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Abstract The effects of rain attenuation on 0.1- to 1-THz frequencies are reported in this
paper. The THz pulses propagate through a rain chamber over a 4-m distance and are measured
by THz time-domain spectroscopy (THz-TDS). A rain chamber is designed to generate
controllable and reproducible rain conditions with different intensities. Image analysis software
is employed to characterize the distribution of generated raindrop sizes. Theoretical THz
power attenuations due to rain are calculated using Mie scattering theory and are compared
with our measurements. Results show that both experimental and theoretical results are in very
good agreement with each other.
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1 Introduction

Propagation of terahertz (THz) radiation through the atmosphere is an important consideration
for a variety of applications including THz imaging and THz wireless communications.
Applications of THz imaging to noninvasive standoff detection of concealed weapons and
detecting dangerous materials requires propagation of THz radiation through the atmosphere to
the target [1-5]. Atmospheric attenuation of THz radiation also plays a central role in the
design and performance of THz wireless communication systems [6—12]. To meet the growing
demand for 10-100-Gb/s data rates as predicted by Edholm’s law of bandwidth, the associated
wireless carrier frequency will need to be increased into the THz range [6, 7, 13].

For outdoor wireless communications, THz signals can suffer significant impairment
because of atmospheric weather conditions [10, 11, 14]. Recent studies have shown how
differently THz communication signals are degraded compared to free-space optical signals
when passing through the same atmospheric conditions such as fog [15, 16], dust [17], and
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atmospheric turbulence [18]. Rain attenuation, as another important obstacle to overcome for
wireless links and imaging systems with frequencies larger than 10 GHz [19], can lead to an
attenuation which degrades THz signal performance. For example, at 103-GHz frequency, a
signal suffers 20 dB/km attenuation over a 300-m propagation distance at a 50 mm/h rain rate
[20]. So, a suitable rain attenuation prediction method for THz signal performance under rain
conditions is required.

There have been many investigations of THz attenuation based on different raindrop size
distributions in outdoor rain conditions [21-24]. Several empirical raindrop size distributions
have been presented such as exponential distribution, log-normal distribution, gamma distri-
bution, and normalized gamma distribution. In the THz range above 100 GHz, the dependence
of the attenuation coefficient 4 on raindrops can be estimated from [25]

A= 4343 / O(D, v, )N (D)dD (1)

where Q(D,v,n)=pu,/N is the attenuation cross section as determined by Mie scattering in
Eq. (1), n is the refractive index of liquid water, v stands for the incident frequency, and N(D)
represents the drop size distribution as a function of the droplet diameter D. The attenuation 4
in dB/km is related to the rain rate R and the particular raindrop size distribution model. Hirata
et al. accurately predicted the THz attenuation due to rain based on their measurements by
using Laws-Parsons model and ITU-specific attenuation model. However, the aforementioned
investigated raindrop size distribution models are not suitable for all common rain conditions.
In Hirata’s study, they also observed an interesting discrepancy between the experimental
measurements and predicted theory when comparing the measured BER with attenuation due
to rain—as the attenuation increases, the measured BER increases relative to the theoretical
predictions from random noise theory used. One possible explanation for the discrepancy
between the measured and predicted bit-error-rate in the THz link is wavefront distortions (i.e.,
scintillations), which will not be included in this work.

Considering the importance of attenuation due to rain for outdoor THz imaging and
wireless communications, additional measurements are needed to better understand the fre-
quency dependence of attenuation due to rain in the THz range. However, due to the
difficulties in testing wireless links in outdoor weather conditions, such as uncontrollable rain
rate, varying raindrop size distributions, and long observation time, it is a great challenge to
measure and analyze the impact of weather conditions on THz imaging, sensing, and com-
munications. In our lab, a rain chamber is designed and can realize reproducible and control-
lable rain conditions under different intensities. Using this rain chamber, the THz attenuation
spectrum due to different rain rates can be measured and analyzed by the THz-TDS system.

2 Experimental Setup

The experimental setup consists of a T-Ray 2000™ (Picometrix) Terahertz Time-Domain
(THz-TDS) system which transmits and detects broadband THz pulses through artificially
generated rain. For this system, the longest path length between the THz transmitter and
receiver for normal operation is approximately 1 m corresponding to the length of the rain
chamber. In order to create an effectively longer path length, gold mirrors (M1, M2, and M3)
are used to reflect the THz radiation multiple times under the rain chamber as shown in Fig. 1a.
After the reflection, the total path length through the rain is ~4 m. In order to accommodate the
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Fig. 1 a Illustration of THz beam path in the rain chamber from transmitter (Tx) to receiver (Rx) via reflections
from gold plated mirrors (M1, M2, and M3). b Side view of the rain chamber. The chamber is constructed from
aluminum with a transparent Plexiglas window in the center of the side panel in order to observe the water level
while the system is running. Ports on the top of the chamber enable its filling with water, pressurizing the
chamber, and monitoring the air pressure inside the chamber. Photo of the rain chamber can be found in [12]

extra time delay in this configuration, the THz waveform which is generated by a femtosecond
optical pulse in the transmitter with 2-cm beam diameter is detected by a subsequent optical
pulse in the Ti:sapphire laser’s pulse train. When collecting THz waveforms for measuring the
beam attenuation, the system was set to a rapid scan mode with 1000 averages.

Artificial rain is generated using an enclosed and pressurized chamber, which is filled with
distilled water (Fig. 1b). The bottom plate of the rain chamber is machined with 3264 holes in
an 8 in. x40 in. pattern. Within each hole, a 31-gauge needle is epoxied to produce raindrops.
The needles are placed in a cascade pattern so that the rain drops will be uniform across the
entire 1-m length of needle array. The diameter of the needles is small enough such that when
no air pressure is applied on the water in the tank, no raindrops are produced. This feature
enables background scans of the THz transmission to be recorded in the absence of rain.
Below the needle array, the water drops fall through a typical distance of 39 cm before they are
collected in a shallow plastic bin.

In order to quantify the attenuation of the THz beam due to rain, the rain system must be
controllable. This is achieved in the experiment by pressurizing the sealed chamber with air
pressure. The air pressure can be fine-tuned when necessary by manually adjusting flow valves
while monitoring a pressure gauge. Using this method, it is possible to acquire data at a low
rain rate and then incrementally increase the rain rate by increasing the air pressure in the
chamber.

To characterize the average rain rate, which is related to the raindrop size distribution, five
beakers with an open area of 56.7 cm? are distributed under the rain chamber to collect rain.
For a setting time of 60 s, the total volume of water collected in the beakers is measured to
calculate the average rain rate. The 1-min averaged rain rate is expressed in units of mm/h to
ease comparisons with other scientific reports [26]. Typically, ten measurements of the rainfall
are averaged to calculate an average rain rate at a specific pressure. There is a linear
relationship between rain rate and pressure as shown in Fig. 2. So, the rain rate can be
controllable varied from around 50 to about 500 mm/h by changing the input pressure.
Table 1 shows the characteristic of rain intensity with respect to rain rate in millimeters per
hour based on World Meteorological Organization (WMO) [27]. Comparing our effective rates
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Fig. 2 Rain rate in mm/h from the rain chamber with respect to the air pressure in the chamber. The vertical
error bars with 95 % confidence interval shown in the plot represent the standard deviation of recorded rain rates

with those occurring in nature visualizes the feasibility to produce up to heavy rainfalls in our
laboratory setup with an effective path length of 4 m.

For the characterization of the size distribution of the raindrops generated from our
chamber, pictures of the rain are acquired when the system is running with a constant pressure.
In these pictures, individual raindrops are clearly visible relative to a scale which functions as a
reference in the measurement of the drop size. It is possible to automatically count the pixels of
a raindrop within an image using analysis software (ImageJ) and obtain by this its diameter.
Typically 100 drops are measured at each rain rate. It is observed that the size of the raindrops
is almost independent of the pressure and rain rate of the chamber. The distribution of raindrop
sizes is shown in Fig. 3. In a good approximation, the drop size distribution is approximately
follows a Gaussian function with an average diameter of D = 1.9 mm and a variance of o=
0.08 mm”.

3 Results and Discussion
3.1 Frequency-Dependent THz Attenuation Through Rain

The THz-TDS waveform through the rain chamber is recorded at a fixed rain rate (fixed air
pressure inside the rain chamber), and for each measurement, we determined the rain rate as
described in Section 2. As a reference, the THz waveform is also measured in the absence of
rain. Using the standard Fourier transform analysis of the time-domain waveforms, the
attenuation spectrums of the transmitted THz waveform can be plotted as shown in Fig. 4
for rain rates of 226, 303, and 380 mm/h. The strong peaks at 0.557 and 0.763 THz are caused

Table 1 Rain intensity classifica-

tion by rain rate [27] Rain intensity Rain rate (mm/h)
Light R<25
Moderate 2.5<R<10
Heavy 10<R<50
Extreme R>50
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Fig. 3 Measured raindrop size distribution. A Gaussian fit to the data is shown with 1.9-mm average diameter
and 0.4-mm distribution width

by water vapor absorptions lines, which is consistent with Grischkowsky’s study [28, 29].
Using the measured attenuation data for different rain rates, the attenuation versus rain rate at a
fixed frequency of 625 GHz is plotted in Fig. 5. The relationship between rain rate and
attenuation is approximately linear.
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Fig. 4 THz power attenuation spectrum under rain rates of a 226 mm/h, b 303 mm/h, and ¢ 380 mm/h. Solid
and dashed lines correspond to measured and simulated values, respectively
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Fig. 5 Measured (symbols) and simulated (solid line) attenuations of T-rays at 625 GHz for different rain rates

3.2 Predicted THz Attenuation

Simulations of the attenuation can be made assuming that the raindrops act as spherical Mie
scattering centers. Following a simple Mie scattering formalism [10, 11, 30], one can estimate
the attenuation at THz frequencies based on known raindrop size concentrations. The extinc-
tion coefficient takes on the following form:

2 9]
C
fiy (V) = NW; (2m + 1)Re(ay + byy) (2)

where N is the number of particles per unit volume, ¢ is the speed of light, v is the
electromagnetic frequency, and «,, and b,, are the coefficients in the infinite summation such
that,

am =

Uy D) () =100, ()0, ()

D)) 0IC, (0 n(2) = 2, ()

v 0)0 () Gu0) 2 here {cm@ — () ®)
o) o () () (1)

Here, j,.(z) and h2(z) are spherical Bessel functions of the first kind and third kind,
respectively. The parameter z can be either x=2mwr/c or y=2muvnr/c, where r is the radius of
the spherical particle and n = /¢ is the frequency-independent refractive index of the particle.
The relative dielectric constant € is complex, and its real and imaginary parts refer to the
relative permittivity of the raindrop and dielectric loss factor, respectively. This means that
there are two main causes of rain attenuation when humidity can be neglected—scattering and
absorption effects [31].

For a given rain, the raindrop concentration function can be expressed by using the
measured rain rate Rr and raindrop distribution as [32]

R

N(D) = 7

(4)
Here, Vp, refers to the volume of a raindrop with diameter D and v, stands for the velocity of

raindrops inside the laser beam. Then, the THz attenuation in dB/km can be calculated by the
integration of Eq. (1) over all the raindrop sizes as shown in Fig. 3.
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Figure 4 shows the calculated attenuation as a function of frequency under rain rates of 226,
303, and 380 mm/h based on the Gaussian distribution of raindrop sizes. Theoretical results are
compared with the experimental measurements of attenuation due to rain and found to be in
good agreement with them. This indicates that the Mie scattering model for spherical raindrops
can accurately predict the frequency-dependent attenuation due to rain in the THz range.
Furthermore, we conducted a series of measurements under different rain rates. The power
attenuation of 625 GHz due to rain is shown in Fig. 5 as a function of the rain rate. In this plot,
the experimental and theoretical results are consistent with each other and agree with the
results in Fig. 4. This further confirms that our theoretical model is suitable for predicting the
THz attenuation in rain weather conditions with different rain rates.

4 Conclusions

Along a beam path of 4-m length THz attenuation due to rain within a frequency band ranging
from 0.1 to 1 THz is measured in our lab. A rain chamber is designed which can produce
controllable and reproducible rain conditions with rain rates from 50 to 500 mm/h. The THz
power loss is measured by using a THz-TDS system when it propagates through the rain
chamber. The rain attenuation is simulated by employing a Mie scattering model based on
measured Gaussian distribution of raindrop sizes. Calculated results are compared with
experiments for a variety of different rain intensities, and results show that they agree well
with each other. This confirms that our model can provide a reasonable explanation for
obtained experimental data and will enable us to predict the performance of THz wireless
communication links in outdoor rainy weather conditions.
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