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Abstract: Investigating the absorption and scattering effects of atmospheric particles, i.e., raindrops
and fog droplets, is required to establish a comprehensive and accurate channel model. However,
for long-distance communication in outdoor scenarios, research on the propagation characterization
of fog and rain attenuation in the terahertz (THz) band is insufficient. In this study, fog and rain
attenuation characterization with different conditions are characterized. First, fog attenuation at
different temperatures and diverse visibility is explored using Rayleigh approximation theory and Mie
theory. The results demonstrate that visibility and frequency have a stronger effect than temperature
on fog attenuation. Then, rain attenuation as a function of rainfall rate is theoretically determined
using Mie theory and the Joss, M-P, and Weibull distribution. The results show that rainfall rate
and frequency have greater impact than raindrop distribution on rain attenuation. There are large
differences in rainfall attenuation under diverse distributions. Accurate fog and rainfall attenuation
information can be used to better estimate path loss and the link budget for terahertz communication
in outdoor scenarios.

Keywords: 6G; THz communication; fog and rain attenuation; Rayleigh approximation theory;
Mie theory

1. Introduction

To meet the growing demands for wireless communication in the real world, forth-
coming wireless communication systems will require higher data rates, increased carrier
frequency, and greater system capacity and bandwidth [1]. After the fifth-generation
(5G) wireless communication system adopted millimeter-wave (mmWave) bands, the
sixth-generation (6G) wireless communication systema are working toward adopting the
terahertz (THz) band (0.1-10 THz), which offers abundant spectrum resources, being situ-
ated between microwaves and optical waves [2]. Terahertz communication is a technology
that takes the terahertz band as a carrier to realize wireless communication. It is char-
acterized by a high transmission rate, extensive capacity, and large bandwidth, which
position terahertz communication technology as one of the vital technologies for the de-
velopment of 6G [3-5]. Terahertz communication technology is expected to be applied in
high-precision positioning, three-dimensional perception imaging, holographic communi-
cation, micro-sized communication, ultra-large-capacity data backhaul, and short-distance
ultra-high-speed transmission [6-11].

Terahertz waves have a higher frequency and experience more significant path loss
than millimeter waves. Additionally, terahertz waves are prone to blockage by buildings
and objects and can be easily absorbed and scattered by atmospheric molecules during
transmission, which leads to signal attenuation. In addition to the atmosphere, the terahertz
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signal is affected by weather, such as rain and fog [12,13]. The large-sized raindrops and
fog droplets on rainy and foggy days can strongly absorb and scatter terahertz waves
and thus cause more significant signal attenuation. Moreover, due to the increase in the
frequency band, weather conditions have increasing influences on terahertz waves. Hence,
conducting intensive research on the propagation characterization of terahertz waves in
atmospheric particles such as fog droplets and raindrops is crucial.

In recent years, the propagation characterization of terahertz waves in the atmosphere
and under diverse weather conditions has been extensively investigated. Regarding at-
mospheric attenuation, in [14,15], the authors studied the influence of the atmosphere on
terahertz waves, analyzed the feasibility of outdoor terahertz communication systems, and
demonstrated the potential of line-of-sight terahertz communication, sensing, and imaging.
Regarding fog attenuation, in [16], the transmission rate of terahertz wireless links in the
frequency range of 300-900 GHz in sunny, foggy, and rainy days was investigated. In the
transmission windows of 300-376 GHz and 376-434 GHz, even under the worst rainy days
with a rainfall intensity of 50 mm/h, the upper limit of the data rate surpassed 10 Gbps
(per 1 GHz channel bandwidth). Researchers [17] considered the attenuation of terahertz
waves caused by different particles, such as fog droplets, haze particles, and raindrops,
where the optical parameters of these particles were given by the analysis of meteorological
data, and the scattering characteristics of THz waves were explored. In addition, it was ob-
served that the factors, including visibility and rainfall rate, had a significant impact on the
scattering characteristics of terahertz waves. In [13,18-20], propagation characteristics were
investigated through theory and experimentation with terahertz waves in fog. The authors
of [19,20] conducted fog attenuation experiments using a controllable fog testing chamber,
in which the attenuation of terahertz waves was analyzed based on the millimeter-wave
propagation model (MPM), Rayleigh approximation [21,22], and Mie theory. Furthermore,
the experimental results were consistent with the model predictions, and the increase in
attenuation with the decrease in the optical visibility conformed to the predicted values.

As for rain attenuation, authors [23,24] developed free-space communication channels
at 625 GHz and 1550 nm and designed a controllable rainfall weather simulation room;
the performance of the two channels was analyzed by measuring the power and bit error
rate of each link using a terahertz time-domain spectroscopy system. Given the results, the
attenuation of terahertz and the infrared waves was comparable in typical rain conditions.
In addition, in [25,26], the rain attenuation of THz waves was estimated by collecting
local rainfall data based on Mie theory, which was compared with the results of the
International Telecommunication Union Radiocommunication Sector (ITU-R) model. The
main difference was that the former uses rainfall rate data, while the latter uses raindrop
size distribution data. The authors of [25] indicated that for rainfall events greater than
10 mm/h, the average attenuation was between 8 dB/km and 18 dB/km, and the results
in [26] demonstrated that the rainfall attenuation in Indonesia was smaller than that in
the ITU-R model at lower frequencies, while it is larger than the ITU-R model at higher
frequencies. The rain attenuation of terahertz waves at 77 GHz and 300 GHz under varying
rainfall rates was investigated [27], and a series of measurements were conducted, including
attenuation, rainfall rate, and droplet size distribution. In addition, the measured droplet
size distribution was later compared with that obtained with commonly used models, such
as the Marshall and Palmer (M-P) distribution model and Weibull distribution model, and
it was concluded that the Weibull distribution model was more in line with the measured
droplet size distribution.

Overall, rain and fog attenuation of terahertz waves have been widely investigated
by scholars and institutions. Nevertheless, research on the systematic and comprehensive
propagation characterization of rain and fog attenuation of terahertz waves is lacking, and
there is a need to enhance the numerical simulation of attenuation under various conditions.
To address these issues, we aimed to comprehensively characterize the propagation of rain
and fog attenuation of terahertz waves. The main contributions of this work are as follows:
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* In terms of fog attenuation, based on Rayleigh approximation theory and Mie the-
ory, we investigated the influence of advection fog and radiation fog on terahertz
waves and determined the attenuation in fog at diverse temperatures and visibility at
0.1-1 THz. In addition, we used a more accurate Rayleigh approximation theory and
compared it with the results obtained with a reference [18].

* Interms of rain attenuation, the rain was divided into four types: drizzle, moderate
rain, downpour, and rainstorm, based on the rainfall rate, and we comprehensively
compared and analyzed the rain attenuation of terahertz waves under Joss, M-P, and
Weibull distributions.

®  The results indicate that visibility and frequency have a more significant effect than
temperature on fog attenuation. The differences at 1 THz between the attenuation
caused by advection fog and radiation fog are 8461.31 dB, 1986.81 dB, 250.82 dB, and
24.98 dB, corresponding to visibility of 30 m, 50 m, 100 m, and 200 m, respectively. Ad-
ditionally, rainfall rate and frequency have a greater impact than raindrop distribution
on rain attenuation. The rainfall attenuation significantly varies under different distri-
butions, with the maximum difference being 3256.35 dB and the minimum difference
being 0.34 dB at 1 THz.

The remainder of this paper is structured as follows: In Section 2, the propagation
mechanism of terahertz waves and the distribution spectrum of fog droplets and raindrops
are discussed. Section 3 presents Mie theory and Rayleigh approximation theory. Section 4
focuses on the analysis of fog and rain attenuation of terahertz waves. In Section 5, the
main conclusions of this study are drawn.

2. Propagation Mechanism and Particle Distribution

To investigate terahertz wave propagation characteristics in rain and fog, it is essential
to have an understanding of the electromagnetic wave propagation mechanisms and the
physical characteristics of fog and raindrops since these factors are key in affecting terahertz
wave attenuation. Moreover, when terahertz waves interact with fog and raindrop particles,
these particles scatter and absorb the waves. The particle distribution spectrum, which
describes the number of particles of various sizes, aids in accurately calculating terahertz
wave attenuation. Therefore, this section first presents the propagation mechanism of
electromagnetic waves and the physical characteristics of fog droplets and raindrops.
Subsequently, the distribution spectra of fog droplets and raindrops are summarized.

2.1. Propagation Mechanism

The scattering of electromagnetic waves is related to heterogeneity, such as the het-
erogeneity at the molecular scale and the aggregation of multiple molecules. Regardless
of the type of heterogeneity, the basic physics of scattering is the same for all systems. As
shown in Figure 1, if an obstacle, such as a single electron, atom, molecule, or solid or
liquid particles, is irradiated by electromagnetic waves, the electric field of the incident
wave causes the charge in the obstacles to oscillate. It can accelerate the charges to radiate
electromagnetic energy in all directions. This secondary radiation is called the radiation of
obstacle scattering, which means that the scattering equals excitation plus reradiation. In
addition to reradiating the electromagnetic energy, the stimulated base charges can convert
part of the incident electromagnetic energy into other forms, such as thermal energy, which
is called absorption [28].

2.2. Fog Droplet Distribution

The fog is a weather phenomenon where tiny droplets or ice crystals are suspended in
the near-ground air, which is the product of the condensation of water vapor in the air near
the ground. According to the conditions of formation, fog can be divided into advection
fog and radiation fog. Advection fog is formed by the cooling of warm and moist air as it
moves to cooler land or over the colder surface of water. It generally appears in areas near
the sea, with a wide range and high concentration. Radiation fog is the countless small
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droplets formed by the cooling of the radiation on the ground at night. It mostly occurs
at night and early morning when the weather is clear, the water vapor near the surface is
sufficient and stable, or there is a temperature inversion.

Extinction

Incident Scattering

v

A 4

v

Absorbing

v

v

v

Obstacle

Figure 1. Obstacle absorption and scattering of incident waves.

Attenuation of terahertz waves in fog is caused by the absorption and scattering of
waves by particles. The radius of these particles typically ranges between 1 um and 60 um.
Table 1 presents the levels of fog and their corresponding horizontal visibilities (V).

Table 1. Relationship between fog level and horizontal visibility.

Fog Level 0 1 2 3 4 5
Horizontal Visibility (km) >10 1-10 0.5-1 0.2-0.5 0.05-0.2 <0.05
Designation Clear day Mist Fog Heavy fog Dense fog Strong fog

The size and distribution of fog droplets can have a significant impact on tera-
hertz wave attenuation based on Mie theory. The generalized gamma distribution is
the most commonly used empirical model for describing fog droplet distribution, which is
reported as [29]:

n(r) = ar* exp(—brf), 1)

where r is the radius of droplet particles, and # is the number of droplets per unit volume.
If the droplet radius is in microns (im), the unit of 7 is m~3um~1; if the droplet radius is in
meters (m), then 7 is in m~*. Other parameters a (a = 3;375115 x 10%)and b (b = @ x 10%),
describing droplet size and shape, are determined by visibility and water Content Vis
the fog visibility in kilometers; and M is the water content of the fog in grams per meter
cumbed. When &« = 2 and 8 = 1, the gamma distribution can accurately describe the

particle size distribution:

n(r) = ar® exp(—br). ()

To calculate the density of liquid water M (g/m?) in advection fog and radiation fog,
an empirical expression based on the fog visibility can be represented [17]:

{ M = (18.35V) 143 = 0.0156V 143, Advection fog,
(©)

M = (42V)~15* = 0.00316V 14, Radiation fog.
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Combining Equations (2) and (3), it can be found that:

{ n(r) = 1.059 - 107 V11572 . exp(—0.8359 - VO43)(m~—3um~1), Advection fog,
(4)

n(r) = 3.104 - 101°V17¢2 . exp(—4.122 - VO347)(m~3um~1), Radiation fog.

2.3. Raindrop Distribution

Rain is a precipitation phenomenon where liquid droplets fall from the atmosphere
to the ground. There are different types of rain, such as drizzle, continuous rain, and
downpour, with raindrop radius typically ranging from 0.01 mm to 4 mm. According
to meteorological standards, drizzle is defined as rainfall less than 2.5 mm/h, moder-
ate rain ranges from 2.6 to 8.0 mm/h, downpours range from 8.1 to 15.9 mm/h, and a
rainstorm is characterized by more than 16.0 mm of rainfall per hour. The attenuation
of terahertz waves caused by rainfall is primarily determined by the extinction cross-
section and the size distribution of raindrops. Rain attenuation can be calculated based
on the size distribution of raindrop particles and Mie theory. The size distribution of
raindrop particles refers to the number of raindrop particles of various sizes in rainfall,
and several distribution models are commonly used, such as Joss distribution [30], M-P
distribution [31], and Weibull distribution [32].

In Joss’s experiment, the rainfall was classified into three categories based on intensity:
drizzle with R < 5 mm/h, widespread with 5 mm/h < R <25 mm/h, and thunderstorm
with R > 25 mm/h. Furthermore, each type of rainfall has a specific raindrop distribution
with diverse coefficients. The Joss distribution is reported as:

Drizzle : n(r) = 30,000 exp(—11.4R~021y),
Widespread : n(r) = 7000 exp(—8.2R~0217), 5)
Thunderstorm : n(r) = 1400 eXp(76.OR_O-21r),

where R is the rainfall rate in millimeters per hour, and r is the radius in millimeters.
The M-P distribution was proposed by Marshall and Palmer based on measured data
and is expressed as:

n(r) = 8000 exp(—8.2R%27) m3mm1. (6)

In order to improve the accuracy of raindrop size distribution estimation, Jiang et al.
proposed a new Weibull distribution by calculating the raindrop distribution parameters
through rainfall observation experiments, which is represented as:

n(r) = No Lyt expl— (21, )

o
where Np = 1000 m 3, 57 = 0.95R 3, o = 0.26R42.

3. Theoretical Model

In order to precisely calculate fog and rain attenuation, rational mathematical models
are required. This section presents Rayleigh approximation theory and Mie theory, which
were adopted in this study. The detailed calculation methods of the related parameters,
including the attenuation coefficient, extinction efficiency factor, and scattering coefficient,
are provided. Additionally, the dominant extinction efficiency factor in Mie theory is
simulated and analyzed.
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3.1. Rayleigh Approximation Theory

Given the relatively small radius of fog droplets, the Rayleigh approximation model is
suitable for calculating fog attenuation. In accordance with this model, the fog attenuation
of terahertz waves can be expressed as [33]:

ac = Ky - M (dB/km), (8)

where M is the density of liquid water in fog (g/m?); K r is the attenuation coefficient in
((dB/km)/(g/ m?)), which is calculated by:

_0819f
Kf ' (1+42)”

_ 2+¢

- 8,/ 7

©)

where f is the signal frequency (GHz); ¢ and ¢” are the real and imaginary parts of the
complex permittivity, respectively, which are determined by:

/ — £0—& €1 €
U= 1] T ] T

(10)

¢(f) = —o=e)f o (a—e)f
() B/ B7] T S+

where ¢y = 77.66 4+ 103.3(6 — 1), &1 = 0.0671¢g, e, = 3.52,6 = 300/(273.15+ T), and T is
the temperature of rain and fog (°C).
The main relaxation frequency f, and the secondary relaxation frequency f; are:

{ fp =20.20 — 146(6 — 1) + 316(6 — 1) (GHz), an

fs =39.8f, (GHz).

3.2. Mie Theory

Compared with the Rayleigh approximation, Mie theory, proposed by Gustav Mile in
1908, was deduced based on the solution of the Maxwell equations. It assumes particles
are ideal spheres and adopts the spherical Bessel function to obtain related parameters.
The main objective of Mie theory is to address the issue of absorption and scattering of
light by spherical particles. Despite its limitations, Mie theory can accurately describe
the effects of small particles that are not immediately apparent. According to Mie theory,
particle attenuation is primarily characterized by the extinction cross-section, scattering
cross-section, and absorption cross-section, which can be separately expressed as [28]:

[e9)

Ce(r, A,m) = 2 ¥ (2n+ 1)Re(a, + by),
n=1
Cs(r,A,m) = & y. (2n+1)<|an|2+ |bn\2), (12)

n=
Ca(r,A,m) = Co(r,A,m) — Cs(r, A, m).

The efficiency factors for the extinction, scattering, and absorption are defined as:

QE (7’, /\, m) — Ce(?’,/\,m) )

mr2

Qs(r,A,m) = &AM, (13)

72

Qu(r, A,m) = Cellg),

72
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Therefore, it is evident that:
[ee]
Qe(x,m) = % ¥ (2n+1)Re(a, + by),
n=1
Quom) =% & (@n+1)(jaaf + [onl?), (9

Qa(x,m) = Qe(x,m) — Qs(x,m),

where m is the refractive index of the particle relative to the surrounding medium,
m = my + my. As for the size parameter of the particles, x = kr, and k = 27t/A. ris
the radius of the particle, and A is the length of the incident waves.

If the scattering coefficients a, and b, are known, all measurable quantities related to
scattering and absorption, such as cross-sections and scattering matrix elements, can be
determined. By applying boundary conditions for magnetic and electric fields, expanding
the incident, internal, and scattered magnetic fields into series, and using expressions
for vector harmonics, a set of linear equations is established, from which the scattering
coefficients a,, and b, can be calculated [28]:

() (x) — mp (), ()
=g ) (x) — mip ()2 (x) 15
b ) (x) = (), (3 )

m!, (mx)8n (x) = (mx)’, (x) 7
where ¢, (x) and &, (x) are the n-order spherical Bessel functions of the first kind and the
first type of the n-order spherical Bessel functions of the third kind, respectively. y;,(x)
and &}, (x) are the derivatives of ¢, (x) and ¢, (x), respectively. The n-order spherical Bessel
functions of the first kind and the third kind are calculated as:

Pn(x) = xjn(x \/ ]n+05 (17)

() = 3l (x) = | SR HIg () (18)

where x is the size parameter of the particle, determined by the particle radius and the
wavelength of the incident wave; J,105(x) is a Bessel function of the first kind of half-

integer order; and H;(quo.s (x) is a Bessel function of the first one of the third kind of the half-

integer order. Functions j,(z) and h,(f) (z) = ju(z) 4+ iyn(z) are the spherical Bessel functions
(z = x or mx) of order n (n = 1,2, ...). The derivative of the spherical Bessel function is

represented as [34]:
{ [2jn(2)) = zju-1(2) — nju(2),

/ 19
1 ()] = @) =i (). )

For integrity, the relationship between the Bessel function and the spherical Bessel
function is reported as:
jn(z) = 2%]71+0.5(Z)/
(20)
yn(Z) = Tnzyn—i-O.S(Z),
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where J,,(z) and Y, (z) are the Bessel functions of the first and second kinds, respectively.
When n = 0 and 1, the spherical Bessel function can be given by:

jo(z) = si2z,

ji(e) = e - sz

wo(z) =~z )
z 7
() = 7 — sz,
In addition, the recursive formula is defined as:
2n+1
fat (@) + fria(2) = 22 fu(2), @

where f,,(z) can be any one of the function j,(z) and function y,(z).

As shown in Figure 2, the extinction efficiency factor oscillates with increasing size
parameter, significantly oscillating within the range of 0 to 20. In the range of 20 to 60, the
extinction efficiency factor tends to gradually stabized, and its value is stable at about 2.1.
The figure shows a series of broader maxima and minima that manifest the interference
between incident light and forward scattered light. Energy conservation requires that the
light scattered in all directions and absorbed in particles is equivalent to the light eliminated
by the interference from the incident beam.

4.5 T T T T

et
o3

e
&} i w

_.
n

Efficiency Factor 0 . 0, 0

0 v'w’v' ! ! ! !

0 10 20 30 40 50
Dimension Parameter x

Figure 2. Relationship between dimension parameter x and efficiency factor.

When the particle distribution spectrum is known, the particle attenuation of terahertz
waves can be calculated by integrating the radii of all particles [25]:

Tmax
A =4.343 x 10° / Qe(r, A, m) - 7tr* - n(r)dr

Tmin

(23)

max
— 4343 x 10° / Ce(r, A, m) - n(r)dr(dB/km).

Tmin
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4. Results and Analysis

To comprehensively investigate the attenuation of terahertz waves in fog and rain, this
section first compares and analyzes the impact of radiation and advection fog on terahertz
wave attenuation for diverse temperatures and visibility conditions and compares the
findings with those of [18]. Secondly, fog attenuation under different visibility conditions is
analyzed based on Mie theory. Finally, an analysis of rain attenuation in terms of frequency,
rainfall rate, and raindrop distribution is presented.

4.1. Fog Attenuation Based on the Rayleigh Approximation

Letting V = 30 m, the radiation and advection fog attenuation under different tempera-
tures are shown in Figure 3. At first, fog attenuation gradually increases with an increase
in frequency. Second, radiation fog attenuation is significantly less than advection fog
attenuation. For instance, in area II (0.24-1 THz), when the temperature is 30 °C and the
frequency is increased from 0.25 THz to 1 THz, the difference between the two types of
fog attenuation increases from 22.16 dB/km to 71.34 dB/km. Third, the fog attenuation
of terahertz waves hardly changes in area I (0.1-0.24 THz). However, fog attenuation
increases with temperature in area II, but the upward trend gradually reduces. Therefore,
the temperature significantly affects fog attenuation in the high-frequency band of terahertz
waves. In contrast, the temperature has little impact on fog attenuation in the low-frequency
band of terahertz waves.

120 T T T T T T T
Advection Fog Radiation Fog
o5 C s C Area Il
100H ~ =& - 1 =10C A t=107TC e =
B v BTz
....... geee t =20 °C o t =20 °C )(:g’%:‘z_ P
t =25C t =25C X x%’ -5
e 80 __,._ . . Xﬂi.ﬁ" - M
S +=30C x =30TC ez
2 xR
P =) P
S oo 7 < cr i i
= :g 2 r i s
= K 20w o, & |
= X 25 § 9% o
Q o x o v A&
g Areal T R
40 P o ! H
édl’ 20"
‘ﬁg 0.7 0.8 0.9 1
P EEEE iR
200 » R R pad s M
,&‘X gred®
4 % % -
3 & b 2 %
g ®
O I I I I I I I I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Frequency (THz)

Figure 3. Fog attenuation of terahertz waves at diverse temperatures, where area I is the frequency
range of 0.1-0.24 THz, and area Il is the range of 0.24-1 THz.

Different water contents in fog under diverse visibility conditions can have an impact
on fog attenuation of terahertz waves. Figure 4 illustrates the fog attenuation at a tem-
perature of 10 °C, and the simulation results in [18] are represented by a black line with
diamonds. There is a strong agreement between the research results in this study with
the simulated results in [18]. As shown in Figure 4, attenuation gradually increases with
a decrease in visibility and an increase in frequency, and visibility has a greater influence
on attenuation. When visibility decreases from 100 m to 50 m, wave attenuation in 1 THz
increases by 8.1 dB/km in radiation fog and 27.5 dB/km in advection fog. When visibility
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decreases from 50 m to 30 m, terahertz wave attenuation increases by 24.7 dB/km in ra-
diation fog and 47 dB/km in advection fog. Thus, the upward trend in fog attenuation is
evidently larger with a decrease in visibility of the fog. Moreover, advection fog attenuation
is greater than radiation fog attenuation due to the relatively high density of liquid water.

4.2. Fog Attenuation Based on Mie Theory

In order to investigate the attenuation of advection fog and radiation fog under various
visibilities, detailed simulation parameters are shown in Table 2. Figure 5 illustrates the
advection fog attenuation and radiation fog attenuation of terahertz waves. The fog
attenuation exponentially increases as the frequency increases and the visibility decreases.
Specifically, the attenuation exhibits a slow increase at 0.1-0.7 THz and a rapid increase
at 0.7-1 THz. The advection fog attenuation at 1 THz is 8488.33 dB, 1999.12 dB, 255.05 dB,
and 26.44 dB corresponds to visibility values of 30 m, 50 m, 100 m, and 200 m, respectively.
Opverall, advection fog causes significantly higher attenuation of terahertz waves compared
with radiation fog, and the rate of increase in advection fog attenuation is more pronounced
than that of radiation fog attenuation.

The calculation of fog attenuation through Mie theory involves the extinction effi-
ciency factor and particle distribution. While the results are precise, this model is most
appropriate for large-sized particles to characterize the absorption and scattering effects.
In comparison, Rayleigh approximation is used to analyze the absorption and scattering
effects of small-sized particles in the low-terahertz band. Thus, there is a significant differ-
ence between fog attenuation calculated based on these two models. Moreover, radiation
fog is characterized by a low water content and relatively small droplet particles. Hence,
Mie theory may not be suitable for calculating terahertz wave attenuation in radiation
fog. According to the numerical simulation results, in the case of advection fog, relatively
accurate results can be obtained by using Rayleigh approximation theory at 0.1-0.8 THz
and Mie theory at 0.8-1 THz. In the case of radiation fog, it is recommended to employ
Rayleigh approximation theory.
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Figure 4. Fog attenuation of THz waves under diverse visibility and comparison with [18].
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Table 2. Simulation parameters based on Mie theory.

Parameter Parameter Values in Fog Parameter Values in Rain
Particle Radius 1~60 um 0.01~40 mm
Frequency Band 0.1~1THz 0.1~1THz
Refractive Index 1.5+ 0.01i 1.5+ 0.01i
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Figure 5. (a) Advection fog attenuation under various visibilities; (b) radiation fog attenuation under
various visibilities.

4.3. Rain Attenuation Based on Mie Theory

Detailed simulation parameters for exploring rain attenuation are presented in Table 2.
Figure 6 depicts rain attenuation of THz waves under diverse rainfall rates and distributions,
i.e., Joss distribution, M-P distribution, and Weibull distribution. According to Figure 6, rain
attenuation of THz waves is relatively low at 0.1-0.7 THz and high at 0.7-1 THz. The rain
attenuation increases exponentially with the increase of both frequency and rainfall rate. For
the Joss distribution, the attenuation values at 1 THz are 7757.33 dB, 532.83 dB, 16.59 dB and
2.02 dB. The attenuation values at 1 THz for the M-P distribution are 4718.04 dB, 608.95 dB,
94.05 dB and 16.93 dB. The attenuation values at 1 THz for the Weibull distribution are
4500.98 dB, 411.22 dB, 66.38 dB and 19.32 dB. Meanwhile these four values correspond to
the rainfall rate of 2 mm/h, 5 mm/h, 15 mm/h, and 55 mm/h, respectively.

For the Joss distribution, the rainstorms attenuation of terahertz waves is the largest.
The drizzle, moderate rain, and downpour attenuations of terahertz waves are smaller
than those under the M-P distribution. The terahertz wave attenuation under the Weibull
distribution is smaller than that under the M-P distribution for the first three rainfall
rates, but the difference is not significant. The downpour and rainstorm attenuation of
terahertz waves under the Joss distribution is more significant than that under the Weibull
distribution, while drizzle and moderate rain attenuations of terahertz waves are smaller
than those under the Weibull distribution. Therefore, different distributions significantly
impact the rain attenuation of terahertz waves.
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Figure 6. Rain attenuation of THz waves under diverse rainfall rates and distributions.

5. Conclusions

We characterized the attenuation of terahertz waves in foggy and rainy conditions at
0.1-1 THz frequencies using Rayleigh approximation theory and Mie theory. We found
that at different temperatures, the influence of temperature on fog attenuation of terahertz
waves is greater at high frequencies and smaller at low frequencies. Additionally, a decrease
in visibility and an increase in frequency leadsto an exponential increase in fog attenuation,
with visibility having a more significant influence than frequency. For advection fog,
it is recommended to use Rayleigh approximation theory at 0.1-0.8 THz band and Mie
theory at 0.8-1 THz band. On the other hand, for radiation fog, the preferable theory to
use is Rayleigh approximation theory. Advection fog attenuation at 1 THz is 8488.33 dB,
1999.12 dB, 255.05 dB, and 26.44 dB, and radiation fog attenuation at 1 THz is 27.02 dB,
12.31 dB, 4.23 dB, and 1.46 dB, corresponding to visibility values of 30 m, 50 m, 100 m,
and 200 m, respectively. In addition, the rain attenuation of terahertz waves exponentially
increases with frequency and rainfall rate, with significant differences observed among
diverse raindrop distributions. The rainfall rate and frequency have a greater impact than
raindrop distribution on rain attenuation. For the Joss distribution, the attenuation values
at 1 THz are 7757.33 dB, 532.83 dB, 16.59 dB, and 2.02 dB. The attenuation values at 1 THz
for the M-P distribution are 4718.04 dB, 608.95 dB, 94.05 dB, and 16.93 dB. The attenuation
values at 1 THz for the Weibull distribution are 4500.98 dB, 411.22 dB, 66.38 dB, and
19.32 dB. These four values correspond to rainfall rates of 2 mm/h, 5 mm/h, 15 mm/h, and
55 mm/h, respectively. In the future, actual measurements of terahertz wave attenuation
will be conducted in foggy and rainy conditions, which will be beneficial for accurately
estimating the path loss and link budget in outdoor environments.
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