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ABSTRACT In the frontier of next generation communication system, the terahertz spectrum can be treated
un-parallel as far as the implementation of wireless link with high data-rate is concerned. Atmospheric
condition can affect the electromagnetic/radio signal transmission severely. Since, the presence of seasonal
hydrometeors in atmosphere may lead to drastic degradation in the free-space propagation of terahertz
signal, therefore thorough and comprehensive investigation is essentially required to optimize the future
channel-model for terahertz carrier frequency. The atmospheric attenuation causes power loss and in turn
receiver signal amplitude gets attenuated. Rain attenuation has pronounced impact on terahertz signal
propagation and attenuation of transmitted wave. In tropical weather scenario, the drop-dimension of
seasonal rainfall exceeds the maximum dimension of temperate rain. Through an indigenously developed
and experimentally verified Non-Linear Terahertz Rain Attenuation Model simulator, the authors have
thoroughly investigated the rain-attenuation characteristics of terahertz signal in tropical climate condition
for different hydrometeor properties including rain-rates and drop-size distribution. The effect of tropical
thunderstorm has been uniquely incorporated by the authors in the present study along with atmospheric
humidity and temperature based fluctuations. The reliability issues that are related with THz communication
in tropical rain-fall have also been comprehensively analysed. Besides, a best-fit analysis has also been
covered under different drop-size distribution statistics. It has been found that, in Indian Scenario (as a part
of tropical climate), the peak attenuation level of THz spectrum under tropical rain-fall can be found in the
range of (7THz-9THz). With increase of rain-rate from 2mm/hr to 200mm/hr, the peak attenuation level rises
from ~100dB/km to ~1000dB/km. The basic model has been validated through experimental data where
close proximity(with & 10% variation from the mean data) has been observed. The present study on terahertz
signal attenuation profile in tropical rainy weather will help the communication engineers to open the new
door for the ultra-high speed world of 6G terahertz communication.

INDEX TERMS Terahertz, Mie-theory, rain-attenuation, droplet-distribution, rain-rate, diffusion mass,
growth-rate, reliability analysis.

I. INTRODUCTION [5]. The Terahertz(THz) spectrum occupies 0.1THz to 10THz

As per Edholm’s law, the data-rate and bandwidth utilization
double every 18 months, therefore the ever-increasing ‘G’
constraint (from 3G to 4G to 5G to...) has become a vibrant
syndrome in today’s communication scenario [1], [2], [3], [4],
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bandwidth that can provide more flexibility in future wireless
communication by initiating broader bandwidth, reduction
in multipath effects and smaller equipment dimension, com-
pared to millimeter wave regime. Besides, the non-invasive
and non-ionizing properties of THz has expedited its neces-
sity in defence applications. But, atmospheric turbulence
can seriously affect the THz communication when beamed
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from the source to the receiver-end. Cloud(s) is catego-
rized under atmospheric aerosols. The Brownian deposition
of ionized aerosols in cloud(s) leads to the coagulation
of charges in cloud system [6], [7]. The effect of vary-
ing electrostatic forces inside cloud may lead to temporal
variation in its charge-coagulation. This in turn enhances
some adverse effects in the free space signal propagation in
cloudy-atmosphere. Since water molecules can absorb THz
signal drastically, the transmission of free space THz signals
can be more susceptible to rain based attenuation. Therefore,
due to the presence of water-laden cloud, that leads to pre-
cipitation, severe degradation in THz link availability occurs.
The amount of THz signal attenuation due to rainfall depends
primarily on the rainfall rate, which is often measured in
millimeter per hour (mm/hour) unit. At THz regime, the rain
induced signal attenuation can be considered to be a function
of (a) signal frequency, (b) the intensity of rainfall with due
adjustment of error function, (c) variations in rain drop size
distribution including non-spherical shape of the rain drops
and (d) temperature changes. The Rain Drop Size Distri-
bution (RDSD) has most important role in estimating the
attenuation of THz signal when the same propagates through
the rainy atmosphere [8], [9].The water-vapour is the most
significant lower atmospheric constituents which controls
major weather phenomena. The amount of water vapour in
Earth-atmosphere determines the possibility of rainfall. In the
lower atmosphere, the concentration of water-vapour has pro-
found spatial(altitude) and temporal dependence as well. The
water vapour density ranges from a fraction of gram per cubic
meter for very arid climates to approximately 30g/m> for hot
and humid region [8], [9], [10].Besides, the water vapour
density in the lower atmosphere varies with atmospheric
pressure and temperature. At an altitude of 1.5km from the
surface of the Earth, the moisture density becomes half of the
ground level. This density variation of water vapour leads to
successive change in the refractive-index of the atmosphere
through which the electromagnetic signal propagates.

The major part of Asia falls under the tropical climatic
zone. In India, the effect of tropical climate leads to a tem-
poral inhomogeneity in rainfall. Although the North-East and
South-West monsoon govern the rainfall in India, the effect of
North-East monsoon is limited within the Southern territory
of this country. The mean diameter of tropical raindrops
vary from 0.5mm to Smm. In some cases, larger raindrops
(diameters exceeding 5mm) have also been reported [11],
[12]. In tropical climate zone the intensity of rainfall is very
high and it is diverse in nature. THz signal fading can be
profound under the tropical rain attenuation. The authors have
highlighted the effects of rainfall on THz signal propagation
in Fig.1. Based on weather condition and other atmospheric
constraints, the computation of the rain based attenuation
level of electromagnetic signal can be simulated by estimat-
ing the droplet population for a fixed radius interval and the
extinction cross-section for an isolated raindrop at a particular
radius. Besides the effect of rain-rate is also predominant in
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enumerating the rain attenuation of electromagnetic signal.
Several research works based on the ITU-R recommendation,
have been carried out to find out the accurate rain-attenuation
characteristics of electromagnetic signal [10], [11], [12], [13].
Besides, different theoretical models have also been reported
in literature [14], [15], [16]. However to the best of authors’
knowledge till date no report is available that covers rain
attenuation characteristics of entire THz band within tropical
climatic condition. Earlier, the authors have studied the fog
attenuation characteristics of terahertz spectra and reported
elsewhere [22]. This paper reports the details of Non-Linear
Terahertz Rain Attenuation Model(NLTRAM) incorporating
the effect of space and time dependent boundary condi-
tions relevant for tropical climate zone to simulate the time-
dependent variation of raindrop diameters. Moreover, for the
occurrence of rainfall the combined effects of viscosity of
atmosphere and the terminal velocity of rain drops are essen-
tial prerequisites. Unlike the fog-particles, the rain based
aerosols experience sufficient downward force due to Earth’s
gravitational pull [17], [18]. The authors have also incorpo-
rated these natural force effects in this simulator. Besides,
the effect of atmospheric pressure and temperature based
variations of different constraints have been incorporated in
this simulator. The effect of varying terminal velocities of
rain-drops and scintillation have been initiated additionally.
Moreover the reliability analysis on secure THz transmission
in tropical climate region has also been carried out by the
authors. In addition to the conventional Mie-theory analysis,
the authors, have also incorporated the studies on THz signal
attenuation due to the presence of thunderstorm in tropical
climate scenario. Besides, based on experimental data on THz
signal attenuation in the range of (0.1THz-1THz) for tropical
climate scenario, a best-fit analysis has been additionally
simulated by the authors under different Rain Drop Size
Distribution Statistics (Weibull, Negative Exponential, Log-
Normal, ITU-R). The results of this statistical analysis along
with a tabular format on Root-Mean-Square Error (RMSE)
calculations have been presented also by the authors uniquely
in the present literature. The experimental validation of this
model has been performed by comparing the experimentally
observed data on rain based THz signal attenuation, obtained
under other climatic situations with the simulation outcome
for that different weather constraint.

As a part of major defence project in India, the authors,
for the first time, have developed a non-linear, comprehensive
and experimentally validated NLTRAM simulator to estimate
the tropical rain based attenuation spectra of THz signal at
various window frequencies. The outcome of this simulator
would assist the defence people for establishing secure THz
communication link in adverse weather scenario.

Il. NUMERICAL ANALYSIS
The authors have incorporated time-dependent inhomogene-

ity in the indigenously developed NLTRAM simulator to
simulate the rain based attenuation spectrum of THz signal
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in tropical climate. The amount of atmospheric attenuation
of electromagnetic signal primarily depends on the number
distribution of aerosols under a specific climatic condition.
As per the literature survey, this distribution statistics can be
divided into two categories [17], [18], [19], [20] as

1) Uniformly random-distribution.
i) Non-uniform distribution.

In case of uniform distribution statistics, the shape of rain-
drops can be considered as spheres of a particular radius
or fixed within a definite interval of radii, whereas the
non-uniform distribution is based on random radius interval
of droplets. In the NLTRAM simulator, the authors have
considered composite distribution statistics for simulating the
Rain Drop Size Distribution(RDSD) function, in which the
effect of both of the above distribution characteristics are
involved. The model analysis has been initiated by estimat-
ing the number distribution of rain-drops, N (D), under the
Law- Parsons distribution statistics, which can be expressed
mathematically as

N (Di) = Nmexp(—yDx) ey

where, the slope-parameter y varies inversely with rain-rate.
It is expressed in mm~!. The instantaneous drop-diameter
Dy has the unit of mm and N,, is recognised as the intercept
parameter of rain-drop size distribution, which is expressed
in m™3mm~!. The intercept parameter depends primarily on
the type of rainfall. Under continental thunderstorm, &V, can
attain the level of ~1500 m—3mm™!, whereas, the average
value of this parameter is bounded within ~8000 m3mm~".
But the major disadvantage of this distribution statistics can
be highlighted as adherence to temperate climate condi-
tions. Upto SOmm/hr rain-rate variations, this statistics has
a profound applicability to enumerate rain-based specific
attenuation of electromagnetic signal in temperate climate
zone. In tropical climate condition, Log-Normal Statistics
of Rain-Drop Size Distribution, plays a very important role
in predicting the rain-attenuation characteristics of free-
space electromagnetic signals. The Log-Normal model can
be expressed as,

N (Dy) = >

2

N exp | —0.5 {M} )
GDk«/E

where, the number of rain-drops of all possible diameters
can be introduced by N;. Interms of p and o, the mean
and standard deviation of In Dy are expressed. All of these
parameters depend on the rate of rainfall also. Incorporat-
ing the necessary weather dependent boundary conditions
under tropical climate situation, the modified Method-of-
Moment(MoM) technique has been applied by the authors
for estimation of the parameters present in (2). Basically
the third, fourth and sixth moments have been employed to
simulate these parameters. Using modified MoM technique,
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TABLE 1. List of major parameters incorporated in NLTRAM simulator.

Parameter Siggiyf?lccaice Utility
f Frequency Terahertz regime
X Size-parameter Characterization of scattering
s Radius Droplet dimension
y Slope-parameter
N Intercept-parameter RDSD estimation in tropical
Dy k-th droplet diameter climate
u Mean of In(Dk)
in Tropical Climate
o SD of In(Dk)
in Tropical Climate
S Rain-drop generation
rate
t(s) Probability of rain- Non-linearity in simulator
drop generation
dem Mean Nearest >
Neighbor Distance
my Diffusion mass
7 A Evaporation Flux
3 Vector
Rp Non-resonant Dry Air
Spectrum Essential parameters to
Re Continuum Spectrum determine the complex
of Water Vapor > refractivity of dispersive
Ry Refractivity of medium
Suspended water
Rk Contribution of falling
aerosols ~
T, T/ Air-blob and 3\
Atmospheric
Temperature Reliability modeling
CarCy Thermal Conductivity
Of dry air and water
vapour >
z, Diffusivity of water-
vapour
w, Liquid wate'r entity
&d o) THZ' Electric Flux-  ~
density of E-field
L Signal path Length 4 THz Rain based
Exceedance Attenuation Rate
Dr o
probability
. Modified power-law
application

these parameters can be expressed as,

N; = exp[7.96M3 — 9.2My + 2Mg] 3)
w=[—3.4M3 + 4.6M4 — 1.2Ms) )
o2 =[0.67M3 — 1.1M4 + 0.4Mg] 5)

In (3) to (5), M3, M4, Mg are the natural logarithms of 3d,
4™ and 6 moments respectively. Since the rain-drops can
be considered as falling aerosols with varying water enti-
ties, the absorption of electromagnetic signal(THz in this
case), depend majorly on the liquid water content of these
drops. To address the impact of this liquid water content in
the indigenously developed NLTRAM simulator, the authors
have incorporated time-dependent in-homogeneity by con-
sidering micro-crystals of aerosols. Besides, the authors have
also incorporated the Weibull and Negative Exponential
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distribution functions [19], [20], [21], [22], [23] with weather
dependent parametric derivations to make a comparative
study on the best-fit of rain-based attenuation spectra of THz
signal in tropical climate. Since rain is also categorized as
cloud droplets, the occurrence of which is one of the complex
natural phenomenon, series of stochastic rain-drop growth
and drop spacing events including and excluding thunder-
storm, come to play. With reference to a fixed rain-drop
treated as the source at a particular instant of time 7, the
concept of the nearest neighbour principle [24], [25], [26],
[27], [28] have been initiated in the simulator by consider-
ing the probability of finding the nearest neighbour of the
source in between the locations s and (s+ds) as t(s)ds. Since,
the probability can be determined by the product of non-
occurrence of rain-drop in between O to s and the probability
of rain-drop occurrence in between s and (s+ds), therefore,
t(s) can be expressed as

t () = 4w s*N (D, w) (1 - /St(s) ds) (6)
0

The generalized rain-drop generation rate g, can be
expressed as

_ t(s) )
g = 4 2N (Dk’Tk)
Using(7) in (6), it can be found that
d
9B _ 4N Dy, 7) ds 8)
grr

By the help of (8), the rain-drop generation rate can be
estimated as,

4
S = g0 EXp (—gns3N (Dx, m)) )

The term g in (9) can be estimated from the maximum prob-
ability principle. From (9) it is clear that the localized concen-
tration of rain-drops inversely vary with drop-intervals. The
mean nearest neighbour distance can be determined using (9)
as

81 0.34 roo 4 3 0.34
dygy = (———— —ns°N (Dy,
sm (47TN(Dk,‘L'k)) /0 (37TS (Dy. Tk))

4
X exp(—gns3N (Dy, tk))szds (10)

Since the liquid water content wy (expressed in g/m?) present
in raindrops, can be approximated by the two sphere concept
with one having the mean nearest neighbour distance, d;,,
(10) can be applied to predict the liquid water entity w as,

0.8 x exp(3 * logr,.)

sm

oL (11
where, r. is the characteristic drop-radius. Since the atmo-
spheric water droplets may comprise of static charges,
the authors have generalized raindrop generation rate as
expressed in (7) by mass-growth rate continuity. Incorporat-
ing the principle of Gaussian surface and evaporation flux
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vector, this mass-growth rate can be expressed as [24], [25],
[26], [27], and [28]
omy

T = AT AC + CHI(fs — fo) (12)

In (12), my stands for the instantaneous mass of the water
droplet, C4 and Cé signify the drop-capacitances (without
thunderstorm and with thunderstorm respectively), whereas
the evaporation flux vector, at the surface of the water droplet
can be expressed as —Av%fs. In tropical weather scenario,
the mean diameter of raindrops lie around Smm and in some
cases they are found also hydro-dynamically unstable. The
authors, in this uniquely developed NLTRAM simulator, have
incorporated the effect of composite distribution statistics by
initiating the dependence of liquid water entity on the non-
linear RDSD function as

0.0017 * 3
wp, = 5 * Oy * Dy x N (Dg, 7o) dDy  (13)
0

In (13), ¢y, signifies the density of fluid expressed in gm/cc.
Given the weather dependent boundaries under tropical cli-
mate situation, thorough recursion based numerical process
has been involved in the simulator to estimate the time depen-
dent droplet distribution function. The intensity of rainfall,
which is also known as rain-rate(:R), can be expressed as

o
R = (0.00067) */ D} % N (Dy, ) * v(Dx, 1 )dDy
0
(14)

In (14), v(Dg, t1) stands for the non-linear terminal velocity
of the rain-drops [24], [25], [26], [27], [28].

A. RAIN-BASED ATTENUATION MODELING

The rain attenuation of electromagnetic signal can be simu-
lated directly by using ITU-R prediction. As per the ITU-R
prescribed model structure, the specific attenuation, Ay,
of electromagnetic signal due to propagation through rain
chamber can be expressed as [29], [30], [311, [32], [33], [34],
and [35]

A, (dB/km) = aRP (15)

Equation(15) is basically a power-law in which « and g are
the polarization coefficients, that can be expressed as

. 2
log1of—bj
Z_?:,ajexp‘—( lgj 1) ]+mklog]0f+ca
10

5 1 —b\?
B = ijl aj €Xp [_ (%) ] + mylogyof + cp
(17

The coefficients used in (16) and (17) are provided in ITU-R
datasheet. The effect of Rain-height and Slant-path play a
very important role in estimating the rain-based attenuation
level. However, the conventional ITU-R model has some
basic limitations, in which the comparatively lower rain-rate
and low frequency operability are the two basic issues.
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The authors, in their indigenously developed NLTRAM sim-
ulator have incorporated the intensity distribution function
[29], [30], [311, [32], [33], [34], [35] along with modified
power-law to simulate the attenuation spectra of THz signal
in rainy weather condition under tropical climate. For the
vertically polarized Electric-field component of the incident
electromagnetic wave within a rainy atmospheric medium,
this function can be mathematically expressed as,

2

oo 2i+1
vr = ’Z[ 1 l(l+ 1) (alf[l +bltl)

(13)

whereas, the horizontally polarized counterpart can be
expressed as,

2

00 2i+
In = ’Zl ST (a171 + b1m1) (19)

In (18) and (19) m; and 7| are the first-order angular
scattering functions, whereas a1, b stand for the standard
Mie-Scattering parameters, described elsewhere [22]. Due to
successive scattering processes from the falling hydromete-
ors, the resultant intensity [, of the fade-signal, as a function
of scattering angle can be expressed as,

2

1, = %o {0.5 % (I + Inp)} (20)

@2m)?

In Equation(20), &y stands for the amplitude of the incident
Electric-field. If the angular scattering cross-section of the
falling hydrometeors be treated as S, then

T
Sy =21 */ Iysinpd @ 2D
0

Utilizing (20),
expressed as,

the scattering-efficiency factor can be

1 8
Nsct = ) * — (22)
s¢ o
Equation(21) helps to determine the complete extinction of
the electromagnetic signal in due course of its propagation
through rain laden atmosphere. The attenuation coefficient
Agm of the electromagnetic signal can be finally established
as

o0
Agm = C * / Next * 712 % N (Dy) dDy (23)
0

In (23), the term 7,,, stands for the extinction coefficient that
can be determined from (22) with the help of standard Mie-
Coefficients. The factor C in (23) is below 0.005. To make
the analysis more realistic, the authors have incorporated
the time-dependence by initiating the rain-rate exceedance
probability [32], [33], [34], [35] px¢- Under tropical weather
scenario, this exceedance probability can be used to predict
the heavy rain occurrences that include thunderstorm also.
For the propagation of THz signal through rain-laden atmo-
sphere in tropical adverse weather scenario, px; can follow an

VOLUME 11, 2023

PHASE- | ™>w._
pisTorTION | # " g’.
:'?.. .l»'

o MR 4
SoURCE J" } "' '_%

Yy

FIGURE 1. Effect of precipitation on the propagation of THz-wave.
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inequality to estimate the effective path-length of the desired
signal as,

0477 5 L% s pg™ 5 f012 — 10.579
* (1 —exp(—0.024L)) > 0.4 (24)

In (24), L stands for the actual path-length of the signal prop-
agating through the rainy atmosphere and f* denotes the signal
frequency(THz). Considering the increase of the exceedance
probability beyond 0.01% of time, the modified power-law
[29], [30], [31], [32], [33], [34], [35] can be expressed as

Aatnm

= Aumo.01 * {0.07{0‘12+°-32*1°g10(0-1*f)}

>x<0.12[1_{0~12+0-32*10g10<0-1*f)}]}

—[0.855 % {0.12 4 0.32 % log (0.1 % )}
+0.546 (1 — {0.12 +0.32 % log (0.1 )}) +

{0.139*{0.12—}—0.32*10;;10 0.1%f)} ]

+0.043 (1 — {0.12 4 0.32 % log( (0.1 % /) })

e *xlog 7] 1.
(25)

In (25) 7 stands for the time-variable. The effects of vertical
and horizontal polarizations have been incorporated by the
authors also in the non-linear simulator to simulate the overall
attenuation of the electromagnetic signal propagating through
rain-laden atmosphere. If A, and A,y represent the atten-
uation counterparts due to horizontal and vertical polarization
respectively, then,

300 x Agmp
A = — 26
atnV 335 + AamH ( )

Besides the effect of scintillation [30], [31], [32], [33] due
to the falling aerosols has been included by the authors also
in the present simulator by initiating the predicted scintil-
lation intensity and its weather-variant for tropical climatic
boundaries [30], [31], [32], [33], [34], [35].

B. RELIABILITY MODELING

The authors have incorporated the reliability analysis in the
indigenously developed NLTRAM simulator, by introducing
the temperature, atmospheric pressure and humidity varia-
tions in the tropical climate condition. Since the heat-capacity
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of water molecules with respect to that of the air-packet which
is required to form the cloud, is negligibly small, a pseudo-
adiabatic process is generated in due course of cloud forma-
tion and rainfall. The non-linear momentum equation of an
air-packet at a particular temperature can be written as [35],
[36], [37], [38], [39], [40], [41], [42], [43], [44], and [45],

d(mv)
dt

In (27), m stands for the mass of the air-packet, whereas m/
signifies the atmospheric air mass displaced by the packet.
w; and v denote the liquid water mixing ratio and the vertical
velocity component of the air-packet respectively. Since the
cloud based aerosols get activated to water drops which grow
further by diffusion of water-vapour, the non-linear variation
of the concentration of the water molecules in the air-packet
can be expressed as,

= g(m/ — m) — mgwy 27)

9 ( activation ) (conden sation )
— = —uwN + deactivation + evaporation
ot ot ot

(28)

In between the temperature range of —40°C to +40°C, the
diffusivity of atmospheric water [35], [36], [37], [38], [39],
[40], [41], [42], [43], [44], [45] vapour can be expressed as

1.94
% po

Zy, = 0.211(1) *(—) 29)
To

In (29), Ty is 0°C, whereas po is around 1013.25mb. The dif-

fusivity is measured in cm?sec™!. If the thermal conductivity

of dry air and water-vapour can be introduced by ¢, and ¢,

respectively, then

ca=(5.69+0.017%T)* 107> (30)
and
= (3.78 +0.020 % T) % 107 (31)

The entrained blobs of an air-packet in the atmosphere can be
assumed to evaporate a fraction of cloud-droplets of varying
diameters until the relative-humidity appears the level of
100%. If the fraction of drops can be introduced by f;, then

Vi
fa = —=Ipvsar (T) = Ret pysar (T')] (32)

wV

In (32), v; stands for the volume of i-th blob, V signifies
the volume of the air-packet, pysar (T'), Pysar (T/ ) signify the
saturation concentrations of air-blob at temperature 7' and
environmental temperature T/ respectively. Ry stands for the
relative-humidity. The authors have included the stochastic
growth-decay process of rain-droplets in the simulator and the
effect on the atmospheric propagation of THz signal to pre-
dict the most-reliable communication scenario.The complete
flow-chart of the simulator has been shown in Figure 2. The
authors, in Table 1, have summarized the parameters used in
NLTRAM simulator. The complete flow-chart of NLTRAM
simulator has been presented in Fig.2.
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FIGURE 2. Flow-chart of NLTRAM Simulator incorporating reliability
analysis.
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FIGURE 4. Rain based attenuation spectra of THz signal (below 1THz) for
different rain-rates in tropical climate area.

Ill. RESULTS AND DISCUSSIONS

A. RAIN BASED ATTENUATION AND SCINTILLATION OF
THZ SIGNAL IN TROPICAL CLIMATE

Prior to rain-based attenuation simulation of THz signal in
tropical climate area, the authors performed the simulations
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FIGURE 5. Variation of rain attenuation of THz signal for 0.1THz to 1.0THz
for different RDSD compared with experimental observation [36].
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FIGURE 7. Rain based attenuation spectra (with thunderstorm effect) of
THz signal (above 1THz) for different rain-rates in tropical climate area.

on the variations of RDSD along with the terminal velocity
of water droplets with varying drop-diameters in tropical
climate area under different rain-rates. The corresponding
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FIGURE 8. Variation of rain based attenuation of THz signal with different
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FIGURE 9. Variation of rain based scintillation of THz signal with different
rain-rates in tropical climate area.

variations have been presented in Fig. 3. As depicted in this
diagram, it is clear that the mean diameter of water droplets
around which the rain-drop population in tropical weather
scenario can be treated maximum is approximately 3mm.
As per the Log-Normal distribution statistics it is evident
from the diagram that, the peak level of number distribution
of water droplets around 3mm mean diameter can switch
from ~50m—>mm~! to ~9000m~—3mm™!, when the rate of
rain-fall increases from 2mm/hr to 200mm/hr in tropical
climate condition. The authors have also compared the exper-
imental data on rain-drop size distribution for Dehradun,
India(Tropical climate) under 20mm/hr rate of rain-fall [25]
with the simulator outcome for the same rain-rate, as shown in
Fig.3. From this comparison it is clear that a close-proximity
exists between the simulated and experimentally observed
results, which establishes the validity of the simulator. The
terminal velocity variations of the water droplets with rain-
drop diameters, has been demonstrated also in Fig.3. It is clear
from the figure that around Smm average raindrop diameter,
the droplets, under tropical climate condition, can achieve
peak velocity. The drag-coefficient of atmosphere along with
dynamic viscosity effects can be responsible in this respect
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FIGURE 10. Variation of tropical rain based scintillation of THz signal as a
function of THz attenuation for different rain-rates[Comparison with
Experimental Observation at Ku-band [29] has been inscribed].

for this type of velocity spectrum of water droplets. The sim-
ulated rain- attenuation spectra for different rain-rates in the
frequency range of 0.1THz to 0.9THz under tropical weather
condition, have been shown in Fig.4, whereas Fig.6 and Fig.7
depict the same for the frequency range above 1THz. As evi-
dent from Fig.4, the nature of THz signal attenuation due
to propagation through rainy atmosphere in tropical weather
can be explained in terms of power-law. It is also clear from
the diagram that within 0.5THz to 0.9THz, the attenuation
spectra saturates for individual rain-rates. From Fig.4, the
peak attenuation level of THz signal under tropical rain-fall
has been found at the level of about 70dB/km with 200mm/hr
average rain-rate, which decreases to ~10dB/km for 2mm/hr
rate value. Besides in Fig.5 the authors have shown the rain-
based THz signal attenuation spectra for different RDSD,
as discussed in the previous section. Based on the experimen-
tal data obtained on the rain-attenuation rate of lower THz
signal in tropical climate scenario [36], the authors have gone
through a comprehensive error-analysis(RMSE) on different
rain attenuation models. The results of this analysis have
been presented in Table 2. It is evident from this diagram
(Fig. 5) and Table 2 that the best fit is obtained for 0.25THz to
1.0THz frequency spectrum under Log-Normal distribution
incorporating Mie-Scattering theory, whereas good-fit has
been obtained under ITU-R prediction for 0.1THz, 0.5THz
and 1.0THz frequencies in tropical climate scenario, under
150mm/hr rate of rain-fall. The outcome of this error-analysis
has prompted the authors to perform further investigation on
rain-based signal attenuation of higher THz regime(above
1THz) using Log-Normal RDSD under tropical weather sce-
nario. Compared to Fig.4, the nature of attenuation has been
found somehow different in Fig.6, for the simulated fre-
quency range above 1THz, where the effect of thunderstorm
has not been considered. This can be well interpreted in
terms of modified power-law effect, which has been already
narrated in the mathematical modeling section. Based on
time-dependent inhomogeneity and other weather dependent
issues that explicitly vary with operating frequency of the sig-
nal, the outcome of the simulator exhibits typical fluctuations
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in the attenuation spectra as shown in Fig. 6, compared to
the flat nature shown in Fig. 4. It is clear from Fig. 6,
that, the peak attenuation level jumps to ~1000dB/km from
~100dB/km, when the rain-rate increases from 2mm/hr to
200mm/hr. Unlike Fig. 4, the attenuation saturation band-
width is also lower in Fig. 6 and a very high attenuation gra-
dient has been found for 200mm/hr average rate of rainfall.
Furthermore the authors have also incorporated the effect
of thunderstorm in Fig. 7. Compared to Fig. 6, it is clear
from this diagram that several spikes are associated in the
attenuation spectra of THz signal passing through tropical
thunderstorm with different rain rates. The generation of huge
transient current within a very short duration of atmospheric
discharge by thunderstorm cells can be responsible to explain
these accidental impulses in the THz attenuation spectra.
To the best of authors’ knowledge this is the first report
on the impact of tropical thunderstorm on THz attenuation
spectrum. The authors have also shown the variations of
rain-attenuation of THz signal with rain-rate under tropical
climate scenario in Fig. 8. With increasing rate of average
rainfall from 2mm/hr to 200mm/hr, it is clear from this dia-
gram that the attenuation of THz signal also increases. The
variation is following a ramp nature which is expected in lieu
with Fig. 4, Fig. 6 and Fig. 7. The simulation results on rain-
induced scintillations on THz signal propagation have been
demonstrated in Fig. 9 and Fig. 10 for different rain-rates.
Itis clear from Fig. 9 that amount of rain-induced scintillation
increases with frequency as well as rate of rain-fall, which sat-
isfies the proportionality between scintillation and frequency.
In Fig. 10, the authors have shown the effect of rain-induced
scintillation fading on THz attenuation spectrum for different
rate of rain-fall in tropical climate condition. It is clear from
this diagram that, the rain-induced scintillation on THz signal
can follow the similar nature of attenuation spectra, which
can be estimated by using modified power-law. Strong scin-
tillation can be found at tropical thunderstorm due to heavy
ionization effects in atmosphere. To validate the model simu-
lator, the authors have inscribed the comparison of simulated
and experimentally observed rain-induced scintillation fade
of Ku-band [29] signal obtained in South-African territory.
It is evident from this figure that a very close proximity
exists in between these two plots, that clearly establishes the
viability of the simulator.

B. OUTCOME OF RELIABILITY ANALYSIS

To make a comprehensive reliability analysis of the THz
communication system under tropical rain-fall, the authors
initiated the model simulation with the temperature depen-
dent variation of rain-drop size distribution. Since, the mean
temperature of tropical climate lies around 65°F, the seasonal
rainfall has widespread variations in its droplet dimensions.
Fig.11 depicts the variation of rain-drop size distribution
with environmental temperature (absolute), from which it
is clear that the accumulation of rain-drops can be treated
maximum approximately within (280K-300K) temperature
domain. Munchak in 2012 [31] experimented on the raindrop
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size distribution under the effect of atmospheric tempera-
ture fluctuation in tropical climate scenario using TRMM
satellite data. From his valuable observation on long term
rain statistics, it has been reported [31] that the presence of
temperature in rainfall(tropical) can lead to enhancement of
rain-drop diameters. As a part of tropical climate, in Indian
scenario, according to the raindrop size-distribution statistics,
the increase in droplet diameters leads to the degradation of
rain-drop population, which has been clearly established by
the current simulator output and shown in Fig. 11, which
also establishes the validity of the present simulation study.
In Fig.12, the authors have established the variation of droplet
size-distribution statistics with relative-humidity. It is clear
from the figure that increase in atmospheric humidity leads
to the enhancement of water droplets, which can reach the
saturation level at a certain percentage of humidity-index.
Since the rain-attenuation of electromagnetic signal (THz
in the current analysis) majorly depends on the drop-size
distribution statistics, both of Fig. 11 and Fig.12 represent
the reliability margins in terms of temperature and humidity
fluctuations. From Fig.11, it can be concluded that tempera-
ture above 280K can be treated as reliable operation region
due to less growth probability of rain-droplets, whereas
Fig. 12 highlights that approximate atmospheric humidity
below 70% can be marked as safe-level for THz commu-
nication. In Fig.13 and Fig.14, the authors have shown the
variations of THz attenuation with environmental tempera-
ture and atmospheric humidity. Similar to Fig.11 and Fig.12,
in Fig.13 and Fig.14, the variations increase with rate of
rain-fall. It is evident from Fig.13 that the rain-attenuation
may be considered as weak within fall rate of S0mm/hr
in the temperature range of 300K to 320K. This can be
interpreted in terms of moderate warm rain-fall in tropical
weather scenario, where the population of rain-droplets may
decrease with temperature enhancement [31]. On the other
hand, the increase of rate rain-fall beyond 50mm/hr, can be
considered as heavy or torrential. The increase in rate of rain-
fall, in general, enhances the rain-based attenuation, where
temperature can be treated as a catalyst beyond 50mm/hr. The
large humidity in atmosphere can be associated with abundant
droplets that may lead to successive decay of THz signal.
The authors, in both of the figures Fig.13 and Fig.14, have
shown the risk and safe zones for THz signal propagation in
tropical climate on the basis of strong and weak attenuation
effects respectively. In Fig.15 and Fig.16, the authors have
shown the simulation results on the variations of diffusion
mass growth-rate of liquid water crystals with atmospheric
pressure and temperature in tropical climate scenario. The
diffusion mass growth-rate of atmospheric aerosols in THz
signal communication has a wide impact, which has been
discussed earlier. As per Fig.15, itis clear that with increasing
atmospheric pressure or at the vicinity of Earth-surface, the
growth-rate of water-crystals lowers down abruptly, which
may ease the ground-based hopping of THz signal, whereas,
Fig.16 clarifies the temperature-bound on the growth-rate
of liquid water crystals in tropical atmosphere. It is evident
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FIGURE 11. Variation of rain drop size distribution with environmental
temperature for different rain-rates in tropical climate area.

from this figure that approximately within 260K to 290K, the
growth-rate of crystals can be treated maximum, that can be
quite harmful for THz communication. In connection with
the diffusion mass growth-rate, the outcome of simulation on
the variation of population-density of liquid water crystals,
as depicted in Fig. 17, can be explained. The temperature belt
in between 280K to 300K (under a particular level of humid-
ity and atmospheric pressure in tropical weather condition),
can be considered as the saturation regime for liquid water
crystals, after which the natural vaporization can be incurred.
Therefore, it is clear that, under tropical climate scenario, the
winter-rainfall may lead to pronounced degradation of THz
communication compared to autumn or pre-autumn rainfall.
In Fig. 18, on the other hand, the authors have demonstrated
the altitude based variations of liquid water crystal diameter
and terminal velocity of droplets in tropical weather scenario.
Since the falling aerosols break into particulates of lower
dimensions due to the effect of gravity and atmospheric drag-
force, the scattering and attenuation of THz signal may be
feeble in the proximity of ground surface, while for THz
LOS based communication set-up at a particular altitude
from the earth-crust, severe disturbances may come due to
the presence of condensed droplets of larger diameters. The
variation of terminal velocity of droplets with altitude under
tropical climate condition, as shown in the diagram, reveals
that the velocity saturation of aerosols can be achieved at
a certain height measured from the ground. Based on the
dimension of water droplets and the saturation velocity mar-
gin, the 2km-4km altitude level, measured from the ground,
in tropical climate scenario, can be treated as high risk zone
in THz communication, due to profound interaction with the
electromagnetic signal.

IV. EXPERIMENTAL VERIFICATION OF THE SIMULATOR

Initially the authors developed NLTRAM simulator by
involving several parameters suitable for non-tropical rain-
laden atmosphere. After that the model was compared with
similar experimental observation reported by Federici et al
[33]. Initially the authors developed NLTRAM simulator
by involving several parameters suitable for non-tropical
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FIGURE 14. Variation of rain attenuation of THz signal with relative
humidity for different rain-rates in tropical climate area.

rain-laden atmosphere. After that the model was com-
pared with similar experimental observation reported by
Federici et al [33]. It was found that the nature of atten-
uation spectrum of THz signal and the highest level of
attenuation spectrum as obtained from the simulator are
in close-proximity with the real-time experimental obser-
vation, that has been demonstrated in Fig.19. Furthermore,
the authors have performed another comparison with the
experimental observation on rain-attenuation spectrum of
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FIGURE 17. Variation of crystallographic water content of droplets with
environmental temperature in tropical climate area.

THz signal in tropical climate situation. This experimental
outcome has been reported by Tripathi et al [36] for lower
THz frequency spectrum. The authors, incorporating weather
dependent non- linear constraints for tropical climate sce-
nario, simulated the rain-based THz attenuation model and
the outcome has been presented in Fig. 20. It is evident from
this diagram that there is also a close-agreement between
the simulated and experimentally noticed THz attenuation
levels in tropical climate. Thus the validation of the newly
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FIGURE 20. Rain based attenuation spectrum of THz signal in tropical
climate zone, compared with experimental observation at lower
frequency regime [36].

developed NLTRAM simulator has been achieved through a
two-stage verification process: i) By comparing the exper-
imental outcome in non-tropical weather scenario; ii) By
comparing experimentally observed result with simulation
outcome. In Fig.3 and Fig.10, as described by the authors’
group in previous section, the comparison of the simu-
lation outcome with experimental observations on RDSD
and rain-based scintillation have been clarified respectively.
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TABLE 2. Comparison of RMS error (RMSE) in rain-attenuation spectra of
THz signal(within 1.0Thz) in tropical climate under different distribution
functions.

Frequency Log- ITU- Weibull Negative

Parameter

(THz) Normal R Exponential

0.10 0.32 0.56 425 0.24

0.25 0.00 1.24 3.85 1.72
RMS
Error

0.50 0.81 0.78 242 0.15

0.75 0.41 1.08 0.95 2.83

1.00 0.47 0.53 1.52 2.54

In this way, the validation of the simulator has been estab-
lished in the manuscript.

V. CONCLUSION

The authors, through an experimentally validated uniquely
developed simulator, have established the effect of rain-based
attenuation of THz signal in the tropical climate condition
that includes Indian subcontinent. This has not been predicted
by any other research-group till date. It has been clearly
noticed from this work that, in Indian Scenario, the rain-
based peak-attenuation level of THz signal follows a modi-
fied power-law structure that involves log-normal distribution
of time-varying particle(liquid water droplet) concentration.
The peak attenuation level of THz spectrum under tropical
rain-fall can be found in the range of (7THz-9THz). The peak
attenuation level rises from ~100dB/km to ~1000dB/km
for increasing rain-rate from 2mm/hr to 200mm/hr. Newly
developed NLTRAM simuator has been validated through
experimental data where close proximity(with £ 10% vari-
ation from the mean data) has been observed. With increas-
ing rain-fall rate, the attenuation increases. The outcome
of rain-based scintillation also clarifies that the increase in
rain-rate under Indian tropical climate scenario can expedite
the signal-fading. Besides, the authors have performed the
reliability analysis in THz signal propagation through tropical
rain that can predict secure THz link establishment through
falling aerosols. In future, comprehensive analysis on the THz
attenuation simulation including Bit-Error Rate fluctuation
and integrated simulation model with detailed atmospheric
turbulence based applications can be incorporated under the
influence of artificial intelligence and deep-learning. The
outcome of this research will find its utility to develop secure
link, for defence research in India.
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