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Abstract. An improved method for predicting slant path
attenuation in tropical climates is presented in this paper.
The proposed approach is based on rain intensity data
Roo1 (mm/h) from 37 tropical and equatorial stations; and
is validated by using the measurement data from a few
localities in tropical climates. The new method seems to
accurately predict the slant path attenuation in tropical
localities, and the comparative tests seem to show signifi-
cant improvement in terms of the RMS of the relative error
variable compared to the RMS obtained with the SAM,
Crane, and ITU-R prediction models.
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1. Introduction

Rain-induced attenuation is the most serious technical
issue faced by radio engineers at frequencies above
10 GHz. The attenuated signal translates to a reduction in
the reliability, availability and performance of the commu-
nications link [1]. The signal attenuation due to rainfall is
most severe in tropical and equatorial climates due to the
prevalence of convective rainfalls. Tropical climates have
heavy rainfall intensities and large raindrops. The rain cell
diameters are also larger than the wavelengths of the
transmitted signals, thereby resulting in scattering and
absorption [2]. The major problem associated with the
ITU-R model [3] is that, it assumes a constant rain height
and a fixed reduction factor in calculating the slant path,
which results in poor estimation [4]. Observations have
shown that the effective rain height increases with in-
creasing rain rate in convective rainfalls [1], [2].

2. A Brief Survey of Slant-Path
Attenuation Prediction Models

Quite a large number of slant path attenuation predic-
tion models can be found in the literature, based upon the
use of geophysical data (surface point rain rate, the point-
to-path variation in rain rate, rain height and specific at-
tenuation provided the surface point rain rate is known).
Most of the slant path attenuation prediction models are
either empirical or semi-empirical and their accuracy is
dependent on the accuracy of the measured rain rate cu-
mulative distribution. Some of these models, as reported in
[4], include the Crane Global model [2], ITU-R P.816-10
model [3], simple attenuation model (SAM) [5], Bodtmann
and Ruthroff model [6], Garcia Lopez model [7], Asoka
Dissanayake (DAH) model [8], and Bryant et. al model [9].
However, only Bryant et.al model provided avenue for the
breakpoint analysis in attenuation exceedance [4]. It also
accounts for multiple rain cells in the slant path, and re-
quires the point rain-rate for its prediction.

Some valuable modifications were proposed in [4] to
improve the ITU-R P.816-10 model for use in the tropical
climates. These modifications are based on the properties
that in the tropics (i) the accumulation time factor at the
breakpoints is an invariant, (ii) for elevation angles < 60°
and at high rain rates multiple rain cells intersect the slant
path. The rain rate statistics were first used to estimate the
breakpoint rain rate and its exceedance probability; which
in turn is used for computing the corresponding breakpoint
attenuation. However, it was found in this study that, the
break-point attenuation so obtained seems to be too exag-
gerated. For example, the break-point attenuation value
used for computing the attenuation exceedance in Malaysia
was 34 dB, as reported in [4]. On the contrary, beacon
observations made in Malaysian tropical climates have
shown that experimental values of break-point attenuation
range from 17.5 to 22 dB [10], [11].
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The Synthetic Storm Technique (SST) [12] is
a powerful prediction tool that can generate rain attenua-
tion time series using rain rate time series, collected at
a site with a rain gauge, as the input. The SST can generate
attenuation time series at any frequency and polarization,
and for any slant path above about 10°, as long as the hy-
pothesis of isotropy of the rainfall spatial field holds, in the
long term. However, the SST model has not been included
in the comparative analysis presented in Section 4 because
we do not have wind speed measurements.

The three most popular slant path attenuation predic-
tion models (Crane model [2], ITU-R [3] and SAM [5])
have been compared with the performance of the proposed
technique in this paper. However, the detailed descriptions
of these models are not presented, since the materials can
be found in the literature. The ITU-R model [3] predicts
the long-term statistics of the slant-path rain attenuation at
a given location for frequencies up to 55 GHz. Note that
the rainfall rate at 0.01 % (Ryo;) is the principal input in
this model, and also the calculated attenuation at 0.01 %
(Aoo1) 1s used as the basis for estimating the attenuation
exceeded at other percentages. Refer to reference [3] for
details of the ITU-R prediction method. The major limita-
tion of ITU-R model is the constant rain height and fixed
reduction factor assumptions in calculating the slant path.
In reality, effective rain height is not constant; rather it
depends on rainfall intensity [11]. The ITU-R model is
only applicable in temperate climates; while it is poorly
representative of equatorial and tropical climates, as re-
ported in [4] and [11].

SAM [5] is a popular model for predicting the at-
tenuation exceedance along the slant-path. It incorporates
the individual characteristics of stratiform and convective
types of rainfall and utilizes the point rainfall rate at the
ground to calculate the attenuation time series. SAM re-
quires the point rain-rate to predict the path attenuation;
and it assumes that at high rainfall rates, the rain height has
linear logarithmic relationship with rainfall rate. Crane
model [2] is an empirical model which uses the point rain-
rate as the major input. It was developed using the geo-
physical observations of the: (i) point rain rate statistics,
(ii) horizontal structure of rainfall, and (iii) vertical tem-
perature structure of the atmosphere. The most important
of these three parameters is the point rain rate statistics R.
Therefore the model’s inputs were supposedly more com-
prehensive, compared to the first two models.

Unlike in ITU-R model, where the rain height is as-
sumed to be constant at 0.01 %, each of SAM and Crane
model expresses the rain height as a function of complete
rainfall distribution R. However, SAM and Crane models
are both too computationally intensive, due to utilization of
too many input parameters for their computations/simula-
tions. Consequently, the errors arising from these two
models are mainly due to computational complexity. Fur-
thermore, it can also be concluded that Crane model is not
suitable for predicting the slant path attenuation on verti-
cally oriented radio waves (i.e. 90 elevation paths).

3. Proposed Method Description

According to the ITU-R [3], the slant path attenuation
Ao (dB) exceeded at 0.01 % is given by

Ay =k (Ryo,) “ (dB/km). L, (km) dB (1)

ef
Parameters & and o can be obtained from the ITU-R 838-3
[13], depending on frequency and wave polarization as
follows

kz[kH +k, +(k,, —k, )cos® 00052T]/2 ,

az[kH a,+k,a, +(kH a, —k, aV)0052 Hcos2r]/2k
(2a,b)

where 7 is the polarization tilt angle relative to the hori-
zontal (z = 45°for circular polarization).

The effective slant path L. is generally given by
H,-H
L,="2s
- sin (9) 3)
where Hy is effective rain height (km), Hy is station mean

altitude above the sea level (km), @ is elevation angle
(degrees), and ry, is reduction factor.

Equation (3) is only valid for elevation angles above
5° (because of the Earth curvature). It is possible to extract
effective rain height from (3), for & degrees elevation path
and known altitude value Hy, as follows

B L, .sin (9)+ o

H,= [kml.  (4a)

s
Ty

For a special case of a 90° elevation path (when
sin () = 1.0), equation (4a) can further be simplified
[km].

L,
Hy=—"+ Hg (4b)

Ty

Note that 75 accounts for the non-uniformity of rain
rate in the horizontal direction. The effective rain height
takes into account the effects of the non-uniform vertical
structure of rainfall. The effective slant path can be more
conveniently estimated from the ratio of measured attenua-
tion to rain rate, at equal probability level, as follows

AO,OI

L, =— . 5
“ k (RO.OI) ¢ ( )

The proposed prediction method was developed from
large experimental databanks of rain intensity data Rgg;
and effective slant path L. from 37 tropical and equatorial
stations. The scatter plots of effective slant path against
rain rate are shown in Fig. 1. A curve fitting technique was
then employed to obtain the empirical expression which
relates the two variables. The expression obtained for
effective slant path (see (6)) was in turn utilized in the
general expression for calculating slant path attenuation
exceeded at 0.01 % (see (1)).



A. ABDULRAHMAN, T. A. RAHMAN, ET AL., AN IMPROVED SLANT PATH ATTENUATION PREDICTION...

1084
28
© Raw data

26 Power-law fitting 1
E 22¢ R 1
52 1
- (e

1.8F - i

16 5 "'6«\%7\97\ ]

G
14 L L L L L L
60 70 80 90 100 110 120 130

Rain rate at0.01 %
Fig. 1. Scatter plots of L,against Ro 1.

Regression analysis of the experimental data has
shown that L., is related to Ry, by the following simple
power law

- 2
L, =18.1741 R ;o , (R >0.8781). 6)

R? denotes the coefficient of determination. A rough rule of
thumb is that if R*> 0.8, then the fit is good. The value of
R? is 0.8781, which therefore imply good statistical reli-
ability and high predictive accuracy.

An empirical expression for calculating A4¢q; is pro-
posed by substituting (6) into (1) as follows

Ay =k (Ro.m) . 18.1741 (Ro.m)_o.%
=18.1741k(R,,,) “ . (7)
For other percentages, p, of an average year, in the range

0.001% to 1.0 %, the attenuation can be estimated by the
following extrapolation equation [14]:

—[0.7240.035 In p —0.06 In 4y o, —fBsin 0 (1-p)]
Ap = Ao 01 [Lj
—10.01
(®)
where S=—0.005 (|¢|-36 ) - ©)

As seen in (6), the procedure for computing the value
of L,y is more convenient and straightforward; unlike in
the case of ITU-R model, in which lengthy and very com-
plex procedures are required. The proposed technique also
avoids the use of the 0°C isotherm height as an input, due
to the effects of seasonal variability [4], [11]. Moreover,
the proposed approach only requires Ry, as the major
physical input parameter. This is greatly advantageous
since the rain rate data exceeded for 0.01 % of the time are
available in the ITU-R data bank for most of the hydro
meteorological zones. The rain rate data Ry (mm/h),
observed for 0.01 % exceedance probability and measured
with a 1 minute integration time, are less variable and
likely more accurate than the rain rates related to either
highest or lowest time percentages [15].

4. Validation of Proposed Model

The applicability of the proposed technique (6) — (9)
was evaluated with the measured data from Islamic Inter-
national University of Malaysia, (IIUM), Kuala Lumpur,
Malaysia [10]. The measurement period was 2 years (i.e.
January 2009 to December 2010). The experimental proce-
dures for measuring rain rate and slant path attenuation at
ITUM are briefly described in this section. The proposed
model is further validated with the measurement data ex-
tracted from published results reported in [11], [16] and
[17] for USM (Malaysia), Lagos (Nigeria), and Rio de
Janeiro (Brazil), respectively.

(a) Slant path attenuation measurement at [IUM

The receiver site for monitoring ASTRO/MEASAT-3
beacon signal level was located on the roof top of the elec-
trical and computer engineering building at [IUM in Kuala
Lumpur. The receiver antenna, an off-set parabolic antenna
dish having a diameter of 2.4 m, was pointed towards
MEASAT-3, situated at 91.5° E (geostationary). The speci-
fications of MEASAT-3 transponder are given in Tab. 1.
The vertically polarized Ku-band beacon signal propagat-
ing at 10.982 GHz is down-converted to an IF signal
(1.232 GHz) using a low noise block (LNB) converter
having a noise figure of 0.3 dB. The output at LNB was fed
to a spectrum analyzer via RG-11 coaxial cable, at a sam-
pling rate of 1 sample every 10 seconds (i.e., 10-s inter-
vals). The output of spectrum analyzer was sent to com-
puter via General purpose interface bus (GPIB) cable and
then stored using a data logger developed by labVIEW
(sampling rate of 0.1 sample/s). The dynamic range of the
maximum signal strength is about 40 dB for excess (i.e.
rain) attenuation. This is adequately suitable for covering
the entire dynamic range of rain attenuation for this study,
because maximum rain attenuation measured is 36.0 dB.

EIRP (dB-W) maximum 57

G/T (dB/K) maximum +14

TWTA power (W) 120

Channel polarization Linear

Frequency band (GHz) Uplink Downlink
13.75-14.5 10.95 -12.75

Tab. 1. Specifications of MEASAT-3 transponder.

The measured data is preprocessed to eliminate fast am-
plitude fluctuations (i.e. scintillation effects) by using a
low-pass filter (LPF) with a suitable cutoff frequency. The
unattenuated beacon signal level was used to provide a
reference level (in dBm), which is the average signal
power received under clear-sky conditions. During rain,
the attenuation was estimated by measuring the excess
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attenuation over the clear weather attenuation values at
respective rain rates. The raw data were converted from
quantization levels to beacon RSL in dBm. The availabil-
ities of the beacon receiver for 2009 and 2010 were 95 %
and 90 %, respectively.

(b) Rain rate measurement at [IUM

A Casella rain gauge was installed at the measure-
ment site for recording the rainfall rate alongside the bea-
con signal path. The gauge is of tipping bucket type, the
bucket size is 0.5 mm of rain (i.e. calibration is 0.5 mm per
tip) and it has a diameter of 20 cm. The rain gauges has
a programmable data logger for recording the time of each
tip to an accuracy of 0.1 s; and the clock of the data logger
was perfectly synchronized with that of the computer. Note
that about 0.5-mm bucket size is recommended for tropical
countries. For instance in Malaysia, 0.01 % rain rate is
higher than 120 mm/h, which occurs 4 tips per minute with
very good resolution. The bucket size of 0.2 mm needs
more than 10 tips per minute for higher rain rate and causes
error due to mechanical inertia at higher than 100 mm/h
rain rate. The availabilities of the rain gauge for the corre-
sponding years, 2009 and 2010, were 95 % and 90 %.

5. Results and Discussions

The propagation characteristics of measurement sites
used for validations are shown in Tab. 2. The rainfall rate
and rain attenuation cumulative distributions CDs of these
measurement sites are shown in Fig. 2 and 3 respectively;
while the equal probability plots 0.001% < p 1.0% of rain
rate and rain attenuation are shown in Fig. 4. As shown in
Fig. 4, there is a positive correlation between attenuation
and rainfall rate for the four tropical stations. For instance,
at 0.001 % exceedance probability, the rainfall rates are
201 mm/h and 180 mm/h in Kuala Lumpur and Rio de
Janeiro, respectively; while the corresponding attenuation
values are 35.9 and 29.8 dB. The measured attenuation
CDs (exceedance probability range: 0.001 % to 1.0 %) are
compared with those of predictions, as shown in Figs 5 - 8.

As shown in Figs 5 - 8, the measured attenuation, at
0.001 % and 0.01 % exceedance probability, for Kuala
Lumpur, Malaysia, are 35.9 dB and 24.1 dB respectively;
while the corresponding predicted values are 20 and 14 dB
(ITU-R method); 22.4 and 12 dB (SAM); 20.3 and 7 dB
(Crane model); 25.6 and 18.4 dB (proposed method). In
Lagos, Nigeria, the measured attenuation, at 0.001 % and
0.01 % exceedance probability, are 34.8 and 18.3 dB re-
spectively; while the corresponding predictions are 32 and
20.5 dB (ITU-R method); 9.1 and 5.0 dB (SAM); 20.1 and
7.5 dB (Crane model); 42 and 20.5 dB (proposed method).

Furthermore, in Rio de Janeiro, Brazil, the measured
attenuation, at 0.001 % and 0.01 % exceedance probability,
are 29.8 and 19.5 dB respectively; while the corresponding
predictions are 25.6 and 14.2 dB (ITU-R method); 11 and
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7.9 dB (SAM); 18.7 and 6.5 dB (Crane model); 49.6 and
21 dB (proposed method). In Universiti Sains Malaysia
(USM), the measured attenuation, at 0.001 % and 0.01 %
exceedance probability, are 30.6 and 22.0 dB respectively
[10]; while the corresponding predictions are 15.8 and
11.1 dB (ITU-R method); 18.4 and 9.8 dB (SAM); 18.3
and 5.8 dB (Crane model); 29.7 and 18.6 dB (proposed
method).

Based on the results presented in Figs. 5 - 8, one may
generally conclude that both SAM and Crane model are not
suitable for predicting slant path attenuation in the four
tropical climates. SAM and Crane models largely underes-

timate all the measurements; with the errors ranging from
21 % to 51 %, and from 37 % to 73 % respectively. For
ITUM, Malaysia (see Fig. 5), one can see that the proposed
method predicted the measurements more accurately, com-
pared to the other prediction models. For instance, at 0.001
% and 0.01 % exceedance probability, the proposed
method has prediction errors of 28.7 % and 23.7 % respec-
tively; while others have corresponding errors of 44.9 %
and 42.0 % (ITU-R), 37.6 % and 88 % (SAM), and 79.7 %
and 93 % (Crane). Both ITU-R and proposed models coin-
cidentally predicted same value (20.5 dB) at 0.01 % ex-
ceedance probability for Lagos, Nigeria (see Fig. 6). How-
ever, the latter largely overestimated the measurement at
0.001 % exceedance probability with an error of 20 %;
while the ITU-R model gave a more perfect prediction with
only 8 % prediction error.

For Rio de Janeiro (see Fig. 7), the proposed method
predicted the measured attenuation accurately at 0.01 %
exceedance probability with an error of 7.7 %; while the
ITU-R has an error of 27 %. But, the proposed model also
largely overestimated the measurement at 0.001 % ex-
ceedance probability with a prediction error of 66 %; while
the ITU-R model predicted the measurement more per-
fectly with an error of 14 %. And finally, the proposed
method also performed excellently at USM, Malaysia (see
Fig. 8). For instance, it predicted the measured attenuation
with an error of 3.0 % at 0.001 % exceedance probability;
compared to ITU-R model (48 % error), SAM (40 % error)
and Crane model (approximately 40 % error). More so, at
0.01 % exceedance probability, the prediction error of the
proposed model is 15.4 %; while those of ITU-R model,
SAM and Crane model are 50 %, 55.5 % and 73.6%, re-
spectively.

The comparison of measurement and predicted at-
tenuation for all the four locations is summarized and pre-
sented in Fig. 9. The error, mean, standard deviation, and
% RMS values for each percentage of time is shown in
Tab. 3 according to Recommendation ITU-R P. 311 — 13
[18]. The RMS error is used as the metric to judge the
overall fit of the prediction with the measurement. There is
fairly a good agreement between the measurements and
predictions of the proposed method, as shown in Tab. 3.
For each percentage of time, the ratio of predicted attenua-
tion, 4, (dB), to measured attenuation, 4,, (dB), for each
radio link is calculated as follows:

Si :Api /Ami (10)

where S; is the above ratio calculated for the i-th radio link,
and the test variable is calculated as:

V,=1nS,(4,,/10)** 4,,<10dB, (11)
V,=InS, A,,;>10dB . (12)

myi =

The procedure is repeated for each percentage of time, and
then the mean uy, standard deviation oy, and RMS value
pr, of the V; values are calculated for each percentage of
time:
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Altitude | Freq (GHz)/ | Elevation Ro.o1
Station (m) Polarization (degs) (mm/h)
UM,
Kuala Lumpur, 21.950 10.982 77.400 133.000
Malaysia,
3.3°N; 101.7°E Vertical
Lagos, Nigeria; 38.000 12.675 42.500 128.140
7.17°N; 5.18°E Vertical
Rio de Janeiro, 10.000 12.000 53.900 128.000
Brazil; Vertical
22.92°S;43.5° W
USM, Malaysia 57.000 12.255 40.100 135.000
5.17°N;100.4° E Vertical

Tab. 2. Propagation characteristics of Malaysia, Nigeria and

6. Conclusions

An improved method for predicting slant path at-
tenuation in tropical climates is presented in this paper;
based on rain intensity data Ryo; (mm/h) from 37 tropical
and equatorial stations. When tested against measurement
data, the proposed approach seems to predict the measured
attenuation more accurately compared to SAM, ITU-R and
Crane model. Equation 7, and the new set of coefficients
given in (8) resulted in an improvement in terms of the
RMS of the relative error variable compared to the RMS
values obtained with the prediction models. The proposed
approach also avoids the use of the 0°C isotherm height as
an input, due to the effects of seasonal variability. It only
uses rain intensity as the principal input parameter; which
is greatly advantageous since the rain rate data exceeded
for 0.01 % exceedance probability are available in the ITU-
R data bank for most of the hydro meteorological zones.
Hence the proposed model is justified, since the rain rate
data observed for 0.01 % exceedance probability and
measured with a 1 minute integration time, are less variable
and likely more accurate than the rain rates related to either
highest or lowest exceedance probability.
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Prediction Exceedance probability (%) o
models 0.001 0.003 0.005 0.01 0.03 0.05 0.1 1.0 Hy Oy % Py
ITU-R -0.5974 -0.5373 -0.4770 | -0.5415 | -0.5581 | -0.5272 | -0.5478 | -1.2960 | -0.6177 0.2279 57.41
P.618-10
SAM -0.4733 -0.5602 -0.5607 | -0.7073 | -0.9057 | -1.0178 | -1.4293 | -5.7532 | -1.2740 1.5180 82.54
Crane -0.5697 -0.8517 -0.9576 | -1.2614 | -1.7462 | -1.9961 | -2.5333 | -3.8736 | -1.6066 | 0.9538 129.28
global
model

Proposed -0.3381 -0.2703 -0.2080 | -0.2716 | -0.2905 | -0.5369 | -1.2754 | -1.0963 | -0.4848 0.3624 32.21

Tab 3. Error, mean, standard deviation, and % RMS values for each percentage of time.

References

[1] SARKAR, S. K., MONDAL, N. C., BHATTACHARYA, A. B,
BHATTACHARYA, R. Some studies on attenuation and
atmospheric water vapour measurement in India. /nt. J. Remote
Sensing, 1998, vol. 19, no. 3, p. 473 — 480.

2

—

CRANE, R. K. Rain attenuation models: Attenuation by clouds
and rain. In Propagation Handbook for Wireless Communication
System, 2003; p. 225 — 280. CRC Press, United States of America.

[3] Propagation Data and Prediction Methods Required for the
Design of Earth-Space Telecommunications Systems, Recom-

mendation ITU-R P. 618-10, ITU-R P Sers., July 2010.

[4] RAMACHANDRAN, V., KUMAR, V. Modified rain attenuation
model for tropical regions for Ku-band signals. International

Journal of Satellite  Communications and Networking, 2007,
vol. 25, no. 1, p. 53 — 67.

—
W
—

STUTZMAN, W. L., YON, K. M. A simple rain attenuation model
for earth-space radio links operating at 10 -35 GHz. Radio
Sciences, 1986, vol. 21, no. 1, p. 65 —72.

BODTMANN, W. F., RUTHROFF, C. L. Rain attenuation on
short radio paths: theory, experiment and design. Bell System
Technical Journal, 1974, vol. 53, no. 7, p. 1329 — 1347.

GARCIA-LOPEZ, J. A., HERNANDO, J. M., SELGA, J. M.
Simple rain attenuation prediction method for satellite radio links.
IEEE Transactions on Antennas and Propagation, 1998, vol. 36,
no. 3, p. 444 — 448

DISSANAYAKE, A., ALLNUTT, J., HAIDARA, F. A prediction
model that combines rain attenuation and other propagation



1088

A. ABDULRAHMAN, T. A. RAHMAN, ET AL., AN IMPROVED SLANT PATH ATTENUATION PREDICTION...

impairment along earth-satellite paths. [EEE Transactions on
Antennas and Propagation, 1997, vol. 45, p. 1558 — 1564.

[9] BRYANT, G. H., ADIMULA, 1., RIVA, C., BRUSSAARD, G.
Rain attenuation statistics from rain cell diameters and heights.
International Journal of Satellite Communications, 2001, vol. 19,
P. 263- 283 (DOT: 10.1002/sat.673).

[10

=

ABDULRAHMAN, A. Y. Development of terrestrial rain
attenuation transformation model for slant-path attenuation
predictions in tropical region. 4 thesis submitted to Universiti
Teknologi Malaysia, UTM, Malaysia for the award of the degree
of Doctor of Philosophy (Electrical Engineering), 2012.

[11

—

MANDEEDP, J. S., ALLNUT, J. E. Rain attenuation predictions at
Ku-band in south-east Asian countries. Progress In
Electromagnetics Research, 2007, vol. 76, p. 65-74.

[12] MATRICCIANI, E. Physical-mathematical model of the dynamics
of rain attenuation based on rain rate time series and two layer
vertical structure of precipitation. Radio Science, 1996, vol. 31,
p. 281-295.

[13

—

Specific attenuation model for rain for use in prediction methods.
Recommendation ITU-R P. 838 - 3, 03/2005.

[14] YEO, J. X., LEE, Y. H., ONG, J. T. Modified ITU-R slant path
rain attenuation model for the tropical region. In 7th International
Conference on Information, Communications and Signal Proc-
essing.  Macau  (ICICS) 2009; p. 1- 4. DOL
10.1109/ICICS.2009.5397704.

[15] MOUPFOUMA, F. Electromagnetic waves attenuation due to rain:
A prediction model for terrestrial or L.O.S SHF and EHF radio
communication links. Journal of Infrared, Millimeter, and
Terahertz Waves, 2009; vol. 30, no. 6, p. 622 - 632.

[16] OJO, J. S., AJEWOLE, M. O., EMILIANI, L. D. One-minute rain
rate contour maps for microwave communication systems planning
in a tropical country: Nigeria. /EEE Antenna and Propagation
Magazine, 2009, vol. 51, no. 5, p. 82-89.

[17

—

PONTES, M. S., DA SILVA MELLO, L. A. R., SOUZA,R. S. L.,
MIRANDA, E.C.B. Review of rain attenuation studies in tropical
and equatorial regions in Brazil. In Proceeding of the 5th
International Conference on Information, Communications and
Signal Processing, (ICICSP ’05). 1IEEE Xplore, Bangkok
(Thailand), 2005, p. 1 - 4.

[18

[}

Acquisition, presentation and analysis of data in studies of
tropospheric propagation. Recommendation ITU-R P. p. 311 — 13,
10/2009.

About Authors...

Amuda Yusuf ABDULRAHMAN obtained his Bache-
lor’s (1999) and Master’s Degrees (2005) in Electrical &
Electronics Engineering from University of Ilorin, Nigeria;
and a PhD Degree in Electrical Engineering from Univer-
siti Teknologi Malaysia (UTM), Skudai, Malaysia in 2012.
He is currently a Postdoctoral Research Fellow at Wireless
Communication Centre (WCC), Faculty of Electrical Engi-
neering, Universiti Teknologi Malaysia (UTM), Skudai,
Malaysia. His research interests include wireless mobile
systems, radio propagation and rain attenuation studies,
especially in the tropics. Abdulrahman, a member of IEEE,
has worked on development of a transformation model for
inverting terrestrial rain attenuation data for satellite appli-
cations at Ku-band in tropical regions. He has published
a few papers in international journals related to antenna

design and measurement, and rain attenuation issues in
tropical regions.

T. A. RAHMAN is a Professor at Faculty of Electrical
Engineering, Universiti Teknologi Malaysia (UTM), Ma-
laysia and he is the Director of Wireless Communication
Centre (WCC) UTM. He obtained his B.Sc. in Electrical
and Electronic Engineering from University of Strathclyde,
UK in 1979, M.Sc. in Communication Engineering from
UMIST Manchester UK and Ph.D. in mobile radio com-
munication engineering from University of Bristol, UK in
1988. His research interests include radio propagation,
antenna and RF design, and indoors and outdoors wireless
communication. He has also conducted various short
courses related to mobile and satellite communication for
the telecommunication industries and government bodies
since 1990. He has wealth of teaching experience in the
area of mobile radio, wireless communication system and
satellite communication. He has published several technical
papers related to wireless communication in na-
tional/international journals and conferences.

Md. Rafiqul ISLAM received his B.Sc. (Electrical and
Electronic Engineering) from BUET, Dhaka in 1987. He
received his M.Sc. and Ph.D. both in Electrical Engineer-
ing from UTM in 1996 and 2000, respectively. He is Fel-
low of IEB and Member of IEEE. He is currently Associate
Professor in Electrical and Computer Engineering Depart-
ment of International Islamic University Malaysia. His area
of research interest are radio link design, RF propagation
measurement and RF design, antennas design, Free Space
Optics, etc.

B. J. OLUFEGABA is a Professor at the Electrical &
Electronics Engineering Department, University of Ilorin,
P.M.B.1515, Nigeria. He obtained a PhD degree in Electri-
cal Engineering from the University of Texas at Austin, in
1975. He is specialized in Automation & Control Engi-
neering, propagation and mathematical modeling of Elec-
trical Engineering systems. He has a wealth of teaching and
research experience.

Abayomi Isiaka O. YUSSUFF obtained his bachelor and
master’s degrees in Electronic and Computer Engineering
from Lagos State University, Nigeria in 1994 and 2003
respectively. He is currently pursuing his PhD degree in
Electrical Engineering at Radio and Communications En-
gineering Department (RaCED), Universiti Teknologi
Malaysia. His research area of interests include radio
propagation and rain attenuation studies in the tropics,
computer security, electronic instrumentation and meas-
urements. Mr. Yussuff is a member of Nigeria Society of
Engineers (NSE) and IEEE. He is licensed by the Council
for Regulation of Engineering in Nigeria (COREN).

Nor Hisham HAJI KHAMIS is a senior lecturer in the
Department Communications Engineering, Faculty of
Electrical Engineering Department, Universiti Teknologi
Malaysia, Skudai, Johor. He received his B.Sc.E.E. from
the University of Evansville, Indiana, USA in 1988,
M.E.Sc.E.E. from the University of New South Wales,



RADIOENGINEERING, VOL. 22, NO. 4, DECEMBER 2013

1089

Australia in 1992, and PhD from UTM in 2005. He joined
UTM in 1989 and currently he is the Head of Radar Labo-
ratory. He is also the subject coordinator for the Micro-
wave Engineering, RF Microwave Circuit Design, and
Radar courses at the faculty. He also leads the Sonar and

Marine Instrumentation Research Group (STAR). His
research interests include antenna designs, microwave
components, wireless transmission, and propagation stud-
ies. Dr. Khamis is a member of Eta Kappa Nu (Electrical
Engineering Honor Society, USA) and IEEE.



1090 A. ABDULRAHMAN, T. A. RAHMAN, ET AL., AN IMPROVED SLANT PATH ATTENUATION PREDICTION...




