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ABSTRACT Through ray tracing simulation on three-dimensional (3D) urban environments, we characterize
air-to-ground (A2G) channels for 5G and beyond wireless communications. In this study, we review four
types of elevation angle-dependent probability of line-of-sight (LoS) expressions according to building
distribution types. With channel characterization data extracted from the ray tracing (RT) simulation, LoS
probability versus elevation angle agrees better with the elevation angle-dependent probability expressions
of LoS that assumes the buildings are randomly distributed. Furthermore, we provide a more accurate
LoS probability expression that enables better curve-fitting for the LoS probability data obtained from RT
simulations. In addition, the A2G channel parameters such as LoS and non-line-of-sight (NLoS) channel
path loss exponents (PLEs) and the shadow fading with UAV altitudes are obtained in four typical and
realistic urban environments. The LoS PLEs increase slowly with the height of the UAV, while the NLoS
one decreases significantly with the increase of the UAV height.

INDEX TERMS Unmanned aerial vehicle (UAV), line-of-sight (LoS) probability, air-to-ground (A2G), ray

tracing (RT), realistic urban environments, path loss exponent (PLE).

I. INTRODUCTION

In recent years, with the maturity of technology and the sig-
nificant cost reduction in manufacturing, unmanned aerial
vehicles (UAVs) have been widely used in various fields
from forest fire prevention [1], environmental monitoring,
maritime communications [2], agricultural plant protection,
geological prospecting, power line inspection [3] to film and
television aerial photography [4], etc. In telecommunication,
due to the inherent properties of UAVs such as high deploy-
ment flexibility, mobility and fast altitude-changing capabil-
ity, UAVs are indispensable in future wireless networks [5],
[6], [7]. In a cellular network, UAVs play critical roles in two
categories: cellular-connected and wireless communications
assisting UAVs [8]. In the former category, UAVs are new
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aerial users that access the cellular network from the sky.
In the latter one, UAVs are new aerial communications base
stations (BSs) and relays to assist terrestrial wireless commu-
nications by providing data access from the sky [9], [10]. In an
urban environment where a UAV is deployed as a base sta-
tion, line-of-sight (LoS) links between the UAV and ground
nodes are stochastically blocked by ground obstacles such
as buildings and trees. There is a group of LoS probabilistic
models [11], [12], [13] which can predict the probability of
LoS link between the UAV and the ground users. They pro-
vide excellent solutions for handling some channel parame-
ters such as path loss and shadow fading for LoS and NLoS
cases separately, which leads to the further development
of the LoS probabilistic models. The mathematical expres-
sions of these models are related to the urban environmental
parameters as well as the transmitter-receiver relative posi-
tion such as horizontal distance, elevation angle, and so on.
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In addition, some LoS probabilistic models consider the fre-
quency of radio waves as a parameter according to the first
Fresnel zone [14], [15]. Some of these models have the same
type of urban environmental parameters, while others have
different types. The comparison of models based on the same
type of urban environmental parameters is one of the motiva-
tions of this paper. In particular, a new channel model wherein
the effects of mobility and shadowing are simultaneously
considered has been proposed in [16]. Moreover, authors have
conducted experiments and analyzed the performance of a
UAV-based communication system operating in a shadowed
double-scattering channel. Furthermore, it is critical to pre-
cisely measure and model the shadowing effects which are
believed to be correlated with the drone body and various
antenna placements [17], and also the human body and the
user orientation [18].

Among the above-mentioned expressions of LoS proba-
bility, there are three expressions based on the same type of
urban environmental parameters. The parameters are given as
follows:

1) «: the ratio of the land area covered by buildings to the
total land area;

2) B: the average number of buildings per unit area;

3) y:the scale parameter for a Rayleigh distributed build-
ing height.

The first of these three expressions was proposed by the
International Telecommunication Union (ITU) for traditional
terrestrial communications [11]. Since it is generic and
valid for transmitter and receiver at any height, it can also
be used for UAV Communications. The altitude-dependent
probability expression of LoS from ITU [11] can also
be extended as an elevation angle-dependent form as
shown in (5), which forms one of several contributions
in this paper. The extended-expression is referred to as
the ITU elevation angle-dependent probability expression
of LoS. The second expression is a simplified elevation
angle-dependent probability expression of LoS proposed by
A. Al-Hourani et al. [12] based on [11]. The expression is
P(LoS, 0) = m, Wherc? 0 is the elevation. angle
of the UAV, a and b are the S-curve fitting parameters directly
to the environment parameters «, § and y. This probability
expression of LoS is applied to optimize the UAV height to
achieve the maximum wireless coverage on the ground. It is
in closed form with respect to the elevation angle and the
urban statistical parameters which significantly ease the cal-
culation of the LoS probability. From the application perspec-
tive, this simplified expression is more advantageous than the
ITU expression, which reduces the calculation complexity.
From the perspective of analysis, it is more suitable to use
the ITU expression, which is more general than the second
simplified expression, because it uses the original urban envi-
ronmental parameters rather than the fitted new parameters
such as parameters a and b in [12]. The third expression of
LoS probability proposed in [13] is based on the random
distribution of building locations wherein the location and
height of the buildings follow the 2D homogeneous Poisson
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point process (PPP) and Rayleigh distribution, respectively.
One of the contributions of this paper is to derive a new LoS
probability expression based on the LoS probability expres-
sion in [13]. In our derived expression, the locations of the
buildings also follow a Poisson point process, but the heights
of the buildings follow a log normal distribution.

In addition to the three LoS probability expressions based
on the same type of urban environmental parameters intro-
duced above, there are also some expressions that use dif-
ferent types of urban environmental parameters. In [19], the
author presents a LoS probability predicting expression in
different urban environments based on five urban environ-
ment parameters. These parameters include o and f men-
tioned above, and the other three parameters are the average
and standard deviation of the height of the buildings in the
selected area and the average radius of the building base. It is
worth mentioning that the author simplified the building as
a cylinder whose position follows a PPP on a 2-dimensional
plane. In [20], the authors proposed a LoS probability pre-
dicting expression which requires five or more urban envi-
ronment parameters. The urban environment is treated as a
regular urban grid deployment of building blocks captured by
a Manhattan Poisson line process (MPLP) with generally dis-
tributed building heights. Both expressions have more urban
environment parameters and are therefore more complex than
the three expressions mentioned above. The motivation of
this paper is to compare and verify the first three expressions
that are based on environmental parameters of the same type.
Since the second of the three previously mentioned expres-
sions is a simplified version of the first, and the precision
difference between the two is not significant, in this paper we
focus on comparing and verifying the first and third expres-
sions that predict the probability of LoS. For convenience,
we list the LoS probability expressions described above in
Table 1.

Reference [21] briefly summarizes and compares some
existing LoS probability expressions, but it lacks simula-
tion verification based on real urban environments. Authors
in [22] used a GPU-based ray launching algorithm to conduct
the verification of the altitude-dependent LoS probability
expression derived from [12] in three different cities, but there
is a lack of comparison with other LoS probability expres-
sions. To the best of our knowledge, there is a lack of exper-
imental verification for the ITU elevation angle-dependent
probability expression of LoS based on the evenly spaced
buildings assumption, and the elevation angle-dependent
probability expressions of LoS based on the assumption
of randomly distributed buildings. Therefore, to under-
stand the suitability of the four formulas applied to realis-
tic propagation environments, we conduct further research
with primary contributions unfolded as in the following
aspects:

1) First, we deliver a thorough investigation of the exist-
ing LoS probability expressions for A2G channels in
urban environments. Furthermore, we compare, mod-
ify, and verify the first, third, and fourth LoS proba-
bility expressions in Table 1 plus one LoS expression
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TABLE 1. Summary of line-of-sight probability expressions for UAV communications.

Scenarios Roles of UAVs Location / Height of buildings Number of the
environment parameters
150 [11] | Terrestrial / A2G | Wireless communications assisting UAV's Evenly spaced / Rayleigh distribution 3
2nd T12] A2G Wireless communications assisting UAVs Evenly spaced / Rayleigh distribution 3
3, [13] A2G Wireless communications assisting UAV's PPP / Rayleigh distribution 3
4% 119] A2G/ A2A Cellular-connected UAVs / PPP / Log-Normal distribution 5
Wireless communications assisting UAVs
5M 120] A2G Cellular-connected UAVs MPLP/ >5
Uniform, Exponential, Rayleigh distribution
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Buildings
(2D PPP)

¢ [T

Top view of _ ~
evenly spaced BN \
buildings = \

o N
Tx N d}i/»n \1 !
+8- H-+0 Tl ¢ Rx
Rx v dz/ / dg,, ds /?L

s /
Ihrx A

Evenly Spaced
Buildings

FIGURE 1. Distribution of buildings corresponding to the two probability expressions of LoS.

derived based on [13] with four types of realistic urban
environment-based ray tracing (RT) simulations.

2) Second, we conduct a more accurate curve-fitting for
the LoS probability data obtained from RT simula-
tions and then derive an elevation angle-dependent LoS
probability expression.

3) Third, based on the collection and analysis of a large
amount of extracted RT data, we characterize the A2G
channel in terms of LoS and non-line-of-sight (NLoS)
channels’ path loss exponents (PLEs) and the shadow
fading parameters, with altitudes of the UAV varied
over a practical range of interest.

The remainder of this article is organized as follows.
Section II revisits the probability of LoS in A2G channels
with two major types of building distribution. Section III
presents all the details of RT-based simulations on top
of real-world urban environments. Furthermore, Section IV
presents and analyzes all extracted data from simulations,
and further unveils the critical relationships in A2G channels.
Section V concludes the paper and discusses possible future
work.

Il. PROBABILITY OF LoS IN A2G CHANNELS

In this section, we review the three existing LoS probability
expressions and the one we derived for A2G channels in
urban environments. For the three existing LoS probability
expressions, the first one assumes that the distances between
buildings are uniform and the building height is a random
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variable, while the other two assume both two parameters are
random. Specifically, the location of the buildings in the sec-
ond expression [13] and the third one [19] are both modeled
as random points following the Poisson point process (PPP).
And the heights of the buildings in these two LoS probability
expressions conform to Rayleigh and log-normal distribution,
respectively. It is worth noting that the second LoS probabil-
ity expression is derived based on 1D inhomogeneous PPP,
which essentially calculates the probability that there are no
points on the horizontal distance between the transmitter and
receiver.

In contrast, the third one is derived based on 2D PPP,
which calculates the probability of a region between the
transmitter and receiver being void of points. Furthermore,
we enrich our comparison by deriving a LoS probabil-
ity expression based on a log-normal distribution of build-
ing heights from the second LoS probability expression.
Therefore, in this paper, we compare four LoS probability
expressions and verify them based on four types of realistic
urban environment-based ray tracing (RT) simulations. The
corresponding building distribution scenarios are shown in
Fig. 1.

To summarize this section, we first present and review
the elevation angle-dependent versions of three existing LoS
probability expressions. Then, we derive a LoS probability
expression based on the log-normal distribution of building
heights. For the overall architecture, we divide this section
into two subsections according to the distribution type of
the building locations. The first one is based on buildings
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distributed uniformly, while the second one is on top of the
buildings distributed by the Poisson point process.

A. EVENLY SPACED RANDOM-HEIGHT BUILDINGS

The probability of LoS based on evenly spaced buildings is
to calculate the probability that the height of the building is
smaller than that of the LoS ray at the building location [11].
There are two key types of heights: first, the height of the
building, 4;; second, between the transmitter and the receiver,
there is the height of the LoS ray hiL"S at the i-th building loca-
tion as illustrated in Fig. 1. Here, i specifically represents the
index of the building within the range of the transmitter and
the receiver projected on the ground. The expression in [11]
assumes #; follows the Rayleigh distribution i.e.,

"2

h - 2
Py = —5e 27, (M
14

where y is the scale parameter. Meanwhile, the height of the
LoS ray at the building coordinate hl.L"S can be expressed as
di (htx - hrx)

drx '
where h;. and h,, are the altitudes of the transmitter and
receiver, both measured from above the ground, and d; and
d, are the horizontal distances from the transmitter to the
i-th building and to the receiver respectively. According to (1)
and (2), the probability that 4; is smaller than the height of the
LoS ray at this building location can be obtained as

hi = hy —

@

2
s )

P(h; < WSy = /0 " Phydh=1—¢ ¥ . (3)

We use Pl.L”S to denote P(h; < hl.L”S ), which leads to the
probability of the LoS ray at the receiver given by

n—1

Pros = [ [ PFS. )
i=0
where i € {0,...,n — 1}, o is defined as the ratio of the

land area covered by buildings to the total land area, and B
is defined as the average number of buildings per unit area.
And n = |dyx+/aB] is the number of buildings between
the transmitter and the receiver. Here, /a8 is the number of
buildings that the rays pass through per unit length. Multiply
it by d,, and truncate it to an integer to obtain the number of
buildings between the receiver and the transmitter. And d,,
and n can be used to obtain the distance from the transmitter
to the i-th building d; = (i + 1/2)%,i € {0, ..., n — 1}.

So far, the above LoS probability expression is used to cal-
culate the LoS probability between the traditional terrestrial
transmitter and receiver. Next, we discuss the probability of
LoS between the transmitter in the air and the receiver on
the ground in terms of the elevation angle of the UAV. When
treating the UAV in the air as the transmitter, the height of
the receiver on the ground is sufficiently small to be ignored
for simplicity in this work. The elevation angle of the UAV
relative to the ground receiver is represented by 6, and the
height of transmitter %, can be calculated as h;, = d; tan6.
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According (1) to (4), the relationship between 0 and the LoS
probability can be derived as (5), shown at the bottom of the
next page.

It is worth noting that when the value of n is greater than
or equal to 2, that is, when n = |d,x/aB] > 2, (5) is valid,
and the corresponding value range of d, can be deduced as

e > 5.

B. RANDOMLY PLACED BUILDINGS WITH RANDOM
HEIGHT

1) ONE-DIMENSIONAL PPP LoS EXPRESSION BASED ON
THE RAYLEIGH DISTRIBUTION OF BUILDING HEIGHTS

The locations of the buildings in the LoS probability expres-
sion from [13] are modeled as random points following the
Poisson point process (PPP), while the buildings’ heights
conform to the Rayleigh distribution. The density parameter
of the PPP is defined as o, and its unit is the number of build-
ings per square kilometer. In terms of the thinning property
of PPP, the distribution of the buildings that block the LoS
ray conforms to 1D inhomogeneous PPP. The relationship
between the LoS probability and the UAV elevation angle is
derived as

dyy tan(6

where erf(-) is the error function.

2) ONE-DIMENSIONAL PPP LoS EXPRESSION BASED ON
THE LOG-NORMAL DISTRIBUTION OF BUILDING HEIGHTS

In this paragraph, we derive an elevation angle-dependent
LoS probability expression assuming that building heights
follow a log-normal distribution. Its cumulative distribution
function is given by:

P = 5+ gt |22 ™

=-+-eff| —— |,
22 \/EG()

where H denotes the random variable height, and po and

op are the mean and standard deviation of the building

heights’ logarithm which is calculated as follows:

o , 002 =In (1 + V—()2> ; 3

/l+r\;—% U

where mg and vg represent the mean and variance of the build-
ing heights. Furthermore, we model the buildings as random
points following a Poisson point process (PPP) with a density
@ = off. In terms of the thinning property of PPP, the distri-
bution of the buildings that block the LoS ray conforms to
1D inhomogeneous PPP. We are interested in the probability
that there is no building (between the transmitter and receiver)
higher than the direct ray between the Tx and Rx. The geo-
metric relationship between the UAV and the ground receiver
is shown in Fig. 1 where hq is the height of the LoS ray above
a specific ground location, /; is the horizontal distance from
this location to the UAYV, d,,. denotes the horizontal distance
from the UAV to a ground receiver and 6 is the elevation angle

o =1In
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hf’t —hyx

wherein tan(f) = . The probability of the buildings
above hy is the complementary cumulative distribution func-
tion (CCDF) of hy which is shown as follows:

1 1 Inhg —
- _erf[w] )
2 2 \/50’0

Therefore, the density of the buildings above kg located at a
horizontal distance d,, between the transmitter and a ground
receiver is expressed in (10), as shown at the bottom of the
next page. According to the void probability of the thinned
PPP, the LoS probability can be derived as (11), shown at the
bottom of the next page, wherein iy = (dx — Ig) tan(0)+hy,
0 represents the elevation angle of UAV, A, is the altitude
of the ground receivers, which are all set to 1.5 meters. Fur-
thermore, the elevation angle-dependent LoS probability can
be expressed as (12), shown at the bottom of the next page,
wherein erf(-) is the error function.

G (ho) =1 —F (ho) =

3) TWO-DIMENSIONAL PPP LoS EXPRESSION BASED ON

THE LOG-NORMAL DISTRIBUTION OF BUILDING HEIGHTS

The location of the buildings in the LoS probability expres-
sion from [19] is modeled as random points following the
Poisson point process (PPP) with density 8 [building /kmz].
And buildings are represented as cylinders with a fixed radius
ro and a random height H following the log-normal distribu-
tion. The LoS expression is derived by using the void prob-
ability of the thinned PPP, i.e., the probability of a region R
to be void of points is exp(—A|R|) where A is the density of
the points [19] equals 8 and | - | is the area measure. The rela-
tionship between the LoS probability and the UAV elevation
angle is derived as (13), shown at the bottom of the next page,
wherein the new parameter ry denotes the average building
radius in a selected region and erf(-) is the error function.

Ill. RAY TRACING BASED SIMULATIONS

In this section, we describe the ray tracing-based simulations
in detail. First, the deployment scenarios and parameters are
introduced. Then we describe two simulations, LoS data-
related simulations, and channel characteristic-related simu-
lations respectively.

A. DEPLOYMENT SCENARIOS AND PARAMETERS

We first select four regions in New York City based on the
open street map (OSM) to represent four different urban land-
scapes. Each region has a rectangular shape with a dimen-
sion of 840 x 450 m?. The corresponding three-dimensional
(3D) building maps are illustrated in Fig. 2 where four urban
environments, namely, suburban, urban, dense urban, and

TABLE 2. Environment parameters of four regions.

Regions/Parameters « B ¥
Region 1 0.26 | 2582.70 | 4.87
Region 2 0.43 | 1100.90 | 10.28
Region 3 0.94 | 243390 | 19.15
Region 4 0.78 844.00 54.07

high-rise urban are given. The average building heights in the
four regions are 6.5 m, 12.2 m, 22.7 m, and 55.0 m, respec-
tively. And the average building radius (the new parameter
ro mentioned in II-B3) are 5.4 m, 9.3 m, 9.6 m, and 14.7 m
for the four regions, respectively. First of all, we conducted
an empirical analysis of the building height data obtained
from the New York City Open Data [24] by using the ‘Dis-
tribution Fitter Toolbox’ in MATLAB, for the selected four
regions. As seen from Fig. 3, for the CDF empirical data of
building heights in the four regions, the log-normal distribu-
tion fits better than the Rayleigh distribution, especially for
Regions 3 and 4.

The previously defined environmental parameters of the

. A N
four regions are calculated as @ = b:dg and B = Ablldlg
(s

respectively. Apigg and Ao denote the area covered by build-
ings and the total selected area respectively, and Nygg is the
number of buildings in the selected area. The calculation
of y is the maximum likelihood estimation (MLE) of the
Rayleigh parameter: y = ,/ﬁ > hl2 Where n = Npigg
and h; denotes the height of the i-th building. In addition, the
base area, number and height of buildings are obtained from
New York City Open Data [24]. The calculated environmental
parameters are shown in Table 2.

B. SIMULATION DESIGN
We conducted three types of ray-tracing simulations using
the Communications Toolbox of MATLAB. The first two are
the LoS data-related simulations based on the receivers on
the one circle and multiple circles, respectively. These two
simulations aim to study and verify the relationship between
the LoS probability and the elevation angle of the UAV in four
urban environments. The third one is to obtain the path loss
and shadow fading characteristics of LoS and NLoS propa-
gation in different urban environments. In particular, the RT
simulation platform (PC) has a configuration of Intel® Core
17-11700F Processor (2.50 GHz) and a total RAM of 16 GB.
The format for invoking the ray tracing model is written
as raytrace(tx, rx), where tx and rx are pre-defined transmit-
ters and receivers’ site objectives, respectively. The propaga-
tion paths are found using ray tracing with the terrain and

n—1

1_[ 1—exp|—

i=0

Pros1(0) =
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buildings data defined in the site viewer map which is a given
3D environment based on the OSM map file used. The origi-
nal OSM map can be obtained free of charge from the Open
Street Map website. Additionally, a ray tracing propagation
model can be created using the “raytracing-image-method”,
which is an option provided by the Communications Toolbox
of MATLAB. The interaction types of this method option
include effects from reflection and do not include effects
from diffraction, refraction, or scattering, and the operational
frequency for this function is from 100 MHz to 100 GHz,
which suits our investigated carrier frequency at 28 GHz.
Moreover, the ‘‘raytracing-image-method” supports up to
two path reflections. In our ray-tracing simulation, the build-
ing material and terrain material are both set as concrete,
due to the widespread use of this material in urban envi-
ronments. The computational complexity of our ray-tracing
simulation increases exponentially with the number of
reflections.

1) PROBABILITY OF LoS SIMULATION BASED ON RECEIVERS
ON ONE CIRCLE

First of all, for simulation consistency, we fix the same
deployment scheme for the UAV and ground receivers in
the four regions. Take the deployment in one region as an
example, the projected coordinates of the UAV on the ground
are at the center of the rectangular shape, and the height range
is adjusted from 10 m to 500 m with a step of 5 m interval.
The position of a receiver on the ground is placed on a circle
of a 200-meter radius and the receiver’s height is 1.5 m. It is
worth noting that, as aforementioned in Sub-section II-A, the
expression of the probability of LoS is valid under condition
dp > % It is verified that this condition can be met when
d,, > 200 m in four urban environments.

In addition, the intrinsic nature of a statistical method
requires the number of ground receivers as large as possible
to guarantee the accuracy of the simulation results. We ran-
domly deploy 5000 receivers on the circle with a 200-m
radius, and hence these 5000 receivers may be on the ground
or on the surface of a building. Since the receivers in the
LoS expression should be those placed on the ground by
default, we exclude the receivers that are not distributed on
the ground. The numbers of ground receivers in the four
regions of the simulation are 4121, 3434, 1901, and 2149,
respectively. Next, we calculate the LoS/NLoS status of the

propagation channel between the UAV and the ground
receivers when the UAV stays at different heights in the four
regions. Eventually, the obtained LoS/NLoS status data is
presented in Fig. 4.

As illustrated, Fig. 4 demonstrates the changes in the LoS
status between the UAV and ground receivers at different
heights in the suburban, urban, dense urban, and high-rise
urban environments respectively. The blue color represents
the LoS status, and the red one stands for the NLoS status. It is
easy to observe the intermittent blanks on the circumference
of all four sub-figures, which is explained by the occupancy
of buildings.

Finally, in the four areas, we calculate the ratio of the
number of receivers operating in the LoS state (Np,s) to the
total number of receivers (N, ) under different UAV elevation
angles, and then the approximate value of the LoS probability
can be obtained. The relationship between the calculated LoS
probability of the UAV in the four regions and the elevation
angle of the UAV will be given in Subsection [V-A. Addition-
ally, due to the weaker statistical power when considering the
receivers only in one circle, the analysis has been extended to
multiple circles in the following paragraph.

2) PROBABILITY OF LoS SIMULATION BASED ON RECEIVERS
ON MULTIPLE CIRCLES

The height of the UAV ranges from 10 to 500 meters with
an interval of 10 meters, so there are fifty different heights
of the UAV. Then we also set the ground receivers of fifty
circles with the projection of the UAV on the ground as the
center. The radius of these circles ranges from 4 to 200 meters
with an interval of 4 meters. It is worth noting that although
we mentioned that the LoS probability expression is valid
when d,, > 200 meters, this condition is only applicable
for the ITU LoS probability expression. Consequently, com-
paring the LoS probability data obtained from our simula-
tions (based on multiple circles) with the ITU’s expression
may not be suitable. Then, we placed various numbers of
receivers on each circle, according to each circle’s perime-
ter. The total number of receivers on the fifty circles in
each region are 61523, 50863, 33466, and 34816, respec-
tively. After conducting the RT simulations, we obtained
and analyzed enormous LoS/NLoS status data from four
regions and visualized them in a 3D manner as illustrated in
Fig. 5.

R = ("™ (1 1 [Inhho— po
dee 111 Inh hg —
Pross = exp (=V (dy)) = exp (—,/aﬂ/(; (5 _- erf[“\/_OTGO“OD dld> . (11)
_ (11 [In ((dyx = la) tan(®) + hex) — po
Pros3(0) = exp (—\/aﬂ/() <§ —3 erf|: N j|> dld) . (12)

Prosa(9) B / (L]
=exp|— — — —er
LoS4 p ) 77 2
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©) Reglon 3.

(d) Region 4.

FIGURE 2. Four regions in New York city correspond to suburban, urban, dense urban and high-rise urban.
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FIGURE 3. Height distribution of buildings in four regions, comparing the empirical cumulative distribution function (CDF) data
of the building heights with (a) the Rayleigh distribution model and (b) the log-normal distribution model.

As illustrated, Fig. 5 demonstrates the changes in the LoS
status between the UAV and ground receivers on multiple
circles at different heights in the suburban, urban, dense
urban, and high-rise urban environments, respectively. The
blue color represents the LoS status, and the red stands for
the NLoS status. In the four regions, we first calculate the
ratio of the number of receivers (operating in the LoS state) to
the number of all receivers (N, ) in each circle under different
UAV elevation angles. Then, we average the LoS ratios corre-
sponding to the same elevation angle on all circles to obtain
the approximate probability value of LoS. The relationship
of LoS probability versus elevation angle based on the sim-
ulations of receivers situated on multiple circles is given in
subsection IV-B.
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3) CHANNEL CHARACTERISTIC RELATED SIMULATION

The purpose of this simulation is to explore the path loss
and shadow fading characteristics of LoS and NLoS based
on the A2G ray tracing channel data in different urban envi-
ronments. The vertically projected coordinate of the UAV on
the ground is still set to the center of the region of rectangular
shape, and the height of the UAV ranges from 15 m to 585 m
(with a step of 30 m interval). The receivers are randomly
distributed within a circular area with a radius of half the
length of the short side of the rectangular shape, they are
all placed at a height of 1.5 m. The number of the ground
receivers in the suburban, urban, dense urban, and high-rise
urban regions is 2435, 2031, 1256, and 1405, respectively.
Moreover, the transmitter has an output power of 10 watts
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FIGURE 5. LoS/NLoS status between UAV and ground receivers on
multiple circles in four regions.

(40 dBm), and it operates on the carrier frequency of 28 GHz.
The bandwidth of all the ground receivers is set to 20 MHz
with which we could calculate the noise floor to be -101 dBm.
Both the transmitter and receiver antennas are isotropic.
After completing the deployment of the UAV and the ground
receivers, the path loss data can be extracted using the A2G
ray tracing method. The equation for path loss is given by

ad d
PL(dB) = 20log (ﬂ) + 10nlog,q (d_> X,
0

14

where dj is the reference distance and its value is usually from
10 m to 100 m for outdoor scenarios. A is the wavelength, d
denotes the distance from UAV to the receiver and n denotes
the path loss exponent (PLE). X,; is a Gaussian random vari-
able with a mean value of zero and a variance of aSZF to rep-
resent the shadow fading. Furthermore, we use (14) without
the last term to fit the extracted RT data to obtain the path loss

VOLUME 10, 2022

Region 1 (RT Dala)
Region 2 (RT Data)
Region 3 (RT Data)
Region 4 (RT Data)
Region 1 (P

Ll ]

La81
Region 2 (P,

)
51!
Region 3 (me)
Region 4 (P, ()

Region 1 (P, )
— — —Region2(P_ )

— — —Region3 (P, ;)

Region4 (P, __}

Lag2

LOS probibality

Region 1 (P
—-memRegion 2 (P

L053)
L053)
Region 4 (P ()

Region 1 (P
.. Region 2 (P

Lass)

Loss)
)

Region 3 (P

: Region 4 (P
0 10 20 30 40 50 50 70 egion 4 (Poss)

Elevation angle (degree)

LaS4

FIGURE 6. LoS probability comparison between the RT simulation data
(based receivers located on one circle) and the theoretical expression
in (5), (6), (12), and (13).

exponent, and the root mean square error (RMSE) of the fit
is the standard deviation of the shadowing X, . The statistical
analysis of LoS and NLoS shadow fading with various UAV
deployment altitudes in the four regions will be demonstrated
in Subsection IV-C.

IV. SIMULATION RESULTS

A. RESULTS OF THE LoS SIMULATION BASED ON
RECEIVERS LOCATED ON ONE CIRCLE

This study compares the four theoretical formulas in sub-
sections II-A and II-B to the RT simulation results in four
regions. Specifically, we compare the LoS probability data
based on simulations of ground receivers located on one
single circle, with expressions (5), (6), (12), and (13). For
expression (5), it is based on the assumption that the building
heights follow the Rayleigh distribution and that the locations
of the buildings are evenly spaced. Expressions (6), (12),
and (13) have the same type of building location distribu-
tion, and their buildings are all modeled as random points
following a Poisson point process (PPP). But these three
expressions are based on different types of building heights’
distribution. The building heights in expression (6) con-
form to the Rayleigh distribution, while the building heights
in expressions (12) and (13) conform to the log-normal
distribution.

As illustrated in Fig. 6 that the LoS expressions (5), (6),
(12), and (13) are represented by the solid line, the dashed
line, the dot-dash line, and the dotted line, respectively. It can
be seen from Fig. 6 that the trend of LoS probability obtained
from RT simulation data fits better to expressions (6), (12),
and (13) than expression (5). However, except for the curves
of expressions (6), (12), and (13) for Region 1, the others are
still not ideal with visible discrepancies.

Furthermore, as illustrated in Fig. 6, the RT LoS probability
data in Region 3 (dense urban) is higher than that in Region 2
(urban) when the elevation angle is less than around 25 degree
which is unlike the theoretical result in (6). To further ana-
lyze this phenomenon, we have selected the LoS/NLoS data
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FIGURE 7. LoS/NLoS data comparison between Region 2 and Region 3.

of Region 2 and Region 3 when the elevation angle is less
than 25 degree (h;, = 75 m) and greater than 25 degree
(hsx = 115 m) for comparison. As illustrated in Fig. 7, the
number of red points (representing the NLoS data) in Region
3 is smaller than that in Region 2. Note that, since the building
density in Region 3 is significantly larger than that in Region
2 as shown in Table 2 and Fig. 2, and the number of receivers
(indicated by all blue and red points) on the ground in Region
3 is smaller than that in Region 2. Therefore, the ratio of the
blue LoS points to all points in Region 3 tends to be larger
than that in Region 2. The difference in the average building
height in Region 2 and Region 3 is less significant among all
regions.

B. RESULTS OF THE LoS SIMULATION BASED ON
RECEIVERS LOCATED ON MULTIPLE CIRCLES

In this subsection, we compare the simulated LoS probability
data from the receivers at circles of different radii with the
expressions (6), (12), and (13). The expression (5) is not taken
into account due to its unsuitability at a radius smaller than
200 meters.

As illustrated in Fig. 8, the LoS expressions (6), (12),
and (13) are represented by the dashed line, the dot-dash line,
and the dotted line, respectively. As observed, for Region
1 and Region 2, the LoS probabilities data obtained from RT
simulations are more fittable to the curves of expressions (6),
(12), and (13), which is an improvement over its counter-
parts in Fig. 6. However, for other regions, the curves of
expressions (6), (12), and (13) are still deviant from the RT
simulation data.

Since the curves of the above three LoS probability expres-
sions cannot perfectly fit the trends of the realistic RT simula-
tion data, in this section, we present our own LoS probability
expression and fitting curves as shown in Fig. 9. The eleva-
tion angle-dependent LoS probability expression is given as
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TABLE 3. Parameters of the fitted curves in four regions.

Regions/Parameters a b [ d
Region 1 0.7990 | 0.0025 | -0.8094 | -0.0810
Region 2 0.5093 | 0.0077 | -0.3788 | -0.0934
Region 3 0.1228 | -0.0290 | 0.1985 0.0186
Region 4 0.1478 | -0.0091 | 0.0128 0.0490

Region 1 (RT Data)
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Region 3 (RT Data)
Region 4 (RT Data)
Region 1 (Fitted curve)
= Region 2 (Fitted curve)
Region 3 (Fitted curve)
Region 4 (Fitted curve)

e
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FIGURE 9. LoS probability versus elevation angle under exponential
fitting curves, based on ray tracing data obtained from receivers on
multiple circles.

follows
Pros = ae” +ce®, (0 < 0 < 70°), (15)

where the parameters a, b, ¢ and d in the four regions are
shown in Table 3 as follows.

It can be seen from Fig. 9 that our own proposed expression
for the LoS probability based on the elevation angle well fits
the trends of the RT simulation data in all four regions. The
relationship between the four parameters in the LoS probabil-
ity expression and the parameters of the urban environments
will be dedicated in future research work.

VOLUME 10, 2022



M. Song et al.: A2G Large-Scale Channel Characterization by RT

IEEE Access

3.4 *
T —FH—Region 1 Lo§ —— Region 3 LoS
3.2 &?*’ * — B —Region 1 NLoS Region 3 MLoS | 4
g \:{ * Region 2 LoS —%— Region 4 LoS
3 —y \4\ — & —Region 2 NLoS — % —Region 4 NLoS | |
\ Y
& b‘:gi‘ﬂ e
T 28 T ~
g ‘:C_Q., -g\lz’ A ﬂ‘-._'g\"n" B 'E‘\ A
s N ;
Al "% LAY
£26 T g A By
[ - K~ =Ny
8 B .
] ] . 1
© 24 G o ~a ¥
= @ ©
™
o 22 1

] 100 200 300 400 500 600
Height of UAV (m)

FIGURE 10. LoS and NLoS PLEs versus the height of UAV.

C. RESULTS OF CHANNEL CHARACTERISTIC RELATED
SIMULATION

The relationship between the PLE of LoS/NLoS obtained
from the A2G RT data set and the UAV height is shown in
Fig. 10 where the PLE of the LoS link changes more smoothly
than that of the NLoS link. The former increases with the
growth of the UAV height and gradually approach the value
of 2, while the latter decreases from a high value to the free
space exponent of 2 with the higher UAV height. In addition,
when the UAV height is less than around 100 meters, the PLE
of the LoS link in the four areas demonstrates an obvious
upward growth with a steeper slope. This phenomenon can be
explained that when the UAV flies at an altitude that is lower
or close to the average building height of the corresponding
region, the richness of reflections and the waveguiding effect
can occur in the signal propagation. This waveguiding effect
that causes the PLE smaller than 2 (free-space PLE) is also
frequently seen in the indoor corridor wireless propagation
measurement [23].

Furthermore, we analyze the relationship between the aver-
age number of rays received by each receiver in the four
regions and the UAV height. As shown in Fig. 11, when the
UAV height is less than around 100 meters, the average num-
ber of rays received by the receiver is significantly reduced as
the height of the UAV increases. From the perspective of real
urban environments, when the height of the UAV is less than
around 100 meters, the aforementioned waveguiding effect
is more obvious resulting in more rays to be received by the
receiver, and vice versa.

Furthermore, we particularly investigate the ground
receivers with LoS communication in the four regions and
plot the average number of rays versus the UAV height in
Fig. 12. As can be observed, Region 4 shows a very obvious
fluctuation between 105 m and 255 m (UAV height), while
Region 3 also demonstrates a tiny fluctuation from 105 m
to 165 m. This is because, there are still rich reflectors in
the propagation path (and environment) when the UAV flies
lower than the highest buildings of the region (310 m and
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FIGURE 12. Average number of rays (which must include one LoS ray for
each ground receiver) versus the height of the UAV (with a step of 30 m,
from 15 m to 585 m).

137 m in Region 4 and Region, respectively), despite that
the overall LoS communication probability monotonically
increases as illustrated in Fig. 13. It is worth mentioning that,
the LoS probability increment will enter the saturation region
when the UAV flies significantly high.

The relationship between the standard deviation of shadow
fading under LoS/Nlos conditions and various UAV deploy-
ment altitudes in the four regions is illustrated in Fig. 14.
It can be observed that, being similar to Fig. 10, the standard
deviation of shadow fading in LoS link changes smoother
than that of NLoS as the drone height increases. Moreover,
it demonstrates a comparatively flat curve with a slightly
ascending order in terms of the increased complexity of
the urban environment. Moreover, when the UAV height is
lower than 100 m, the shadow fading standard deviation of
the LoS link has a larger decreasing slope which can be
explained by the waveguiding effect as a root cause which
also leads to a series of observations under 100 m for both
Figs. 10 and 11.
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V. CONCLUSION
In this paper, we have compared and verified four elevation
angle-dependent probability expressions of LoS by conduct-
ing real-world urban environment-based simulations from
the analysis of the extracted A2G ray tracing channel data.
One of the most critical conclusions is that the elevation
angle-dependent probability expression of LoS based on the
assumption of randomly distributed buildings in the literature
can better match and estimate the LoS probability between
the UAV and the ground receivers in realistic urban envi-
ronments. Moreover, based on the massive A2G ray tracing
simulation data, we have unveiled the critical relationship
between the UAV altitude and the A2G channel parameters
such as the PLE and the standard deviation of the shadowing
effect.

The future work includes several aspects, namely, the other
characteristics of the A2G channel based on the realistic
urban environment such as the Doppler effect in a highly
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dynamic environment; investigating various meteorological
conditions and building materials that affect the UAV com-
munications at high-frequency bands; UAV deployment strat-
egy for various geological and weather conditions.
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