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ABSTRACT This paper presents a geometry-based three-dimensional Probability of Line of Sight (Ppos)
model for generic urban environments. The existing Pr,s models are mostly empirical, based on
measurements or ray-tracing simulations at specific environments. To enable Unmanned Aerial Vehicle
(UAV) communication in various environments, it is urgently necessary to develop an analytical model
with high parameter scalability. Through introducing the ITU model that describes a built-up environment
with three parameters, we derive a closed-form Pp,s model with the inputs of city built-up parameters,
UAV altitude, elevation 6 and azimuth ¢ angles between UAV and User Equipment (UE). Furthermore,
we develop a geometry-based simulator to validate the proposed analytical model. The results show
good agreements between the simulated results, analytical results, and 3GPP Pp,s measurements. We
demonstrate that the existing models provide less accurate results, which calls for re-evaluating the use
cases and performance of UAV-mounted communication equipment in urban environments.

INDEX TERMS 3D model, line of sight (LoS), probability of line of sight (P ,s) model, unmanned aerial

vehicles (UAV), UAVs as NodeB (UxNB).

. INTRODUCTION

N THE recent years, Unmanned Aerial Vehicles (UAVs)

have become popular in both military and civilian
domains [1], [2], [3]. The primary reasons for their increas-
ing popularity are their flexible maneuverability, rapid
deployment, and low cost [4], [5], [6]. Because of these
advantages, UAVs as NodeB (UxNBs) are considered to
provide coverage in emergent scenarios, such as disaster
relief, infrastructure-shortage areas, or hot-spot ultra-dense
areas where Ground NodeBs (GNBs) are insufficient to meet
communication demands [7], [8].

In addition to earlier advantages, the UxNBs have better
Line-of-Sight (LoS) probability to ground User Equipment
(UE) when compared to GNB [9]. The availability of LoS
links significantly improves the performance of communi-
cation systems, especially for high-altitude Air-to-Ground

(A2G) communication. For example, the transmit signal
from UxNB at higher altitudes will be extremely weak
at the UEs if a LoS link is obstructed [10], [11]. At the
same time, The LoS probability is an indispensable part of
large-scale channel modeling, which is vital for trajectory
planning, handover, and coverage analysis [12]. Therefore, it
is necessary to accurately model the LoS Probability (Pr,s),
particularly for urban environments with many buildings to
disrupt LoS links.

UxNBs are envisioned to play a pivotal role in addressing
coverage needs within urban environments, especially where
conventional infrastructure deployment is challenging or
when catering to high user demands [13]. However, a
major hurdle in such environments is the obstruction of
the LoS connectivity between UxNBs and UEs due to
architectural structures such as buildings [14]. Research
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by Rodriguez et al. [15] highlights that these buildings
can introduce huge signal attenuation, potentially reach-
ing up to 40 dB, depending upon factors like frequency
and building composition materials. This situation leads
to frequent interruptions in the services. Therefore, it is
essential to understand LoS behavior in different urban
environments.

A. OVERVIEW OF P os MODELING APPROACHES
Several widely used Pros models exist in literature. For
example, International Telecommunication Union (ITU)
report M.2135-1 provides Ppo,s model for Urban Micro
(UMi) and Urban Macro (UMa) environments [16].
Similarly, the Third-Generation Partnership Project (3GPP)
derives Ppos model for the UMa environment based on
measurements in TR 38.900 [17]. A few more popular Py s
models are presented in [18], [19]. However, all the above-
mentioned P, models are mainly designed for terrestrial
communications with traditional GNBs. In reality, the UXNB
flies at higher altitudes with 3D mobility, thus requiring
modifications in the standard Ppos model.

In the A2G context, numerous Pj,s models have been
proposed in existing works, which can be divided into
deterministic, empirical, and geometry-based models. The
deterministic models are obtained by Ray Tracing (RT)
simulations conducted in three-dimensional (3D) digital
models of real urban environments [20], [21]. Therefore,
RT-based deterministic models can provide accurate results
for an underlying environment using exhaustive com-
putation, which requires expensive high-end hardware.
As a result, RT simulations increase the computa-
tional complexity and overall cost, limiting the models’
scalability [22].

Empirical models are created from real-world measure-
ment or simulator data, helping us understand network
behavior [17], [23], [24], [25], [26]. Such models are specific
to the conditions under which the data was collected, making
them less applicable in diverse environments. Therefore, such
models only support limited height and a limited set of
environments. Furthermore, empirical models can be time-
consuming to be constructed due to the need for extensive
field measurements.

Lastly, the geometry-based LoS model relies on the spatial
arrangement of objects in the environment to predict whether
a direct line between the UxNB and UE is obstructed [27],
[28], [29], [30]. It uses readily available geometric data to
estimate Py ,s, making it a cost-efficient solution, particularly
in scenarios where detailed material information or complex
simulations are not feasible [31]. One of the key advantages
of geometry-based models is their versatility and adaptabil-
ity across various environments and changing conditions.
Therefore, despite their simplicity, geometry-based models
often provide a reasonable approximation of Pp,g in diverse
real-world situations, making them valuable tools in wireless
communication planning and optimization.

VOLUME 5, 2024

B. OVERVIEW OF GEOMETRY-BASED P gg
APPROACHES

The Manhattan Grid stands out in wireless communication
due to its ability to provide a simplified yet effective
representation of the complex urban environment for easily
analyzing and optimizing wireless networks for urban envi-
ronments. It breaks down complex urban environments into
a regular grid pattern, facilitating easier signal propagation
analysis. Furthermore, its versatility allows for its application
across diverse urban environments, enhancing its utility in
assessing wireless network performance.

Several State-of-The-Art (SOTA) Pro,s models use the
Manhattan Grid structure for Pros. Most of these models
are derived from model [32] conceived by the ITU. For
example, Al-Hourani et al. [25] used the ITU model to
derive a closed-form empirical Py, model and used it four
standard urban environments, suburban, urban, dense urban,
and high-rise. After that, various geometry-based A2G Py s
models are presented in [28], [29], [30] using a built-up
environment defined by ITU. Authors in [28] use the Fresnel
clearance zone to fine-tune LoS calculations for different
frequencies. Reference [29] uses the same geometry to
forecast the behavior of LoS, ground specular, and building
scattering BS paths in A2G communications. The authors
of [30] emphasized that the ITU modeling approach in [32]
only considers elevation angle while the azimuth is not
taken into account. To bridge the gap, [30] proposes a 3D
modeling approach and provides lower and upper bounds on
the probability of LoS being blocked by the closest building.

On the other hand, some studies, such as [10], [11], [27],
propose alternative city layouts. In [27], the model employs
Poisson Point Processes (PPPs) to generate street origins,
followed by the formulation of buildings based on average
street widths. By offering closed-form expressions for
the Pros across diverse building height distributions and
spatial orientations, the model demonstrates its flexibility in
assessing various urban layouts from suburban to high-rise
scenarios. Works in [10], [11] model obstacles as random
points following the PPP. Next, the obstacles are represented
as cylinders of a fixed radius and a random height. This
geometry is used to derive LoS probability using a simplified
exponential relation.

1) LIMITATIONS OF THE EXISTING MODELS

All ITU-inspired models in [10], [11], [25], [28], [29], [32]
are based on two assumptions regarding UE and UxNB
locations (see Fig. 1(a)):
o The street width separates UE from the closest building
potentially affecting LoS.
o The UE-UxNB link is aligned with the Manhattan Grid
(i.e., azimuth ¢ = 0 is merely assumed).
As it is emphasized in [26], [30], [33], these assumptions
are not realistic and have a significant effect on resultant
Pios. While the authors of [26], [30] tried to tackle these
issues, their models do not explicitly contain azimuth.
Moreover, despite its elaborated methodology, the model
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FIGURE 1. P..s calculation method in the proposed and existing models.

in [30] considers only the blockage effect of the closest
building while [26] uses a methodology that cannot produce
results for environments beyond the standard ones with fixed
sets of build-up parameters.

Models in [10], [11], [27] use alternate city layouts,
making them challenging for standardization purposes. Py os
models in [10], [11] cannot reproduce azimuth-dependent
P15 behavior as they take only the height of each point and
the distance between them as input. Additionally, both the
above-mentioned models use empirical fitting parameters.
Thus, extending their Pp,s models beyond the typical
environments is unfeasible. Hence, these models cannot be
generalized to any arbitrary environment.

2) BEYOND SOTA

Addressing the limitations in current SOTA models, we
enhance the ITU LoS model [32] by:
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1) Allowing the UE to reside anywhere on the street,
depicted in Fig. 1(b).

2) Incorporating azimuth-dependent LoS behavior, taking
into account angular variations in building and street
structures (see Fig. 1(c)).

Our P15 model adopts a 3D perspective to reproduce the
UxNB and UE locations, allowing UxNB placement in any
direction relative to the UE, as illustrated by angles (0, ¢)
in Fig. 1(c). This offers a more realistic representation over
current models (Figs. 1(a)).

By using the ITU-based Manhattan urban layout (see
Section II), our model features adaptability across scenarios.
A side-by-side comparison with existing ITU-based Ppqs
models is available in Table 1.

Key Contributions:

o Generalized 3D A2G Py os Model: We present a general-
ized 3D A2G geometry-based Pp,s model for arbitrary
urban environments that uses ITU-defined built-up
statistical parameters, UxXNB height &y, elevation angle
6 between UxNB and UE as inputs to obtain Ppgs.
Unlike empirical models constrained to four standard
urban environments, our approach accommodates any
environment based on an arbitrary set of built-up
parameters (o, 8, ), which shows the generalizability
of the proposed model.

o Improved Realism with Inclusion of Azimuth & all
Regions: In contrast to the existing Pp,s models con-
sidering a single UE position for a particular elevation
angle 6, our model takes into account every conceivable
UE position where no buildings are present using
elevation angle 6 and azimuth ¢. The inclusion of both
angles (6, ¢) makes the proposed model more realistic
and accurate.

o Validation Through Simulator Data:We developed a
lightweight computational simulator to validate the
proposed analytical model. We compare the results of
the proposed 3D model with SOTA Py s models, 3GPP
P1 s measurements data, and results of the simulator.
The results show that the proposed Pr,s model agrees
well with the simulator results and 3GPP measure-
ment data for the standard suburban environments.
In contrast, the SOTA Ppo,s models deviate from the
simulator results primarily due to ignoring UE location
and azimuth. Furthermore, the proposed model shows
good agreement with the simulator results for different
arbitrary environments.

o Real-world Application: Using Cologne City as a
benchmark, we demonstrate the model’s efficiency
in delivering accurate Pp.s estimates for real urban
environments.

The remainder of this paper is structured as follows.
Section II discusses the geometrical city layout. Section III
presents the proposed 3D Pp,s model, and Section IV intro-
duces the geometry-based simulator. Section V compares the
results of the proposed 3D and SOTA Py s models. Finally,
Section VI concludes the work.
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TABLE 1. Comparison of the proposed and existing ITU-based PLoS models.

Model Description

6, h and

Azimuth | UE/ UxXNB Multi-building
© Locations Blockage

Generalizability

ing Ppog in urban environments, using built-up parame-

ters.

[32] The inaugural model introduced by the ITU for evaluat- | v

— — v 4

for Low-altitude Aerial Platforms (LAPs) to maximize
ground coverage, along with a closed-form Pp,.g equa-

tion for LAPs and ground receivers

[25] A mathematical model to determine the optimal altitude | v

environments, considering frequency, h, and building
width. Moreover, an approximate parametric model is
built with machine learning to estimate the model pa-

rameters for a closed-form expression.

[28] A stochastic Pp,s A2D model for four standard urban | v

BS paths in four standard urban environments. These
models are based on geometric information and factors

like building dimensions, frequencies, and h.

[29] Three stochastic probability models for LoS, GS, and | v/

Pp0s for four standard environments in UAV commu-

nications, considering 6, h and d.

[26] A model that provides fitting parameters to estimate | v

the Ppog in terms of obstruction caused by the closest
building.

[30] A model that provides the lower and upper bounds on | v/

Proposed

Model supports diverse urban environments, based on any set

of ITU-defined parameters, h, and angles (6, ¢).

The proposed generalized 3D A2G Pp,s model that | v

h = UxNB height, d = distance between UxNB and UE.

TABLE 2. Built-up Parameters for standard environments.

Environment « B (buildings/km?) | ~ (m)
Suburban 0.1 750 8
Urban 0.3 500 15
Dense Urban 0.5 300 20
Urban High-rise | 0.5 300 50

Il. GENERIC LAYOUT OF BUILT-UP ENVIRONMENTS
Based on the ITU [32], this paper considers a Manhattan
grid-type urban layout built using three parameters:

e « is the ratio of land covered by buildings to the total

area.

e [ is the mean number of buildings per unit area.

e y is a parameter determining the building height.
Here, y is the scale parameter of the Rayleigh distribution
to generate random building heights hp using

hg h2
fh) = Z5 exp =3 %5 ). (1)

We can generate an arbitrary city geometry/layout by
adjusting these built-up parameters, as illustrated in Fig. 2.
Table 2 outlines the built-up parameters for four typical
urban environments (considered in [25], [26], [28], [29],
[32]). As indicated in Fig. 2, we consider 3D buildings
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A 4

X-axis

FIGURE 2. A 3D view of urban layout generated by built-up statistical parameters.

with the same length and width W. Furthermore, all the
buildings are assumed to be equidistantly spaced, with the
street width S. The streets are structure-free places where a
UE can be located. The values of S and W depend on the
reconfigurable environment or built-up parameters and are

calculated using:
W = 1000, /%, @
B

5= 100y 3)
=W
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Suppose a UxNB is flying at ks, and the UE; is located
at a distance d;. If there are n buildings between UxNB
and UE, the link between both entities is considered Non-
LoS (NLoS) if any of n buildings obstruct the direct path.
Otherwise, the link would be in LoS. Generally, the buildings
in urban areas cause major obstructions. Therefore, our Py s
model considers only buildings as LoS obstruction points
and ignores other objects, such as trees, towers, and vehicles.
Based on these assumptions, we aim to develop a 3D
geometry-based model presented in the following sections.

lll. ANALYTICAL LOS PROBABILITY MODELING

This section delves into the step-by-step derivation of our
proposed 3D LoS model. Building upon the existing ITU-
inspired model, we introduce enhancements to improve its
applicability. The derivation process is divided into distinct
stages, each addressing a specific aspect of the model’s
improvement.

We start by revisiting the 2D elevation and height scenario
presented in the ITU model. However, we extend this
foundation by accommodating a more diverse environment
where the UE can be located anywhere between buildings,
as opposed to a fixed position in the ITU model. This
enhancement is introduced gradually, initially demonstrated
with a simplified example involving a single building,
and then expanded to encompass scenarios with multiple
buildings.

Subsequently, we move beyond the confines of 2D by
introducing a 3D perspective. This is achieved through
the consideration of azimuth-dependent S and W, further
contributing to the model’s precision and versatility.

The following sections provide a detailed breakdown of
each stage in the derivation process, illustrating how our
model captures the complexities of urban environments and
offers a more accurate P,s estimation. At the same time,
Table 3 defines all the parameters used in the model.

A. IMPACT OF THE UE LOCATION

The angle 8 between the UxNB and UE is critical for Ppqs
estimation. Fig. 3 illustrates the LoS and NLoS regions for
a fixed 6. Suppose a UxNB is flying at an altitude hyy,
and all the UEs are uniformly distributed over the streets.
Then, one or multiple buildings can disrupt the direct link
between the UXNB and UE in the street for a particular 0,
as illustrated in the figure. It results in creating a building
shadow for a particular height Ap, and 6. Hence, no UE in
this shadow region (indicated by red) has the LoS link. In
contrast, all the UEs in the non-shadowed blue region are in
LoS. The shadow proportion depends on the 8, W, S, and
buildings’ height . Obviously, the final Pr,g also depends
on the distribution of UE locations on the street. In this
work, we assume a uniform distribution for UE locations.
In the following subsections, we evaluate LoS obstruction
caused by single and multiple buildings to derive Ppos
theoretically.
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TABLE 3. Definitions of parameters used in the model.

Parameter | Definition
« Ratio of land covered by buildings to the total area
B Mean number of buildings per unit area
¥ Rayleigh scale parameter determining the building height
A Area occupied by three regions
d Distance between UxNB and UE
hpi Random ith-building height
hBmax; Maximum ith-building height for NLoS condition for all
UEs
thini Maximum height of the ith-building for LoS connectivity
for all UEs
har UxNB height
M Azimuth Range
n Number of obstructing buildings between UxNB and UE
PE’ES Resultant 3D probability of line of sight
P g Combined probability of line of sight in the presence of
n obstructing building
P Probability of line of sight in the presence of a single
obstructing building
Pﬁosi Probability of line of sight in the presence of a single
obstructing ith-building
P{gs Probability of line of sight for izh-Region
Ppart; Partial LoS condition when hpmin; < hB; < ABmax;
Ppure; Pure LoS condition when hp; < hBmin;
S Standard street width
S’ Effective street width against ¢
Sﬁai Effective street width for ith-Region
w Standard building width
w’ Effective building width against ¢
R; ith-Region
%) Azimuth
(% Elevation angle
by -
: NLoS Region
: LoS Region
s ,
< > . hg;
- )
W . d R

n-buildings

FIGURE 3. The LoS and NLoS regions for a certain 6.

B. OBSTRUCTION BY A SINGLE BUILDING
To begin, we delve into the influence of a single building
nearest the UE. We set the UE height as 2y = 0 for the sake
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FIGURE 4. Obstruction caused by a single building between UxNB and UE.

of simplicity. The heights of these buildings conform to a
Rayleigh distribution with scale parameters y, resulting in
the buildings adopting diverse heights within the dotted area
as depicted in Fig. 4. Similarly, the UxNB has the freedom to
navigate at varying altitudes, visualized by the dotted region
in the figure. For a specific 6, there exists a building of
height #pmax, (consider P1), which is the maximum building
height that casts a shadow on the entire street, as given by
the red line in Fig. 4. As a result, all UEs on the street
would be in NLoS. The hpmax, is calculated as

hBmax, = Stan(6). 4)

If the actual height of the closest building to the UE is /g,
< hBmax,» as indicated by the sky blue line, then all the UEs
below the sky blue line in the red region would be in NLoS,
and others would be in LoS. In this work, we assume the
UE location to be uniformly distributed in U[0, S], as shown
in Fig. 4. Thus, P1os in the presence of a single building
(P} ,s) can be calculated as [34]

hBmax h 7h
/ / I—Bew dhgdS,  (5)

The closed-form expression of (5) is presented as

Ty hBmax
> @, SS W) =1— = f( ! ) 6
LOS( ) 2 thaX1 \/_V ( )

the derivation of the above expression is given in Annex A.

This expression is valid for the single closest building
obstructing LoS for UEs uniformly distributed over the street.
In reality, there are n buildings between UxNB and UE to
influence Ppos. Therefore, the following Section explains the
impact of multiple buildings on Ppos.

P]S_,()S(es Sa W)

C. OBSTRUCTION BY MULTIPLE BUILDINGS

Fig. 5 provides a visual representation of the process to
calculate the Pro,s when dealing with multiple buildings.
Now focus on the second building, with a height of hgmax,
at point P2. This building’s presence creates a shadow that
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FIGURE 5. Obstruction caused by multiple buildings between UxNB and UE.

covers the entire observed street width, as indicated by the
red line in Fig. 5. Hence, for any building height hg, >
hBmax,, it will block the entire street, resulting in a complete
NLoS for all UEs in that street.

On the contrary, if the height of the second building does
not exceed fpmin, (as described in P3), it will not cast a
shadow on the street under observation, as illustrated by the
orange line. It signifies that all UEs will maintain the LoS
connectivity on the observed street, provided that the height
of the building hp, does not surpass Amin,. We denote
this phenomenon as Ppur;, and it is characterized by the
condition where A, < hBmin,, resulting in a 100% Pyos.

Mathematically, Ppye; can be expressed as follows:
thini hB é
P56, S, Wi = /0 e dhy )

A noteworthy point to mention is that in the case of a single
obstructing building, the concept of P, does not apply
since hpmin, €quals zero.

When dealing with building heights ranging between
hBmin, and ABmax,, the situation becomes more complicated,
as represented by the sky blue line. Within this interval, we
get partial street coverage or shadow. As a result, the UEs
in the street may or may not maintain a LoS connection. We
define this intermediate state as Ppay;, and its calculation is
as follows:

thax hB _hB
P06, S, W); = < / / —ezv dhgdS  (8)
h

Bmin;

Hence, the total overall Ppos; caused by i-th building can
be written as a sum of Ppyre; and Ppar:

Plos(0, S, W)i = Ppye(0, S, W)i + Ppa (6, S, W),
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—h2

S thini hB
P} (0.8, W); = 2 dhg

thaxI h 7hB
f f —Bezy dhgdS  (9)
h

Bmin;

It is important to mention that equation (9) is a generalized
form of equation (5) for any ith-building. In the case
of the closest building to the street where hpmin, = O,
equation (9) essentially simplifies to equation (5). The
closed-form expression of (9) is presented in (10), and
derivation is given in Annex B.

. Ty
P (6v,S,W)»=1—\/j
LoS ' 2thax1

thax~ NBmin;
f L) —erf : , (10
X(“(ﬁy) e(ﬁ;/))( :

where, the «1;, €2;, hBmin, and hpmax; are calculated for the
i-th building using:

kli=@@—-1) xS+ W),

K2 =«xl;+ S, (11
and
hBmin; = k1; tan(0),
hBmax; = K2;tan(6). (12)

Piosi provides the Py o5 expression for a single obstructing
ith-building between UxNB and UE. In practice, there
may reside multiple obstructing buildings n between a
flying UxNB and a UE. Therefore, to calculate the overall
P1os, encompassing all these obstructing buildings, we
utilize a composite approach by multiplying the individual
probabilities of obstruction introduced by each building:

n
Pos(@. 8, W) =]]Plos®.5 W),
i=1

13)

n can be calculated for a UXNB flying at hps with a particular
6 with UE using n = LWJ In this equation, |-] is
the floor function to ensure the number of buildings is an
integer.

D. EFFECT OF AZIMUTH AND DIFFERENT UE
LOCATIONS

The previous two subsections derive the Pr,s for 2D
scenarios illustrated in Fig. 1(b). However, a more realistic
3D scenario is described in Fig. 1(c). Here, the UE can be
positioned anywhere within the street or crossroad. At the
same time, the UxNB holds the flexibility to navigate across
various azimuth angles ¢. Therefore, this subsection models
3D scenario is described in Fig. 1(c).

Previous calculations show that hpmax, and Ppros are
derived from S and W. However, the effective street width
and building width changes with respect to the locations
of UxNB and UE. Therefore, it is critical to incorporate a
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FIGURE 6. Overview of the geometry-based simulator.

horizontal angle ¢ between UxNB and UE that controls the
effective street and building width.

Fig. 6 explains how S changes with different ¢ considering
arbitrary locations of UxNB and UE. Suppose two UxNBs
(UxNB; and UxNB») flying at altitudes /3, make the same
6 with a UE in an urban environment. Suppose the azimuth
between UxNB, and UE becomes zero (¢ = 0); it generates
regular S and W, as illustrated in Fig. 6. In contrast, azimuth
between UxNB; and UE differs, resulting in a different or
effective Street width " and building Width W, as illustrated
in Fig. 6. The effective S’ and W’ are relatively larger than
standard values in the visualized scenario; thus, the Pjos
will also differ. The existing Pp,s models do not incorporate
this behavior, making them less realistic.

To understand the S” and W’ behavior, we take advantage
of city symmetry and classify the city layout into three
regions (R1, R2, R3) for possible UE locations, as shown
in Fig. 6. The effective widths at these regions can be well
approximated as a function of

S (¢) = S+ 2Stan(p), for i =1
Ri\P) =1 s+ 25cot(p), for i = 1,2

W(p) =

(14)

L (15)

For simplicity and using city symmetry, we are only
considering the S’ and W’ in the octant 1 with a range
of [0, 7]. The other octants follow the same S and Ppos
distribution. For example, S equals to S at ¢ = 0 for a
UE in R1. However, it will increase when ¢ approaches
to %. The UEs in R2 follow the opposite street pattern
where S approaches infinity at ¢ = 0 and decreases when
it approaches ¢ = 7. The R3 expression can be derived
from R1 and R2. By introducing (15) in (13), we obtain the
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FIGURE 7. Flow chart of the proposed 3D P ,s model.

resulting 3D Pp,g for i-th region Ri:

n
PRISO.8. W. @) = [ | PLos (@ Ski Wi

i=1

(16)

The equation (16) calculates the Ppog for arbitrary values
of 0 and ¢. Here, Sp, and W’ denote the effective street
and width associated with the i-th region within an octant.
However, existing models currently lack the capability to
compute PLoS as a function of both 6 and ¢.

In this context, we propose the computation of an averaged
S’ for varying ¢ to derive average 3D P in relation to
6 for a fair comparison with existing PLoS models. Thus,
integrating the right side of (16) for all the values of ¢
(M = 7) provides the expression to estimate PE(i)S as a
function of 6.

. 1 ™
PRG0S, W) :1\71/0 Pl s, Spi W, @)de,  (17)

The provided equation calculates the Ppos for a specific
region. Nonetheless, it is worth noting that there exist three
distinct regions, as depicted in Fig. 6. The total area A
occupied by three regions is (S + W)? — W2, Therefore, the
resultant 3D Py 5 would be the sum of the probability of the
particular region multiplied by its corresponding probability:

_ S_W R1 R2 S_2 R3
PLoS(Q, Sv W) = A (PLoS +PLoS) + A (PLoS)' (18)

E. LOS PROBABILITY MODEL BASED ON ITU BUILT-UP
PARAMETERS

To simplify the direct usage of the model with the environ-
mental parameters defined by ITU, let us reformulate (10).
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=i+t

Compute combined

Region
i=1to 3

Ri
PLOS;

for all regions (eg_17)

By using equation (2) and (3), equation (10) can be
reformulated as

y/2
P 0),=1— Y1~
LOS(a’ /37 J/7 )l TZ, tan(@)

Y2;tan(6) Y'1;tan(0)
fl — ) —erff| ———) ), 19
X<er< V2y ) er( V2y >) 4

where
o 1000(i — 1)
P — \/ﬁ k)
1000(i — /@)

T2, = (20)

VB
Similarly, we can reformulate equations (14), (15), (17)
and (18) to obtain the resultant Pilgs as a function of built-
up parameters and 6. For a better understanding, a complete
flow chart of the proposed Pp,s model is given in Fig. 7

IV. GEOMETRY-BASED 3D LOS PROBABILITY
SIMULATOR
In contrast to the SOTA simulators building the whole city
environment, the geometry-based 3D simulator is designed
to create only relevant city portions between UXNB and UE.
Our analysis shows that creating only obstructing buildings
does not impact Pr s [33]. This process makes the simulator
lightweight and scalable, which is helpful in examining Py og
in larger cities or for the UEs placed at larger distances:
Firstly, the simulator places UE in the free space of the city
with uniform probability. The free space is classified into a
street or a crossroad region, as shown in Fig. 6. Furthermore,
the UE height is assumed to be zero for simplicity. Secondly,
a UxNB location is generated at /37 using UE’s coordinate, 6,
and ¢. The Ay, is uniformly distributed in [0, 500] m, and ¢
is uniformly distributed in [0, 7] (by taking advantage of city
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FIGURE 8. 3D Py, analysis in the standard ITU urban environment for different UE locations by incorporating ¢ and 6.

symmetry). Thirdly, we create relevant buildings (indicated
in grey in Fig. 6) between UE and UxNB with random
heights that follow the Rayleigh distribution. All the sky-
blue buildings in the figure only show the city’s symmetry.
They will not be created in the simulator for computation
efficiency. The direct line between UE and UxNB can hit
only two possible sides of buildings, as indicated by red in
Fig. 6. All the points where the ray hit the buildings are
known as Obstruction Points (OPs). In the end, we calculate
and compare the critical ray height hy,s(; j) with the building
height (i, j) at the OP; to check the LoS or NLoS state. In
the simulator, the hy,s(; ;) is calculated by

rop() % (hy — hy;)
d; ’

hiosij) = hm — 21
where rppi) is the distance between UxNB and i-th
obstructing point, and Ay, is UE; height. The following
section presents the 3D simulator results to validate the
proposed analytical Pp,s model.

V. VALIDATION AND RESULTS
This Section compares the proposed analytical Pp,s model
with the 3D geometry-based simulator and SOTA models.

372

A. IMPACT OF AZIMUTH AND UE LOCATIONS

Fig. 8 plots the Ppos against 8 and ¢ for UE locations in
three different regions. Previous SOTA Ppr,s models [11],
[25], [28], [29], [32] always assume that a UE is located in
R1 with ¢ = 0, which represents a limiting scenario. The
plotted results in Fig. 8(a) demonstrate significant variations
in Pros as ¢ changes. For instance, if ¢ = 90 between UE
and UxNB in R1 (see Fig. 6), there will be no obstructing
building between UE and UxNB. Therefore, we get 100%
P1os, as shown in Fig. 8(a). In contrast, we get standard
Pros at ¢ = 90 and 100% Pros at ¢ = 0 in R2, as
shown in Fig. 8(b). Similarly, Fig. 8(c) represents the Ppos
for UEs located on a crossroad, while Fig. 8(d) illustrates
the weighted sum Ppr,s across all regions, as given in
equation (18). In conclusion, Pr,g varies for same 6 if ¢
changes. Based on the analysis above, it is evident that
neglecting the UE locations and ¢ leads to less realistic Py s
models.

To demonstrate the impact of UE location and ¢,
Fig. 9 plots the Pros against 6 for four standard urban
environments. The red and blue lines represent the proposed
3D model and simulator results, respectively, while the
other three lines correspond to models from [25], [32],
and [26]. Fig. 9(a) shows a good agreement for the suburban
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FIGURE 9. Py.s of the 3D simulator and analytical model compared with existing models in four standard urban environments.

environment between the proposed simulated and analytical
results with the Root Mean Square Error (RMSE) of 0.0398
and R? of 0.9669. The same trend can be observed in
Fig. 9(b), Fig. 9(c), and Fig. 9(d), depicting urban, dense
urban, and high-rise environments, respectively. The average
RMSE and R? between the analytical model and simulated
results for four standard environments are 0.0345 and 0.9794,
respectively. The disparity between the proposed Pp s model
and existing Ppo,s models is due to overlooking ¢ and UE
locations.

B. GENERALIZABILITY

To demonstrate the generalizability of the proposed model,
Fig. 10 plots Ppos for four arbitrary environments created
using random built-up parameters («, B, y). The figure
compares the simulator results with the proposed analytical
Pros model, ITU model [32] and Al-Hourani model [25].
The graphs show a significant mismatch between the
simulated, ITU, and Al-Hourani model results. The primary
reason for such a mismatch is considering a less realistic
scenario, as mentioned in Fig. 1(a).

In contrast, the results offer a good agreement between
the simulated and analytical results of four listed arbitrary
environments with average RMSE and R? values of 0.0343
and 0.9825. In the same way, we tested our model over
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50 arbitrary environments by using different values of
built-up parameters; each simulated over 1000 iterations for
averaging. The results show average RMSE and R? values of
0.0400 and 0.9735, respectively. These findings emphasize
how well the proposed model can estimate Py, for any set
of built-up parameters («, B, y).

To analyze the applicability of the proposed Ppos model,
we compare the analytical model and simulator findings
with 3GPP measurements in a suburban environment [35],
as demonstrated in Fig. 11. We can easily estimate the built-
up parameters for such an environment (¢ = 0.1, § = 200,
y = 8) using the fitting as in [11], as 3GPP does not
explicitly provide them. The results show a good agreement
with measurements. In contrast, the Pp,s model in [26]
cannot be parameterized for any environment, resulting in a
mismatch as illustrated in Fig. 11.

Finally, Fig. 12 and Fig. 13 compare the Pr,s of the
proposed model against the UE distance and UxNB height.
Figure 12 pertains to an urban environment, while Figure 13
showcases the case of a high-rise urban setting. The above-
mentioned figures exhibit results for a selective set of
UxNB heights (100m and 300m); however, the analyti-
cal framework accommodates the utilization of arbitrary
UxNB heights and UE distances for Pp,g estimation. The
presented plots in both figures show consistency between
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FIGURE 11. P_os of 3GPP measurements, 3D simulator, and analytical model.

the outcomes derived from the proposed analytical model
and simulation results. This divergence from existing mod-
els can be due to their neglect of UE locations and
the ¢. It emphasizes the value of our comprehensive
approach, capturing the significance of these factors in

predicting Ppos.
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FIGURE 12. P_os of the 3D simulator and analytical model against varying UE
distance and UxNB height in an urban environment.

C. A CASE STUDY: ESTIMATING P_os IN COLOGNE CITY
This Section presents a case study that investigates the real-
world applicability of our proposed Pp.s model, initially
designed for a Manhattan-style environment. For this pur-
pose, we picked Cologne City, located in western Germany.
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FIGURE 14. Experiment Setup in Wireless InSite.

The city’s urban environment provides the backdrop for
examining how useful our model is in a real urban setting.
At the start, using GIS, we estimated build-up parameters
for the Cologne block (¢ =.55, § = 680, y = 12.69) and
plugged them into our Pr,s model in (19).

After that, we utilized a software called Wireless
InSite [36] to facilitate this investigation. This software is
known for its ability to simulate wireless communication
scenarios, helping us better understand how signals behave
in real-world environments. With Wireless InSite, we could
study how signals interact in places like cities, considering
factors such as buildings and terrain. This tool allowed
us to bridge the gap between theoretical models and real-
world wireless communication dynamics, enhancing the
authenticity of our case study.

Wireless InSite allows users to input a 3D city or terrain
for analysis. Fig. 14 shows the 3D block of the considered
Cologne urban region. In contrast, Fig. 15 provides a Google
Earth view of the considered region. Our investigation
involved placing multiple UEs strategically, as seen by
the red boxes in Figure 14. We also positioned UxNB
at various locations and heights for comprehensive data
collection. All the UEs getting direct rays are consid-
ered in LoS, while UEs not receiving direct rays are in
NLoS.
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FIGURE 15. Overview of observed Cologne’s urban landscape through Google
Earth.
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FIGURE 16. P.,s analysis of Cologne City using the proposed model and results
extracted through Wireless InSite.

In total, we acquired more than 10,000 combinations of
UE-UxNB locations. Subsequent post-processing involved
calculating average LoS values corresponding to each 6.
During post-processing, we could only gather Pr,s values
for 6 between [%, Z1. The primary reason is that creating
and importing such a large city to Wireless InSite is difficult,
which can give measurements for small angles (< %).
It shows the benefit of using a geometry-based model
over RTs.

Finally, Fig. 16 compares empirically derived Pp,s val-
ues using Wireless InSite to our analytical model, ITU
model [32] and the models introduced in [11] and [25]. For
the proposed analytical model and models in [25], [32], we
use the estimated build-up parameters for Cologne. In the
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TABLE 4. Performance evaluation of P_,s models with RMSE and R? for Cologne.

Model a 154 ol RMSE R?
Cologne City | 0.55 | 680 | 12.69  — E—
[32] 0.55 | 680 | 12.69 0.204 0.589
[25] 0.55 | 680 | 12.69 0.108 0.884
Proposed 0.55 | 680 | 12.69 0.071 0.951
[11] B =0.3075 0.188 0.649

case of [11], build-up parameters are not directly integrated
as input parameters. Therefore, we estimated 8 in [11] using
the build-up parameters. It is essential to mention that we
only compare Py s for 6 ranging between [17%, %]. Table 4
shows that the proposed Pro,s model agrees well with the
Wireless InSite values with RMSE of 0.071 and R? of 0.951
due to considering more realistic geometry compared to
SOTA models. In contrast, other models show a significant
mismatch, as illustrated in Table 4. This alignment of
results highlights our model’s potential to offer reasonable
approximations of Pp s for diverse real-world environments
by considering relevant built-up parameters.

VI. CONCLUSION

This study introduces an analytical model and a 3D
geometry-based simulator to predict Pros in diverse urban
settings defined by their distinct built-up parameters.
Importantly, the proposed Pr,s model is applicable across
any generalized urban environments for any 3D locations
of UxNB and UE. Unlike existing models, the proposed
3D Ppo,s model incorporates ¢ and UE locations, resulting
in realistic predictions. The paper compares the proposed
model and simulator with existing Pr,s models and 3GPP
measurements. The results show a better agreement between
the proposed model, measurements, and the 3D simulator,
with the likelihood indicated by R> higher than 97%,
which shows the accuracy of the proposed analytical model.
Finally, a case study using Cologne City demonstrates the
practical applicability of the proposed model in real-world
environments.

ANNEX A: CLOSED-FORM EXPRESSION FOR
OBSTRUCTION BY A SINGLE BUILDING
Given the integral:

—h

. thaxl hB
P (6,8, W) = f / —e2V dhpds,

Converting hgmax, = S tan(0)

Stan(@) —h
P (0.5, W) = f / 1 58 dhpas,

Take the inner integral first:

Stan(9) . ﬁ
- / "8 52 ahg,
0 14
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Taking constant out

Stan(8) *h%
= —/ ]’lB e? dhg,

Step 1 (Use the u-Substitution): Let u =

=18 dhyg
when hg =0, u =0
when hg = Stan(f), u =

—52 tan?(9)
2y2

Integrate the values of u-substitution:

—52 tan2(9)
1 22
v2Jo

_ 52 tan? 0)

2}/2
= — e du,

0
Simplify the integral:
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—52 an?0)
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It simplifies to:

2y2

— tan(0)2

=1-—e¢

Step 2 (Put the Results in the Main Integral):

P} (6,8, W) —lfs(l—e 22
LoS s M _SO

2y2
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hg - e”y— du,

tan® (G)S2

then du =

)ds

Step 3 (Distribute the Constant): Distribute the constant

% inside the integral:
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Simplify the first integral:
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Step 4 (Express in Terms of Error Function): From [37],

erf(x) = i /X e_’2 dt
=7

we know that

Make a substitution # = 3 313(0)

V2y
Stan(0)

dt =

0

Stan(6)
V2y

__tan(9) ds:

V2y

_12

Multiply and divide the integral by \/L; and recognize the
integral as a portion of the error function:

V2y Jm

—er
Stan(@) 2
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tan(0)S
V2y

)
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Step 5 (Final Result): Substitute back into the original

expression:
—1— \/E 14 rf<thax1 )
2 thax1 «/—)/

ANNEX B: CLOSED-FORM EXPRESSION FOR
OBSTRUCTION BY MULTIPLE BUILDINGS

Given the integral:

Sos(ea S7 W)l = PS

thdX
P 0,5, W); = [ [
thln

Step 1 (Take the Inner Integral and Use the u-Substitution):
Take the inner integral first:

_ /thax hB

B hBmin yz
Using the wu-distribution and following the steps in the
previous subsection, we get

P} 56,5, W)

ure(97 S’ W)l + Psa_rt(ev Sa W)l

e 2V dhpdsS,

—h

w‘m S

< dhp,

2 2
~"Bmin “"Bmax
=e¢ 2 e 22

Step 2 (Put the Results in the Main Integral):

2 2
“"Bmin ~"Bmax

P (OSW)‘—l el ds
part My l_SOe e

Step 3 (Distribute the Constant): Distribute the constant
% inside the integral:

1 N _thmin 1 N 7h2Bmax
= / e ' dS— = f e 2 dS
S Jo S Jo

By substituting the values of Apmin and spmax form (12) and
simplifying the equation, we get the final expression:

_n2
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Step 4 (Simplifying Ppure; Expression):

2
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0

By taking the integral, we obtain
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Step 5 (Final P s Expression): Summing Ppure; and Pparg;
gives us the final expression
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