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Abstract: Our study proposes a UAV communications recovery strategy under meteorological
conditions based on a ray tracing simulation of excessive path loss in four distinct three-dimensional
(3D) urban environments. We start by reviewing the air-to-ground propagation loss model under
meteorological conditions, as well as the specific attenuation of rain, fog, and snow, and we propose
a new expression for line-of-sight (LoS) probability. Using the two frequency bands of 28 GHz and
71 GHz, we investigate the impact of specific attenuation caused by different weather conditions
and analyze the relationship between the radius of the UAV coverage area and the elevation angle.
Furthermore, we investigate the effects of the rainfall rate, liquid water density, and snowfall rate on
the maximum coverage area and optimal height of the UAV. Eventually, we propose a strategy that
involves compensating for the maximum path loss and adjusting the UAV’s position to recover the
coverage of the UAV to ground users. Our results show that rain has the greatest impact on the UAV’s
coverage area and optimum height among the three types of weather conditions. For various weather
conditions, relative to Region 1, the percentage reduction in the maximum coverage radius of Region
2 to Region 4 increases gradually, and the extent of each increase is approximately 10%. Moreover,
after adding the compensated path loss, the coverage radius of the UAV in the four regions is restored
to a value slightly larger than that before the rain. In addition, rain caused the greatest reduction in
UAV coverage for suburban environments and the lowest for high-rise urban environments.

Keywords: unmanned aerial vehicle (UAV); air-to-ground (A2G); meteorological conditions; channel
models; ray tracing (RT); excessive path loss; LoS probability

1. Introduction

In recent years, with the reduction in manufacturing costs, unmanned aerial vehicles
(UAVs) have appeared in many applications. In the civil field, UAVs are widely used
in aerial photography [1,2], smart agriculture [3,4], express transportation [5,6], disaster
relief [7], observing wild animals [8], etc. In addition, due to the advantages of flexible
and rapid deployment, UAVs are also suitable for various applications in fifth-generation
(5G) and beyond wireless communications. In cellular networks, UAVs can play two
distinct roles: cellular-connected UAVs and UAV-assisted wireless communications [9].
The former treats the UAV as an aerial user accessing the cellular network for sky-based
communication, while the latter utilizes the UAV as an aerial communication platform,
acting as a base station (BS) or relay to provide data access from above. For example, the
UAV in Ref. [10] is used as an air base station (ABS), and in Refs. [11,12], the UAVs act as
relays. This paper primarily focuses on UAVs serving as ABS.

UAVs, when utilized as aerial base stations, can provide temporary communication
services following natural disasters such as earthquakes, mudslides, floods, and forest fires.
Furthermore, during civil emergencies such as power outages, UAVs can enable rapid
communications and service restoration due to their high mobility and flexibility. However,
common weather conditions, including rain, fog, and snow, cause the specific attenuation
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of electromagnetic waves [13-15], leading to reduced communications coverage between
the UAV and ground users [16]. We believe that studying how to restore UAV-ground user
communication coverage under various weather conditions to levels comparable to those
in clear weather is a valuable endeavor.

Several studies have explored the use of UAVs in communication with ground users.
For instance, A. Al-Hourani et al. [17] proposed an analytical method to optimize the
heights of low-altitude platforms (LAP) for maximum terrestrial radio coverage. Similarly,
M. Mozaffari et al. investigated the optimal height of a single drone small cell (DSC) for
maximum coverage and minimum transmission power in [18]. In the case of two DSCs, the
authors analyzed the effect of the distance between them on the coverage area, accounting
for both no-interference and full-interference scenarios, and derived the optimal distance
for maximum coverage.

Furthermore, in [19], A. M. Hayajneh et al. explored the use of drone-based small
cellular networks (DSCNs) to restore or fill coverage gaps in terrestrial cellular networks
due to natural or man-made disasters. In another study, Zhang et al. investigated a
downlink communication scenario in which a UAV base station (UBS) assists a ground base
station (GBS) in providing services. Using stochastic geometry, they derived an explicit
expression for the overall coverage probability [20]. In a cellular network with UAVs
serving as base stations, Q. Zhu et al. addressed the coverage recovery problem when
one or more UAVs go offline due to energy replenishment or extreme environments [21].
The authors analyzed the relationship between the coverage radius, UAV height, and
transmission power to mitigate the impact of offline UAVs.

It is worth noting that the line-of-sight (LoS) probability expressions involved in the
research of communication recovery in Refs. [19-21] are all based on Ref. [17]. The LoS
probability expression in Ref. [17] is based on the assumption of evenly spaced buildings.
This may not be appropriate in real urban environments, where buildings tend to be more
randomly distributed. The communication recovery method proposed in this paper is
based on our own proposed LoS probability expression under real urban environments.
This is the first difference between this paper and the aforementioned three references.
Secondly, this paper places an emphasis on the communication coverage of UAVs, which
is intricately linked to the distance between the UAV and ground users. Consequently,
we employ an allowable path loss threshold to dynamically adjust the UAV’s position. In
comparison to the signal-to-noise ratio (SNR) threshold outlined in Ref. [21], our approach
streamlines certain calculation steps for improved efficiency. Thirdly, this paper takes into
account the recovery of the coverage of the UAV across diverse weather conditions. Thus,
our study aims to fill a gap by examining the effects of various weather conditions on UAV
coverage, which are not considered in the three mentioned references.

Moreover, some studies have explored the specific attenuation of rain, fog, or snow in
communication systems. For instance, Refs. [22-24] examine the impact of rain-specific
attenuation on traditional or satellite communications. Fog-specific attenuation is primar-
ily investigated in the context of optical communication, as seen in the literature [25-28].
Additionally, Refs. [29,30] study the attenuation caused by snow in wireless communica-
tions. Nonetheless, limited research has been conducted on the effects of various weather
conditions on communication between UAVs and ground users. This paper presents a
strategy to restore communication coverage between UAVs and ground users under rain,
fog, or snow conditions considering two frequencies (28 GHz and 71 GHz). The reason that
we focused on these two frequencies is that they are critical and representative frequency
bands adopted by future wireless communication systems such as 5G and beyond [31].
Numerical results demonstrate that, under different weather conditions, the UAV-ground
communication coverage can be effectively restored to a level comparable to that of a
clear day through compensated path loss and UAV height adjustment. In this paper, we
summarize our contributions in the following aspects.

(1) Drawing on ray tracing simulation data from previous work, we provide a new LoS
probability expression for four distinct 3D urban environments.
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(2) Using the selected four 3D urban environments, we conduct ray tracing simulations
and obtain excessive path loss data for these environments, considering one, two, and
three reflections.

(3) We present expressions and associated parameters that illustrate the relationships
between the coverage area, optimal UAV height, and compensated path loss in re-
lation to the rainfall rate, liquid water density, and snowfall rate across four urban
environments at two distinct frequencies (28 GHz and 71 GHz).

(4) We propose an algorithm for UAVs to restore communication with ground users under
varying weather conditions and analyze the time required for communication recovery.

The remainder of this paper is structured as follows. Section 2 presents the system
model. Section 3 provides the methods. In Section 4, we propose a UAV communication
recovery strategy to address the challenges posed by adverse weather conditions for UAV
communications and give the results. Lastly, Section 5 provides the concluding remarks.

2. System Model

We incorporate specific attenuation into the air-to-ground (A2G) propagation loss
model from [17]. The propagation model for communications between a UAV and ground
users under various weather conditions can be represented as

PLmax = PLOS<6) X PLpos + (1 - PL05(6>) X PLNLos + %r M
where d denotes the distance between the UAV and the receiver in meters. The above
model consists of three critical components: the LoS probability expression (Pr,5(0)), the
propagation path loss from the UAV to a ground receiver in LoS or non-line-of-sight (NLoS)
conditions (PLj,s or PLy,s), and the specific attenuation caused by weather and gas (y
and B). We discuss these three components in detail in the following subsections.

2.1. Line-of-Sight Probability

In UAV communications with ground users, LoS links can be obstructed by ground
obstacles such as buildings, trees, vehicles, pedestrians, and other impediments. Our
previous research conducted ray tracing simulations for four distinct urban environments
in New York City [32], yielding LoS probability data for UAV-ground user communications,
as depicted in Figure 1. The four solid lines in Figure 1 represent the fitting curves, with
the corresponding LoS probability equation

Pros(0) =i-sin(j0 + k) +1-sin(mb +n), (0 < 6 < 70°), )

where 0 is the elevation angle of the UAV, and i, j, k, [, m, n are the fitting parameters. These
parameters for the four urban environments are shown in Table 1.

Table 1. The parameters of the fitted curves in four regions.

Regions/Parameters i Ji k l m n
Region 1 4.983 0.03925 —0.7442 4.077 0.04385 2.148
Region 2 0.9833 0.01213 0.2867 0.03389  0.09113  —0.5077
Region 3 1.718 0.0317 —0.3507 1.132 0.04341 2.362

Region 4 3.659 0.006567  —0.1354 0.6815 0.03597 2.128
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Figure 1. LoS probability in four representative urban environments.

Additionally, the selected four rectangular-shaped environmental regions in New York
City in our previous work are suburban, urban, dense urban, and high-rise urban. The
average building heights of the four selected regions are 6.5 m, 12.2 m, 22.7 m, and 55.0 m,
respectively. The ratios of the land area covered by buildings to the total land area are 0.26,
0.43, 0.94, and 0.78, respectively. The average numbers of buildings per unit area (square
kilometer) are 2582.7, 1100.9, 2243.9, and 844.0, respectively.

2.2. Excessive Path Loss

Excess path loss refers to the signal degradation beyond the free-space path loss,
characterized by a Gaussian distribution [33-35]. The additional losses arise due to the
scattering or reflection of electromagnetic waves when they interact with obstacles such
as buildings, trees, and other obstructions on the ground. In this study, we focus on the
average value of the additional path loss rather than its stochastic nature, as discussed
in [17].

To determine the excessive path loss in the four selected regions, we employed MAT-
LAB’s Communications Toolbox to perform ray tracing simulations at two distinct frequen-
cies, 28 GHz and 71 GHz. Specifically, the ray tracing simulation platform (PC) is equipped
with an Intel® Core™ i7-11700F Processor (2.50 GHz) and 16 GB of RAM. In MATLAB, the
command to initiate the ray tracing model is expressed as raytrace(tx, rx), where tx and rx
represent predefined transmitter and receiver site objectives, respectively [32].

We use a site viewer object to display transmitter and receiver sites, as well as vi-
sualizations of ray propagation. We have employed omnidirectional antennas at both
transmitter and receiver ends. It is worth mentioning that, in many practical cases, om-
nidirectional antennas are used for A2G communications due to their ability to radiate
the signal uniformly in all directions. This allows for broader coverage and facilitates
communication with aircraft regardless of their position or trajectory. Omnidirectional
antennas are particularly suitable when the primary objective is to provide widespread
coverage to a large area or a fleet of aircraft. By default, the site viewer presents a 3D view
of the globe with geographic coordinates. For our simulation, the terrain and building data
defined within the site viewer are based on the Open Street Map (OSM) file. We utilized
the shooting and bouncing rays (SBR) method, allowing for up to three reflections, to create
the ray tracing model. The interaction types within the SBR method encompass reflection
effects but exclude diffraction, refraction, or scattering effects. In our ray tracing simulation,
both building and terrain materials are designated as concrete due to its widespread usage
in urban settings.

The four selected rectangular regions have dimensions of approximately 840 m in
length and 450 m in width. To maintain simulation consistency, we employ the same
UAV deployment scheme across all four regions. For example, in one region, the UAV’s
projected coordinates on the ground are positioned at the center of the rectangle, with
a height of 300 m. Taking into account an equal number of receivers per unit area, we
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distribute a specific number of receivers uniformly on the ground within the four regions.
The quantities of the ground receivers in these regions are 24,947, 19,543, 12,144, and 11,209,
respectively. The declining number of ground receivers across the regions is due to our
selection of suburban, urban, dense urban, and high-rise urban environments. As the
ratio of the building area to the total area within each region increases, the number of
accommodated users on the ground decreases. Furthermore, the transmitter has an output
power of 10 watts (40 dBm), and both the transmitter and receiver antennas are isotropic.
Figure 2 displays the LoS and NLoS points, along with varying reflection numbers, at a
28 GHz carrier frequency across the four regions. It is important to note that we differentiate
these reflection points based on the reflection number of the first ray that reaches the receiver.
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Figure 2. LoS points and NLoS points with different numbers of reflections in four regions
(Freq = 28 GHz).

Based on Equation (3) from [17], we compute the excessive path loss # for each receiver
across four regions. In Equation (3), PL,, and FSPL,, represent the total path loss and free-
space path loss between the UAV and the nth receiver, respectively. Furthermore, we use
NLos and s to denote the mean values of excessive path loss between the UAV and
receivers in LoS or NLoS conditions within each region. Specifically, we employ #nr,51,
NNLos2, and 1n1s3 to represent the mean values of excessive path loss between the UAV
and receivers for varying reflection counts.

#n = PL; — FSPL,,. 3)

For a carrier frequency of 28 GHz, Figure 3 illustrates the calculated excessive path
loss for each receiver (discrete points) against the UAV’s elevation angle in the four regions.
Solid lines with distinct colors represent the average values of excessive path loss between
the UAV and receivers in various communication states (LoS or NLoS with different
reflection counts). Table 2 summarizes the mean values of different types of excessive path
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loss (17105, INLos1, TNLos2, and ynres3) at carrier frequencies of 28 GHz and 71 GHz across
the four regions. The path loss between the UAV and receivers in different states (LoS or
NLoS) can be calculated using Equation (4) from [17], where d represents the distance in
meters from the UAV to a ground receiver, and A denotes the wavelength in meters.

47td
PLpos =20 log<T> + NLos,

47td
PLnros = 20 108(7) + 1IN LoS,

(INLoS = NINLoS1, INLoS2, INLoS3)-

4)

By substituting Equations (2) and (4) into Equation (1), we derive the propagation
model of UAV—ground user communications as a function of the UAV elevation angle
under various weather conditions, as shown in Equation (5).

C e . 47
PLax = [i-sin(j6 + k) + I - sin(mf + n)] X (1105 — 7INL0s) + 20logd + 20 log<7
(B+7)d i
H1INLos + =500 (0 = 0 = 70°) (NLos = 1INLos1, 1INLos2/ N LoS3)-
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Figure 3. Excessive path loss versus elevation angle of the UAV in four regions (Freq = 28 GHz).
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Table 2. The mean value of excessive path loss in four regions.

Regions Frequency MLoS INLoS1 INLoS2 INLoS3
Region 1 28 GHz —0.7108 7.4100 14.4860 20.6935
Region 1 71 GHz —0.7102 7.4154 14.4935 20.7025
Region 2 28 GHz —0.8005 7.0873 13.8626 19.6476
Region 2 71 GHz —0.7998 7.0924 13.8696 19.6561
Region 3 28 GHz —0.9833 7.0834 13.7405 20.1763
Region 3 71 GHz —0.9825 7.0887 13.7476 20.1849
Region 4 28 GHz —1.3496 7.0300 14.4386 22.5115
Region 4 71 GHz —1.3486 7.0357 14.4459 22.5205

2.3. Specific Attenuation Model for Rain, Fog, Snow, and Gases

We provide a brief overview of the specific attenuation of electromagnetic wave signals
caused by various weather conditions, including rain, fog, and snow, as well as atmospheric
attenuation. This topic has been discussed in detail in our previous work [16].

2.3.1. Rain

Using the International Telecommunication Union (ITU) model, the specific attenu-
ation due to rainfall is denoted as Yain (dB/km) and it is related to the power law of the
rainfall rate R4y (mm/h). It is written as [13]

Yrain = kR}y, (dB/km), (6)

where k and « are determined by a series of coefficients provided by the ITU. Generally,
Ryain ranges from 0 to 100 mm/h.

2.3.2. Fog

Fog, as another common meteorological phenomenon, can significantly impact UAV
communications and flights. Based on the ITU model, the specific attenuation caused by
fog, rfog, can be described as [14]

Yiog = KlRfog (dB/km)/ )

where K] represents the attenuation per kilometer with unit liquid water density, in units
of (dB/km)/ (g/ m3 ), and Rfog denotes the liquid water density (LWD) in g/ m?3. In this
study, we focus on the LWD range of 0.05-0.5 g/m?.

2.3.3. Snow

The specific attenuation caused by snow is derived from the model presented in [15],
as shown in Equation (8). Snow can be classified into dry and wet snow based on its
specific liquid content [36]. This paper only considers the model for dry snow, with a
default ambient temperature of 0 degrees Celsius.

1.6
Yenow = 0.00349500w 10 00224 Rsnow (4 /i), ®)
A?m /\C”’l

where Rgnow represents the snowfall rate in mm/h, typically ranging within 0-10 mm/h,
and A, denotes the wavelength in centimeters.

2.3.4. Gas

Considering the presence of oxygen, nitrogen, rare gases, and water vapor in the air,
which absorb radio waves and cause atmospheric attenuation, it is essential to incorporate
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this effect into the free-space path loss model to determine the propagation attenuation
of electromagnetic waves in a standard atmosphere. According to [37], the atmospheric
attenuation 5 can be calculated as

B=PBo+Puw

1 1 (9)
= 0.1820fcH; (NOxygen (fGHZ) + Nwater Vapor (fGHZ)> ’
where B, and By represent the specific attenuation (dB/km) due to dry air (oxygen and
pressure-induced nitrogen) and water vapor, respectively. Furthermore, Ngxygen (feuz)

and N{{,or Vapor (fcH,) denote the imaginary components of the frequency-dependent

complex refractivities for oxygen and water vapor, respectively [37].

3. Methods

In this section, we evaluate the impact of meteorological conditions on UAV-ground
communications in four selected regions from the coverage radii of UAVs. The evaluation
is based on the derived implicit function of the coverage radius of the UAV with respect
to the elevation angle. Firstly, we analyze the relationship between the coverage radius
of the UAV and the elevation angle under the influence of the atmosphere only, based on
excessive path losses with different numbers of reflections. We then examine the effect of
specific attenuation due to rain, fog, and dry snow and analyze the relationship between
the UAV coverage radius and the elevation angle. At the same time, we give the numerical
results of the coverage radius of the UAV under different weather conditions in the four
selected regions, and the results are quantitatively analyzed and discussed. Moreover, we
give the numerical results of the UAV coverage area, optimal height, and compensated path
loss under different rainfall rates, liquid water densities, and snowfall rates, respectively.
Finally, we quantitatively analyze and discuss these results.

From the geometric relationship between the UAV and a ground user in one of the
four selected regions, as shown in Figure 4, the distance between the UAV and ground
user can be calculated as d = C; - secf. Since we need to explore the relationship between
the coverage radius (C;, in m) and elevation angle (6, in degree) of the UAV under the
influence of different weather in the four regions, based on Equation (5), we give the
implicit function of the coverage radius of the UAV with respect to the elevation angle, as
shown in Equation (10).

PLmax = [i-sin(j0 4+ k) 4 I - sin(m6 + n)] X (11105 — INLos) + 2010g(Cr - sech)

4 C, - 0 10
+2010g<;> + INLos + (’3”)1(006 see ),(o <0 <70, (10)

where PLmax represents the maximum allowable path loss, and its value is set to 114 dB [17],
and 1/NLos = 1NLoS1, INLoS2s INLoS3, Y = Vrains Yfogs Ysnow-

2

O
g O

/ v,
* L

N

Figure 4. The geometric relationship between the UAV and a ground user in Region 2.
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3.1. UAV Coverage Radius with Elevation Angle Considering Gaseous Attenuation Only

In this section, we analyze the relationship between the coverage radius of the UAV and
the UAV elevation angle under the influence of the atmosphere only. We remove the specific
attenuation of weather () in Equation (10), and then the corresponding implicit function of
the coverage radius of the UAV with respect to the elevation angle under the influence of the
atmosphere only can be obtained. The ambient temperature is assumed to be 15 degrees Celsius.

The UAV coverage radius and the elevation angle in four distinct regions, considering
gas-only environments, are depicted in Figure 5. We can observe the following trends. First,
the coverage radius of the UAV operating at 28 GHz (solid line) is generally larger than that
at 71 GHz (dashed line) under the same number of reflections in each region. Second, for
a given frequency, the coverage radius of the UAV decreases as the number of reflections
increases. Lastly, the coverage radius of the UAV in the four selected regions (suburban,
urban, dense urban, and high-rise urban) decreases sequentially. Specifically, based on
Figure 5, we summarize the maximum coverage radius of the UAV in Table 3. By analyzing
these maximum coverage radius data, we find some interesting regularities. For example,
in Region 1, under the two frequency conditions, the maximum coverage radius based on
two reflections is reduced by 15% compared with that of one reflection, and the maximum
coverage radius based on three reflections is reduced by 25% compared with that of one
reflection. The reduction percentages of the maximum coverage radius based on two and
three reflections compared to that of one reflection in the four regions are summarized
in Table 4. It can be seen that the reduction percentage of the maximum coverage radius
for different numbers of reflections compared to one reflection is independent of the
frequency from Table 4. In addition, under the two frequency conditions, compared
with the maximum coverage radius based on one reflection in Region 1, the reduction
percentages in the other three regions are 13%, 24%, and 35%, respectively.

—A— NumRef=1, Freq=28 GHz — 4 —NumRef=1, Freq=71 GHz —#— NumRef=1, Freq=28 GHz — 4 — NumRef=1, Freq=71 GHz
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Figure 5. UAV coverage radius versus elevation angle under gases in four regions.
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Table 3. The maximum coverage radius (in m) of the UAV under different reflection numbers in the
four regions only considering the atmosphere.

Regions NumRef 28 GHz 71 GHz
1 333.1 130.9
Region 1 2 284.0 111.6
3 251.0 98.7
1 288.7 113.5
Region 2 2 214.6 84.4
3 171.1 67.3
1 253.8 99.8
Region 3 2 156.8 61.7
3 99.3 39.1
1 218.0 85.7
Region 4 2 107.6 424
3 50.1 19.8

Table 4. Percentage reduction in maximum coverage radius for double and triple reflections relative
to single reflection.

Regions Region 1 Region 2 Region 3 Region 4
NumRef 2 3 2 3 2 3 2 3
28 GHz 15% 25% 26% 41% 38% 61% 51% 77%
71 GHz 15% 25% 26% 41% 38% 61% 51% 77%

3.2. UAV Coverage Radius with Elevation Angle under Different Weather Conditions

In this subsection, we analyze the impact of specific attenuation due to rain, fog,
dry snow, and gas on the communications between the UAV and ground receivers. For
simplicity, we only consider the case of 17N1,s = #NLos1 in Equation (10); then, we can
obtain the corresponding implicit function of the maximum coverage radius of the UAV
with respect to the elevation angle. The rainfall rate (Ryain), liquid water density (Ryoyg),
and snowfall rate (Rsnow) are set as 12.5 mm/h, 0.5 g/ m?3, and 5 mm/h, respectively. The
relationships between the UAV coverage radius and the elevation angle under rain, fog,
and dry snow in the four regions are shown in Figure 6. In addition, for convenience of
comparison, we add the relationship curves between the coverage radius and elevation
angle of the UAV when there are only atmospheric conditions. As shown in Figure 6, the
coverage radius of the UAV at the frequency of 28 GHz is greater than that at the frequency
of 71 GHz in all four regions. Furthermore, the relationship between the UAV coverage
radius under different weather conditions is C,8% > C,5™% > C,f8 > Crain where C,
denotes the UAV coverage radius. It can be seen that under different weather conditions,
rain has the greatest impact on the coverage radius of the UAV, which is due to the different
degrees of attenuation of the propagation signal by the several weather models that we
introduce. Based on our previous work [16], the attenuation of the propagated signal caused
by different weather conditions at the two frequencies of 28 GHz and 71 GHz is compared,
as shown in Figure 7. We can see that the degree of attenuation of the propagation signal
by rain is the largest among the three types of weather from Figure 7.
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Figure 6. UAV coverage radius versus elevation angle under different weather conditions in
four regions.
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Figure 7. Propagation attenuation under different weather conditions.

Specifically, the maximum UAV coverage radius data under different weather condi-
tions in the four regions are summarized in Table 5. Based on these maximum coverage
radius data, the percentage reductions in the maximum coverage radius for different
weather conditions relative to atmospheric conditions are summarized in Table 6. We found
that the percentage reduction in the coverage radius under different weather conditions
was generally greater at 71 GHz than at 28 GHz in the four regions. At the same time,
we summarize the percentage reductions in the maximum coverage radius for Regions
2 to 3 under snow, fog, and rain conditions relative to Region 1 in Table 7. Based on the
data in this table, we find that under various weather conditions, relative to Region 1, the
percentage reduction in the maximum coverage radius of Region 2 to Region 4 increases
gradually, and the extent of each increase is approximately 10%. In addition, the difference
caused by different frequencies in the percentage reduction in the coverage radius is very
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small, and the coverage radius reduction percentage at 71 GHz is approximately 1% smaller
than that at 28 GHz in Table 7.

Table 5. The maximum coverage radius (in m) of the UAV under different weather conditions in the
four regions.

Regions Weather 28 GHz 71 GHz
gas 333.1 130.9
2. 127.
Region 1 snow 332.3 6
fog 324.8 126.3
rain 304.2 118.4
gas 288.7 113.5
288.1 111.
Region 2 snow 88 0
fog 282.6 110.1
rain 267.0 104.1
gas 253.8 99.8
253.4 98.
Region 3 snow 53 8.0
fog 249.3 97.3
rain 237.8 92.8
gas 218.0 85.7
217.7 4.4
Region 4 Snow 8
fog 214.7 83.9
rain 206.1 80.6

Table 6. Percentage reduction in maximum coverage radius for different weather conditions relative
to atmospheric conditions.

Regions Weather 28 GHz 71 GHz
snow 0.24% 2.52%
Region 1 fog 2.49% 3.51%
rain 8.68% 9.55%
snow 0.21% 2.20%
Region 2 fog 2.11% 3.00%
rain 7.52% 8.28%
snow 0.16% 1.80%
Region 3 fog 1.77% 2.51%
rain 6.30% 7.01%
snow 0.14% 1.52%
Region 4 fog 1.51% 2.10%

rain 5.46% 5.95%
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Table 7. Percentage reduction in maximum coverage radius in snow, fog, and rain conditions for
Regions 2 to 4 relative to Region 1.

Region 1 Weather Regions 2—4 28 GHz 71 GHz
Region 2 13.30% 13.01%

Region 1 Snow Region 3 23.74% 23.20%
Region 4 34.49% 33.86%

Region 2 12.99% 12.83%

Region 1 Fog Region 3 23.25% 22.96%
Region 4 33.90% 33.57%

Region 2 12.23% 12.08%

Region 1 Rain Region 3 21.83% 21.62%
Region 4 32.25% 31.93%

It is worth noting that for each weather condition and frequency, there is a maximum
UAV coverage radius at a certain elevation angle, which we refer to as the optimal elevation
angle. The height of the UAV also becomes the optimal height at this angle. Specifically,
for rain, the maximum UAV coverage radius can be found for each rainfall rate (Ry,in),
as well as the corresponding UAV optimal elevation angle and optimal height. Similarly,
for fog and snow, the maximum UAYV coverage radius can be found for each liquid water
density (Rfog) and each snowfall rate (Rsnow). In the next subsection, we discuss the
impacts of the rainfall rate, liquid water density, and snowfall rate on various aspects of
UAV-ground communications.

3.3. The Impacts of Rygin, Rppg, and Rsnow on UAV-Ground Communications

In this subsection, we analyze the influence of the rainfall rate, liquid water density,
and snowfall rate on the maximum coverage area and the optimal height of the UAV, respec-
tively. Then, we introduce the concept of compensated path loss and give its calculation
method. The subsection is divided into three parts.

3.3.1. Influence of R 4in, Reog, and Rspow on the Maximum Coverage Area of the UAV

The relationships between the UAV maximum coverage area and the rainfall rate, the
liquid water density, and the snowfall rate in the four regions are illustrated in Figure 8,
Figure 9, and Figure 10, respectively. Each discrete marker point represents the UAV’s
maximum coverage area calculated based on the corresponding rainfall rate, liquid water
density, and snowfall rate, respectively. Moreover, the solid and dashed lines show the
fitting curves for the frequencies of 28 GHz and 71 GHz, respectively. Additionally, to
visually demonstrate the impact of the rainfall rate on the UAV coverage area, we present
the change in the maximum coverage area of the UAV caused by the rainfall rate and its
3D plot in the four regions at a frequency of 28 GHz, as shown in Figure 11. These figures
reveal that the maximum coverage area of the UAV in each region decreases as the rainfall
rate, the liquid water density, or the snowfall rate increases. Additionally, it is evident that
the coverage areas of the UAV at 28 GHz are larger than those at 71 GHz in all four regions.
Moreover, the extent of the decrease in the maximum coverage area of the UAV for each
region is summarized in Table 8.



Drones 2023, 7,423

14 of 25

5

35710 ‘ ‘ ‘ ‘

l x10* = Freq=28 GHz, Region 1
by 35 )
N la—p- m-p g | Freq=28 GHz, Region 2
3 . 25 ¢ Freg=28 GHz, Region 3
L 2 - -

" 1,5-; g- 3 g- 3 ®  Freq=28 GHz, Region 4
251 R - 75 80 85 8 o Freg=71 GHz, Region 1

Maximum coverage area (m2)
- o [N}

e
3

0

Figure 8. UAV maximum coverage area versus rainfall rate in four regions.

3.5

Maximum coverage area (m2)
- N
- 3 o 3

o
13

0 0.1 0.2 0.3 0.4 0.5
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Figure 10. UAV maximum coverage area versus snowfall rate in four regions.
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Figure 11. The change in the maximum coverage area of the UAV caused by the rainfall rate and its
3D plot in four regions (Freq = 28 GHz).

Based on Table 8, we found that in the four regions, for rain, the reduction in the
coverage area at 28 GHz is 183,640, 128,676, 91,418, and 62,006 m? larger than that at
71 GHz, respectively. For fog, the reduction in the coverage area at 28 GHz is 12,149, 7802,
4999, and 3142 m? larger than that at 71 GHz, respectively. Meanwhile, for snow, the
reduction in the coverage area at 28 GHz is 3369, 2136, 1424, and 918 m? smaller than that
at 71 GHz, respectively. Therefore, when the frequency is 28 GHz, rain and snow have the
largest and smallest effects on the UAV’s coverage area, respectively. When the frequency
is 71 GHz, rain and fog have the largest and smallest effects on the coverage area of the
UAYV, respectively.

In contrast to the significant impact of the rainfall rate on the maximum coverage area
of the UAV, the effects of the liquid water density and snowfall rate are less pronounced.
By closely examining and comparing Figures 8-10, we observe that the maximum cover-
age area of the UAV decreases exponentially with the rainfall rate and snowfall rate in
Figures 8 and 10. However, the maximum coverage area of the UAV in Figure 9 exhibits a
linear decreasing trend with respect to the density of liquid water. The expressions derived
for the fitted curves in these three figures are discussed in Section 4.1.
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Table 8. The extent of decrease in the maximum coverage area (in m?) due to increases in rainfall
rate, liquid water density, and snowfall rate.

Weather Regions 28 GHz 71 GHz

Region 1 210,920 27,280
Region 2 1474 18,814

Rain (0 < Ryzin < 100 mm/h) cglon A%0 88
Region 3 104,520 13,102
Region 4 70,740 8735
Region 1 15,530 3381

Fog (0.05 < Rgpg < 0.5 o /md) Region 2 9991 2189
Region 3 6410 1411
Region 4 4028 886
Region 1 3835 7204
Region 2 2400 4536

Snow (0 < Renow < 10 mm/h) cgion
Region 3 1531 2955
Region 4 956 1874

3.3.2. Effects of Ryain, Rfog, and Rgnow on the Optimal Height of the UAV

The relationships between the UAV’s optimal height and the rainfall rate, liquid water
density, and snowfall rate in the four regions are illustrated in Figure 12, Figure 13, and
Figure 14, respectively. In these figures, each discrete marker point represents the optimal
height of the UAV calculated based on the respective rainfall rate, liquid water density, or
snowfall rate. The solid and dashed lines indicate the fitting curves for the frequencies of
28 GHz and 71 GHz, respectively.

The extents of the decrease in the optimal height of the UAV due to increases in rainfall
rate, liquid water density, and snowfall rate are summarized in Table 9. It can be seen
from the three figures (Figures 12-14) and Table 9 that when the frequency is 28 GHz, the
decreases in the optimal heights of the UAV in the four regions due to rain, fog, and snow
are over 15 m, 0.6 m, and 0.1 m, respectively. When the frequency is 71 GHz, the decreases
in the optimal height of the UAV in the four regions due to rain, fog, and snow are over
4 m, 0.3 m, and 0.7 m, respectively. Therefore, when the frequency is 28 GHz, rain and
snow have the largest and smallest effects on the UAV’s optimal height, respectively. When
the frequency is 71 GHz, rain and fog have the largest and smallest effects on the optimal
height of the UAV, respectively.
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Figure 12. UAV optimal height versus rainfall rate in four regions.
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Figure 13. UAV optimal height versus liquid water density in four regions.
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Figure 14. UAV optimal height versus snowfall rate in four regions.

Table 9. The extent of decrease in the optimal height (in m) due to increases in rainfall rate, liquid
water density, and snowfall rate.

Weather Regions 28 GHz 71 GHz

Region 1 78.29 25.17
Region 2 31 19.52

Rain (0 < Rygjn < 100 mm/h) ceton 603 7>
Region 3 26.61 8.05
Region 4 15.50 4.39
Region 1 3.93 2.19
Region 2 2.62 1.47

Fog (0.05 < Rpog < 0.5 g/m?) cglon 6
Region 3 1.09 0.61
Region 4 0.60 0.34
Region 1 0.96 6.33
Region 2 0.62 4.45

Snow (0 < Renow < 10 mm/h) celon
Region 3 0.26 1.30
Region 4 0.14 0.72

3.3.3. Compensated Path Loss in UAV-Ground Communications

In this section, we explain the compensated path loss, which is denoted by PLcps.
Based on Equation (10), we observe that introducing the specific attenuation of one type
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of weather (rain, fog, or snow) leads to an increase in transmission loss compared to only
considering atmospheric conditions. We compensate for the propagation loss due to rain
by increasing the value of PLyax on the left side of the equation, as shown in Equation (11).
The compensated path loss can be calculated using Equation (12), where C5* denotes
the maximum coverage radius of the UAV under atmospheric conditions only, and Hf;ts
represents the corresponding optimal UAV height.

PLax + PLCpS = [Z . Sil’l(j9 + k) +1- sin(m() -+ 7’1)] X (77LOS — 77NL051) + 20 IOgd

4 +v)d . (11)
+2010g(A) + YNLos1 + %, (0<6<70%).
_ gas 2 gas 2
PLeps = v x [ (CF*°) "+ (HE3 ) x 0.001. (12)

Based on Equation (12), the relationships between the calculated compensated path
loss (PLcps) and the rainfall rate, liquid water density, and snowfall rate in the four regions
are illustrated in Figure 15, Figure 16, and Figure 17, respectively. In these three figures,
each discrete marker point represents the compensated path loss value calculated based on
each corresponding rainfall rate, liquid water density, or snowfall rate. The solid line and
dashed line depict the fitting curves for the frequencies of 28 GHz and 71 GHz, respectively.
From the three figures, we can find that the compensated path loss increases with the
rainfall rate, liquid water density, and snowfall rate. The extents of the increases in the
compensated path loss are summarized in Table 10. It can be seen from the three figures
(Figures 15-17) and Table 10 that when the frequency is 28 GHz, the increases in the
compensated path loss in the four regions due to rain, fog, and snow are over 3 dB, 0.1 dB,
and 0.02 dB, respectively. When the frequency is 71 GHz, the increases in the compensated
path loss in the four regions due to rain, fog, and snow are over 2 dB, 0.1 dB, and 0.3 dB,
respectively. Therefore, when the frequency is 28 GHz, the increase in the compensated
path loss caused by rain and snow is the largest and the smallest, respectively. When the
frequency is 71 GHz, the increase in the compensated path loss caused by rain and fog is
the largest and the smallest, respectively.
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Figure 15. Compensated path loss versus rainfall rate in four regions.
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Figure 16. Compensated path loss versus liquid water density in four regions.
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Figure 17. Compensated path loss versus snowfall rate in four regions.

Table 10. The extent of increase in the compensated path loss (in dB) due to increases in rainfall rate,
liquid water density, and snowfall rate.

Weather Regions 28 GHz 71 GHz

Region 1 6.5202 44548

Region 2 5.5417 3.7718

Rain (0 < Rrain < 100 mm/h) Region 3 45689 3.1075
Region 4 3.8657 2.6386

Region 1 0.2052 0.2984

Region 2 0.1744 0.2527

Fog (005 < Riog < 05 g/m’) Region 3 0.1438 0.2082
Region 4 0.1217 0.1767

Region 1 0.0475 0.6545

Region 2 0.0404 0.5542

Snow (0 < Renow < 10 mm/h) Region 3 0.0333 0.4566

Region 4 0.0282 0.3878
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4. UAV Communication Recovery Strategy with Results

In this section, we first summarize the expressions for the fitted curves of the UAV’s
maximum coverage area (Syqx), optimal height (Hypt), and compensated path loss (PLcps)
along with their corresponding fitting parameters. Then, based on these expressions, we
propose an algorithm to restore communications between the UAV and ground users under
various meteorological conditions. Finally, we give some results regarding the recovery
coverage of the UAV under different weather conditions in the four regions and present
a discussion.

4.1. Fitted Curve Expressions for UAV's Maximum Coverage Area (Syqyx), Optimal Height (Hopt),
and Compensated Path Loss (PLcps)

In this subsection, we present the expressions for the fitted curves of the UAV’s max-
imum coverage area (Syqx), optimal height (H,pt), and compensated path loss (PLcps)
along with their corresponding fitting parameters, as summarized in Table 11. For the
convenience of readers, we use blue, purple, and pink to distinguish the fitting parameters
corresponding to Syax, Hopt, and PLcps. The relationships between the rainfall rate (Ryain),
the maximum coverage area of the UAV (Syqx), the optimal height (Hyt), and the compen-
sated path loss (PLcps) can be modeled using an exponential formula, with 4, b, ¢, and d as
fitting parameters. For fog conditions, a simple linear expression suffices to describe the
relationships between the liquid water density (Rfog) and Syax, Hopt, PLcps, where p and g
represent the fitting parameters. The relationships between the snowfall rate (Rsnow) and
Smax and H,pt can be described using the same exponential expression as in the rainfall
case. Meanwhile, the relationship between the snowfall rate and PL.ps can be modeled
using a formula similar to a Fourier expansion, with ¢, 1, v, and w as fitting parameters.

Table 11. The fitting curves’ expressions and related parameters of the UAV’s maximum coverage
area (Smax), optimal height (Hopt), and compensated path loss (PLcps).

Z =

Q0

=0Zw»

Hypt (Rrain ) +ce Rrain

P chs (Rrain )

Hopt (Rrog ) = P_“_ ffog

p chs (Rfog )

— geb-Rsnow
+Ced'Rsnow
Hopt (Rsnow )
12 chs (Rsnow )

=t+u-cos(w - Rsnow)
+0 - sin(w - Rsnow )

28 GHz

—0.02704 98.54 —0.003095 —0.06023 45.27 —0.002984
—0.01761 46.9 —0.001983 —0.05612 24.12 —0.002662
—0.03786 41.02 —0.00373 —0.01302 8.184 0.002519
0.003872 —7.108 —0.005838 0.006901 —2.202 —0.02634
0.003872 —6.041 —0.005838 g 0.006901 —1.864 —0.02634
0.003872 —4.981 —0.005838 d 0.006901 —1.536 —0.02634

0.003872 —4.214 —0.005838 0.006901 —1304 —0.02634

Region 174.1
Region 2 135.9

Region 3 —2.418 68.01 —1.357 26.75
Region 4 ~1.329 43.95 —0.7436 17.29
Region 1 0.456 —4.354 x 1077 0.6632 —7.413 x 1077
Region 2 0.3876 —3.765 x 10~ 05615 —6.001 x 10~
Region 3 0319 —353 x 10~V 0.4626 —5.648 x 1017

Region 4 —2.765 x 10~17 —4.648 x 10°17

egion u I E p I 4
Regon 2 136.7 —0.000922 —0.927 56.12 —0.01328 —2.758

Region 3 68.37 —0.0007619 —0.3853 28.48 —0.009671 —1.751

Region 4 44.18 —0.0006713 —0.2371 —0.105 18.44 —0.008801 —1.163 —0.1262

t u [ w t u 4 w

Region 1 0.06636 —0.06659 0.01652 0.1048 0.9253 —0.92941 0.1489 0.1118
Region 2 0.0564 —0.0566 0.01404 0.1048 0.7835 —0.7871 0.1261 0.1118
Region 3 0.0465 —0.04667 0.01158 0.1048 0.6456 —0.6485 0.1039 0.1118

Region 4 0.03935 —0.03949 0.009795 0.1048 0.5482 —0.5507 0.08822 0.1118
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4.2. UAV Communication Recovery Algorithm under Meteorological Conditions

We propose an algorithm as shown in Algorithm 1 to restore communications between
the UAV and ground users under various meteorological conditions.

Algorithm 1 UAV Recovery Communications Strategy under Meteorological Conditions

Input: region type, carrier frequency f, height of the UAV /, parameters of LoS probability
expression (i, j, k, I, m, n), excessive path loss (11,5, 1NLos1), maximum path loss PLjy, rainfall
rate Yrain, liquid water density yfog, snowfall rate ysnow

Output: maximum coverage area Sy;qx, current height of the UAV

1: if weather is ideal then
2:  keep supervising the weather and obtaining the maximum coverage radius (CE*Y and the
corresponding optimal height (H, g;f) of the UAV;

3 ifh # HY) then

4: update the height of the UAV (k) to the value of Hf;ts ;
5:  end if

6: end if

7

: calculate the specific attenuation of rain (Ryqin), fog (Rfog) o1 snow (Rsnow);

8: calculate the maximum coverage radius (CI™, CﬁOg or C;"°%) and the corresponding optimal

height (Hg?,it“, g;% or HS??W) of the UAV;

9: calculate the compensated path loss (PLZ‘;,"S", PL{;f or PLER™);

10: update the value of PLygx to PLyax + PLcps;

ng/ or Cs"°"') and the optimal height (Hrai/ Ho¥

11: obtain the maximum coverage radius (C:", C opt + Hopi

or Hg;‘?w’ ) after the UAV communications are recovered;

12: calculate the corresponding maximum coverage area Sax;

13: if (Hrain # Hrain/) Vi (Hfog # Hfog/) V (HSnOW £ HSOW) then

opt opt opt opt opt opt
14:  update the height of the UAV to H;;it“’ , ch;‘%/ or H3p™'.
15: end if

4.3. Results of UAV Coverage Recovery

By adding the corresponding compensated path loss (PLps) to the initial PLmax, which
can be achieved by increasing the UAV’s transmit power, the maximum coverage radius
during UAV—ground communications in rainy conditions can be restored to the coverage
radius experienced under atmospheric conditions without rain, as shown in Figure 18.
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Figure 18. The coverage radius versus height after compensating for the PLmax under different
weather conditions (Region 1, Freq = 28 GHz).
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In addition, Figure 18 demonstrates that, under various weather conditions, compen-
sating for the maximum path loss fully restores the UAV’s coverage radius to the radius
without these weather conditions (indicated by the dashed line in Figure 18). Furthermore,
when compensating for the maximum path loss to restore communications, the drone’s
height must also be adjusted accordingly. Further, the coverage area and the corresponding
coverage radius of the UAV in the four regions with a frequency of 28 GHz before the rain,
during the rain, and after the restoration of communications are shown in Figure 19. It can
be seen from this figure that the rainfall causes the coverage radius of the UAV to decrease
by 28.9 m, 21.7 m, 16.0 m, and 11.9 m in the four areas, respectively. The corresponding re-
duced coverage areas of the four regions are 2623.9, 1479.3, 804.2, and 444.9 m?, respectively.
Therefore, the reduction in the coverage in the four regions is decreasing in order, i.e., the
reduction in coverage is most obvious in the suburban environment and least obvious in
high-rise urban environments. By adding the compensated path loss, the coverage radius
of the UAV in the four regions is restored to slightly larger values than before the rain.

Region 1 Region 2 Region 3 Region 4 Region1 — — — Region 2 Region 3 Region 4 Region 1 —-—-~ Region 2 Region 3 Region 4

Cr=333.1m . Cr=3042m N 7/ Cr=333.2m
100 / v 100 /
: \ Cr=267.0m v /
v i
V !
\ ! B
[y ’ i
. '

Cr=288.7m Cr=288.8m

Cr=253.8m Cr=2378m Cr=253.9m

Cr=2180m Cr=206.1m Cr=2180m

-300 -300 300 e o

-400 0 -400
400 300 200 -100 0 100 200 300 400 400 300 200 100 0 100 200 300 400 %00 300 200 100 0 100 200 300 400

(@) (b) (0

Figure 19. UAV coverage area and corresponding radius (a) before the rain, (b) during the rain, and
(c) after the communication is restored in four regions.

The UAV’s acceleration (deceleration) is assumed to be 10 m per square second. We
present the required recovery time for communications under different rainfall rates (Ryain),
liquid water densities (Ryog), and snowfall rates (Rsnow) in Figure 20. The figure illustrates
that higher frequencies result in shorter recovery times under identical weather conditions.
When the frequency is 28 GHz, the relationship between the recovery time and weather

conditions is Trin > T,ﬁfugx > T, At 71 GHz, the relationship between the recovery

time and weather conditions in the same area becomes T5il > TSRoW > T,ﬁffx, where Tyax
represents the maximum recovery time. Specifically, the maximum recovery times for rain,
fog, and snow in the four regions are over 2.0 s, 0.5 s, and 0.2 s when the frequency is
28 GHz. When the frequency is 71 GHz, the maximum recovery times for rain, fog, and
snow in the four regions are over 1.0's, 0.3 s, and 0.5 s, respectively.
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Figure 20. Time required for the UAV to recover communications under different meteorological
conditions.

5. Conclusions

This paper proposes a communications recovery strategy for a UAV under meteoro-
logical conditions. According to our numerical results, we obtained several conclusions
with regard to the communications of the UAV under different weather conditions in four
regions. First of all, the percentage reduction in the maximum coverage radius for double
or triple reflections compared to one reflection is independent of the frequency when only
the atmosphere is considered. Secondly, when considering various weather conditions,
relative to Region 1 (suburban), the percentage reduction in the maximum coverage radius
of Region 2 to Region 4 (urban, dense urban, and high-rise urban) increases gradually, and
the extent of each increase is around 10%.

Thirdly, based on the condition of the maximum rainfall rate of 100 mm/h, when
the frequency is 28 GHz or 71 GHz, the degree of reduction in the coverage area and
the optimal altitude of the UAV due to rainfall are the largest among the three weather
conditions. When the maximum liquid water density and snowfall rate are set as 0.5 g/ m3
and 10 mm/h, respectively, snow has the smallest effect on the coverage area and optimal
height of the UAV when the frequency is 28 GHz, while fog has the least influence on
these parameters when the frequency is 71 GHz. This reflects the greater attenuation of
the signal at higher frequencies in heavy snow (Rsnow = 10 mm/h) compared to thick fog
(Rfog = 0.5 g/ m?3). Lastly, when it rains, the reduction in coverage in the four regions is
decreasing in order. The reduction in the coverage area in the suburban environment is
the largest (2623.9 m?), while it is the smallest (444.9 m?) in high-rise urban environments.
Therefore, the corresponding time required to restore communication increases in the
four regions.

Regarding the limitations of this work, our ray tracing simulation platform does not
take into account scattering and diffraction, and the attenuation models that we use for
different weather conditions are not up-to-date models. Therefore, in future research work,
we will consider using a more accurate ray tracing simulation platform for simulation, and,
secondly, we will study and compare the differences in signal propagation attenuation be-
tween existing weather attenuation models. In addition, federated learning can be utilized
to optimize the UAV trajectory planning when extreme weather conditions occur [38].
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