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Abstract: By operating over a large bandwidth, the terahertz (THz) frequency band (0.3–3 THz)
promises to deliver extremely high data rates. While the use of this band in cellular communications
systems is not expected to happen within the next decade, various other use-cases such as wireless
backhauling and point-to-point wireless access are on the immediate horizon. In this study, we
develop an analytical propagation model for the case of ground-to-aircraft communications by
explicitly accounting for THz-specific propagation phenomena including path loss, attenuation by
different types of clouds, and atmospheric absorption at different altitudes. To this aim, we first
exhaustively characterize the geometric, molecular, and structural properties of clouds for different
weather conditions and Earth regions. Then, by applying the tools of stochastic geometry, we present
the closed-form expression for received power at the aircraft. Our numerical results show that the
type of weather forming different compositions of clouds provides a major impact on the overall
path losses and thus the attained data rates. Specifically, the difference between sunny and rainy
conditions may reach 30–50 dB. The overall path loss also heavily depends on the region time and
the difference may reach 10–30 dB. The worst conditions are logically provided by rain, where the
additional attenuation on top of sunny conditions reaches 50 dB over the whole THz band. The
Middle Earth zone is also the worst out of the considered regions with additional attenuation reaching
30 dB. The developed model can be used as a first-order approximation for ground-to-aircraft THz
channel modeling.

Keywords: Terahertz; propagation model; path loss; ground-to-aircraft; cloud attenuation

1. Introduction

The proliferation of new wireless services constantly increases the demand for broad-
band wireless communications. In response, the data transfer rate over a wireless medium
has doubled every eighteen months over the past few decades [1,2]. In recent years, there
has been growing interest in wireless communication systems operating in the lower end
of the terahertz frequency band (THz, 100–300 GHz) due to their large bandwidth leading
to increased throughput [2,3]. Potential applications include data center traffic exchange
points, high-definition television (HDTV), terabits for personal and local area networks,
cellular networks, vehicular communications, and high-speed backhauls [4,5]. Some of
these applications are already supported in IEEE 802.15.3d standard ratified in 2019 [6].

One of the interesting prospective use-cases for THz communications that received
attention recently is enabling broadband connectivity with aircraft [7–10]. However, so
far most of the attention has been paid to space-to-aircraft communications within the
context of 3GPP non-terrestrial networks as higher altitudes are less affected by atmospheric
absorption. Specifically, the authors in [7] developed a propagation model by accounting
for different altitudes of satellite and aircraft as well as atmospheric absorption. Further,
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the authors in [8] analyzed the usage of aircraft as relaying nodes in space–aircraft–ground
communications. Direct space-to-ground communications in the THz band are considered
in [10]. However, they did not account for propagation specifics of ground-to-aircraft links.
Propagation models for different altitudes are proposed in [9]. However, the authors do
not account for the attenuation caused by cloud formations. There are also multiple models
assessing this type of channel at other frequencies that do not have THz-specifics such as
atmospheric absorption and specific cloud attenuation [11,12], and a plethora of papers
recently addressed UAV-to-ground channels, see [13].

In this paper, we advocate for ground-to-aircraft communications. The ultimate goal
of such a system is Internet access provisioning for passengers and usage of aircraft as
relaying points in space–aircraft–ground communications similarly to [10]. The advantages
of utilizing ground-mounted stations instead of satellites are much smaller latency and
virtually no limitations on complexity and emitted power of ground-mounted communi-
cating units. In order to design such kind of system and to decide upon its operational
parameters, a propagation model is required.

Two unique impairments that need to be taken into account when designing the
ground-to-aircraft THz propagation models are altitude-dependent atmospheric absorption
and attenuation by the clouds. The former component is well-described in literature for
fixed altitude and is known to produce exponential attenuation on top of conventional
power-law free space losses [14,15]. Cloud impairments are much more difficult to account
for due to different types of clouds and their physical and chemical properties [16,17].
Over the past few years, many research groups have focused their efforts on obtaining an
extended description of weather effects in the THz band. In particular, the THz attenuation
and channel degradation are caused by atmospheric compounds in clouds (particularly,
water vapor), airborne particles (such as dust, fog, clouds, and rain), and refractive index
in-homogeneity which are caused by air turbulence and related scintillation. However,
there are still no studies accounting for these effects in propagation modeling for ground-
to-aircraft communications.

The aim of the paper is to develop an analytical propagation model for ground-to-
aircraft communications in the THz frequency band. Specifically, by accounting for the
specifics of atmospheric absorption as well as cloud impairments, we deliver a closed-
form expression for received signal strength at the aircraft. To this aim, we utilize the
tools of stochastic geometry by estimating the overall attenuation caused by crossing the
clouds at multiple levels. The developed model may serve as a first-order approxima-
tion when designing ground-to-aircraft communications systems operating in the THz
frequency band.

The main contributions of our study are:

• Detailed overview and classification of the types of clouds, their impairments for THz
propagation, and the associated procedure for calculating attenuation induced by a
single cloud;

• Analytical propagation model allowing to assess the impairments produced by at-
mospheric absorption and cloud attenuation in different weather conditions and
geographical regions;

• Numerical results showing that the path loss heavily depends on the type of the
weather in Earth regions with differences reaching 30–50 and 10–30 dB.

The rest of the paper is organized as follows. First, in Section 2, we concentrate on the
characterization of cloud types and their impairments for the THz propagation. In Section 3,
we define the system model for the considered ground-to-aircraft communications scenario.
Further, in Section 4, we develop the analytical propagation model by accounting for
atmospheric absorption and cloud impairments. In Section 5, we present our numerical
results and discuss them. Conclusions are provided in the last section.
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2. Characterization of Cloud Types and Their Impairments

In this section, we first overview the THz propagation properties. Then, we proceed
to review the properties of clouds and their impairments on THz propagation. Finally, we
demonstrate how to calculate attenuation induced by different types of clouds. The main
notation utilized in the paper is presented in Table 1.

Table 1. The main notation utilized in this paper.

Characteristic Description

γc Cloud attenuation per kilometer, dB/km

σe, σs, σa Extinction, scattering and absorption coefficients

N(r) Particle size distribution of clouds

Kl Attenuation coefficient, (dB/km)/(g/m3)

ω Liquid water content, g/m3

pw(t) Cloud liquid water density

L Cloud attenuation for particular distance, km

Pout( f , d) Received power aircraft antenna, dB

K(f,x) Overall absorption coefficient

LC( f , d) Clouds overall attenuation, dBm

LA( f , d) Absorption loss, dBm

pC Cloud blockage probability

pk( f , d) Cloud blockage probability on layer k

2.1. THz Propagation Properties and Models

Most THz measurements performed so far focus on indoor short-range scenarios that
are limited in terms of propagation distance and usually require perfect synchronization
between the transmitter (Tx) and receiver (Rx). The latter is due to the lack of fully
functional communications equipment available for frequencies higher than 100 GHz.
Specifically, there are very few outdoor measurement campaigns at frequencies above
100 GHz, and they are primarily focused on LoS propagation using either reflected materials
or VNA-based extensions of the RF-over-fiber system [18].

While the principal THz-specific propagation effects have been characterized in detail
so far [14,19], limited THz channel measurements and models are available for mobile
THz systems. These results are scarce and target very specific scenarios, e.g., vehicular-to-
vehicular [20,21], train-to-infrastructure [22], indoor [23,24], as well as static use-cases [25].
Specifically, the detailed THz measurements campaign for vehicle-to-vehicle (V2V) com-
munications environment performed in [21] has revealed that the major channel parame-
ters are drastically different from state-of-the-art mmWave measurements at 28, 60, and
72 GHz [26,27], suggesting that the same will hold for THz systems. The human body block-
age THz measurements performed in [28] also qualitatively agree with these conclusions.
The studies in [29,30] further confirmed these observations with a measurements campaign
performed in the office and in microcell environments and proposed a 3GPP-style model
fitting the measurement data. Ref. [31] used measurements in an indoor conference room
at 140 GHz to develop a mixed ray-tracing and stochastic channel. Several channel models
for the THz band were compared and evaluated in [32]. The penetration losses in an office
environment have been reported in [33]. In general, the information in studies on outdoor
signal propagation in the THz range is sufficient to analyze the influence of water vapor,
oxygen, and other atmospheric components.

The impact of atmospheric effects such as rain, fog, snow, and clouds is significantly
less studied in the THz band. Specifically, rain attenuation is the most severe effect at
frequencies below 90 GHz [34]. At frequencies above 100 GHz, the effects of rain tend



Energies 2022, 15, 8022 4 of 18

to be constant, while attenuation due to water vapor and clouds becomes more relevant.
To improve knowledge of atmospheric propagation at millimeter and THz frequencies,
the work should be focused on conducting experimental measurement studies aimed at
confirming the validity of existing attenuation models, and further studying the interaction
between radiation and the atmosphere, especially in the presence of water particles [35,36].
The most important factor is that it is water particles and liquid crystals in the clouds that
will be the catalyst for signal dispersion, and accordingly, under such conditions, power
losses will be extremely high.

2.2. Classification of the Clouds

When studying the time-averaged characteristics of clouds, one should keep in mind
that they refer only to that part of the period during which cloudiness was observed.
Frequencies for general cloud cover, low-level clouds, and vertical extent clouds over
continents and oceans can be found in climate guides and atlases. By including the results
of aviation soundings, it is further possible to estimate the frequency of cloudiness at the
upper and middle levels. For large regions, the total cloud cover and the amount of any
type of cloud present can be estimated using satellite measurements. The frequency of
cloudiness is closely related to the general circulation of the atmosphere, the nature of the
underlying surface, and insolation. In addition, the height of the site, orography, and other
factors affect the frequency of cloudiness [37].

According to the World Meteorological Organization (WMO), a cloud is defined
as a collection of very small drops of water (above 0 ◦C), ice crystals (between −20 ◦C
and −40 ◦C), or their mixture, the presence of which is predominantly observed in the
troposphere at different heights above ground level. This organization also gives a generally
accepted classification of the various types of clouds. It is worth considering the fact that all
clouds have a non-static vertical thickness, and this can vary depending on the particular
type of layer and type of cloud. In Table 2, averaged values are provided for most types
of clouds.

Table 2. Cloud classification in different Earth regions [38,39].

Cloud
Tier

Cloud
Type

Lower
Boundary

Height
(km)

Liquid
Crystal
Density
(g/m3)

Vertical
Thickness

(km)

Temperature
(◦C)

High

Pinnate (Ci) 6–12 0.03 0.1–1.0

Cirrocumulus (Cc) 6–12 0.03 0.3 below −25

Cirrostratus (Cs) 6–12 0.10 0.1–1.0

Middle

Altocumulus (Ac) 2–6 0.20 0.2–0.7
0 to −20

Altostratus (As) 2–6 0.41 0.5

Nimbostratus (Ns) Earth—3 0.611 0.8 0 to −25

Lower

Stratocumulus (Sc) 0.3–1.35 0.30 0.5

0 to −10
Layered (St) Earth—0.6 0.42 0.6

Cumulus (Cu) 0.3–1.5 1.00 2.0

Cumulonimbus (Cb) 0.6–1.5 0.51 3.0

The radii r of water particles inside clouds range from 1µm to approximately 30 µm [39]. A
standard value of around 200 µm is also commonly suggested as the limiting liquid particle
diameter above which droplets can cause drizzle or rainfall [38]. As for ice crystals, their
presence is observed in clouds located in the upper troposphere, which are also known
as cirrus clouds. These solid hydrometeors take various forms, including bullets, rosettes,
thick plates, short pillars, etc., the maximum dimensions of which vary greatly depending
on the type of ice crystal and range from 100 µm to 1500 µm [40].
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2.3. Attenuation by Clouds

In general, the mechanisms underlying cloud attenuation are those that arise when
cloud particles interact with electromagnetic radiation. Specifically, the loss of energy
passing through the cloud volume is determined by absorption processes, which are
understood as the sum of absorption and scattering effects caused by liquid water drops.
These particles can be considered, in essence, as ideal dielectric spheres; thus, Mie’s theory
of single scattering, widely described in several textbooks such as [41,42], provides the
basis for an accurate estimate of the extinction, scattering and absorption coefficients, or the
so-called cross sections, σe, σs, and σα, (in square meters), where σe = σs + σα. From these
parameters, the specific attenuation γc (in decibels per kilometer) caused by a combination
of water spheres with different radii r (in millimeters) is provided by [43]

γc = 4.343× 103
∫

σe(r)N(r)dr, (1)

where N(r) is the particle size distribution of the cloud, and the corresponding product
N(r)dr determines the density of water droplets of the cloud with radius r. The coef-
ficient 4.343 × 103 describe the fundamental definitions for the density of a liquid in
rain/fog/cloud spheres as specified in [44,45].

The behavior of N(r) for a population of cloud drops usually modeled by a modified
gamma function of the form

N(r) = arα exp(−brβ), (2)

where the parameters a, b, α, and β are positive real constants.
Note that the use of micro-physical cloud modeling to extract N(r) and calculate cloud

attenuation using Mie theory can be simplified using the Rayleigh approximation. The
validity of the Rayleigh approximation is taken as the starting point in the Recommendation
ITU-R P.840-6 [46] for calculating γc after extensive propagation studies carried out in the
1980s on absorption by suspended water droplets [47,48]. Using this approximation, the
value of γc is expressed in terms of the liquid crystal content w in the cloud and the specific
attenuation coefficient Kl , measured as the ratio (dB/km)/(g/m3),

γc = Klω, (3)

where Kl is given by

Kl =
0.819 f

ε
′′(η2 + 1)

, (4)

where f is the signal frequency and η = (ε
′
+ 2)/ε

′′
. The coefficient 0.918 is a part of the

empirical approximation from ITU-R P.840.
Curves Kl are shown in Figure 1 for some representative cloud drop temperatures.

Here, a seven-year database collected at Adolfo Suárez Madrid–Barajas Airport was used
as input for cloud attenuation estimation. The presence of clouds is determined by the
Salonen and Uppala model, which is also used to calculate ω. Statistical data in the form
of complementary cumulative distribution functions (CCDFs) of zenith cloud attenuation
values are shown in Figure 2.

Note that the Rayleigh approximation is most effective between 1 and 1 THz for a tem-
perature range of±40 ◦C. To obtain the values of ε

′
and ε

′′
, which are the real and imaginary

parts of the permittivity of water, one may utilize the following approximations [45]

ε
′
( f ) = ε2 +

(ε0 − ε1)

1 + ( f / fD)2 +
(ε1 − ε2)

1 + ( f / fS)2 ,

ε
′′
( f ) =

f (ε0 − ε1)

fD[1 + ( f / fD)2]
+

f (ε1 − ε2)

fS[1 + ( f / fS)2]
, (5)
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where T is expressed in Kelvin, and the remaining parameters are: φ = 300/T,
fD = 20.09− 142(φ − 1) + 294(φ − 1)2, fS = 590− 1500(φ − 1), ε1 = 5.48, ε2 = 3.51,
ε0 = 77.67 + 103.3(φ− 1).
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Figure 1. Attenuation coefficient for spherical water droplets at several temperatures.
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Figure 2. Empirical CCDF of zenith cloud attenuation values.

Despite the available values for the density of liquid crystals, it is conventional to
utilize approximations for these values. An estimate of the density of liquid crystals w in
grams per cubic meter at each cloud layer can be obtained from the air temperature in the
layer and its height relative to the lower boundary as [49]

w =

 w0(1 + ct)
(

hc
hr

)
pw(t), t ≥ 0 ◦C,

w0ect
(

hc
hr

)
pw(t), t < 0 ◦C,

(6)

where w0 = 0.17 (g/m3), c = 0.04 (◦C−1), t is the temperature in Celsius, hr = 1500 m, hc is
the height from the lower boundary of the layer.



Energies 2022, 15, 8022 7 of 18

Cloud liquid and water fraction of ice density pw(t) is approximated as [50]

pw(t) =


1, t > 0 ◦C,
1 + t

20 ,−20 ◦C < t ≤ 0 ◦C,
0, t ≤ −20 ◦C

(7)

The final attenuation value L is expressed as the product of the specific average
attenuation and the distance to a particular cloud layer from the ground in kilometers as

L = γcdc (8)

2.4. Clouds Composition in Different Regions

In order to calculate the overall impairments by clouds, in addition to the provided
attenuation assessment, one needs to provide cloud composition in different regions. This is
provided in Table 3, showing the prevalence of certain types of clouds in Earth regions [51].
By analyzing the presented data one may observe that the equatorial line is dominated by
cloud bands of the intratropical convergence zone (ITC), which are characterized by the
convergence of air currents and intense ascending air movements. In this cluster, cumulus
and cumulonimbus clouds often develop in combination with a large number of cirrus
clouds. Such a cluster is characterized by a multiple components, separated by cloudless
gaps, stretching parallel to the equator. Sometimes it is not possible to detect a single cloud
band in the ITC region over a distance of a thousand kilometers; in this case, only cloudless
areas and small cloud accumulations are observed. In summer and winter, the shapes of
the clouds forming the frontal band are the same. Based on this, in sunny weather, almost
absolute cloudlessness is observed, while the transition to precipitation occurs immediately,
without the presence of cloudy weather.

Table 3. The distribution of clouds in different weather conditions and Earth regions.

Region
Weather

Sunny Cloudy Rain

Equator No clouds Cumulus (Cu)
Pinnate (Ci)
Cirrocumulus (Cc)
Cumulonimbus (Cb)

Middle zone Pinnate (Ci)
Cumulus (Cu)

Cirrocumulus (Cc)
Stratocumulus (Sc)
Layered (St)
Altocumulus (Ac)

Pinnate (Ci)
Cumulonimbus (Cb)
Nimbostratus (Ns)
Altostratus (As)

North Layered (St)
Stratocumulus (Sc)
Layered (St)
Altocumulus (Ac)

Stratocumulus (Sc)
Layered (St)
Cumulus (Cu)
Cumulonimbus (Cb)

In the northern polar regions, stratus and stratocumulus clouds dominate. At the
same time, the height of stratus clouds is often below the range from 100 to 200 m. The
relative humidity of the lower layers of air in the polar regions (in the Arctic and Antarctic)
is close to saturation throughout the year, despite the low absolute humidity. The high
frequency of powerful inversions significantly weakens the air exchange, and therefore
a significant amount of moisture accumulates under the inversions. The high degree of
stability of warmer air masses coming here from adjacent areas is enhanced due to the
presence of deep inversions in the polar regions in a layer up to 1.5–2.5 km or more. In
winter, inversions occur as a result of radiative air cooling in anticyclones, and in summer
as a result of melting snow and ice. All this determines the large horizontal extent of cloud
fields, reaching about 1000 km, the long duration of their existence, and the dominance
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of stratus clouds. The frequent formation of several inversion layers in the atmosphere
causes a high frequency of multilayer clouds. The dominant forms of intramass clouds in
the Arctic are stratocumulus and stratus. Cumulus clouds are observed, although rarely,
over the coast or archipelagos.

When considering the regions of the middle zone, a temperate climate is often ob-
served, leading to almost equal popularity of ice and mixed clouds. Naturally, pure water
clouds most often occur in the warm half of the year, and ice clouds—in the cold half. On a
sunny day, the Sun warm the ground, which warms the air directly above it. The heated air,
due to convection, rises to the top and forms cumulus clouds. If one looks at a sky filled
with cumulus clouds, one can observe that these clouds have a flat bottom, located at the
same level for all the clouds. At this altitude, air rising from ground level cools down to the
dew point. In summer, cumulonimbus often form cumulonimbus, which can already warn
of heavy rains and, accordingly, be accompanied by them. During overcast weather, stratus
clouds of various types predominate, but rain is unlikely. Winters are also dominated by
high-altitude cirrus clouds, so they can also be a source of precipitation, and they can also
accompany the summer period.

3. System Model

In our paper, we consider a direct communications link between ground-mounted
designated base station (BS) and an aircraft, see Figure 3. Both BS and aircraft are assumed
to be equipped with transceivers with perfectly aligned beams. The aircraft of interest
is assumed to be an altitude of d km. We consider the system in stationary conditions,
where the movement of the aircraft is assumed to produce no additional impairment for
communications. Due to the high flying altitude, we neglect the height of BS.

Nimbostratus 
 

Altocumulus   
 

2000 m

6000 m

9000 m

Height above 
sea level

Airplane 
 
 

Ground 
Base Station 

 

Сloud induced 
attenuation 

Cumulonimbus 
 

Nimbostratus 
 

Altostratus 
 

Сumulus 
 

d 
 
 

Figure 3. A direct communications link between ground-mounted designated BS and an aircraft.

For certainty, we consider uplink transmission from ground BS to aircraft. By account-
ing for atmospheric absorption by water vapor and oxygen, the received power air aircraft
antenna can be expressed as

Pout( f , d) = Pin

(
4π f d

c

)−2 GRGT
LA( f , d)LC( f , d)

, (9)

where Pin is the emitted power at ground BS, GT and GR are transmit and receive antenna
gains, LA( f , d) is the attenuation due to absorption in the atmosphere, LC( f , d) is the
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propagation losses due to cloud blockage, f is the carrier frequency, c is the speed of light,
and d is the distance between the BS and the aircraft.

The propagation model in (9) features two unknowns, the average attenuation coef-
ficient due to absorption in the atmosphere, LA( f , d), and the overall losses due to cloud
blockage, LC( f , d). In the next section, we will determine these unknowns.

4. Propagation Model

In this section, we parameterize the model by providing first the average attenuation
coefficient due to absorption in the atmosphere, LA( f , d), and then the overall losses due to
cloud blockage, LC( f , d).

4.1. Atmospheric Absorption

To determine αe, one needs to calculate absorption loss LA( f , d) that depends on the
distance between ground BS and aircraft d. According to [14,15], it is defined as

LA( f , d) =
1

τ( f , d)
, (10)

where τ( f , d) is the transmittance of the medium following the Beer–Lambert law, τ( f , d) ≈
e−K( f ,x), K( f , x) is the overall absorption coefficient of the medium at the altitude x.

The frequency- and altitude-dependent absorption coefficient K( f , x) can be repre-
sented as [14]

K( f , x) = ∑
i,g

ki,g( f , x), (11)

where ki,g( f , x) represents the individual absorption coefficient for the isotopologue i of
gas g at altitude x. The coefficients ki,g( f , x) are available from the HITRAN database [52].
Finally, the average attenuation coefficient due to absorption in the atmosphere is provided
by integration,

LA( f , d) =
∫ d

0
∑
i,g

ki,g( f , x)dx. (12)

4.2. Blockage by Clouds

The next component to determine is the attenuation by the cloud LC( f , d). Recall that
the attenuation caused by a single layer of clouds has been calculated in Section 2. However,
depending on weather conditions, a propagation path may or may not be occluded by a
cloud at each layer. Thus, the overall attenuation caused by clouds can be approximated by

LC( f , d) = E

[
K

∑
k=1

pkLk

]
, (13)

where pk is the probability that clouds at layer k occludes the propagation path, Lk is
attenuation induced by cloud blockage at layer k computed in Section 2. We now proceed
with deriving pk by using the tools of integral geometry.

Observe that, to determine pk in (13), we basically need to determine the probability
that a point randomly dropped on the plane in <2 and representing the intersection
of the propagation path and clouds at layer k crosses the cloud and actually induced
attenuation in (13). This task can naturally be solved using integral geometry [53] as
recently demonstrated in applied studies [38,54]. To proceed, we need two definitions.
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Definition 1 (Kinematic density). Let K be the group of motions of the set A in the plane. The
kinematic density of the set of points K is calculated as

dA = dx ∩ dy ∩ dφ, (14)

which must be invariant under the group of motions of the plane.

Definition 2 (Kinematic measure). The kinematic measure m of a set of group motions K on the
plane is defined as the integral of the kinematic density dA over K, i.e.,

mA =
∫

K
dA =

∫
K

dx ∩ dy ∩ dφ. (15)

Consider one THz BS located in the region A of interest, and let B denote the cloud
in this zone, see Figure 4, where multiple clouds Bi shown. First, we are interested in the
probability pC that a ground-to-aircraft transmission path crossing this cloud layer at a
randomly chosen point P in A actually crosses the cloud, i.e., P is in B. Using the definition
of conditional probability, we have

pC =
Pr{P ∈ A ∩ B}
Pr{A ∩ B 6= 0} , (16)

where the probability that a ground-to-aircraft transmission path crossing this cloud layer
at a randomly chosen point P belongs to the intersection of two sets, A and B, is in the
numerator, and the probability that these sets intersect is in the denominator.

BS

A

B1

B2
B3

B4

B5B6

B7
B8

B9

Figure 4. Illustration of cloud blockage at a certain cloud layer.

Using the definition of a kinematic measure, we obtain

Pr{P ∈ A ∩ B} = m(A : P ∈ A ∩ B), (17)

Pr{A ∩ B 6= 0} = m(A : A ∩ B 6= 0),

where the first expression is the kinematic measure of the set of motions A such that P ∈ A,
and the second gives the measure of all motions A for which the intersection between A
and B is not equal to zero.

Following further calculations from [53], the measures will be equal to

mj{P ∈ A ∩ B} =
∫

P∈B
f (x, y)dx ∩ dy ∩ dφ, (18)

mj{A ∩ B 6= 0} =
∫

A∩B 6=0
f (x, y)dx ∩ dy ∩ dφ,

where f (x, y) is the distribution of the point P in the set A.
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Finally, the implied probability is defined as

pC =

∫
P∈B f (x, y)dx ∩ dy ∩ dφ∫

A∩B 6=0 f (x, y)dx ∩ dy ∩ dφ
, (19)

and can be computed for a particular shape of A, B and f (x, y).
The numerator can be calculated as

mj{P ∈ A ∩ B} =
∫

P∈B
dx ∩ dy ∩ dφ = (20)

=
∫

P∈B
dx ∩ dy

∫ 2π

P∈B
dφ = 2πE[SB],

where E[SB] is the average area of a cloud.
The measure of motions A at A ∩ B 6= 0 is expressed as

mj{A ∩ B 6= 0} =
∫

A∩B 6=0
dx ∩ dy ∩ dφ = (21)

= 2π(SA + E[SB]) + LAE[LB],

where E[LB] is the perimeter of a cloud, SA and LA are the area and perimeter of A.
Substituting (17)–(19), we obtain

pC =
2[SB]

2π(SA + E[SB]) + LAE[LB]
. (22)

Consider now µk to be the density of clouds at layer k expressed in number of clouds
be squared kilometer. Using the results above, the probability that a cloud at layer k
occludes the propagation path pK is given by

pk = 1− (1− pC)
dµk/SAe, (23)

where d·e is the rounding operator.

4.3. Overall Path Loss

By utilizing (23) we can complete the parametrization of the model. Observe that the
number of cloud layers blocking the propagation path follows multinomial distribution
making calculation of the mean cloud impairments in the right-hand side of (13) a complex
procedure. Instead, one may utilize the direct approach involving probability generating
function (PGF) as follows.

Let GLC( f ,d)(z) denote PGF of the overall cloud impairments, that is,

GLC( f ,d)(z) = E
[
zLC( f ,d)

]
= E

[
z∑K

k=1 Ik Lk
]
, (24)

where Ik is the indicator function.
Since the probability of ground-to-aircraft path blockage at layer i is independent from

blockage at layer j and the impairment at each layer is assumed to be constant, we can write

GLC( f ,d)(z) = GI1(z
L1)GI2(z

L2)× · · · × GIN (z
LN ), (25)

where N is the overall number of cloud layers, GIk (z
Lk ) is the PGF of Bernoulli distribution

characterizing the impairment at layer k. the latter is known to be

GIi (z) = pkz + (1− pk). (26)

The use of (24)–(26) allows for simple calculation of (13).
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5. Numerical Results

In this section, we elaborate on our numerical results. We consider several typical sce-
narios for weather conditions: (i) cloudless or slightly cloudy, sunny conditions, (ii) cloudy
conditions, and (iii) rainy conditions. We also consider different Earth regions. To create a
sample set of clouds corresponding to a specific selected region, we use computer simulations
with parameters detailed in Section 2. The dimensions of zone A are chosen to be 104 × 104

m. To calculate cloud temperatures, we use uniform distribution over the appropriate interval
for a particular type of cloud. In the same way, we approach the formation of the height of
a particular cloud and its presence in general, focusing on the currently selected scenario.
In the case of clouds whose temperature is lower than −2 ◦C, we utilize tabular values for
the content of liquid crystals. The default system parameters are summarized in Table 4.

Table 4. The default system parameters.

Characteristic Value Description

f 0.1–10 THz Carrier frequency

d 7000–14,000 m Ground-to-aircraft distance

PT 10–200 W Transmit power

GT 20–80 dB Transmit antenna gain

GR 20–40 dB Receive antenna gain

ST 0 dB SNR outage threshold

N0 −174 dBm/Hz Thermal noise

Note that the impact of temperature is mainly attributed to both the atmospheric
attenuation coefficient and typical clouds for different times of the year. It has to be
accounted for in both estimations of the absorption coefficient in Section 4.1 by utilizing
appropriated tabulated data from the HITRAN database and when deciding upon the
cloud formations. In our numerical results, we consider the year-averaged temperature
for different considered Earth regions (north, middle, and equator). As an example of
the middle zone, Germany was considered with a year-averaged temperature at the sea
level of 8.7 ◦C, while for the equator, we considered Kenya with the year-averaged value
of 29.1 ◦C. For the north region, we considered Finland with the corresponding value of
5.0 ◦C. Note that, as the altitude increases, the difference between regions gets smaller.
Thus, the overall differences caused by different atmospheric attenuation are negligibly
lying within 1–2 dB. However, the formations of clouds also vary depending on the time of
the year in different Earth regions. We considered those typical for the summertime. In
general, when applying it, one needs to fine-tune the model with the appropriate choice of
environmental parameters.

We start by demonstrating the difference between the proposed model accounting
for both atmospheric absorption and attenuation by clouds and the standard free-space
propagation model (FSPL) in Figure 5. Here, we consider the middle Earth zone and two
cloud conditions—rainy and cloudy weather. As one may observe, the difference between
the proposed model for rainy conditions and FSPL is 10 dB. For cloudy conditions, it
reaches 12 dB. These observations confirm that for accurate aircraft-to-ground THz channel
modeling, one needs to account for the impairments considered in this paper.
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Figure 5. The difference between the proposed model accounting for both atmospheric absorption
and attenuation by clouds and the standard free-space propagation model.

We proceed by illustrating the utilization of the proposed model for different weather
conditions, sunny, cloudy, and rainy in the equator Earth zone in Figure 6. Specifically,
Figure 6a,b show Rx power as a function of frequency and aircraft altitude. As one may
observe in Figure 6a, logically, sunny conditions produce the best propagation environment
across the whole THz band. The difference between sunny and cloudy conditions is approx-
imately 15–20 dB and slightly increases as the carrier frequency increases. Note that these
differences are solely attributed to the blockage by clouds and atmospheric absorption
as no additional weather effects are present. Further, the difference between cloudy and
rainy conditions is around 30–50 dB depending on the frequency and altitude. Here, the
additional attenuation is mainly due to both rain and blockage by clouds specific to rainy
weather conditions.

By analyzing the presented data further, one may observe that the aircraft altitude,
expectedly, provides a linear impact on the Rx power. Similar observations are provided in
Figure 6c,e . In general, as one may observe, rainy conditions produces the worst propagation
environment for ground-to-aircraft communications in the THz frequency band.
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Figure 6. The received power in the equator Earth zone. (a) Rx power as a function of frequency;
(b) Rx power as a function of altitude; (c) Rx power as a function of Tx gain; (d) Rx power as a
function of Rx gain; (e) Rx power as a function of Tx power.

-140

-130

-120

-110

-100

-90

-80

-70

-60

 0  1  2  3  4  5  6  7  8  9  10

R
x 

po
w

er
, d

B
m

Frequency, THz

Equator
Middle
North

(a)

-135

-130

-125

-120

-115

-110

-105

-100

-95

 7000  8000  9000  10000 11000 12000 13000 14000

R
x 

po
w

er
, d

B
m

Altitude, m

Equator
Middle
North

(b)

-135

-130

-125

-120

-115

-110

-105

-100

-95

 20  30  40  50  60  70  80

R
x 

po
w

er
, d

B
m

Tx gain, dB

Equator
Middle
North

(c)

-135

-130

-125

-120

-115

-110

-105

-100

-95

 20  22  24  26  28  30  32  34  36  38  40

R
x 

po
w

er
, d

B
m

Rx gain, dB

Equator
Middle
North

(d)

Figure 7. Cont.



Energies 2022, 15, 8022 15 of 18

-140
-135
-130
-125
-120
-115
-110
-105
-100
-95

 50  52  54  56  58  60  62

R
x 

po
w

er
, d

B
m

Tx power, dBm

Equator
Middle
North

(e)

Figure 7. The received power in the sunny weather conditions. (a) Rx power as a function of
frequency; (b) Rx power as a function of altitude; (c) Rx power as a function of Tx gain; (d) Rx power
as a function of Rx gain; (e) Rx power as a function of Tx power.

We now proceed to assess the effect of different Earth zones, north, equator, and
middle part, all in sunny conditions, illustrated in Figure 7. Recall that in these conditions,
there are almost no clouds in the equator and north zones, while the impact of clouds in
the middle zone is rather limited. This is reflected in the presented illustrations, where
the equator is characterized by the best possible propagation conditions. However, the
north zone is just 1–3 dB lower in terms of overall impairments. The middle zone, on the
other hand, is characterized by much worse conditions, with an additional 15–20 dB of
attenuation. These impairments are mainly caused by cloud blockage. We also note that
the path loss represented in Figures 6e and 7e is independent of the Tx power and these
figures represent the required sensitivity level of Rx needed to receive the data correctly.

6. Conclusions

Motivated by the need for enabling high-speed connectivity for aircraft, in this pa-
per, we developed a ground-to-aircraft propagation model for the THz frequency band
by accounting for atmospheric absorption and cloud impairments. To this aim, we first
studied the geometric and molecular properties of clouds at different layers characteriz-
ing their attenuation impairments and composition properties depending on the type of
weather conditions and Earth region. Then, we utilized the tools of integral geometry and
probability theory to calculate cloud blockage probabilities and characterize the overall
cloud-induced attenuation.

In our numerical results, we illustrated the attenuation caused by different weather
conditions in different parts of the Earth. Specifically, we have shown that the difference
between sunny and rainy conditions may reach 30–50 dB that may require a considerable
increase in the emitted power. Secondly, the overall path loss heavily depends on the region
time and the difference may reach 10–30 dB. The worst conditions are logically provided
by rain, where the additional attenuation on top of sunny conditions reaches 50 dB over
the whole THz band. The Middle Earth zone is also the worst out of the considered regions
with additional attenuation reaching 30 dB.

The main contribution of the paper is a way to capture cloud-induced attenuation.
The proposed model can be utilized as a propagation model when assessing the averaged
received signal strength at the aircraft-to-ground links or as a building block for specifying
more precise models that involve additional propagation effects such as fading.
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