv,1

Urban gridBS coverage

BS

O

Kvwv

Khwhwh

wv

(a) BS located at intersection

BS

R

φD,2

θv,1

Urban grid

O

BS coverage

wv

Kvwv

(b) BS located on street

Fig. 2. UAV is located randomly within BS coverage of radius R. Coefficients
Kh and Kv in (0,1) determine BS location on typical streets. UAV located
outside of typical streets has LoS AoD (φD,1, φD,2).
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the LoS path, which leads to a non-homogeneous PPP.
Further, using the void probability of the resulting non-

homogeneous PPP, one may determine the probability that
there are no sides occluding the LoS path. The only exception
to this procedure is that one also needs to account for the first
contact side. The latter is the first side to be intersected by
TR, which is located at a fixed distance from the BS position.

B. Main Formulations

In this subsection, we derive our main results including the
LoS probability and the area LoS probability.

Proposition 1. The LoS probability, PLoS(`2D, φD), for the
general distribution of building heights is given below. The
expression employs FHB(h) as the CDF of the block heights.
FHB

(
h0

m(`2D, φD)
)

is the probability that the first contact side
height is lower than the LoS height, h0

m(`2D, φD), at the point
of their intersection.
FHB

(
hxm(x, `2D, φD)

)
and FHB

(
hym(y, `2D, φD)

)
are the

probabilities that the sides perpendicular to the X- and
Y -axis are lower than the LoS heights, hxm(x, `2D, φD) and
hym(y, `2D, φD), at the point of their intersection, respectively.

PLoS(`2D, φD) = FHB

(
h0

m(`2D, φD)
)
×

exp

(
− λ

`x∫
x0

[
1− FHB

(
hxm(x, `2D, φD)

)]
dx−

λ

`y∫
y0

[
1− FHB

(
hym(y, `2D, φD)

)]
dy

)
. (7)

Proof. First, we determine the distances from the point T to
the first and the second endpoints of the TR projection on the
X- and Y -axis, x0, `x and y0, `y as illustrated in Fig. 1(b) and
is given below. These expressions contain the parameters Kv
and Kh, which are the coefficients related to the position of
the BS on the typical vertical and horizontal streets, wv and
wh that are the widths of such streets, and φD as the LoS AoD.

x0 = max
(
Kvwv,Khwh cot(φD)

)
,

`x = `2D cos(φD),

y0 = max
(
Khwh,Kvwv tan(φD)

)
,

`y = `2D sin(φD). (8)

To derive the CDF FHB

(
hxm(x, `2D, φD)

)
), one has to obtain

the LoS height at the points of intersection with the sides
perpendicular to the X-axis as a function of the 2D TR
projection on the X-axis, x. From the model geometry, the
latter is calculated as

hxm(x, `2D, φD) =
x(hR − hT) + hT`2D cos(φD)

`2D cos(φD)
. (9)

Similarly, to find the CDF FHB

(
hym(y, `2D, φD)

)
, we estab-

lish the LoS height at the points of intersection with the sides
that are perpendicular to the Y -axis as a function of the 2D
TR projection on the Y -axis, y as

hym(y, `2D, φD) =
y(hR − hT) + hT`2D sin(φD)

`2D sin(φD)
. (10)

The LoS height at the point of intersection with the first
contact side for the CDF FHB

(
h0

m(`2D, φD)
)

is provided below
as

h0
m(`2D, φD) =

x0(hR − hT)

`2D cos(φD)
+ hT. (11)

Recalling the PPP properties [32], the probability that there
are no sides perpendicular to the X-axis, which are higher
than the LoS at the point of their intersection is derived by
using the void probability of the thinned PPP, i.e.,

p
(x)
nB (`2D, φD) =

exp

[
− λ

`x∫
x0

(
1− FHB

(
hxm(x, `2D, φD)

))
dx

]
. (12)

Similarly, the probability that there are no sides perpendic-
ular to the Y -axis, which are higher than the LoS, is given
by

p
(y)
nB (`2D, φD) =

exp

[
− λ

`y∫
y0

(
1− FHB

(
hym(y, `2D, φD)

))
dy

]
. (13)

The probability that the first contact side does not occlude
the LoS is readily available by using the block height distri-
bution in the form

p
(0)
nB (`2D, φD) = FHB

(
h0

m(`2D, φD)
)
. (14)

Since vertical and horizontal block and street deployments
are independent from each other, the LoS probability is
provided by a direct product of (12)-(14) as in (7).

We now formulate three important corollaries that offer
closed-form solutions for the LoS probability under three
block height distributions that are widely used in the literature:
uniform [33], exponential [19], and Rayleigh [12], [20]. These
results are available via direct integration of (7).

Corollary 1. For the uniformly distributed block heights HB ∼
U(h1, h2), the LoS probability is provided by

PLoS(`2D, φD) =
h0

m(`2D, φD)− h1

h2 − h1
×

exp

(
− λ
∫ `x

x0

[
1− hxm(x, `2D, φD)− h1

h2 − h1

]
dx−

λ

∫ `y

y0

[
1− hym(y, `2D, φD)− h1

h2 − h1

]
dy

)
, (15)

which leads to a closed-form solution in (4).

Corollary 2. For the exponentially distributed block heights
HB ∼ exp(λB), the LoS probability is provided by

PLoS(`2D, φD) =
(
1− exp

(
− h0

m(`2D, φD)λB
))
×

exp

(
− λ
∫ `x

x0

exp
(
− hxm(x, `2D, φD)λB

)
dx−

λ

∫ `y

y0

exp
(
− hym(y, `2D, φD)λB

)
dy

)
, (16)
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PLoS(`2D, φD) =
h0

m − h1

h2 − h1
×

exp

(
(h2 − hT)

(
− λ(`x − x0)− λ(`y − y0)

)
h2 − h1

+
λ(`2x − x2

0)(hR − hT)

2`2D(h2 − h1) cos(φD)
+

λ(`2y − y2
0)(hR − hT)

2`2D(h2 − h1) sin(φD)

)
. (4)

PLoS(`2D, φD) =
[
1− exp(−h0

mλB)
]
exp

(
λ`2D exp(−λBhT) cos(φD)

λB(hR − hT)

(
exp

[
−λB`x(hR − hT)

`2D cos(φD)

]
−

exp

[
−λBx0(hR − hT)

`2D cos(φD)

])
+
λd2D exp(−λBhT) sin(φD)

λB(hR − hT)

(
exp

[
−λB`y(hR − hT)

`2D sin(φD)

]
− exp

[
−λBy0(hR − hT)

`2D sin(φD)

]))
. (5)

PLoS(`2D, φD) =

(
1− exp

(
− (h0

m)
2

2σ2

))
×

exp

(−λ`2D cos(φD)σ
√
π
(
exp

(
h2

Tσ
2−h2

T
2σ2

))(
erf
(

(hR−hT)`x+hT`2D cos(φD)σ√
2`2D cos(φD)σ

)
− erf

(
(hR−hT)x0+hT`2D cos(φD)σ√

2`2D cos(φD)σ

))
√
2(hR − hT)

+

−λ`2D sin(φD)σ
√
π
(
exp

(
h2

Tσ
2−h2

T
2σ2

))(
erf
(

(hR−hT)`y+hT`2D sin(φD)σ√
2`2D sin(φD)σ

)
− erf

(
(hR−hT)y0+hT`2D sin(φD)σ√

2`2D sin(φD)σ

))
√
2(hR − hT)

)
. (6)

which leads to a closed-form solution in (5).

Corollary 3. For the Rayleigh distributed block heights HB ∼
Rayleigh(σ), the LoS probability is provided by

PLoS(`2D, φD) =

[
1− exp

(
−
(
h0

m(`2D, φD)
)2

2σ2

)]
×

exp

(
−λ
∫ `x

x0

[
exp
(
−
(
hxm(x, `2D, φD)

)2
2σ2

)]
dx−

λ

∫ `y

y0

[
exp

(
−
(
hym(y, `2D, φD)

)2
2σ2

)]
dy

)
, (17)

which leads to a closed-form solution in (6).

We continue with a characterization of the area LoS proba-
bility for the UAV that is located randomly within the BS cell
area as depicted in Fig. 2.

Proposition 2. The area LoS probability, P∗LoS, for the UAV
that is located randomly and uniformly within the BS coverage
area having the radius of R is given by

P∗LoS = ps + (1− ps)PLoS, (18)

where ps is the probability that the UAV projection onto the
ground plane is located along the typical street (with BS),
while PLoS is the LoS probability as the UAV is placed at any
other point.

The derivation of PLoS contains fΦ(φD) ∼ U(φD,1, φD,2),
which is the pdf of the AoD. We define fL(`2D) ∼
U(x0/ cos(φD), R) as the pdf of the 2D distance between the

BS and the UAV located outside of the typical streets.

PLoS =

∫ φD,2

φD,1

fΦ(φD)dφD

∫ R

x0
cos(φD)

fL(`2D)

[
FHB

(
h0

m(`2D, φD)
)
×

exp

(
− λ

∫ `x

x0

[
1− FHB

(
hxm(x, `2D, φD)

)]
dx−

λ

∫ `y

y0

[
1− FHB

(
hym(y, `2D, φD)

)]
dy

)]
d`2D. (19)

Proof. According to the deployment geometry, the BS can
be located either at the intersection of two perpendicular
typical streets or on a typical street. In both cases, if the UAV
projection onto the ground plane is placed on the typical street,
the LoS path is not occluded. For all other UAV locations,
there is a non-zero probability that the LoS path is blocked,
(1− PLoS).

To determine PLoS, one needs to integrate (19) over all of
the possible orientations and distances from the BS to the UAV
located outside of the typical streets. Hence, to determine the
area LoS probability, we have to provide ps together with the
integration limits for the two considered BS locations. The
integrands in (19) are given as

fΦ(φD) =
1

φD,2 − φD,1
,

fL(`2D) =
cos(φD)

R cos(φD)− x0
. (20)

Let us first determine ps and the integration limits for the
BS located at the intersection as depicted in Fig. 2(a). For the
UAV that is distributed uniformly within the BS coverage area,
the LoS AoD is also distributed uniformly in (0, 2π). We then
calculate the minimum φD,1 and the maximum φD,2 AoD for
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the UAV projection onto the ground plane located outside of
the typical street to establish

φD,1 = arcsin(Khwh/R), φD,2 = arccos(Kvwv/R). (21)

The probability of the UAV being placed on the typical
street with BS, ps, is then available as a ratio of the street
area to the total cell area, πR2. To establish the typical street
area, we calculate the segment area associated with the angle
θv,1 and the typical vertical street, see Fig. 2(a). The opposite
segment area is obtained by using the angle θv,2. We then
subtract these areas from the circle area and arrive at the
typical vertical street area.

The same approach is employed to characterize the area of
the typical horizontal street. Accordingly, we add two typical
street areas together and then subtract the common intersection
area as it appears two times. We thus have

ps = 2− θv,1 − sin(θv,1)

2π
− θv,2 − sin(θv,2)

2π
− whwv

πR2
−

− θh,1 − sin(θh,1)

2π
− θh,2 − sin(θh,2)

2π
, (22)

where the angles θv,1, θv,2, θh,1, and θh,2 are as in Fig. 2(a):

θv,1 = 2arccos

(
Kvwv

R

)
, θh,1 = 2arccos

(
Khwh

R

)
,

θv,2 = 2arccos

(
(1−Kv)wv

R

)
,

θh,2 = 2arccos

(
(1−Kh)wh

R

)
. (23)

For the BS located on the typical street, the approach is
similar but has minor changes due to the deployment geometry,
see Fig. 2(b). Particularly, the distances from point T to the
first endpoint of the TR projection on the X- and Y -axis are

x0 = Kvwv, y0 = Kvwv tan(φD). (24)

The minimum and the maximum angles for the location of
the UAV residing outside the area of the typical street are
given by

φD,1 = 0, φD,2 = arccos(Kvwv/R). (25)

Finally, the probability that the UAV projection is placed
on the street where the BS is positioned can be delivered by
a ratio of the respective areas. Simplifying, we establish

ps = 1− θv,1 − sin(θv,1)

2π
− θv,2 − sin(θv,2)

2π
, (26)

where the angles to calculate the area segments are available
as

θv,1 = 2arccos

(
Kvwv

R

)
,

θv,2 = 2arccos

(
(1−Kv)wv

R

)
. (27)

After identifying the integration limits, we arrive at the
integral form (19). Substituting (19) into (18), we conclude
the proof for both cases.

TABLE II
BASELINE SYSTEM PARAMETERS

Parameter Value
Height of BS, hT 10 m
Width of typical vertical street, wv 20 m
Width of typical horizontal street, wh 20 m
Coefficient Kv 0.5

TABLE III
URBAN GRID GEOMETRY

Type Mean building
height, µH

Mean side
width, µb

Mean street
width, µs

Suburban 10 m 37 m 10 m
Urban 19 m 45 m 13 m
Dense urban 25 m 60 m 20 m
Highrise urban 63 m 60 m 20 m

V. NUMERICAL RESULTS

In this section, we evaluate the developed model numer-
ically and illustrate the UAV LoS probability for several
practical deployments. We start with assessing the accuracy
and the applicability of our model by comparing its results
with those obtained based on computer simulations. Then,
we proceed by studying the impact of the system parameters
and the urban deployment types on the UAV LoS probability.
Finally, we compare the results of the proposed modeling to
those discussed in the standards.

The default system parameters are summarized in Table II.
To parametrize the scenario2, we rely upon settings for an
urban district as made available in [12] and [30]. Particularly,
we consider four different urban grid types: (i) suburban, (ii)
urban, (iii) dense urban, and (iv) highrise urban. We derive
the relevant parameters of the considered urban deployments
from the density of buildings, the fraction of land covered by
them to the total area, as well as the variable for the height
distribution provided by ITU-R [12], [30] to collect these in
Table III.

A. Accuracy and Applicability Limits

We begin by verifying the accuracy of the developed model
and assessing its applicability limits. For this purpose, we de-
velop a simulator that relaxes the following key assumption on
the urban deployment as adopted in Section III: the probability
that the LoS projection intersects a building block is always
one. Recall that this assumption stems from the typical urban
deployments, where the street width is usually much smaller
than the block width.

In Fig. 3, we offer a comparison between the UAV LoS
probability obtained with the developed mathematical model
vs. computer simulations for a dense urban deployment (see
Table III), Rayleigh distribution of the building heights HB ∼
Rayleigh(20) as in [30], block and street mean widths (µb
and µs) of 60m and 20m, respectively. The simulations were
conducted by employing the method of replications [34].

2The general form of the LoS probability in (7) can accept any building
height distribution. Moreover, one can parametrize our model by using the
statistical data of a particular city or district by extracting it from the database.
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Fig. 3. LoS probability as function of UAV location in dense urban deployments. Building heights follow Rayleigh distribution HB ∼ Rayleigh(20). BS is
located in the center of intersection of two typical streets with the width of 20 m. LoS AoD φD for subplots (a) and (b) is 30o.

First, in a single run, our modeler generates the considered
deployment and then assesses the LoS path to the UAV
located within the region at a certain distance, height, and
angle with respect to the X-axis. A sequence of these runs
forms statistically independent samples. Due to acceptable
complexity of modeling the environment, we were able to
carry out a sufficient number of experiments, such that the
confidence intervals were always under 0.01 of the respective
absolute values for the level of significance set to 0.95.

As a result, Fig. 3 demonstrates only point statistical es-
timates. As one may observe, the simulation output agrees
tightly with the analytical results across a realistic range of
the input parameters. The computational complexity of the
simulations grows linearly as the density of building blocks
increases. Specifically, the system-level modeling complexity
is O(N), whereas for the analytical derivations it remains
constant at O(1). Statistical LoS/nLoS probability models have
proven themselves as computationally effective yet accurate
tools [10]. Hence, we primarily resort to our developed ana-
lytical model for the purposes of this numerical analysis.

Observe that our assumption of LoS path always intersecting
the block is actually close to reality where the block width
is much larger than the street width as assumed in Fig. 3.
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Fig. 4. Effects of the ratio of block side to street mean width on modeling
accuracy. Building heights follow Rayleigh distribution HB ∼ Rayleigh(20).
BS is located in the center of intersection of two typical streets. UAV height
is 150m, 2D distance between BS and UAV is 300m, LoS AoD φD is 30o.

Let us now consider the response of our model to different
ratios of block side to street mean widths as studied in Fig. 4
for a dense urban deployment, Rayleigh distribution (HB ∼
Rayleigh(20)) of the building heights, UAV altitude of 150m,
300m 2D distance to the UAV, and LoS AoD of 30o.

Analyzing the collected data, one may observe that the
accuracy of the considered model heavily depends on the
ratio between the block width and the street width. If the
block width becomes larger than the street width, as in
typical urban deployments, our formulation is more accurate
in approximating the LoS probability. For the ratio of two and
the street widths of 10 and 20 m, the difference between the
simulation and the analysis is around 3% and 2%, respectively.
After increasing the ratio further, this difference decreases.
This behavior demonstrates the dominant effect of the block
side width compared to the street width on the LoS probability
analysis.

B. UAV LoS Blockage Analysis

1) Effects of UAV and BS Positions: We continue by
assessing the effects of the UAV and BS placement on the
UAV LoS probability. We first address the impact of the UAV
location with respect to the BS. Particularly, Fig. 3 illustrates
the influence of the BS to UAV 3D distance, UAV height, BS
height, and LoS AoD on the UAV LoS probability for the
Rayleigh distribution (HB ∼ Rayleigh(20)) of the building
heights. As our typical deployment, we choose dense urban
layout characterized by the mean street width of 20m and the
side width of 60m.

We consider the effect of 3D distance as displayed in
Fig. 3(a) for the LoS AoD of 30o, BS height of 10 m, and
two UAV flight heights, 50 and 150m. As one may observe,
the UAV LoS probability decreases exponentially with the
growing distance from the BS. Further, the impact of the
UAV height is of paramount importance. The difference in
the absolute values of LoS probabilities between the two
considered altitudes can reach 0.7.

We then increase the BS height to 25 m as one of the typical
heights for the Urban Macro scenarios specified by 3GPP [11].
We note that for the lower UAV height of 50 m, the BS height
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Fig. 5. Angle-dependent and -independent UAV LoS probability for dense
urban deployment. Building heights follow Rayleigh distribution HB ∼
Rayleigh(20). BS is located in the center of intersection of two typical streets
with width of 20 m. UAV height is 150m.

increase from 10 to 25 m, and the 2D separation distance of
100 m the LoS probability grows by 2.3 times. For the same
set of parameters and the greater UAV height of 150 m, the
BS height of 25 m yields the growth of the LoS probability
by 1.1 times.

Fig. 3(b) details this aspect by presenting the UAV LoS
probability across a wide range of UAV altitudes for two 2D
distances between the UAV and the BS. As one may note, by
increasing the UAV height up to 300 m and for the 2D distance
of 150 m, the LoS probability may reach 0.95.

The orientation of the UAV with respect to the BS is also
essential for the LoS probability assessment as confirmed by
Fig. 3(c). As one may learn, the LoS probability for the UAV
height of 150 m and the 2D distance of 150 m is around 1
for the LoS AoD close to 0 and π/2. At these LoS AoDs,
the UAV is located sufficiently close to the typical street
where the BS is deployed. Such a proximity reduces the
number of buildings potentially occluding the LoS between
the UAV and the BS, thus leading to higher LoS probability.
It then gradually decreases and reaches its minimum at π/4
orientation of the LoS AoD, see Fig. 3(c).

We note that this behavior is an important property of
realistic non-isotropic deployments that is not captured by
the standard Poisson-like models, which implies that the LoS
probability heavily depends on the UAV location with respect
to its BS. This effect is further emphasized in Fig. 5, which
shows the UAV LoS probability for different LoS AoDs as well
as the area LoS probability (BS is located at the intersection) as
a function of 3D distance between the BS and the UAV for the
UAV height of 150m. As one may see, the LoS probabilities
for the LoS AoDs of 10o and 80o coincide due to equal
intensity of points along the X- and Y -axes.

Furthermore, the area LoS probability may drastically devi-
ate from the LoS probability for a particular LoS AoD, which
accentuates the importance of the LoS AoD when evaluat-
ing the LoS probability for the UAVs. Regarding position-
dependent UAV LoS probability, we conclude that the relative
position of the UAV with respect to its BS largely affects
the LoS probability even when the UAV height is much
greater than the mean building height, which calls for a careful

planning of UAV flight trajectories.
2) Effects of Building Height Distribution: As one may

expect, the building height distribution produces a substantial
impact on the UAV LoS probability. Most of the models
proposed to date capture only the first moment of the building
height by completely disregarding its higher moments as well
as the form of the distribution itself. However, the architecture
of urban districts may yield a considerable variation in the
building heights.

In Fig. 6, we explore the impact of the building height
distribution on the UAV LoS probability. To this aim, we
evaluate the UAV LoS probability for a set of candidate
building height distributions (uniform, gamma, Rayleigh, and
exponential) as a function of its mean value for a constant
variance of 33, see Fig. 6(a). In Fig. 6(b), we plot the LoS
probability as a function of the standard deviation for a
constant mean related to a certain district type (see Table III)
and a gamma distribution of the building heights. Here, the
2D separation distance is 300 m, the LoS AoD is 30o, and the
UAV height is 150 m.

As one may infer by analyzing the data in Fig. 6(a), the
form of the distribution has a major effect on the UAV
LoS probability. Particularly, up to the mean building height
of 20m, the results for all three distributions deviate in-

(a) Constant variance = 33
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Fig. 6. LoS probability as function of building height distribution for 2D
separation distance of 300 m, LoS AoD of 30o, and UAV height of 150 m.
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Fig. 7. Impact of urban deployment type on area LoS probability. BS coverage
radius is 150m and building height distribution is HB ∼ Rayleigh(γ).

significantly and remain within approximately 0.1 of each
other. However, for greater average building heights of up to
60 m, which are typical for highrise urban deployments, the
difference can become more substantial. A further increase in
the mean building heights yields the LoS probability of close
to 0, with almost no difference across various building height
distributions.

Fig. 6(b) further illustrates the impact of the building height
distribution as a function of the standard deviation, while
keeping its mean related to a particular urban deployment as in
Table III. Understanding the presented results, one may note
that the difference is observable across the entire range of the
standard deviations and for all the urban deployment types.
Hence, we may conclude that for those layouts where the
mean building height is under 20m (e.g., suburban, urban,
and dense urban), the models capturing the mean and the
variance are sufficient for an accurate assessment of the UAV
LoS probability.

For the deployments characterized by greater mean building
heights (e.g., highrise urban), capturing the form of the height
distribution is, however, essential. Regarding the effects of the
building height distribution, we note that not only the first
two moments but also the form of the distribution affect the
UAV LoS probability, especially in the range [20 m,. . . ,60 m]
of the mean building heights. In what follows, we compare
our proposed model with those standardized to date, which
tend to disregard this crucial parameter.

3) Effects of Urban Deployment Type: We proceed with
studying the effects of an urban deployment type on the
UAV LoS probability by using the area LoS probability as
specified in Proposition 2 for the scenario with the BS located
at the intersection of two typical streets. Particularly, Fig. 7
demonstrates the considered parameter of interest as a function
of the UAV height for the UAVs deployed uniformly within
the BS coverage of 150m. The building height distribution
is assumed to be HB ∼ Rayleigh(γ), where γ is equal to
µH

√
2
π . As one may observe, the area LoS probability is

highly sensitive to the type of urban deployment since the
absolute deviation may be up to 0.8.

As one may notice, for all of the deployments except for

the highrise urban case the trend is exponential. In the case
of a highrise urban deployment, the area LoS probability
grows slower than exponential for the UAV heights under
approximately 63m. This effect is attributed to the relation
between the mean UAV height and the mean building height.
Particularly, whenever µH ≥ hR, the rise is slower than
exponential. Regarding the impact of urban deployments, we
may deduce that in practice the minimum height of the UAV
needs to be different for various layout options.

C. Comparison with Standardized Models

We conclude with a comparison of our proposed LoS formu-
lation against the presently standardized models to quantify the
impact of more detailed parametrization. Fig. 8 demonstrates
a comparison between the considered LoS probability model
and the models specified in [11], [12] as functions of BS-to-
UAV 2D distance in Fig. 8(a) and UAV height in Fig. 8(b). The
standardized models were discussed earlier in subsection II-C,
where (1) represents the ITU-R model while the 3GPP model
is captured by (2).

We observe that the ITU-R LoS model completely disre-
gards the features of spatial urban deployments by assuming
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Fig. 8. Area LoS probability as function of UAV location for three models:
(i) proposed LoS model for dense urban deployment and BS located at the
intersection of two streets, building height distribution is HB ∼ Rayleigh(20);
(ii) 3GPP UMi street canyon LoS model (see 2); and (iii) ITU LoS model
(see 1).
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the building bases to be perpendicular to the LoS projection.
Further, the 3GPP model does not specify the deployment
parameters to characterize the LoS model. Hence, to provide
a fair comparison between the formulations in question, Fig. 8
reports the area LoS probability for the dense urban deploy-
ment and the BS located at the intersection of two streets.

Analyzing the presented results, one may note that both
ITU-R and 3GPP models capture the qualitative behavior of
the UAV LoS probability since all three options lead to an
exponential decrease for the parameter of interest in Fig. 8(a)
under the growing 2D separation distance. However, both
ITU-R and (especially) 3GPP formulations provide overly
optimistic results for the practical separation distances. This
is because the difference in terms of the absolute values can
be up to 0.4, which limits the use of these models for various
urban grid deployments. One may also observe the stepwise
behavior of the ITU-R formulation caused by a floor function
in the model specification, which may complicate the use of
this approach for analytical assessment.

Comparing the considered models with respect to the UAV
height in Fig. 8(b), one may learn that both 3GPP and ITU-
R options again drastically overestimate the actual UAV LoS
probability. It is noted that both standardized formulations are
much closer to each other than to our more exact model,
where the difference may reach 0.4. We emphasize that a
part of this discrepancy can be attributed to the fact that the
3GPP model does not capture the essential features of urban
deployments, such as the distribution of building heights and
does not specify the exact deployment parameters it employed.

At the same time, the ITU-R model considers the deploy-
ment parameters as well as assumes a Rayleigh distribution
of building heights but only accounts for a fixed number of
buildings between the BS and its user. It also disregards the
spatial distribution of buildings. All of these facts lead to a
significant overestimation of the LoS probability by contrast
to the proposed LoS probability model, which captures the
essential features of urban deployments.

VI. CONCLUSION AND FUTURE WORK

In this work, we develop a model for the LoS probability
evaluation on the BS-to-UAV link operating over mmWave
frequency bands in 3D regular urban grid deployments as a
function of building density as well as heights of the UAV,
BS, and buildings. For a set of well-known building height
distributions, closed-form expressions for the LoS probability
are provided. In contrast to similar past formulations, our
model allows to account for different building height distribu-
tions, spatial link orientations, as well as various deployment
parameters, such as density of buildings. As a result, the
flexibility of our formulation permits to study dissimilar urban
deployment types, including suburban, urban, dense urban, and
highrise urban layouts. We also note that the developed model
can be suitable for systems other than mmWave, assuming an
optical LoS for modeling purposes.

Our numerical results demonstrate that the UAV LoS proba-
bility heavily depends on the BS-to-UAV link orientation with
respect to the non-isotropic deployment grid. For instance,

the BS-to-UAV LoS AoD of π/4 makes the LoS probability
drop by almost a half as compared to the LoS AoD equal to
π/2. This implies that the choice of the UAV flight trajectory
is crucial for maintaining high LoS probability and thus
reliable connectivity between the UAV and the BS. Further,
our study accentuates the importance of accounting for the
building height distribution as it has a profound impact on the
LoS probability. By comparing our model with the standard
ITU and 3GPP alternatives, we argue that they both provide
extremely coarse approximations for the UAV LoS probability
as they do not capture the essential features of urban grid
deployments, while our approach can be more accurate and
applicable to various deployments.

To ensure reliable UAV support, it is imperative to conduct a
thorough analysis of the underlying network deployment. The
developed LoS probability formulation can thus become an
integral part of comprehensive system-level modeling frame-
works. The latter can merge the evaluated LoS probability
values with the UAV-to-ground propagation model [35], [36]
by additionally accounting for the transmit power, antenna
gains at the BS and UAV sides, possible beam misalignment,
as well as blockage-induced attenuation. Since conventional
cellular deployments employ downtilted antennas, the exis-
tence of an unobstructed LoS path between the UAV and
the BS does not however guarantee that communication is
feasible [37]. To capture this situation, one needs to account
for the antenna downtilt and evaluate the maximum user height
to be supported by the BS main lobe at a given distance as
well as the probability of having side lobes available. These
results may project, e.g., the required BS density to minimize
the link interruption times between the UAV and the terrestrial
network infrastructure.

APPENDIX A
CONSIDERATION OF ROOFTOP BSS

Reliable support of UAVs in early-stage 5G deployments
may require provisional network nodes mounted on, e.g.,
rooftops of the buildings. The model developed in this work
can capture this important case as demonstrated below.

When the height of a rooftop-mounted BS is known in
advance, one may directly apply our formulation by setting
the appropriate height in (7). Alternatively, one may assume
random heights of rooftop-mounted BSs. To account for this
case, we need to modify (7) as

PLoS(`2D, φD) =

∞∫
0

(
FHB

(
h0

m(`2D, φD, z)
)
×

exp

(
− λ

`x∫
x0

[
1− FHB

(
hxm(x, z, `2D, φD)

)]
dx−

λ

`y∫
y0

[
1− FHB

(
hym(y, z, `2D, φD)

)]
dy

)
fHB(z)dz

)
, (28)

where fHB is the pdf of the building heights and z is the height
of the rooftop BS.
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