
doi: 10.3319/TAO.2008.19.3.309(AA)

* Corresponding author 
E-mail: spshih@mail.stu.edu.tw

1. IntroductIon

Recent years have seen rapid development in wireless 
communication technology worldwide. The development 
of technologies in satellite communications, digital image 
transmissions, multimedia applications, Internet and mo-
bile communications etc. have led to increased demand for 
data transmission capacity and placed massive pressure on 
present-day radio bands, which have become over crowded 
and difficult to grow due to their relatively low frequencies. 
Consequently, emphasis in data transmission technology 
has switched to high-frequency microwave bands. The main 
reasons being their relatively wide frequency bandwidth and 
relatively large channel capacity make them suitable for re-
ceiving large volumes of data with little influence from the 
ionosphere. Therefore use of microwaves at Ka-band for the 
purposes of satellite and terrestrial communications repre-
sents an irreversible future trend (Shih and Chu 1999).

Link propagation reliability is a key issue concerning 
the design of satellite and terrestrial communication sys-
tems. Propagation effects may impair the availability and 
quality of satellite and terrestrial communication systems 
during service periods, particularly at higher frequencies, 
such as those of the Ka-band. Therefore, extensive knowl-
edge of propagation phenomena affecting system availabil-
ity and signal quality in this band is required (Hasanuddin 
et al. 2002).

Generally speaking, the propagation of electromagnetic 
waves within the Ka-band is readily susceptible to precipi-
tation particles (Crane 1996). As a result, they can seriously 
impair the quality of surface-to-satellite or surface-to-sur-
face communications (Bussey 1950; Crane 1971; Hogg and 
Chu 1975), leading to rain attenuation of wave energy. It 
is well known that the physical processes involved in the 
cause of the rain attenuation are absorption and the scat-
tering by precipitation particles. In addition, depolarization 
effect caused by the non-spherical shape of raindrops can 
also exert an influence on the attenuation of signals within 
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the Ka-band. Besides which, scintillation of signals, which 
is caused by diffraction resulting from the irregularity of the 
atmospheric refraction index and refraction generated by 
electromagnetic waves having to pass through such a highly 
stratified atmospheric structure, plays a very important role 
in the communication link for ground and satellite systems. 
Hence, when we use the Ka-band as the frequency for sur-
face-to-surface or surface-to-satellite communications, the 
propagation channels for these communications will be af-
fected by atmospheric precipitation, resulting in the attenu-
ation of signal intensity. 

Precipitation particles in the atmosphere are can be 
either liquid in form, solid or melting. Of these particles, 
solids have very little effect on the attenuation of electro-
magnetic waves, so in general they can be neglected in 
quantitatively estimating rain attenuation of the propagation 
channel at the Ka-band (Battan 1973). However, in the re-
gion of the zero-degree centigrade isothermal layer, a liquid 
water membrane covers solid precipitation particles due to 
melting. Compared to solid precipitation particles, the re-
fraction indexes of liquid rain drops are larger than those of 
solids, causing backscatter from the former of about 6.74 dB 
greater than that of the latter. When electromagnetic waves 
of the Ka-band propagate in the rain, their wavelengths are 
equivalent to the particle diameters of raindrops, i.e., gen-
erally less than 0.5 cm. The scattering of electromagnetic 
waves of the Ka-band is in accordance with the Mie Scat-
tering theory, rather than that of Rayleigh scattering. On the 
basis of measurements from a ground-based disdrometer 
located on the campus of the National Central University, 
we will quantitatively estimate the magnitude of rain attenu-
ation in the Ka-band for the case of Mie scattering in this 
article.

In general, the relation between rain attenuation (Ar) 
and the surface rain fall rate in terms of their effect on ter-
restrial or surface-to-satellite communication links can be 
expressed in the form: Ar = L(Rp) ĸe(Rp), where ĸe(Rp) is 
the specific attenuation of precipitation in unit of dB km-1; 
Rp is the rain fall rate in unit of mm hr-1; and L(Rp) is the 
effective path length of electromagnetic waves in the pre-
cipitation area (Rice and Holmberg 1971; Ippolito 1986). 
The relation between ĸe(Rp) and Rp can be obtained theo-
retically and/or experimentally, and generally is expressed 
as ĸe(Rp) = aRb (Olsen et al. 1978), in which a and b are the 
functions of the frequency of radio waves, drop size distribu-
tion, and rain temperature. Some investigators have verified 
the power law relation between specific attenuation and the 
rain fall rate in terms of measured data; the empirical values 
of a and b were also estimated accordingly (Harrold 1967; 
Samplak and Turrin 1969). Therefore, we can conclude that 
the higher the precipitation is, the stronger the attenuation 
of electromagnetic waves will be. Normally, when the fre-
quency of electromagnetic waves is more than 10 GHz, the 
precipitation particle will be the main cause for the attenua-

tion of communication signals (Oguchi 1983).
Although theoretical and experimental studies of rain 

attenuation can be found in many papers (Crane 1980; Dis-
sanayake et al. 1997; Karasawa and Maekawa 1997; Po-
lonio and Riva 1998), measured rain attenuation data is still 
insufficient for estimating the link within an individual spot 
beam. In this article, we will take advantage of an experi-
mental Ka-band propagation system at 19.5 GHz located on 
the campus of the National Central University in Chungli 
City to carry out a terrestrial rain attenuation experiment. 
The purpose of this experiment is to understand to what ex-
tent attenuation of EM waves of the Ka-band is affected by 
surface rain fall in northern Taiwan. Expressly, a study of 
the characteristics of the Ka-band propagation channel in 
the presence of precipitation can help establish a rain at-
tenuation model in the Taiwan region for the use of surface-
to-satellite and/or terrestrial communication links at the Ka-
band. 

2. tHEorEtIcAl conSIdErAtIonS

When Ka-band electromagnetic waves are propagat-
ing in a precipitation environment, the physical processes 
responsible for the attenuation of the incident waves are the 
absorption and scattering of the precipitation particles dis-
tributed along the wave propagation path. It is worth noting 
that most rain drops are between 0.5 mm - 0.5 cm in diam-
eter, which is approximately the wavelength of electromag-
netic waves in the Ka-band. Therefore, in order to quantita-
tively analyze the precipitation effect on the characteristics 
of Ka-band EM wave propagation, Mie theory need first be 
applied to establish a theoretical model for estimating cor-
responding rain attenuation. 

The effect of precipitation particles on the amplitude 
(or power) attenuation of electromagnetic waves with in 
the Ka-band is related to the effective path length of EM 
wave propagation, wave frequency, drop size distribution, 
and rain temperature etc. Therefore, prior to establishing a 
quantitative relation to estimate the magnitude of rain atten-
uation of electromagnetic waves with in the Ka-band caused 
by precipitation particles, the theoretical extinction coef-
ficients, namely the scattering and absorbing coefficients 
based on the Mie theory must first be calculated. We define 
the parameters χ and n below (Ulaby et al. 1981):
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where r is the radius of the raindrop; ĸb is the wave number 
of the electromagnetic waves in the background medium; 
ε'rb is the real part of the relative dielectric constant of the 
background medium; λb is the wavelength of the electro-
magnetic waves in the background medium; λ0 is the wave-
length of the electromagnetic waves in free space; np and 
nb represent the complex refraction indexes of precipitation 
particles and background medium, respectively while εcp 
and εcb represent the relative complex dielectric constants. 
When the background medium is the atmosphere, we have  
ε'rb = 1, nb = 1, and λb = λ0.

 To proceed, the relation between fall velocity with re-
spect to still air and raindrop size should be adopted for the 
development of the theoretical model of rain attenuation. 
In this work, two models of fall (or terminal) velocity V 
versus raindrop diameter D are used. Namely, one is the 
Atlas model and the other one is the power-law model, and 
they are given below (Atlas et al. 1973; Chu et al. 1999; Su 
et al. 2004):

[ . . ]V e9 65 10 3 6D= - -         (3)

( )V D ADB=          (4)

Where A is in m s-1 cm-B; and B is dimensionless. In order to 
realize the discrepancy between these two models, we use 
measured data collected by a ground-based disdrometer to 
validate (3) and (4). The results are presented in Fig. 1, in 
which the solid line represents the power-law model and the 
dashed curve is the Atlas model and the scatter dots are the 
in-situ measured data taken on 21 May 2004. It is clear from 

Fig. 1 that in general both the power-law and Atlas models 
are in good agreement with observations. Detailed analysis 
shows that the power-law model fits better to the portion of 
larger raindrop size than to that of smaller drop size, and 
vice versa for the Atlas model. Note that the estimated val-
ues A and B for the power-law model obtained from the 
least squares fit are, respectively, A = 4.187 and B = 0.795, 
which are different from those reported by other research-
ers (Spilhaus 1948; Sekhon and Srivastava 1971; Atlas and 
Ulbrich 1977; Chu et al. 1999). A number of factors are 
responsible for the cause of the differences of the values of 
A and B obtained by different experiments, including the 
experimental instruments used to collect the raindrop size 
distribution data, rain type, deformation of the raindrop, the 
height that the experiment was carried out, level of 0°C iso-
therm, and so on (Chu et al. 1999). Therefore, the interpreta-
tion of the differences between experimental results should 
be cautious. It should be noted that (4) will be invalid when 
the diameter of a raindrop is more than 5.8 mm, because in 
this situation the raindrop will become unstable and will be 
split due to vibration and deformation of the raindrop itself 
(Gunn and Kinzer 1949).

Except for the relation between terminal velocity and 
raindrop diameter, the raindrop size distribution can also be 
obtained by using a disdrometer. The drop size distribution 
(DSD) N(D) induced from the measurements of the dis-
drometer is defined below:
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where i is the classification of drop size; Di is the mean di-
ameter (mm) for the ith classification; Mi is the total drop 
number during the sampling time Δt (sec) for the ith clas-
sification; ΔD is the separation of the drop size classifi-
cation (mm); Aj is the effective measurement area of the 
disdrometer apparatus (mm2) when observing the “j” drop; 
vj is the falling velocity of drops (m s-1); and N(D) is the 
particle number per unit volume and unit radius increment 
(m-3 mm-1). Experimental results have shown that the drop 
size distribution can be well approximated to the Gamma 
function as defined below (Su et al. 2004):

( ) ( )expN D N D D0 d= -n         (6)

Where N0 is in m-3 mm-1-μ ; δ is in mm-1; and μ is dimen-
sionless. From (6), we notice that the characteristics of the 
Gamma distribution are governed by three parameters of N0, 
δ, and μ, which determine the mean, mode and variance of 
the distribution. Figure 2 presents an example of the dis-
drometer-observed raindrop size distribution collected on 

Fig. 1. Best fit of Power-Law (solid curve) and Atlas̓ empirical formu-
las (dashed curve) to observed data collected by disdrometer located 
on the campus of the National Central University.



Shun-Peng Shih

the campus of the National Central University, in which the 
solid curve is the best fit of (6) to the observed data points. 
It is obvious that the Gamma distribution function can per-
fectly describe the observed raindrop size distribution with 
the estimated values of N0 = 10961, δ = 3.52, and μ = 2.179. 
In the following, with the relation between terminal velocity 
and diameter of the raindrop and the drop size distribution 
given above, the relation between specific attenuation of the 
EM wave at the Ka-band and the rain fall rate will be estab-
lished in accordance with the Mie scattering theory. 

To proceed, we introduce first volume scattering and 
extinction coefficients ĸs and ĸe which are, respectively, de-
fined as the total scattering and total attenuation cross sec-
tion areas in unit volume, and their units are (Npm-3) × m2 
= Npm-1, which are the function of the drop size distribution 
and the scattering and attenuation cross sections. Note that 
ĸs and ĸe can also be, respectively, termed as scattering and 
total specific attenuations and expressed in unit of dB km-1. 
Mathematically, ĸs and ĸe can be expressed in accordance 
with the following formula (Ulaby et al. 1981):
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where ĸs and ĸe are, respectively, volume scattering and ex-
tinction coefficients (Npm-1); r is radius, which equals half 
diameter of D; p(r) is drop size distribution, i.e., the number 
of particle in unit volume and unit radius increment; Qs(r) is 
the scattering cross section area of the raindrop sphere with 
the radius of r (m2); r1 and r2 represent the lower limit and 
upper limit of the raindrop radius (m). Commonly, in the 

volume of a cloud or rain area, the drop size distribution p(r) 
can be described as a continuous function, as one of the ex-
amples presented in (6). However, for some empirical drop 
size distributions, such as Laws-Parsons drop size distribu-
tion, only tabulated data are given. In this situation, p(r) can 
be obtained in accordance with the following approximate 
expression (Setzer 1970):
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where r is diameter of a raindrop; R is the rain fall rate 
(mm hr-1); v0(r) is the volume of a sphere with a radius of 
r (m3); V(r) is the terminal velocity of drops; and Pc(r) is 
the percentage of the drop size distribution (%). Once the 
drop size distribution N(r) is specified in the tabulated data 
sheet, Pc(r) can be estimated in accordance with the follow-
ing expression: 
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For the purposes of numerical calculation, ĸs and ĸe can 
be expressed in terms of the scattering and extinction effi-
ciency in the forms of Q r2

s sp r=  and Q re e
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where the integral restriction is applied in the whole pos-
sible range of χ value, which implies that p(χ) = 0 when  
r < r1 and r > r2. The volume attenuation coefficient ĸe is 
the sum of the volume absorption coefficient ĸa and volume 
scattering coefficient ĸs:

e a sl l l= +        (13)

where all the units of ĸe, ĸs, ĸa are Npm-1. According to Mie 
theory, the expressions of the volume attenuation coef-
ficient ĸe and the volume absorption coefficient ĸa can be 
formulated below (Ulaby et al. 1981):
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Fig. 2. Best fit curve of drop size distribution N(D) in Chungli region 
observed by using the numerical values method.
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where Re represents the real parts of Mie coefficients al 
and bl that are the function of n and χ. In order to facili-
tate numerical computation using a computer, on the basis 
of recursive relations of the Bessel function, Deirmendjian 
(1969) developed an algorithm to calculate the Mie coef-
ficients al and bl as follows: 
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where
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Where n is the complex refractive index of the raindrop and 
expressed as:

' "n n jn= -        (23)

Where n' is the real part and n" is the imaginary part of the 
index of refraction. Figure 3 shows the variations of the Mie 
scattering efficiency ξe and attenuation efficiency ξs with χ. 
As indicated, the magnitudes of ξe and ξs will be saturated 
when χ is greater than 1. It implies from (1) that the satura-
tion of the attenuation of the EM wave amplitude will occur 
when the radius of the raindrop is greater than λb, which is 
the wavelength of the electromagnetic waves in the back-
ground medium. 

Once the Mie scattering efficiency ξe and attenuation 
efficiency ξs are obtained and the raindrop distribution N(r) 
is given, we can compute the corresponding specific attenu-
ations (i.e., ĸs and ĸe) in terms of (11) and (12). Note that 
the rain fall rate, R, is related to N(r) in accordance with the 
following expression:

( ) ( )R N r r V r dr6
3r= #      (in continuous form)  (24a)

6 10#r= V ri i
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4 3
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=
/      (in discrete form)   (24b)

where in (24b) the unit of R is mm hr-1; Vi is terminal ve-
locity (m s-1); ri is the diameter of the ith raindrop (mm); 
and N is the total number of the rain drops per unit volume. 
Note from (24a) and (11) and (12) that the specific attenu-
ations ĸs and ĸe should be the functions of the rain fall rate. 
Therefore, the analytical relations between the specific at-
tenuations and the rain fall rate can be derived, provided the 
mathematical expressions of N(r) and V(r) are both given. 
In fact, the analytical relation between ĸe and R for Laws-
Parsons and Marshall-Palmer raindrop distributions have 
been established by Olsen et al. (1978), which is shown to 
be of the form of ĸe = aRb. The magnitudes of a and b for 
Laws-Parsons and Marshall-Palmer distributions at 19.5 
GHz are that: aLP = 0.0631, bLP = 1.111, aMP = 0.0529, and 
bMP = 1.1299. 

3. ExPErImEntAl SyStEmS
3.1 Ka-band dual circular Polarization reflector 

Antenna System

The 19.5 GHz Dual Circular Polarized Radar System, 

Fig. 3. Calculated Mie coefficients at 19.5 GHz.
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which was established in 2003 for the purposes of studying 
rain and atmospheric attenuations of electromagnetic wave 
propagation with in the Ka-band over the Taiwan area, was 
implemented on the campus of the National Central Univer-
sity, Chungli City, Taiwan, with both its transmitting and 
receiving dish antennas located on the top of VHF radar 
buildings and without any obstacles obstructing the trans-
mission path of signals. Because the distance between trans-
mitting and receiving antennas must be in the far field, the 
distance between transmitting and receiving antennas is ap-
proximately 158 meters, which is greater than the minimum 
far field distance of 115 meters specified for the radar sys-
tem. The antenna at the transmitting end is the same as that 
at the receiving end, i.e., the antennas are Cassergain Disc 
Antennas of diameter of 0.94 m. In addition to the radar 
system, we set up a 2D disdrometer, an automatic weather 
station and an optical rain gauge in the radar field to carry 
out precipitation measurements for the study of rain and at-
mospheric attenuations of 19.5 GHz electromagnetic wave 
propagation in the troposphere. Table 1 shows detailed elec-
trical specifications of both the transmitting and receiving 
ends of the Ka-band radar system. Our experimental system 
is shown in Fig. 4. 

3.2 optical rain Gauge

The rain gauge collecting the surface precipitation data 
is an essential tool in performing rain attenuation experi-

ments (Crane 1980; Crane 2003). The rain gauges employed 
for the propagation experiment are ScTI’s (Scientific Tech-
nology, Inc.) Series optical rain gauges (ORG), which 

Table 1. Specifications for Ka-band Dual Circular Polarization Reflec-
tor Antennas System.

transmitter box                      Spec.

Output Power                     10 ± 0.4 dBm
Output Power Stability                E  0.2 dB
Input Power Range                -40 to -10 dBm
Input VSWR                        E  1.2
Feed Isolation                       F  40dB

receiver box

LNA Gain                       30 dB ± 2.5 dB
IF Amplifier Gain                  10 ± 1 dB
Total Amplifier Gain Stability          E  0.2 dB
IF Output Frequency              1 ~ 16 GHz (2GHz)
IF Output Frequency Stability          E  200 ppm
IF Output Spurious                   E  50 dBc
IF VSWR                           E  1.2
Feed Isolation                        F  40 dB
RF Switch Setting Time                E  0.01ms
Input Power Range                 -25 to -55 dBm

Fig. 4. Schematic diagram of the experimental system at the National Central University.
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can provide accurate measurement of precipitation in all 
weather conditions with high temporal resolution. This kind 
of rain gauge, designed for rugged, unattended operation, 
has been proven in adverse environments, including land 
sites, ocean deployed data buoys and shipboard. The sen-
sors offer easy field calibration capability and a simplified 
interface for data loggers and data acquisition systems. Pre-
cipitation is measured by detecting the optical irregularities 
induced by drops falling through an infrared optical beam. 
These irregularities causing the scintillation of signals have 
characteristic patterns which are detected by the sensor and 
converted to precipitation. ScTI Optical Rain Gauges are 
not affected by many of the environmental factors which 
cause significant errors with traditional rain gauges. De-
tailed characteristics of optical rain gauge Model ORG-815 
are summarized in Table 2.

3.3 disdrometer 

The drop-size distribution of the hydrometeor in the 
path of the Earth-satellite communication link is a vitally 
important parameter in the investigation of rain attenuation. 
Although the measurement of drop-size distribution aloft by 
using a VHF radar has been reported (Wakasugi et al. 1986), 
drop-size distribution near the ground cannot be obtained by 
VHF radar. The only one way to measure surface drop-size 
distribution is to use a ground-based disdrometer. Besides 
distribution of the hydrometeor, many precipitation-related 
parameters, such as rain fall rate and the shape of the hy-
drometeor, can also be obtained through disdrometer mea-
surements. The disdrometer employed for the propagation 

experiment reported in this article is the 2D-Video-Distrom-
eter. For each raindrop, snowflake, or hailstone reaching the 
measuring area, the front view, side view and velocity can 
be measured and recorded using this instrument. The reso-
lution of the digitizing grid is of the order of 0.25 mm; and 
a reliable classification of precipitation event distributions 
for size and velocity of particles as well as of oblateness of 
drops can be generated in real time using this equipment. A 
detailed description of the characteristics of the 2D-Video-
Disdrometer is summarized in Table 3.

3.4 Automatic Weather Station

The main objective of the automatic weather station is 
to provide real time weather data for simultaneous analysis 
of prevailing weather conditions when performing the trans-
mission channel experiment in the Ka-band. The apparatus 
in this station include: a wind velocity anemoscope, ther-
mometer, humidity meter, air barometer, and a rain gauge 
etc. The observed meteorological data are recorded auto-
matically and stored in the computer. This allows for real 
time recordings of, wind velocity, wind direction, tempera-
ture, relative humidity and atmospheric pressure etc. The 
minimum time resolution of the recorded weather data is  
30 sec/sample, and the observation resolution of this experi-
ment is 1 min/sample.

4. obSErvAtIonAl rESultS And dIScuS-
SIonS

Employing an approximation based on the absorption 
lineshape profiles of Van Vleck and Weisskopf (Ippolito 
1986), the value of specific attenuation at a frequency of 

Table 2. Characteristics of Optical Rain Gauge (Model ORG-815).

Table 3. Characteristics of 2D-Video-Disdrometer.
orG characteristics

Measure Range  0.1 ~ 500 mm hr-1

Accuracy 5%
Resolution 0.001 mm
Rain Accumulation 0.001 ~ 999.9 mm
Time Constant 10 seconds
Data Update Rate Every 5 seconds
Supply Voltage 11 - 16 VDC
Current Drain 500 - 800 mAmp
Signal Output  RS-232
Operational Environment

- Temperature 40 to 50°C
- Relative Humidity  0 - 100%

Size 30”L × 18”W × 12”H
Weight 25 lb
Cable Length 15 meters

disdrometer characteristics

Measure Range 100 × 100 mm2

Vertical Velocity Accuracy > 5 %
Resolution (horizontal) > 0.22 mm
Resolution (vertical) > 0.3 mm , < 10 m s-1 
Integration Time 15 sec ~12 hours
Supply Voltage 110/220/240/V, 50/60 Hz
Power Consumption 500 W
Operating Temperature -10 to 40°C
Survival Temperature -20 to 60°C
Weight 130 Kg
Height 110 cm
Width 60 cm
Length 150 cm
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19.5 GHz can be estimated for a density of water vapor 
concentration of 28 g m-3; it is about 0.3 dB km-1. Conse-
quently, whilst water vapor conditions were quite dense at 
the location of the experiment, total attenuation produced 
by the dense water vapor was only about 0.0474 dB. This 
occurred over a distance of 158 meters, i.e., that distance 
between the transmitting and receiving antennas in the radar 
system. Compared with rain attenuation, the contribution to 
19.5 GHz electromagnetic wave attenuation by water vapor 
absorption in our experimental field is very small and can 
be ignored.

As mentioned in the above section, from Mie the-
ory, we know that the relation between the rain fall rate 
and specific attenuation can be expressed as ĸe = aRb 
(Olsen et al. 1978), where ĸe is the specific attenuation 
coefficient (dB km-1), i.e., attenuation value per unit 
length; R is the point rain fall rate on the surface; and 
a and b are the coefficients relating to the frequency of 
radio waves, drop size distribution, and rain tempera-
ture. Figure 5 shows a rain attenuation event observed 
by a 19.5 GHz bistatic radar system on 24 August 2004. 
The received power (upper panel), measured specific 
attenuation (middle panel) and the surface rain fall rate 
(bottom panel) are displayed. It is clear from Fig. 5 
that there is a one-to-one correspondence between the 
rain fall event and remarked enhancement (severe at-
tenuation) of specific attenuation (received power). A 
maximum specific attenuation of 10 dB km-1 (corre-
sponding to a maximum rain fall rate of 90.6 mm hr-1) 
was recorded. Once the specific attenuation ĸe and rain 
fall rate R are measured simultaneously, a power-law 
relation between specific attenuation and the rain fall 
rate of the form: ĸe = aRb can be employed to best fit 
to the measured data such that the values of the coefficient 
a and the power b can be estimated. As a result, the pre-
cipitation effect on Ka-band EM wave propagation can be 
quantitatively estimated and the rain attenuation model for a 
specific terrestrial propagation link is thus established. 

A number of empirical drop size distributions, includ-
ing Laws-Parsons, Marshall-Palmer, Wexler and Best, are 
extensively used in modeling observed drop size distribution 
for estimating rain attenuations. Of these, Laws-Parsons and 
Marshall-Palmer models are used most frequently (Ulaby et 
al. 1981). An important issue is the discrepancy between re-
sults of in-situ measurements and empirical models. Figure 
6 presents a scatter diagram of observed specific attenuation 
versus the rain fall rate. The diagram was scaled from Fig. 5  
at 10-s time resolution, in which dots represent observed 
data points and the solid curve is the line of best fit based 
on the power-law relation ĸe = aRb. The other two curves are 
realizations of the models of Laws-Parsons and Marshall-
Palmer drop size distributions (Ulaby et al. 1981). From 
the results presented in Fig. 6, we find that in general our 
experimental results of rain attenuation in the Ka-band are 

slightly larger than the results predicted by the models of 
empirical rain drop size distributions. This discrepancy var-
ies positively with the rain fall rate. 

In order to assess the overall performance of the em-
pirical models employed for the estimation of rain attenu-
ations at 19.5 GHz, we analyze the data collected by the 
terrestrial propagation link located on the campus of the 
National Central University during 2004 to obtain specific 
attenuation. The total duration of the measured rain attenu-

Fig. 6. Relation of rain rate and specific attenuation for the data scaled 
from Fig. 5. The dots represent the observed data points, while the 
solid line is the line of best fit based on the relation of specific at-
tenuation and rain rate in ĸe = aRb. The other two dash lines are the 
estimated theoretical values of rain attenuation based on Laws-Parsons 
and Marshall-Palmer drop size distributions.

Fig. 5. Observation data on 24 August 2004. The receiving power, conversion 
specific attenuation, and rain rate are displayed respectively in time sequence 
from top to bottom. 
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ation events occurring in 2004 was about 21 hr and 25 min. 
Figure 7 shows the statistical result, in which the line of 
best fit made from disdrometer-measured (solid) raindrop 
distribution, and the curves calculated from Laws-Parsons 
(dashed) and Marshall-Palmer (dot-dashed) drop size dis-
tributions are shown. From the figure, we can note that em-
pirical rain drop distribution models will underestimate rain 
attenuations at 19.5 GHz, especially in the case of a high 
rain fall rate. The estimated coefficient a and power b in the 
best fitted power-law relation ĸe = aRb deduced from long-
term measurement are, respectively, a = 0.0699 and b =  
1.0984. Quantitative estimation indicates that the differences 
between the specific attenuations calculated from the best fit 
relation and the empirical relations are, respectively, about 
0.3 dB km-1 for L-P drop size distribution and 0.7 dB km-1  
for M-P drop size distribution at R = 50 mm hr-1. Therefore, 
a considerably large error in the estimation of the rain at-
tenuation will be induced if the propagation path length is 
long enough. From this result we conclude that the empiri-
cal rain drop size distribution used for the estimation of the 
rain attenuation in the Ka-band over Taiwan region may not 
be a best choice and the use of a correct expression that is 
obtained through long-term statistics and careful analysis is 
strongly suggested. 

From the discussions made in section 2, it is obvious 
from (11) and (12) that different raindrop size distributions 
and terminal velocity-drop size relations will give rise to 
different ĸs-R and ĸe-R relations. Figure 8 presents examples 
of ĸs-R and ĸe-R relations for the disdrometer-observed rain-
drop size distribution taken on 21 May 2004, on the campus 
of the National Central University, in which the power-law 
model of the terminal velocity-rain drop size relation as 
shown in (4) is employed for computation. As shown, varia-
tion of specific attenuation with the rain fall rate can be well 

Fig. 7. Relation of surface rain rate and specific attenuation in all the 
observation data of 2004. The maximum rain rate is 190 mm hr-1.

Fig. 8. Results of specific attenuation at the frequency of 19.5 GHz 
based on the hypothesis of Power-Law by using an example of obser-
vation data on 21 May 2004.

Fig. 9. Results of specific attenuation at the frequency of 19.5 GHz 
based on the hypothesis of Atlas empirical formula (3) by using an 
example of observation data on 21 May 2004.

approximated to a straight line in a log-log chart, strongly 
indicating a power-law relation between them. Moreover, 
the magnitude of the specific attenuation due to EM wave 
scattering is much smaller than that due to the absorption 
effect of water content in a raindrop by one order of magni-
tude or more. As a matter of fact, the total rain attenuation in 
the Ka-band is almost completely attributable to absorption 
by raindrops, and scatter loss only plays a very minor role. 
Figure 9 shows another example of ĸs-R and ĸe-R relations, 
in which the data are the same as is Fig. 8 and the V-r em-
pirical relation as shown in (3) is used for computation. The 
results shown in Fig. 9 are very similar to those presented 
in Fig. 7, except for the former being slightly larger than the 
latter by a factor of less than 20%.
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5. concluSIonS

On the basis of disdrometer-measured raindrop size 
distribution data and rain attenuation of 19.5 GHz EM 
waves collected by a terrestrial propagation system located 
on the campus of the National Central University, we theo-
retically and experimentally analyze the relation between 
specific attenuation and the rain fall rate in the Ka-band. 
We find that water absorption of EM waves propagating 
through raindrops is the major cause of rain attenuation 
at 19.5 GHz, and that scattering of EM waves interacting 
with discrete raindrops on observed rain attenuation is very 
minor and can be ignored. Regression analysis shows that 
the relation between specific attenuation ĸe and the rain fall 
rate, R, follows the power law ĸe = aRb, where the coef-
ficient a and the power b are, respectively, estimated to be 
0.0699 and 1.0984. These are different to those estimated by 
the empirical Laws-Parsons and Marshall-Palmer drop size 
distributions. The discrepancies in a and b values between 
experimental results and empirical expressions leads to a 
difference of 0.3 - 0.7 dB km-1 in the estimation of specific 
attenuations for a rain fall rate of 50 mm hr-1. Therefore, the 
use of a correct ĸe-R relation to obtain more accurate estima-
tion of rain attenuation is highly recommended. 
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