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O  
• Summary 
a 
• Increasing congestion of C-band (6/4 GHz) frequencies for satellite communications in the 
• South-East Asia necessitates the utilization of the Ku-band at 14/11 GHz. However, this is a 
• tropical monsoon region, and satellite communications using Ku-band frequencies can be 
• seriously affected by rain attenuation, causing severe degradation of the system performance. 
110 	Three ASEAN countries (Indonesia, Singapore and Thailand) in collaboration with Canada, 
• jointly conducted a measurement program on the effects of rain attenuation at 12 GHz at 
• relatively low elevation angles, using a radiometric measurement system. The results of three 
• years of rain attenuation measurements in Indonesia, Singapore and Thailand, as well as site- 

• diversity measurements in Thailand, are presented in this final report. 

• These results are important for the design of Ku-band satellite communication systems in South- 
• East Asia, and to support the development and validation of propagation models, especially for 
• tropical climates for which current models perform poorly. The results of the study are also 
• available in the open scientific/technical literature and will be submitted to Study Group 3 of the 
• Radiocommunications Sector of the International Telecommunications Union (ITU-R) to form 
• part of an international data base of such measurements. 
O 
a 
O 

O  
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Canada-ASEAN Cooperation in the Ku-Band 

• Propagation Measurement Programme 
on Earth Space Paths 

• Final Report 

• •  Introduction 

• At the second meeting of the ASEAN-Canada Joint Cooperation Committee in Manila, 

• September, 1984, the ASEAN delegation made a proposal for cooperation titled "Study on the 

• Feasibility of Use of the Ku Frequency Bands for Satellite Communications in the ASEAN 

• Region". This proposal resulted from an offer by Canada to provide assistance to ASEAN in the 

• area of Space Communications. 

• There were two main concerns by the ASEAN countries about the use of these frequencies, both 

ele 	of which relate to the adverse effects of rain on satellite communications. First, the statistics of 
• rain attenuation, which are required for the design of satellite communications systems, were 

• poorly known, although the region experiences very severe rain storms. Second, the elevation 

• angles to Pacific Ocean Region satellites tend to be relatively small for much of the ASEAN 

• Region. These low elevation angles were expected to compound the problems of rain 

• attenuation. These two factors led to a concern that it might be very difficult or impractical for 

• some of the ASEAN nations to use the Ku bands for satellite communications. 

• Canada proposed to assist through the conduct of a measurement programme to determine the 
• statistics of rain attenuation at a frequency near 11 GHz. It was agreed that two measuring 
• stations would be installed in Thailand, one in Singapore, and two in Indonesia, covering a wide 
111 	geographical area and variety of rainfall regimes. Part of Thailand lies in ITU-R rain climate 
• zone N (tropical moderate) and part in rain climate zone P (tropical wet), while the other 
• countries are entirely within rain climate zone P (see Fig. 1). In addition to providing ASEAN 

• with necessary information, the project was also intended to provide data of interest to 

• international organizations dealing with the provision of satellite communications services. 

• 
.11 	Cooperative Arrangements 

• Canada agreed to provide the necessary scientific equipment for the project, including 

• radiometers, raingauges, microcomputers and equipment to interface the equipment to telephone 

• lines to permit control of the experiment from a remote location. Software for the 

• microcomputers was provided to retrieve the data from storage in the radiometers, and to carry 

• out a basic analysis of the data. Canada also provided technical advice for site selection and 
1111 	equipment installation, training for equipment operation and maintenance, and training, advice, 

• and guidance for data analysis, interpretation and report production. 

1111 

• 
• ASEAN Ku Band Experiment 	 Page 1 



O 
a 
O 

ASEAN agreed to provide the infrastructure needed for the measuring stations such as telephone 
lines, power conditioner to ensure uninterrupted operation of the measuring instrument, and air- 
conditioned facilities for proper functioning of the equipment. ASEAN also agreed to provide 	 111 

suitable scientific and technical personnel to analyze the data, to operate and maintain the 
equipment and to prepare interim and final reports. 

Project Supervision and Monitoring 
43 The Project Advisory Committee performed the roles of both Steering Committee and Advisory 

Committee. It was composed of representatives from ASEAN and Canada. The ASEAN 
members included the ASEAN Project Manager (assigned to the Communication Authority of 
Thailand) (CAT), and country representatives from Indonesia (PT TELKOM & INDOSAT) and 
Singapore (Singapore Telecom). The Canadian members were a representative from the 
Canadian International Development Agency (CIDA) and the Communications Research Centre 
(CRC). The responsibility of this committee was to ensure the scientific and technical quality of 
the project. It met approximately every six months to receive presentations from each country on 
the progress of the work and the results obtained, to carry out detailed discussions on the 
interpretation of the measurements and to discuss and resolve any problems that may have arisen. 	 a 
Since 1992, five project advisory and steering committee meetings were held: 

fll 
1. Bangkok, Thailand, 9-10 November, 1992 

2. Ottawa, Canada, 22-25 June, 1993. 

3. Bali, Indonesia, 14-17 December 1993. 
O 

4. Singapore, 19-20 January, 1995. 

5. Phuket, Thailand, 16-17 November, 1995. 
O 

The Weather and Climate in Southeast Asia 

The weather and climate of Southeast Asia are affected to a very large extent by the Asian 	 111111 
monsoon system which is the natural phenomenon of weather circulation passing from the 
Southwest to the Northeast (June to September) and in the reverse direction from the Northeast to 	a 
the Southwest (November to March). In addition to the monsoons, tropical depressions and 	 • 
tropical cyclones such as storms and typhoons have a very high potential to produce severe 	 a 
rainfall and flooding. 

The rain climate of Southeast Asia is divided into two areas by the ITU-R: 	 411 
13 

1. the tropical moderate climate (ITU-R Rain Climate Zone N), having average annual rainfall 
accumulation of about 1,000 - 2,000 mm/yr and a 
2. the tropical wet climate (ITU-R Rain Climate Zone P), having annual rainfall accumulation of 

about 2,000 - 5,000 mm/yr. 

From June to October, the Southwest monsoon and tropical cyclones are well established over 
Southeast Asia and cause rainfall in Indonesia, Singapore and Thailand. Heavy clouds and 	 1111 
precipitation are observed in accordance with the monsoon regime but there are significant day- 
to-day variations. From November to January, the Northeast monsoon influences the climate of 	 • 
the southeast Asia bringing high rainfall throughout the Indonesia, Singapore and in the southern 	11111 
path of Thailand. 	 ile 

O 
O  

S  
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Figure 1. Map of South-East Asia, showing measurement locations and the ITU-R rain zones (separated by 

the heavy line). 

In Thailand heavy rainfall occurs between May to October when the Southwest monsoon 
dominates the weather. As shown in Fig. 1, Thailand is located in both the tropical moderate 
climate and the tropical wet climate, while Singapore and Indonesia are located in the tropical wet 
climate. The average annual rainfall accumulation throughout Thailand varies from 1,000 to 
5,000 mm/yr while Singapore and Indonesia, both affected by two monsoons, have high annual 
rainfall accumulation in excess of 2,000 mm/yr. 

Experimental Sites 

In February 1992, measurement equipment was installed at Bangkok and Si Racha, Thailand, at 
Bukit Timah  Barth Station, Singapore, and at Bandung, Indonesia, as shown in Table 1. Another 

set of equipment was installed at Jakarta, but equipment problems at that site were never resolved, 
and no data are available from Jakarta. 
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In Table 1, "Altitude" is the altitude of the radiometer antenna above meansea level, and 
"Elevation" and "Azimuth" give the pointing angles of the radiometers, in the direction of a 
geostationary satellite. The satellite position chosen was 174°E longitude except for Singapore, 
where an experiment Was already in progress using an INTELSAT beacon from an Indian Ocean 
satellite, and the radiometer antenna was pointed in the direction of a satellite at 60°E. 

Location 	Longitude 	Latitude 	Altitude 	Elevation 	Azimuth 	Rainfall 	Rain 

(m) 	(deg) 	(deg) 	(mm) 	Zone 

Bangkok 	100.5°E 	13.7°N 	30 	7.4 	94.0 	1460 	N  

Si Racha 	100.8°E 	13.1°N 	54 	7.9 	93.9 	1350 	N  

Singapore 	103.9°E 	1.3°N 	20 	39.4 	268.3 	2285 	P 

Bandung 	107.6°E 	6.9°S 	870 	15.0 	87.0 	2164 	P 

Table 1. Characteristics of the experimental locations 

Propagation Measurement System 

A radiometer system, operating at a frequency near 12 GHz and suitable for unattended 
operation, was installed at each experimental location. 

The use of microwave radiometers for the measurement of rain attenuation is well known in the 
scientific literature, and the theory of operation will not be described in this report. This 
particular instrument was chosen for this study because it is relatively simple and it does not 
require any transmission from a satellite. It has a particular limitation in that it is possible to 
determine attenuations only up to about 10 dB with reasonable accuracy. 

As shown in Fig. 2, the measurement system consisted of a radiometer (Indoor Unit and Outdoor 
Unit, including a 1.2 m diameter antenna), a tipping bucket raingauge, and a data acquisition 
system consisting of a personal computer, a plotter and a modem. The antenna and the outdoor 
unit make measurements of sky-noise temperature and convert them to a digital form to be stored 
in the indoor unit. The radiometers used in this experiment were manufactured by Diversitel 
Communications Inc. of Ottawa. 

A raingauge was provided with each radiometer. The particular raingauges used in this work 
were of the tipping bucket type, with each tip indicating a rainfall amount of 0.2 mm, and the 
rainfall rate being calculated from the times of the tips. The principal reason for making this 
measurement was not for a detailed comparison of rainfall for each attenuation event, but to 
provide rainfall rate statistics which could be compared with long term meteorological 
measurements, and to help provide comparisons with attenuation prediction methods. 

Measurement Operations 

The radiometers were programmed to make measurements at intervals of two seconds, and to 
store this information in an internal memory until commanded by a remote microcomputer to 
transfer the data. The collected values of sky noise temperature and the time of each tip from the 
tipping-bucket raingauge were transmitted to the remote data acquisition via a modem at least 
once every four days. Since detailed recordings of sky noise temperature were retained only 
when there were fluctuations in sky noise temperature that might indicate a rain attenuation event, 
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this recording procedure proved quite efficient, in that only about five megabytes of data were 
recorded for each site during a twelve-month period. 

Indoor Unit 

1 
1 Modem  1,-* 

[ Modem  

Data 
Acquisition 

Raingauge 

Radiometer 
(Outdoor Unit) 

Figure 2. 12 GHz Radiometer Measurement System 

Data Analysis 

The radiometric measurements of sky noise temperature (K) were converted to path attenuations 
using the relation 

A = 10log(Tm  - Tcs)/(Tm  - Ta) 

where A is the attenuation in dB, Tcs  is the sky noise temperature in the absence of precipitation, 
Ta  is the measured noise temperature (i.e. this is the value measured by the radiometer), and Tm  is 
the 'effective' temperature of the absorbing medium. Tcs  was assumed to be 30K. Selecting a 
value for Tm  is difficult since it varies from one rainstorm to another, and can change even within 

a single storm. Various authors have used different techniques to estimate this quantity. 

Fig. 3 shows sky noise temperature data from Si Racha which illustrate the difficulty of selecting 
a global value for Tm . The upper half of the figure shows a case in which the sky noise 

temperature has approached the medium temperature, presumably due to heavy  rai ,  in the 
period around 9h UT. (There was little or no rai at the measurement site at this time.) In this 
case, the sky noise temperature rose to a value of 274°K and stayed essentially constant for a 
period of about 45 minutes. It thus appears in this case that the effective radiating temperature of 
the rai was 274°K, and that this would be the best value to use for Tm . 

The lower part of the figure shows data from a different day. In this case, it also appears that the 
noise temperature approached the effective radiating temperature of the  rai ,  around 8h UT, but 

that over the next 90 minutes this temperature rose from its initial value of 258°K to a value of 

286°K. The most likely explanation for this behaviour is that initially, only part of the 
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Figure 3. 	Sky noise temperature measurements from Si Racha illustrating 'radiometer saturation' during 

heavy rain, and the possible variation of the saturation values with time. 

radiometer beam was filled by heavy rain. As the storm approached the radiometer, more and 

more of the beam was filled by heavy rain so that the measured temperature became 

representative of the medium temperature. If this explanation is correct, then it would be logical 

to accept the maximum temperature as representing the medium temperature. 

In this analysis it was decided to examine all the attenuation events and to select those for which 

the radiometer appeared to reach saturation (i.e. the measured sky noise temperature approached 

the effective medium temperature as in Fig. 2). These saturation temperatures were then plotted 
against the date on which they occurred, and a value of Tm  was selected through examination of 

the values on the plot. This semi-quantitative approach yielded values of Tm  equal to 280K for 
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Bangkok, Si Racha and Bandung, and 290K for Singapore. These values were chosen at the end 
of the first year of the experiment. Looking at the total Singapore data, it appears that a choice 
of 285K or 280K would have been a better choice. (See Figs. A-1 and A-2 of Annex A). Using 
these values, time series of radiometrically-inferred attenuations were calculated from all the 
measured noise temperatures, and these data were then used to calculate monthly distributions of 
attenuation for each location. Since the radiometers operated at a centre frequency of 12 GHz, 

• the attenuation values are also for a frequency of 12 GHz. 

The times recorded for each tip of the rain gauge were used to calculate a time series of 
"instantaneous" rainfall rates, which were further processed to form cumulative distributions of 
rainfall rate for each month. 

Results 

011 	 The results derived from the experimental measurements are shown in Annex B through 
Annex G. 

• Annual distributions 

•
Annex B contains the essential results of the study. Fig. B-1 is a graphical representation of the 

•
percentages of each month during which valid data were obtained at each location. Loss of data 

could be caused by equipment failure, exte rnal interference into the equipment, or perhaps 

operator error. 

• Fig. B-1 is an important aid to the interpretation of many of the following graphs. For example, 

• Fig. D-1 of Annex D shows no rainfall rate distributions for Bangkok for the months of March 

• and April, 1992. Fig. B-1, however, shows that valid data were obtained for high percentages of 

• those months. The conclusion is, then, that there was no rain at the Bangkok location in those 

• months. 

• In October 1992, valid data were obtained for only about 40 percent of the month. The reader 

• might wish to use caution in interpreting the statistics for that month and for other months with 

• similar statistics. 

Figs. B-2 to B-5 are summaries of all the attenuation and rain rate statistics.  Bach figure presents 

• two graphs for each site: , one for annual attenuation distributions and one for annual rain rate 

• distributions. Each graph contains six curves, labeled 1 through 6, and in each case the curves 1, 
• 2, and 3 represent annual distributions for the 12 month periods March 1992 to February 1993, 
• March 1993 to February 1994, and March 1994 to February 1995, respectively. The curves 4 
• through 6 show the "worst month" values for each of those years. The worst month curves were 

• formed by considering a particular (small) attenuation or rain rate range, selecting the largest of 

• the monthly values for that range, and repeating this process over all the ranges. These curves 

• represent a compilation of the "worst" parts of each month during the 12 month period. 

Figs. B-2 to B-5 each contain, on the attenuation graphs, a dashed line labeled "ITU-R 
a Prediction". These lines were calculated according to the method recommended by the ITU (Ref. 

3), using the location parameters from Table 1, and the rain rate parameters shown in Table 2. 

On each of the rain rate graphs, two additional curves are shown, corresponding to the rainfall 

• rate distributions given by the ITU (Ref. 1) for Rain Climates N and P. 

a 
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For the attenuation distributions, it is seen that the predicted distribution for Bandung agrees 
fairly well with those measured, that the agreement for Bangkok and Si Racha is less good, and 
that for Singapore, the only site using a large elevation angle, the agreement between measured 
and predicted is quite poor. 

The rainfall rate distributions are also interesting. It appears that Bandung, being in a 
mountainous region, has a rain climate similar to zone N, which is the zone containing Bangkok 
and Si Racha. It is apparent, however, that the rainfall rates at the smallest percentages of time are 
significantly less than those of Zone N. Singapore, situated between Bangkok and Bandung, 
appears to have a rain climate intermediate between zones N and P, again with lower rainfall rates 
at the veiy small percentages of time. Some of this discrepancy is due to inaccuracy of the 
raingauge at high rainfall rates (see Annex I). 

Location 	Year 	0.01% Rain Rate 	Rain Rate Used 
(mm/hr) 	in Prediction 

Bandung 	1992/93 	 110 	 100 

1993/94 	 100 

1994/95 	 87  

Bangkok 	1992/93 	 84 	 86 

1993/94 	 88 

1994/95 	 111  

Si Racha 	1992/93 	 87 	 91 

1993/94 	 96 

1994/95 	 104 

Singapore 	1992/93 	 115 	 100 

1993/94 	 107 

1994/95 	 107 

Table 2. Measured rain rates for 0.01 percent of each year at the four locations. Colunzn 4 shows the values 

used in the prediction calculations. 

In all cases it is quite clear that the rain attenuation regime at 12 GHz is very severe for these four 
locations, with attenuation levels exceeding 10 dB for more that 0.1 percent of the time, and that 
to obtain high availabilities on an earth-space path, it will probably be necessary to use techniques 
to counter these attenuation levels. 

Monthly distributions 

Annexes C through F, one for each location, present monthly distributions of the measured 
quantities: rainfall rate, attenuation at 12 GHz, and sky noise temperature. Each figure consists of 
two parts, one diagram for the first six months of a twelve month period (March to August), and a 
second diagram for the next six months (September through February). Each diagram also 
contains a heavy line which represents the "annual" distribution for that twelve month period. 
The variability of these quantities throughout the year are immediately obvious. Again, the 
reader is cautioned to refer to Fig. A-1 for data availability before detailed interpretation of these 
diagrams. 
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a 
a 	In the diagrams of Fig. F-9 for sky noise temperature at Singapore, two distinct values of sky 
• noise temperature are seen at ten percent of the time. This was due to an equipment malfunction 

which occurred in March 1994, in which the baseline temperature increased from 30 to 60K. This 
fault was not resolved until September 1994. There seemed to be no reasonable way to correct 

• these data, so it was decided to use them anyway, making appropriate changes in the calculation 

• of attenuation for this anomalous period. It is considered that the accuracy of the attenuation 
statistics was not seriously affected for this period. 

• 
• Diversity measurements 

One of the possible countermeasures against rain attenuation is a site-diversity configuration in 
• which two earth stations are separated by a distance on the order of tens of kilometers, with the 

expectation that the spatial dimensions of rain cells are such that if severe rain and therefore 

a 	severe attenuation are experienced at one site, there is only a small probability that there will be 

• severe rain simultaneously at the other site. 

• In this project, Bangkok and Si Racha are separated by a distance of about 80 km, and in fact the 

• data recording for Si Racha was done at Bangkok. There was thus an opportunity to examine the 

• benefits of site-diversity operation for the Bangkok-Si Racha pair of stations. A summary of 
110 	these results is provided in Annex G. 

•
111 

Figs. G-1 and G-2 show examples of rain storms occurring at about the same time at the two 

locations, and illustrate the principle of site-diversity operation. In these diagrams, the attenuation 

curves for Bangkok are unfilled, those for Si Racha are filled with medium gray, and the 

overlapping portions are filled with black. It is easy to see the significant benefits of this scheme. 

In Fig. G-1, although there are several occurrences of severe attenuation at both locations 
• individually, in no case did the attenuation levels exceed about 2 dB jointly. Fig. G-2 shows two 
no 	cases where the benefits were not as large, with joint attenuation levels reaching five or six dB, but 

there was still a very significant increase in performance. 

•

lb 
Fig. G-3 shows the results obtained over the three-year project life. On each of the three 

• diagrams, the solid lines show the attenuation statistics at Bangkok and Si Racha, and the dashed 

•
curve shows the diversity statistics. At the 4 dB attenuation level, in the years 1992/93 and 

• 1993/94, it is seen that there is an improvement in the duration of one and one-half to two orders 

o• 	of magnitude, with the improvement for 1994/95 being about one order of magnitude. It is also 

clear that at, say, 0.1 percent of the time, this is equivalent to a gain of many dB of system 

sensitivity. 
ell 

• Finally, Fig. G-4 shows a comparison of these results with the prediction method of the ITU (Ref. 

• 3). Although the ITU recommends the method only for percentages of time less than 0.1 
• percent, the severe attenuation regime in the present case has made it necessary to extend to about 

• four percent of the time. Similarly the ITU considers site separations only up to 50 km, and does 

• not comment on larger separations. 

• In the figure, the light lines labeled with a 'd' and a number refer to the separation between 

• locations. Thus, for example, if at a single site a particular attenuation level is found for 0.2 
• percent of the time, and there were a second site 50 km away, then the joint probability of that 

• attenuation level would be 0.02 percent. This represents a decrease of one order of magnitude in 

• time duration. The heavy lines on the diagram represent the results from each year of this 

• project. Given the assumptions made in extending the validity of the ITU model, it seems fair to 
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say that the agreement between the model and measurements is quite good, and that it is perhaps 
not surprising, that at the very large separation of 80 km in this study, the actual performance 
exceeds that predicted. 
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Plots of radiometer saturation temperatures 
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Figure A-2: Plots of "saturation" temperatures for Si Racha and Singapore. 
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Annex C 

Monthly statistics for Bandung, Indonesia 
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Figure C-1: Rainfall rate statistics, March 1992 to February 1993 
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Figure C-2: Rainfall rate statistics, March 1993 to February 1994 
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Figure C-3: Rainfall rate statistics, March 1994 to February 1995 
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Figure C -5: Attenuation statistics, March 1993 to February 1994 
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Figure C-6: Attenuation statistics, March 1994 to February 1995 
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Figure C-7: Sky noise temperature statistics, March 1992 to February 1993 
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Figure C -9: Sky noise temperature statistics, March 1994 to February 1995 
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Monthly statistics for Bangkok, Thailand 
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Figure D - 1: Rainfall rate statistics, March 1992 to February 1993 
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Figure D-2: Rainfall rate statistics, March 1993 to February 1994 
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1 0 

ASEAN Ku Band Experiment Page D-4 



10 

1 	Mar 92 

2 	Apr 92 

3 	May 92 

4 	Jun 92 

5 	Jul 92 

6 	Aug 92 

10 

8 

0 

1 	Sep 92 

2 	Oct 92 

3 	Nov 92 

4 	Dec 92 

5 	Jan 93 

6 	Feb 93 

4 

A
T

T
E

N
U

A
T

IO
N

 (d
B

)  

2L- 

0 

6 

4 

A
T

T
E

N
U

A
T

IO
N

 (d
B

)  

1 I-  I  

8L  

6 

BANGKOK 

0.01 	 0.1 	 1 

PERCENT TIME ATTENUATION EXCEEDED 

10 

Figure D-4: Attenuation statistics, March 1992 to February 1993 

ASEAN Ku Band Experiment Page D-5 



1--I 

1 	Sep 93 

2 	Oct 93 

3 	Nov 93 

4 	Dec 93 

5 	Jan 94 

6 	Feb 94 

A
T

T
E

N
U

A
T

IO
N

  (
dB

)  

10 

6 

4 

0 

BANGKOK 

A
T

T
E

N
U

A
T

IO
N

 (d
B)

  

10 

6 

8 

4 

2 

0 

1 	Mar 93 

2 	Apr 93 

3 	May 93 

4 	Jun 93 

5 	Jul 93 

6 Aug 93 

0.01 	 0.1 	 1 

PERCENT TIME ATTENUATION EXCEEDED 

Figure D-5: Attenuation statistics, March 1993 to February 1994 
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Figure D-7: Sky noise temperature statistics, March 1992 to February 1993 
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• 	Monthly statistics for Singapore 
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• RAIN ATTENUATION MEASUREMENTS IN SOUTH-EAST ASIA 

•
• 

Rachan Lekkla (Communications Authority of Thailand) 
1111 	 Lim Ship Loong (Singapore Telecommunications Pte.) 

• Eddy Siswanto (INDOSAT, Indonesia) 
Jaja Wachja (PT TELKOM, Indonesia) 
Stu McCormick (Communications Research Centre, Canada) 

1111 
• ABSTRACT 

The severe rain climates in South-East Asia will cause significant attenuation on earth-space 
paths in the 14/11 GHz bands. This paper describes the first results of an experiment that 
began in February 1992 to obtain statistical measurements of attenuation that would be 

• experienced in Thailand, Singapore and Indonesia. 

a 
a 
a • 
ID 

a Three countries agreed to participate in the experiment: Thailand, Singapore and Indonesia, 

In Table 1, Long. and Lat. refer to the longitude and latitude of the measurement location, Alt. 
is the altitude of the radiometer antenna above sea level, Elev. and Az. give the pointing angle 
to a satellite, Rain is the average annual rainfall amount,, and Rain Zone is the CCIR rain 
climate. The satellite position chosen was 174°E longitude except for Singapore, where an 
experiment was already in progress using an INTELSAT beacon from an Indian Ocean 
satellite, and the radiometer antenna was pointed in the direction of a satellite at 60°E. 

Table 1. Characteristics of the experimental locations 
Location 	Long. 	Lat. 	Alt. 	Elev. 	Az. 	Rain 	Rain 

	

(m) 	(deg) 	(deg) 	(mm) 	Zone 

Bangkok 	 100.5°E 	13.7°N 	30 	7.4 	94.0 	1460 	N  
Si Racha 	100.8°E 	13.1°N 	54 	7.9 	93.9 	1350 	N  
Buldt Timah 	103.9°E 	1.3°N 	20 	39.4 	268.3 	2285 	P  
Jakarta 	 106.8°E 	6.2°S 	121 	14.2 	87.4 	1755 	P  
Bandung 	107.6°E 	6.9°E 	870 	15.0 	87.0 	2164 	P 

INTRODUCTION 
In 1989, an agreement was signed between the Association of South-East Asian Nations 
(ASEAN) and Canada to carry out a cooperative measurement program in the measurement of 
rain attenuation statistics on earth space paths. Of particular interest was the feasibility of using 
the Ku band frequencies of the INTELSAT Pacific Ocean Region (POR) satellites. There was a 
concern that the heavy rainfall conditions, combined with the relatively low elevation angles to 
the POR satellites, would make it impractical to use the higher frequency bands. 

• covering a wide geographical area. Part of Thailand lies in CC1R rain climate zone N (tropical 
• moderate), while the other countries are entirely within rain climate zone P (tropical wet). 

• EXPERIMENTAL ARRANGEMENTS 

113 	 In February 1992, measurement equipment was installed at Bangkok and Si Racha, Thailand, 
at Buldt Timah, Singapore, and at Jakarta and Bandung, Indonesia, as shown in Table 1. • 
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The experimental equipment consists of radiometers operating at a frequency of 12.0 GHz. 
These are of the dual-slope type, using an antenna of 1.2m diameter. Measurements of sky 
noise temperature are made every two seconds, and stored in the radiometer memory. A 
tipping-bucket raingauge is mounted near each radiometer, and the time of each tip is also 
stored. Periodically, communications are established between the radiometer and a (remote) 
personal computer, and the radiometer memory is examined. If significant temperature 
fluctuations are found within an hour interval, all the sky-noise measurements for that hour are 
transferred to the computer and recorded to disk. For quiescent periods, only the average noise 
temperature and its variance are retained for each hour. The times of all rain gauge tips are 
always saved. Since detailed recordings of sky noise temperature are retained only when there 
is significant activity, this recording procedure has proven quite efficient, in that only about 
five megabytes of data will be recorded for each site during a twelve-month period. 

DATA ANALYSIS 
As mentioned above, the equipment installations were carried out duiing February, 1992. 
Unfortunately, the equipment in Jakarta has suffered a series of failures since the installation, 
and there are no data available to report from that location. For the other sites, there have been 
occasional equipment failures caused by lightning strikes, and in Bandung a computer failure 
occurred in December. This paper presents data for the months February 1992 to January 1993 
for Bangkok, Si Racha and Singapore, and for the months February 1992 to October 1992 for 
Bandung. For each site, the month of February is only partially complete, depending on the 
actual  date that the installation was completed. The overall availability of the equipment for 
these periods was 89%, 96%, 96% and 91% respectively. 

The radiometric measurements of sky noise temperature were converted to path attenuations 
using the relation A = (Tm  - Tes)/(Tm  - Ta), where A is the attenuation in dB, Tes  is the sky 
noise temperature in the absence of precipitation, Ta  is the measured noise temperature, and Tm  
is the 'effective' temperature of the absorbing medium. In this analysis, Tes  was assumed to be 
30°K. Selecting a value for Tm  is difficult since it varies from one rainstorm to another, and 
even within a single storm. Various authors have used different techniques to select this 
quantity. In this analysis it was decided to examine all the attenuation events and to select those 
for which the radiometer appeared to reach saturation (i.e. the measured sky noise temperature 
approached the effective medium temperature). These saturation temperatures were then plotted 
against the date on which they occurred, and a value of Tm was selected through examination 
of the values on the plot. This semi-quantitative approach yielded values of Tm  equal to 280°K 
for Bangkok, Si Radia and Bandung, and 290°K for Singapore. From these values, time series 
of radiomenically-inferred attenuations were calculated from all the measured noise 
temperatures, and these data were then used to calculate monthly distributions of attenuation for 
each location. 

The rain gauge data presented in this paper have not been integrated over one-minute periods. 
The times of each tip were simply used to calculate a time series of "instantaneous" rainfall 
rates, which were further processed to form cumulative distributions for each month. 

RESULTS 
The results of the current data analysis for each location are given in Figs. 1 and 2. Fig. 1 
shows distributions of attenuation, and Fig. 2, shows distributions of rain rate. 

In Fig. 1, the curves labeled (a) represent annual attenuation distributions predicted using the 
procedure in CCIR Recommendation 618-2, for a frequency of 12.0 GHz, and the location 
data given in Table 1. The rain intensity for 0.01 percent of the year, used in the calculation, 
was the "instantaneous" recorded value, instead of the value integrated over one minute called 
for by the CCIR. Thus these curves do not fully comply with the CCIR procedure. (The 



• 
• 

• 0.01% rates are on the order of 100 mm/hr, so that with the 0.2 mm resolution of the 
• rainguage, the integration time is on the order of 5 to 10 seconds). Curve (b) is the measured 

distribution for the total observation period, as given above for each location, and curve (c) is 
the distribution for the "worst calendar month" in that period. Curves (b) and (c) are terminated 
at attenuation levels of 10 dB because that is considered to be the limit of accuracy of the 111 	radiometer technique. 

O  
• For Bandung, Bangkok and Si Racha, where the elevation angles are relatively small, the 

• agreement between the measured and predicted distributions is reasonably good. For Bangkok 
and Si Racha the measured distributions are not distinguishable even though these sites are 
separated by 100 km and the monthly distributions are quite different. The high angle case, 

• Singapore, has much poorer agreement not only in absolute value but also in the trend to 
smaller time percentages and larger attenuation values. 

• Fig. 2 presents the rain intensity measurements. Curves (a) and (b) are the distributions for 
CCIR rain climate zones P and N respectively, while the curves labeled (c) are the measured 
"instantaneous" distributions. The curves for Bangkok and Si Racha are again almost identical, 

• even though individual rain events were quite distinct. In each case, there is a tendency for the 
• rain intensities to be smaller than predicted by the CC1R, and this discrepancy will increase 
• when the measured rain rates am integrated over one-minute periods. 

1111 	CONCLUSION 0 	This paper presents first results of an extensive experiment designed to obtain rain attenuation 
• information relevant to satellite communications in the 14/11 GHz bands in South-East Asia. 
ale 	Preliminary indications are that the CCIR attenuation prediction technique gives reasonable 
• agreement with measurements at relatively small elevation angles, but that the method seriously 

• underpredicts the attenuation at relatively large angles for small percentages of time. 
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Fig. 1 Distributions of attenuation for the 
indicated locations. (a) - CCIR prediction; 
(b) - measured attenuation for the experimental 
period (see text); (c) - worst month for the 
measurement period. 
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Fig. 2 Distributions of rainfall intensity for the 
indicated locations. (a) - CCIR rai climate zone P; 
(b) - CCIR rai climate zone N; (c) - measured rain 
intensity distribution for the measurement period at 
each location (see text). 
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ABSTRACT 

In South-East Asia, with its severe rain climate,s, 
significant attenuation will occur on earth-satellite 
paths in the 14/11 GHz bands. In August of 1993, 
at ISRP'93, the results from the first year of 
radiometric measurements of rain attenuation were 
presented for four locations in Thailand, Singapore 
and Indonesia. This paper describes the results 
from the second year of measurements, and com-
pares them with the results obtained in the first 
year. 

Keywords: Rain, Attenuation, Satellite. 

1. INTRODUCTION 

In 1989, an agreement was signed between the 
Association of South-East Asian Nations (ASEAN) 
and Canada to carry out a cooperative measurement 
program in the measurement of rain attenuation 
statistics on earth space paths. Of particular interest 
was the feasibility of using the Ku band frequencies 
of the INTELSAT Pacific Ocean Region (POR) 
satellites. The heavy rainfall conditions, combined 
with the relatively low elevation angles to the POR 
satellites, may make it impractical to use the 
higher frequency bands for certain satellite 
communications applications in the region. 

Three countries are participating in the experiment: 
Thailand, Singapore and Indonesia, covering a wide 
geographical area. Part of Thailand lies in 1W-R 
rain climate zone N (tropical moderate) and part in 
rain climate zone P (tropical wet), while the other 
countries are entirely within rain climate zone P. 

Table 1. Characteristics of the experimental locations 

2. EXPERIMENTAL ARRANGEMENTS 

In February 1992, measurement equipment was 
installed at Bangkok and Si Racha, Thailand, at 
Bukit Timah, Singapore, and at Bandung, 
Indonesia, as shown in Table 1. Another set of 
equipment was installed at Jakarta, but equipment 
problems at that site have not been resolved, and no 
data are available from Jakarta. 

In Table 1, "Long." and "Lat." refer to the longi-
tude and latitude of the measurement location, 
"Alt." is the altitude of the radiometer antenna 
above sea level, "Elev." and "Az." give the 
pointing angle to a satellite, "Rain" is the average 
annual rainfall amount, and "Rain Zone" is the 
ITU-R rain climate. The satellite position chosen 
was 174°E longitude except for Singapore, where 
an experiment was already in progress using an 
INTELSAT beacon from an Indian Ocean satellite, 
and the radiometer antenna was pointed in the 
direction of a satellite at 60°E. 

The experimental equipment consists of radiometers 
operating at a frequency of 12.0 GHz. These are of 
the dual-slope type, using an antenna of 1.2m 
diameter. Measurements of sky noise temperature 
are made every two seconds, and stored in the 
radiometer memory. A tipping-bucket raingauge is 
mounted near each radiometer, and the time of each 
tip is also stored. Periodically, communications are 
established between the radiometer and a (remote) 
personal computer, and the radiometer memory is 
examined. If significant temperature fluctuations are 
found within a given hour, all the sky-noise 
measurements for that hour are transferred to the 
computer and recorded to disk. For quiescent 

Location 	Long. 	Lat. 	Alt. 	Elev. 	Az. 	Rain 	Rain 

	

(m) 	(deg) 	(deg) 	(mm) 	Zone 

Bangkok 	100.5°E 	13.7°N 	30 	7.4 	94.0 	1460 	N  
Si Racha 	100.8°E 	13.1°N 	54 	7.9 	93.9 	1350 	N  
Bukit Timah 	103.9°E 	1.3°N 	20 	39.4 	268.3 	2285 	P  
Bandung 	107.6°E 	6.9°S 	870 	15.0 	87.0 	2164 	P 



periods, only the average noise temperature and its 
variance are retained for each hour. The times of ail 

 rain gauge tips are always saved. Since detailed 
recordings of sky noise temperature are retained 
only when there is significant activity, this record-
ing procedure has proven quite efficient, in that 
only about five megabytes of data will be recorded 
for each site during a twelve-month period. 

3. DATA ANALYSIS 

This paper presents data for the two year period 
March 1992 to February 1993, and March 1993 to 
February 1994. At each experimental site, there 
were occasional equipment failures caused by 
lightning strikes, computer, and other equipment 
failures. Figure 1 shows the percentage of time that 
valid data were obtained for each of the sites. Severe 
equipment problems at Si Racha caused a complete 
loss of data for the months April through July 
1993. Unfortunately, the data for Bandung for the 
period December 1993 to February 1994 were not 
received in time to be analyzed for this paper. For 
the two year period, the data availabilities from the 
experiments are 77%, 87%, 94%, and 78% for 
Bandung, Bangkok, Singapore and Si Racha, 
respectively. (When the data for Bandung are 
included, the figure will rise from 77% to 88%). 

U1992/93 	131993/94 	MiTota I 

1 
I 	11111 

0 
Bandung Bangkok Singapore Si Racha 

Figure 1. Percentage of time that valid data were 
obtained for each of the experimental sites. 

The radiometric measurements of sky noise 
temperature were converted to path attenuations 
using the relation A = 10log(Tm  - Tcs)/(Tm  - Ta), 
where A is the attenuation in dB, Tcs  is the sky 
noise temperature in the absence of precipitation, 
Ta  is the measured noise temperature, and Tm  is 
the 'effective temperature of the absorbing medium. 
In this analysis, Tcs  was assumed to be 30°K. 
Selecting a value for Tm  is difficult since it varies 
from one rainstorm to another, and even within a 
single storm. Various authors have used different 
techniques to determine this quantity. In this 
analysis it was decided to examine all the 
attenuation events and to select those for which the 

radiometer appeared to reach saturation (i.e. the 
measured sky noise temperature approached the 
effective medium temperature). These saturation 
temperatures were then plotted against the date on 
which they occurred, and a value of Tm  was 
selected through examination of the values on the 
plot. This semi-quantitative approach yielded values 
of Tm  equal to 280°K for Bangkok, Si Racha and 
Bandung, and 290°K for Singapore. From these 
values, time series of radiometrically-inferred atten-
uations were calculated from all the measured noise 
temperatures, and these data were then used to 
c !culate monthly distributions of attenuation for 
each location. 

The rain gauge data presented in this paper have not 
been integrated over one-minute periods. The times 
of each tip were simply used to calculate a time 
series of "instantaneous" rainfall rates, which were 
further processed to form cumulative distributions 
for each month. 

4. RESULTS 

The results of the data analysis for each location are 
given in Figures 2 and 3. Figure 2 shows distribu-
tions of rain rate, and Figure 3, distributions of 
attenuation. 

In each of the plots of Figure 2, the label (a) refers 
to a pair of curves representing the distributions of 
measured rainfall rate for each of the one-year 
periods. In the first plot, for Bandung, the 1993/94 
data are represented by the lower curve. In each of 
the other cases, the 1993/94 data are given by the 
upper curve of the pairs, indicating that 1993/94 
tended to have more rain than the previous year. 
The curves associated with the label (b) are intended 
to represent "worst month" conditions. They were 
constructed from monthly distributions of rainfall 
rate by considering 1 mm/hr intervals, and selecting 
the largest of the monthly percentages for each 
interval. Curves N and P represent the distributions 
of rainfall rate given in ITU-R Recommendation 
837 for rain climatic zones N and P. 

The measured data for Bandung, Bangkok and Si 
Racha tend to lie closer to rain climate N than to 
climate P, while the data for Singapore lie between 
N and P. In all four cases, rain climate P seems to 
be a fairly good descriptor of the "worst month" 
data  

In each plot of Figure 3, the label (a) is associated 
with a pair of curves showing the 12 GHz 
attenuation inferred from the radiometer measure-
ments. As in Figure 2, the lower curve of the pair 
represents the 1993/94 data for Bandung, while for 
the other three cases the lower curves show the 
1992/93 values. Label (b) is again associated with 
"worst month" values, where in this case they were 
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derived by considering 0.1 dB intervals of 
attenuation, and choosing the greatest monthly 
percentage of time for each 0.1 dB interval. In each 
case, label (c) denotes the annual attenuation 
distribution predicted using the procedure in ITU-R 
Recommendation 618-2, for a frequency of 12.0 
GHz, and the location data given in Table 1. In the 
calculation, the rain intensity for 0.01 percent of 
the year was taken to be 86 and 91 mm/hr for 
Bangkok and Si Racha, respectively, which are 
average values over the two years. For Bandung and 
Singapore, the measured 0.01% values were in 
excess of 100 mm/hr, so that 100 mm/hr was used 
as prescribed in the Recommendation. 

In all cases, the measured attenuation distributions 
for the two years are reasonably close, and for 
Singapore they are indistinguishable. At the lower 
elevation angles, Bandung, Bangkok and Si Racha, 
the measured distributions agree fairly well with the 
prediction, but with the prediction tending to 
underestimate the measured values. For Singapore, 
where the elevation angle of the measurement is 

. much larger, the agreement is poor with a severe 
underpre,diction of the measured values. 

5. CONCLUSION 

This paper presents results from an extensive 
experiment designed to obtain rain attenuation 
information relevant to the design of satellite 
communications systems, in the 14/11 GHz bands, 
in South-East Asia. Indications from each of two 
years of measurements are that the ITU-R atten-
uation prediction technique gives reasonable 
agreement with measurements at relatively small 
elevation angles, but that the method seriously 
underpredicts the attenuation at relatively large 
angles for small percentages of time. 
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Figure 2. Measured rainfall rate distributions for 
each of the four experimental locations. 
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ABSTRACT 

In South-East Asia, with its severe rain climates, 
significant attenuation will occur on earth-satellite 
paths in the 14/11 GHz bands. In February 1992, a 
joint ASEAN/Canada experiment, using microwave 
radiometers, was begun to obtain statistics of rain 
attenuation at a frequency of 12 GHz. In August of 
1993, at ISRP'93 (Ref. 1), the results from the first 
year of measurements of rain attenuation were 
presented for four locations in Thailand, Singapore 
and Indonesia. Results from the second year of 
measurements were presented at CLI/vIPARA '94 
(Ref. 2) in Moscow. This paper describes the 
results from the third and final year of 
measurements, and compares them with the results 
obtained in the earlier years and with predictions 
using techniques recommended by the ITU-R . 

Keywords: Rain Attenuation, Satellite Communi-
cations. 

1. INTRODUCTION 

In 1989, an agreement was signed between the 
Association of South-East Asian Nations (ASEAN) 
and Canada to carry out a cooperative measurement 
program in the measurement of rain attenuation 
statistics on earth space paths. Of particular interest 
was the feasibility of using the Ku band frequencies 
of the INTELSAT Pacific Ocean Region (POR) 
satellites. The heavy rainfall conditions, combined 
with the relatively low elevation angles to the POR 
satellites, may make it impractical to use the higher 
frequency bands for certain satellite communications 
applications in the region. 

Three countries participated in the measurements:: 
Thailand, Singapore and Indonesia, covering a wide 
geographical area. Part of Thailand lies in ITU-R 
rain c limate zone N (tropical moderate) and part in 
rain climate zone P (tropical wet), while the other 
countries are entirely within rain climate zone P 
(Ref. 3). 

In August of 1993, at ISRP'93 , the results from 
the first year of measurements of rain attenuation 
were presented for four locations in the participating 
countries. Results from the second year were 
presented at CLIMPARA '94 in Moscow. This 
paper describes the results from the third and final 
year of measurements, and compares them with the 
results obtained in the earlier years and with 
predictions using techniques recommended by the 
ffU-R. 

2. EXPERIMENTAL ARRANGEMENTS 

In February 1992, measurement equipment was 
installed at Bangkok and Si Racha, Thailand, at 
Bukit Timah Earth Station, Singapore, and at 
Bandung, Indonesia, as shown in Table 1. Another 
set of equipment was installed at Jakarta, but 
equipment problems at that site have not been 
resolved, and no data are available from Jakarta. 

In Table 1, "Long." and "Lat." refer to the longitude 
and latitude of the measurement location, "Alt." is 
the altitude of the radiometer antenna above sea 
level, "Elev." and "Az." give the pointing angle to a 
satellite, "Rain" is the average annual rainfall 
amount, and "Rain Zone" is the ITU-R rain climate. 
The satellite position chosen was 174°E longitude 

Location 	Long. 	Lat. 	Alt. 	Elev. 	Az. 	Rain 	Rain 

	

(m) 	(dcg) 	(deg) 	(mm) 	Zone 

Bangkok 	100.5°E 	13.7°N 	30 	7.4 	94.0 	1460 	N  
Si Racha 	100.8°E 	13.1°N 	54 	7.9 	93.9 	1350 	N  
Singapore 	103.9°E 	1.3°N 	20 	39.4 	268.3 	2285 	P  
Bandung 	107.6°E 	6.9°S 	870 	15.0 	87.0 	2164 	P 

Table 1. Characteristics of the experimental locations 



except for Singapore, where an experiment was 
already in progress using an INTELSAT beacon 
from an Indian Ocean satellite, and the radiometer 
antenna was pointed in the direction of a satellite at 
60°E. 

The experimental equipment consisted of 
radiometers operating at a frequency of 12.0 GI lz. 
These were of the dual-slope type, using an antenna 
of 1.2m diameter. Measurements of sky noise 
temperature were made every two seconds, and stored 
in the radiometer memory along with the mean and 
variance of the sky noise temperature calculated for 
each hour. Even a small rain event caused a very 
large increase in variance from the quiescent values. 
A tipping-bucket raingauge was mounted near each 
radiometer, and the time of each tip was also stored. 
Periodically, communications were established 
between the radiometer and a (remote) personal 
computer, and the radiometer memory was 
examined. If significant temperature fluctuations 
were found within a given hour (i.e. a large value of 
variance), all the sky-noise measurements for that 
hour were transferred to the computer and recorded to 
disk. For quiescent periods, only the average noise 
temperature and its variance were retained for each 
hour. The times of all rain gauge tips were always 
saved. Since detailed recordings of sky noise 
temperature were retained only when there were 
fluctuations in sky noise temperature which might 
indicate a rain attenuation event, this recording 
procedure proved quite efficient, in that only about 
five megabytes of data were recorded for each site 
during a twelve-month period. 

3. DATA ANALYSIS 

This paper presents data for the three year period 
March 1992 to February 1995. At each experimental 
site, there were occasional losses of data caused by 
lightning strikes, computer, and other equipment 
failures. Figure 1 shows the percentage of time that 
valid data were obtained for each of the sites. Severe 
equipment problems at Si Racha caused a complete 
loss of data for the months April through July 
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Figure 1. Percentage of  l ime that valid data were 
obtained for each of the experimental sites. 

1993. For the three year period, the data 
availabilities from the experiments are 92%, 84%, 
93%, and 82% for Bandung, Bangkok, Singapore 
and Si Racha, respectively. 

The radiometric measurements of sky noise 
temperature (K) were converted to path attenuations 
using the relation A = 10log(Tm  - Tcs)/(Tm  - Ta), 

where A is the attenuation in dB, Tcs  is the sky 
noise temperature in the absence of precipitation, Ta  

is the measured noise temperature, and Tm  is the 
'effective' temperature of the absorbing medium. Tcs  
was asstuned to be 30K. Selecting a value for Tm  is 
difficult since it varies from one rainstorm to 
another, and even within a single storm. Various 
authors have used different techniques to determine 
this quantity. In this analysis it was decided to 
examine all the attenuation events and to select 
those for which the radiometer appeared to reach 
saturation (i.e. the measured sky noise temperature 
approached the effective medium temperature). These 
saturation temperatures were then plotted against the 
date on which they occurred, and a value of Tm  was 
selected through examination of the values on the 
plot. This semi-quantitative approach yielded values 
of Tm  equal to 280K for Bangkok, Si Racha and 
Bandung, and 290K for Singapore. From these 
values, tirne series of radiometrically-inferred atten-
uations were calculated from all the measured noise 
temperatures, and these data were then used to 
calculate monthly distributions of attenuation for 
each location. 

The rain gauge data presented in this paper were not 
integrated over one-minute periods. The times 
recorded for each tip of the rain gauge were used to 
calculate a time series of "instantaneous" rainfall 
rates, which were further processed to form 
cumulative distributions of rainfall rate for each 
month. 

4. RESULTS 

The results of the data analysis for each location are 
given in Figures 2 and 3. Figure 2 shows distribu-
tions of rain rate, and Figure 3, distributions of 
attenuation. 

In each of the plots of Figure 2, the solid curves 
show the distributions of measured rainfall rate for 
each of the one-year periods. The dashed curves 
represent "worst month" conditions. They were 
constructed from monthly distributions of rainfall 
rate by considering 1 mehr intervals, and selecting 
the largest of the monthly percentages for each 
interval. The heavy solid curves N and P show, for 
comparison purposes, the distributions of rainfall 
rate given in Ref. 3 for rain climatic zones N and P. 

In Bandung, the wettest months tend to be 
September and October, although significant rain 



can also fall in the April/May period. The months 
November through February are the dry months, 
with sometimes no rain falling for an entire month. 
The measured distributions do not show a great deal 
of year-to-year variability, either in the annual or the 
worst month distributions. In the plot for Bandung, 
from top to bottom, the curves are for the years 
92/93, 93/94 and 94/95. 

For Bangkok and Si Racha, both lying on the Gulf 
of Thailand, the rainfall is most influenced by the 
southwest monsoon, from June to September. 
During the three years of this experiment, the 
heaviest rain occurred in the months August through 
October, although in 1994 there were severe tropical 
storms and a great deal of rain in May. Bangkok in 
particular had more rain that year than in the other 
two. For Si Racha, the worst month curve with the 
greatest rainfall was almost entirely due to 
September 1994. 

For Singapore, there does not appear to be a strong 
annual rainfall pattern, and the year-to-year 
variability for this experiment is quite small. 

The measured data for Bandung, Bangkok and Si 
Racha tend to lie closer to rain climate N than to 
climate P (although • Bandung is geographically in 
climate P), while the data for Singapore lie between 
N and P. In all four cases, rain climate P seems to 
be a fairly good descriptor of the "worst month" 
data. 

In each plot of Figure 3, the thin solid lines show 
values of 12 GHz attenuation inferred from the 
radiometer measurements. The dashed lines show the 
"worst month" values, which were derived by 
considering 0.1 dB intervals of attenuation, and 
choosing the greatest monthly percentage of time 
for each 0.1 dB interval. The heavy solid lines 
labeled 'ITU-R' are the annual attenuation 
distributions predicted using the ITU-R procedure 
(Ref. 4), for a frequency of 12.0 GHz, and the 
location data given in Table 1. In the calculation, 
the rain intensity for 0.01 percent of the year was 
taken to be 86 and 91 mm/hr for Bangkok and Si 
Racha, respectively, which are average values 
measured during the first two years of the 
experiment. For Bandung and Singapore, the 
measured 0.01% values were in excess of 100 
mm/hr, so that 100 inm/hr was used as prescribed in 
the Recommendation. 

In all cases, the measured attenuation distributions 
at each site do not vary a great deal from one year to 
another. For Singapore, the curves for 92/93 and 
93/94 are essentially the same. At the lower 
elevation angles, Bandung, Bangkok and Si Racha, 
the predictions significantly underestimate the 
measure,d values. For Singapore, where the elevation 
angle of the measurement is much larger, the 
agreement is poor with a severe underprediction of 

the measured values. This was the conclusion 
drawn from the first two years' measurements, and it 
is confirmed by the data from the final year. 

Since measured 0.01 percent rainrates were used for 
the predictions, this conclusion does not depend on 
the ITU-R model for rain rate distributions. 
Differences were also observed betwe,en the measured 
and model rain rate distributions, in particular for 
Bandung and Singapore. 

5. CONCLUSION 

This paper presents results from an extensive experi-
ment designed to obtain rain attenuation information 
relevant to the design of satellite communications 
systems, in the 14/11 GHz bands, in South-East 
Asia. Indications are, from three years of 
measurements, that the ITU-R attenuation prediction 
technique significantly undeipredicts attenuation at 
relatively small elevation angles (three sites), and 
seriously underpredicts the attenuation at relatively 
large angles (one site). 
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Figure 2. Measured rainfall rate distributions for 
each of the four experimental locations. See text. 
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inferred from radiometer measurements at each 
of the four experinzental locations. See text. 

150 1 	1 111111 

10 

Rev. 5/8/95 



a 
• 4. Rachan Lekkla, Prasit Prapinmongkolkarn, Priti Hetrakul, Stewart McCormick, Site Diversity 
1111 	 Measurements at Low Elevation Angles in Thailand, Seventh URSI Commission F 
• International Triennial Open Symposium on Wave Propagation and Remote Sensing, 
• November 20-24, 1995, Ahmedabad, India. 

•  
•• 
• 

• 
O 
O 
O  •  
O  
O 
O  • 
R  
O 
O  
O  
O 
O 
O 
O  
O  
O  
O 

R  
O  
O 

O
• 

• 
• 

• •  
• 

• 
O 
1111 
O  
• ASEAN Ku Band Experiment 	 Page H-17 

O  
O  



Bangkok 

80 km 

S-W 
Monsoon 

eiee%ceesmege""seeeggseed 
Gulf of Thailand 

be-
Si Racha Earth Station 

el = 7.4° 

to satellite 
az = 94° 63 km 

SITE DIVERSITY MEASURIVIENTS AT LOW ELEVATION ANGLES 
IN THAILAND 

Radian Lekklal, Prasit Prapinmongkolkarn2, Priti Hetraku13 , Stewart McCormick4  

1  - Dept. of Electrical Engineering, Faculty of Engineering, Chulalongkom University, Bangkok, Thailand 
Tel: +66-2-573-0099, ext. 3204, Fax: +66-2-573-7093, E-mail: lrachan@siamese.cator.th  

2  - Dept. of Electrical Engineering, Faculty of Engineering, Chulalongkom University, Bangkok, Thailand 
Tel: +66-2-215-2660, Fax: +66-2-215-7435, E-mail: prasitp@chulakn.chula.ac.th  

3- Communications Authority of Thailand, 12/46-48 Chaeng Wattana Road, Bangkok 10002, Thailand 
Tel: +66-2-573-0153, Fax: +66-2-573-7093 

4  - Communications Research Centre, 3701 Carling Ave, Ottawa K2H 8S2, Canada 
Tel: +613-998-2768, Fax: +613-998-9875, E-mail: stu.mccormick@crc.doc.ca  

ABSTRACT 

A three-year radiometric study of rain attenuation at 
12 GHz on earth-space paths in South-East Asia was 
completed in February 1995. One of the conclus-
ions of this study will be, as expected, that the 
severe rain climate has a serious performance impact 
on satellite communications systems, and that some 
form of compensation technique will be essential to 
maintain service quality at acceptable levels. Site 
diversity is a powerful technique to improve 
performance, but few measurements are available for 
a tropical-monsoon climate. This paper describes a 
part of the study involving two radiometers, one 
installed in Bangkok and a second installed at the Si 
Racha earth station, about 80 km south-east of 
Bangkok. Both these radiometers were directed 
toward the position of a geostationary satellite at 
174° E longitude, resulting in elevation angles of 
about 8 degrees at the two sites. Statistics of site 
diversity improvement obtained from this 
experiment are discussed in terms of the prediction 
method described by the ITU-R (Ref. 1). It was 
found that the diversity performance measured in this 
experiment was superior to that predicted. 

Keywords: Rain attenuation, Site diversity, South-
east Asia 

1. INTRODUCTION 

Under an agreement between the Association of 
South-East Asian Nations and Canada, a radiometric 
study of rain attenuation at 12 GHz was carried out 
from March 1992 to February 1995, a period of 
three years. Statistics of attenuation and rain rate 
were obtained at four sites: Bandung in Indonesia, 
Singapore, and Bangkok and Si Radia in Thailand. 
Results from three years of measurements (Ref. 2) 
confirmed that some form of compensation 
technique will be required to provide high link 
availabilities. 

One of the objectives of the experiment was to 
determine the viability of Ku-band operation from 
the ASEAN countries to a Pacific Ocean Region 

satellite, since operation at low elevation angles is 
required and it might be expecte,d that the severity of 
rain attenuation would be worse than at high angles. 
In this case, a satellite position at 174° E longitude 
was selected, yielding elevation angles of 7.4° and 
7.9° from Bangkok and Si Racha, with 
corresponding azimuths of 94° and 93.9°. (Figure 1). 

Figure 1: 	Configuration of the site 
diversity experiment. 

The experimental sites in Thailand were chosen with 
the possibility of site diversity in mind. The two 
sites, the microwave station in Bangkok and the Si 
Racha earth station, are separated by about 80 km, 
with Si Racha south-east of Bangkok (Figure 1). 
Although the site separation is larger than would 
normally be considered for a practical site diversity 
installation, it was convenient for this experiment 
because of the logistics of site installation and 
operation, and equipment maintenance. 

This paper describes an analysis of the Bangkok and 
Si Racha data in terms of potential site diversity 
protection against attenuation outages. Statistics of 
site diversity improvement obtained from this 
experiment are compared with the prediction method 
described by the ITU-R (Ref. 1). 



2. THE CLIMATE IN THAILAND 

The climate in Thailand is strongly affected by the 
Asian monsoon system, with the north-east 
monsoons occurring from November to March, the 
south-west monsoons from June to September, and 
the inter-monsoon period in May and October. A 
very high percentage of the annual rainfall occurs 
between May and October. Figure 2 shows the 
average monthly rainfall amounts measured at 
Bangkok during the three year period March 1992 to 
February 1995. The south-west region of Thailand 
is in ITU-R Rain Zone P (Ref. 3), and experiences 
annual totals of 2000-5000 mm. The mid-east 
regions are in Rain Zone N, and have rain 
accumulations of 1000-2000 mm per year. The 
experimental sites at Bangkok and Si Racha are 
located in Zone N, and expect about 1400 mm of 
rain each year. 
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Figure 2: 	Average monthly rainfall 
measured at Bangkok during the period March 
1992 to February 1995. 

3. EXPERIMENTAL MEASUREMENTS 

The experimental equipment consists of a dual-slope 
radiometer at each site, with an antenna of 1.2 m 
diameter. A tipping-bucket raingauge, capable of 
ind)cating each 0.2 mm rainfall, was installed near 
each radiometer. 

The sky noise temperature was measured each two 
seconds and stored in the radiometer memory, which 
can retain about three days' data. Within this period, 
to avoid loss of data, it is necessary to corrununicate 
with the radiometer using a computer, and to transfer 
desired data to the computer for permanent storage. 

During the measurement process, the radiometer 
computes the hourly mean sky noise temperature 
and its variance. In the case where even a small 
attenuation event occurred during the hour, the 
variance increases markedly, so that it is easy to 
determine that something significant happened 
during the hour. In such cases, all the sky noise 
measurements for the hour are transferred for 

permanent storage. Otherwise, only the mean and 
variance for the hour are retained. This procedure 
minimizes the amount of data actually recorded, and 
in fact a year's data occupies only about 5 Mbytes of 
storage. 

Early in the experiment, it was found that the 
satellite downlink transmission occasionally 
interfered with the radiometer measurement at 12 
GHz. This problem was solved by rotating the 
radiometers a few degrees in azimuth away from the 
satellite position. 

The ability to communicate remotely with, and 
control, the radiometers means that it is relatively 
easy to maintain time synchronization between the 
radiometers, check their operation in real time, and 
store the data on a single computer. 

4. DATA ANALYSIS 

As an essential part of the data analysis, each day's 
data were plotted on a computer screen and examined 
for any anomalies, such as solar transits. 
Sometimes it was possible to 'correct' the data for 
these periods, and sometimes it was necessary to 
discard data for such periods. 

Once a 'clean' set of sky noise temperatures was 
obtained, the radiometric measurements of sky noise 
temperature were converted to path attenuations 
using the relation A = (Tm -Tcs)/(Tm - Ta), where A 
is the attenuation in dB, Tcs is the sky noise 
temperature in the absence of precipitation, Ta  is the 
measured noise temperature, and Tm  is the 'effective' 
temperature of the absorbing medium. In this 
analysis, Tcs was assumed to be 30K. Selecting a 
value for T,,1  is difficult since it varies from one 
rffinstorm to another, and sometimes there appears to 
be evidence that it varies significffltly even within a 
single storm. Various authors have used different 
techniques to select this quantity. In this analysis it 
was decided to examine all the attenuation events and 
to select those for which the radiometer appeared to 
reach saturation (i.e. the measured sky noise 
temperature approached the effective medium 
temperature). These saturation temperatures were 
then plotted against the date on which they occurred, 
and a value of Tm was selected through examination 
of the values on the plot. This semi-quantitative 
approach yielded values of Tm  equal to 280K for 
Bangkok and Si Racha. Because of the inherent 
decrease in accuracy of the technique for large 
attenuations, i.e. as Ta approaches Tm , attenuations 
of 10 dB were the largest inferred. 

Time series of radiometrically-inferred attenuations 
were calculated from all the measured noise 
temperatures, and these data were then used to 
calculate monthly distributions of attenuation for 
each location. 
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5. DISCUSSION OF RESULTS 

The diversity results were calculated from the time 
series of sky noise temperature for the two sites. 
The measurements taken at the two sites at the saine 

 time were compared, and the smaller of the two was 
used to create a distribution of 'diversity' sky noise 
temperatures, while the individual measurements 
were used to create distributions for each site. In the 
case that there was no valid data at one of the sites, 
then that particular period was excluded from 
consideration. Finally, the sky noise distributions 
were converted to attenuation as described above. 

Figure 3 shows an attenuation event on March 20, 
1993, in which an attenuation event occurred at Si 
Racha a little more than two hours before a similar 
event occurred at Bangkok. The dark shaded portion 
of the diagram is mathematically the intersection of 
the two attenuation time series, and represents the 
optimum diversity performance. It is readily seen 
that the diversity system does not experience 
attenuations greater than 2 dB, whereas both of the 
single site attenuations exceed 10 dB for more than 
one-half hour. 

Figure 4 shows the diversity behaviour for the 
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Figure 3: Sinzultaneous attenuation 
measurements at Bangkok and Si Racha for 
a nine hour period on March 20, 1993, 
showing potential improvement from site 
diversity. 

month of September in 1992, 1993 and 1994. 
September was chosen because August and 
September appear to be the months with the greatest 
attenuations. The solid curves at the top of the 
diagram show the distributions of single site 
attenuation for the two sites. These curves show the 
attenuation climate to be quite severe, with 10 dB 
attenuation being exceeded for about one percent of 
the months at both sites. The improvement afforded 
by diversity is shown by the dashed curves. For the 
month of September and for the earlier two years, 
the diversity attenuation is about 4 dB at the 0.01 
percent level, an improvement of a factor greater 
than 100 in percentage of time occurrence. There 
was significantly less improvement for September 
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Figure 4: Diversity performance for the 
months of September 1992, 1993 and 1994. 
The solid curves are distributions of single 
site attenuation, and the dashed curves the 
diversity distributions. 

1994, with 10 dB of attenuation remaining for 0.1 
percent of the month. 

Figure 5 shows the diversity improvement obtained 
on an annual basis for each of the three one-year 
periods (March 1992 to February 1993, etc.). The 
single-site attenuation distributions are generally 
less severe than for the September data, as they 
should be if the September attenuations are larger 
than average. The diversity distributions show 
results comparable to those for the September data, 
with some improvement at the smaller attenuations. 
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Figure 5: Diversity performance of annual 
basis. Curves are as in Figure 4. 

The ITU - R provides a method for estimating the 
"diversity improvement factor", defined as the ratio 
of the single-site attenuation time percentage to the 
diversity time percentage, at the same attenuation 
level (Ref. 1). The ITU-R recommends the method 
only for time percentages smaller than 0.1%, since 
for the rain regimes under which the method was 
developed, rain rates (and therefore attenuations) are 
small at larger time percentages. Although this is 
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obviously  not the case with the present 
measurements, it is nonetheless interesting to 
compare improvement factors estimated from this 
experiment with those predicted by the ITU-R 
model. 

As can  be  seen from Figure 5, meaningful diversity 
values can be measured to only about 4 dB for the 
years 92/93 and 93/94. This is a limit on the range 
of values that can be compared with the prediction 
method. The diversity improvement was less in 
94/95, so that a wider range of values is available. 

Figure 6 shows curves calculated according to the 
method of the ITU-R for a number of values of the 
separation d between stations. Recalling that the 
separation between Bangkok and Si Racha is 80 km, 
it is seen that relatively good diversity improvement 
was obtained, exceeding that predicted for station 
separations of 200 km or so. Given that the 
calculations are outside the recommended range of 
validity of the prediction method, it seems 
reasonable to say that the agreement with the ITU-R 
method is acceptable. 
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Figure 6: Comparison between the diversity 
improvement factor predicted from 17V-R and 
that measured over three one-year periods. 
pl is the single-site time percentage of 
attenuation at a certain level, and p2 is the 
diversity time percentage at the same level. d 
is the diversity separation. 

6. CONCLUSIONS 

This paper presents experimental results showing 
the improvement in rain attenuation statistics on 
earth-space paths resulting from a site diversity 
installation in central Thailand. At relatively low 
elevation angles, on the order of 8 degrees, the 
measured data indicate that for system link 
availabilities for 99.9% of the time and less, system 
margins of less than 3 dB would be necessary for the 
diversity configuration. At the 99.99% level, 
margins from 5 to more than 10 dB are indicated. 

A comparison of measured diversity improvement 
factors with those predicted by the ITU-R indicates 
that the measured diversity performance exceeds the 
predicated values, but that given the restrictions on 
the prediction model, quite reasonable agreement was 
obtained. 

7. ACKNOWLEDGMENT 

This paper represents joint research between 
Chulalongkorn University, Thailand, and the 
Communications Authority of Thailand. The 
experiment was supported by the Canadian 
International Development Agency under Project 
149-12982. 

8. REFERENCES 

1. Propagation data and prediction methods required 
for the design of earth-space telecommunication 
systems, ITU, Geneva 1995 (Draft Rev. to ITU-
R Rec. PN.618-3, Doc. 3/38). 

2. R. Lekkla, S.L. Lim, J.  Wachja, K.S. 
McCormick, Rain Attenuation Measurements 
in South-East Asia, this Proceedings. 

3. Characteristics of precipitation for propagation 
modelling, ITU, Geneva 1994 (ITU-R Rec. 
PN.837-1) 

10 
10

-1  

- 4 

101  



a 

a ANNEX I 

• Raingauge Calibration 

•  
a •  

•  

a 
a 

a 

a 

a 

a 

a 
a 
a 
O 

a 

a 

• ASEAN Ku Band Experiment 	 Page 1-1 
a 



140 120 100 

Raingauge Calibration 

Fig. I-1 shows a calibration curve for the identical type of raingauge performed by staff at the 
Centre for Telecommunications Studies, Pontifical Catholic University, Rio de Janeiro, Brazil*. It 
indicates, for example, that when the rain gauge indicated a rainfall rate of 100 mm/hr, the 
calibration process gave a true rainfall rate of 105 mrn/hr, showing that the gauge underestimated 
the rate by five percent. Interestingly, the graph shows an increasing percentage error down to 
about 40 mm/hr, where the indicated underestimate is about twelve percent, remaining constant at 
this value down to zero rain rate. 

In the data analysis performed for this report, it was decided not to apply any correction factor to 
the measured rainfall rates. 
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Fig. I- 1. Raingauge calibration curves supplied by the Pontifical Catholic University, Rio de Janeiro, 

Brazil (Ref 2) 

*. Luiz A.R. da Silva Mello, Private communication, 1994. 
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