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1. INTRODUCTION

Rainfall in tropical regions is characterized by both stratiform and convective rainfall types, but
more predominantly by the latter. Stratiform rainfall is characterized by widespread, low or medium rain
rates with longer durations. Convective rain is usually confined to a smaller area than lighter rain, and the
rain cells may take any shape. If rain rate is measured only at a single point, it is difficult to have adequate
information about the structure of a rain cell at some distance away from the point of observation; hence, the
in-homogenous nature of rainfall may lead to incorrect estimates of the specific attenuation.

There is also a dearth of data on direct attenuation measurement along the slant path for estimating
attenuation due to rainfall in the tropical regions of the world. Most of the studies reported in the literature
have been carried out in temperate regions where solid precipitation is prevalent [1], [2]. The distribution of
rainfall along the slant path may lie within a single cell diameter if the elevation angle is very high. The
higher the elevation angle, the lower the number of rain cells along the slant path. Rainfall with high rain
rates of short durations and which are also contained within a small geographical area are features of
convective rainfall types. Hansson’s theory of the accumulation time factor (ACCF) [3] was used by [4] to
estimate the effective rain height from the exceedance ratio at the breakpoints. The coincident pairs of points
throughout the full range of attenuation and rain rate can be found from [3] and [5] by scaling the dB values
to the ratio of rain rates referenced to the rainfall breakpoint. This is given by [6] as: -

AB — ARO.OI S RB
RO‘OI (1)
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where A, and A, are attenuations (dB) at breakpoint and 0.01% of the time exceeded,
respectively. Also, R, and R, are rain rates (mm/h) at breakpoint and 0.01% of the time.

Universiti Teknologi Malaysia (UTM) is a tropical station (103.75°E, 1.45°N) with an altitude of 37
m above mean sea level; and with mean annual rainfall of 2357 mm. It experiences convective, stratiform,
tropical storm and monsoon precipitations [2]. This work evaluates the performances of some of the most

widely used rain attenuation models. These include the ITU-R, DAH, SAM, Mandeep, Crane and Breakpoint
models.

1.1. An Overview of Rain Attenuation Prediction Models Used

International Telecommunication Union-Rec. P.618-11 rain attenuation model [7] is the most
widely accepted international method for the prediction of rain effects on satellite communication systems.
The predicted slant path attenuation exceeded for an average year at 0.01 % of the time is:

Asor = Yookey OB )

where A and y - are attenuation (dB) and specific attenuation (dB/km) at 0.01% of the time

exceeded Leff  is the effective slant path length (km).
The predicted attenuation exceedances for other percentages of the time of an average year may be acquired

from the value of A, using the following extrapolation [7]:

Aoy, = Ay, (L) ~[0.655+0.0331n p-0.0451n Ay ~25in6(1-p)] 43
0.01 3)

where p is the percentage probability of interest and Z is given by:
For p>1.0%,z=0 4)

0; for /¢/>36"
For p <1.0%, =42 =-0.005(/#/—36) for >25"and/¢/ <36
2=-0.005(/¢—36/)+1.8—4.25sin@, for §<25°and/ ¢/ <36"
(5)
DAH model [8] is based on log-normal distribution of rain rate and attenuation. The model is very
much similar to the ITU-R model since the rain related input to the model is also rain intensity at 0.01 % of
the time. It is applicable to both terrestrial and slant paths within the frequency range 4-35 GHz, and the
percentage probability range of 0.001 — 10%. The behaviour of the localized DAH model can be modelled by
the expression:

Apo, = Agor (0 F())l )7[0.655+0.O33 In p-0.0451n Ay ] 4 6)

where A, and A . are attenuation exceeded for p% and 0.01% of the time respectively.

0.01

Simple Attenuation Model (SAM) by [9] is one of the most widely used slant path attenuation
prediction models, which incorporates the individual characteristics of the stratiform and convective types of
rainfall. In convective rain storms, when R >10 mm/h [9], the effective rain height, H, depends on the rain
rate because strong storms push rain higher into the atmosphere, and thereby lengthening the slant path [10].
To determine the slant path attenuation, a modified value of effective path length is used, as follow:

R p
I—exp|—abln( 0 ) |Lg cos @ (7)
A=7001 R i Ry,p >10mm/h dB
abln ( A’p)cosﬁ

10

where p=1 /22 and,
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where k and o are ITU-R regression coefficients [11] whose values are dependent on frequency of
operation, elevation angle of the antenna, polarization of the signal being transmitted or received, drop size
distribution of rain drop and temperature of the antenna.

Mandeep’s proposed model [10] adopted the SAM to calculate the effective path length. He
proposed effective path length as a power-fitting function of rain rate as:

Leff =13.367*R**'  km ©)

Crane (Global) rain attenuation prediction model [12] is intended for rain attenuation predictions on
either terrestrial or slant propagation paths. It was established with geophysical interpretations of the
measurements of point rain rate of the horizontal structure of rainfall as well as the vertical variations of
atmospheric temperature. Based on radar observations in the characterization of the melting layer, it was

observed that the correspondence between the 0C isotherm height (H,) values and the excessive

precipitation events showed a tendency toward a linear relationship between Rp and H,. Since, at high rain

rates, the rain rate distribution function displays a nearly linear relationship between Rp and log P,
between 0.001% and 1.0 % of the form [12]:

H, =a+blogP km (10)

where H 0 is mean 0°C isotherm height above mean sea level and R b is the rain rate for p% of

the time exceeded.

H, =4.5+0.0005logR;* km (11)

where H g is mean rain height above mean sea level.
The horizontal (surface) projected path length, D is expressed as:

Hg—H,

—R_9.ex10
— tan@
D=1 ¢ 0 - _— | (12)
R, sin H +R€(\/(HR+R6) sin@+2R, (Hg—H, )J+HR"—Hy 7(HO+Re)sm6) 10<10°
R

where R, is the effective radius of the earth [8500 km] and 6 (degrees) is the elevation angle of the
antenna to the satellite. However, for most tropical stations,

D =—H: _:° km (13)
an

The mean slant path attenuation at each probability of occurrence (p) is:

T qUaD
kRipH ¢ U -l ;0<D<d
cos a
Ap = KR “ :eugd 1 X @gYad x agYaD dB (14)
: + } ;d<D<22.5
cos 0| Ua Ya Ya
Yd
X :2.3R;0-”;Y =0.026-0.003InR;d =3.8-0.6InR ;U :M (15)

d

The Breakpoint model which is the ITU-R P.618-11 rain attenuation prediction model, was
modified by [4]; and further modified by [13], is based on the premise that the ACCF at the breakpoints is
invariant in the tropics. Also, for elevation angles less than 60° and with high rain rates, several rain cells
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were observed to intersect along the slant path [5]. The attenuation exceeded is projected by two expressions
very much similar to the ITU-R model; with one expression for rain rates lower than the breakpoint rain rate
(stratiform rainfall) while the other for rain rates above it represent the convective rainfall types, which is
synonymous with tropical regions. The breakpoint attenuation exceedance, P,g, and rain rate exceedance,

Pyg is related as [13]:

Pue = 2.14 Py

(16)

The approximate value of P,; as 0.021% for measured and breakpoint attenuation exceedance for
UTM, Malaysia at 12 GHz is shown in Figure 1.

The breakpoint (or modified Bryant) model is specifically developed for tropical regions. This is
because of the peculiar nature of the rainfall precipitations existing in such regions. The model took into
account both stratiform and convective rainfall types as experienced in the tropical and sub-tropical regions
in its mathematical formulations to arrive at this model. It provided avenue for breakpoint analysis of
attenuation exceedances and accounted for multiple (intersecting) rain cells along the slant path. The model

has also been found to produce good results when applied for slant path attenuation predictions in tropical
and equatorial stations [14].
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Figure 1. Measured and breakpoint attenuation exceedance for UTM, Malaysia at 12 GHz

The breakpoint attenuation ( Ag) is computed from:

A, =kRZ * Leff *C, dB

(17)
where, correction factor
_1-0.002/6]*+0.175(6]-2.3 ; 40°<6<60°
C; —{I;W (18)

wherek and o are frequency dependent parameters which can be determined locally or obtained
from ITU-R P.838-3 [11].
Rg is assumed to occur at R, due to paucity of long term rainfall database to work with in the

tropical regions. Consequently, the corresponding attenuations at other percentages are computed as follows:
For stratiform rainfall,

A, =Ay( p—001 5—[0.655+0A033ln(p—0011)—0,0451n/33—zsim9(098¥ IR

For convective rainfall,
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A, = Ay( Y I)—[0.655+0.033ln(p—0.011)70.045 InAg-2sind(0989-p)1§g 3 P < 0.021 (20)
0.02
Equations (19) and (20) are modified versions of ITU-R P.618-11[7] of equation (3).

2. METHODOLOGY

2.1 Experimental Setup and Data Collection

One year (March 2001 to February 2002) satellite attenuation data was sourced from Malaysia East
Asia Satellite (MEASAT). MEASAT offers direct to home (DTH) satellite broadcast services to South-
Eastern regions of Asia at Ku frequency band. ASTRO beacon signal levels are used to monitor and measure
the slant path rain rate and attenuation at location site (3.3°N, 101.7°E) at an altitude of 21.95 m above mean
sea level. MEASAT 3 was positioned at 91.5°E and at an elevation angle of 77.4°. The beacon signal was
received with an offset parabolic antenna dish of 2.4 m diameter. The vertically polarized Ku-band beacon
signal was down-converted using a low-noise block converter (LNBC). The noise figure and bandwidth of
the LNBC are 0.3 dB and 950 MHz respectively. The output of LNBC was passed through a 3 dB splitter and
fed into a digital receiver and a spectrum analyzer with a post-detection bandwidth of 0 Hz. The spectrum
analyzer was set to 10.982 GHz and the video filter output of the spectrum analyzer was recorded and stored
in a computer at a sampling rate of 1.0 Hz, using a data logger. A Casella rain gauge was installed at the
measurement site to record the rain rate. Shown in Figure 2 is the experimental setup for rain rate and beacon
signal level.

One minute rain rate data were collected for a period of four years (January, 1997 to December,
2000) at UTM, Skudai, Malaysia using the Casella rain gauge. This tipping bucket rain gauge has a
sensitivity is 0.5 mm/min; with operating temperature range of -10 t050°C . It has a tipping accuracy of
+100 %. Scintillations are removed with a low-pass filter by passing low-frequency signals while

attenuating signals with frequencies above the cut-off frequency.

D
Experimental Setup Diagram é
Ravin Gauge i
; MEASATI
2.4m Dish Antenna

Digital Receiver

Figure 2. Experimental setup for rain rate and beacon signal level [15]

Thereafter, the corresponding path attenuation is calculated by finding the difference between the
received signal level (RSL) during clear sky conditions and the RSL during rainy events for the vertically
polarized received signal at various rain rates. That is,

(dBm)

Attenuation = RSLdear,sky - RSI-rainy (21)

The slant path attenuation exceedances for other percentages of the time for the average year were
obtained using statistical interpolation and extrapolation methods.
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3. RESULTS AND DISCUSSIONS

SAM prediction model performed poorly at all percentages of time (Figure 3). It largely over-
estimated the measured data; and therefore not included in subsequent plots. There is good correlation
between DAH and ITU-R models for 0.01% percentages of the time exceeded, since the rain intensity at 0.01
% of the time was the input for both models. The resulting plots of local rain data for all the models under
investigation (excluding SAM) shows that higher percentages of unavailability translates to higher rainfall
attenuations as seen in Figures 4 and 5.
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Figure 3. Equal probability plots of slant path attenuation at 12 GHz for UTM with SAM

—6— Measured —e— Measured o
— MUR —& ITUR

—A—DAH [| —=—paH )
—E— Mandeep —&— Mandeep

—+— Crane || —#— Crane
Modified Bryant Modified Bryant

Percentage of time (%)
Attenuation (dB)

0.001
0

. . - " . . = . . , , . . 11
5 10 15 0 25 30 35 40 20 40 60 80 100 120 140 160 180
Attenuation (dB) Rain rate (mm/h)

Figure 4. Slant path attenuation versus percentage Figure 5. As in Figure 3, but without SAM
of time exceeded at 12 GHz for UTM, Malaysia

Next, Mandeep’s proposed model over-estimated the measurements for most of time (at p > 0.5%).
Equally, Crane model over-estimated the measurement data all through (except at p = 0.5%, p =1.0%, and
p =0.03% ). In the same manner, the modified Bryant (Breakpoint) model matches the measurements best
for stratiform rain events (below the breakpoint at p <0.021), as shown in Figure 4. Furthermore, the
Breakpoint model began to slightly deviate from the measured values at p <0.03%. The ITU-R model, on
the other hand, significantly under-estimated the measured data at0.002< p <0.5% , except for 0.001% of
the time. This under-estimation of the measurement beyond 102 mm/h is an indication of the ITU-R model

unsuitability for attenuation prediction for tropical regions, which are identified with prevalent convective
rainfall precipitations.

Shown in Table 1 are the percentage mean, RMS and standard deviation errors for the respective
prediction models of interest at various percentage of time exceeded. The modified Bryant model estimate
was observed to be closely correlated with the measurement data for stratiform rain events, which is defined
by attenuation values below the breakpoint. The ITU-R model prediction mostly under-estimated the
measurement for most percentages of the time, except for 0.001 % of the time.
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According to the evaluation procedures adopted for comparison of prediction methods by the
Recommendations ITU-R P.311-13 [16], the best prediction method produces the smallest values of the
statistical parameters. Therefore, the modified Bryant model was observed to produce the best prediction
compared to other prediction models of interest since it has the lowest root mean square (RMS) values, for
majority of the time percentages.

4. CONCLUSIONS

The modified Bryant model produced the best prediction performance, followed by the ITU-R
model in comparison to other prediction models of interest. This is because the modified Bryant model took
into account both stratiform and convective rainfall types as experienced in the tropical and sub-tropical
regions in its formulations. Furthermore, the use semi-empirical approach (as done in this work) saves cost
and time. More importantly, the prediction model can quite easily be extrapolated to other sites with
relatively good degree of accuracy; thus, making it possible to estimate the slant path attenuation exceeded
for any location and for all percentages of time.

Table 1. Mean error, standard deviation and RMS values for different percentage of time exceeded

Prediction Time percentage (% P)
Parameter Models
0.001 0.002 0.003 0.005 0.01 0.02 0.03 0.1 0.5 1.0
Mean ITU-R 0.0008  -0.0045 -0.0073 -0.0116 -0.0168 -0.0222 -0.0231 -0.0173  -0.0149 -0.0147
Error DAH 0.0482 0.025 0.0133  -0.0008 -0.0168 -0.0306 -0.0357 -0.0416  -0.0387 -0.0147
SAM 0.3083 0.3279 0.3447 0.3678 0.449 0.5551 0.6682 1.3233 20.3851 -8.0366
Mandeep 0.0936 0.0762 0.072 0.0693 0.0502 0.0414 0.04 0.0327 0.005 -0.022
Crane 0.0548 0.0393 0.0353 0.0325 0.0151 0.0066  0.0043 0.0355 -0.0257 -0.0294
BreakPt. -0.0276  -0.0206  -0.0161 -0.0108 -0.0028  0.0074 0 -0.0004 0 0
ITU-R 0.1502 0.1501 0.15 0.1497 0.1492 0.1485 0.1484  0.1492 0.1494 0.1495
Std. DAH 0.297 0.2999 0.3006  0.3009 0.3004 0.2994  0.2988 0.298 0.2984 0.3006
Dev. SAM 109.761  109.761 109.761 109.761  109.76 109.76  109.759 109.753  107.852 106.12
Mandeep 0.5575 0.5601 0.5607 0.561 0.563 0.5638 0.5639 0.5643 0.5652 0.5648
Crane 0.3104 0.3127 0.3132 0.3135 0.3148 0.3151 0.3152 0.3132 0.3141 0.3138
BreakPt. 0.1243 0.1256 0.1263 0.1268 0.1273 0.1271 0.1273 0.1273 0.1273 0.1273
ITU-R 0.1502 0.15 0.1498 0.1493 0.1483 0.1469 0.1466  0.1482 0.1487 0.1487
RMS DAH 0.2931 0.2988 0.3003 0.3009 0.3 0.2978 0.2967 0.2951 0.2959 0.3002
SAM 109.76 109.76 109.76 109.76 109.759  109.758 109.757 109.745 105.9082 102.35
Mandeep 0.5496 0.5549 0.556 0.5567 0.5608 0.5622 0.5624 0.5634 0.5652 0.5644
Crane 0.3055 0.3102 0.3112 03118 0.3145 0.3151 0.3151 0.3112 0.3131 0.3124
BreakPt. 0.1212 0.1239 0.1253 0.1264 0.1273 0.1269  0.1273 0.1273 0.1273 0.1273
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