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a b s t r a c t

Satellite communications operating at 10 GHz and above in the tropics suffer severe signal degradation

due to rain. Attenuation due to rain at 38 GHz had been measured for a period of 20 months in Malaysia.

Analyses carried out include seasonal variations, diurnal effects and the annual cumulative distributions.

Obtained results were comparedwith several established predictionmodels including the ITU-R. The rain

fade characteristics were also investigated in determining the levels of signal loss and fading. In addition,

the studies highlight several potential fade mitigation techniques that can be embarked. These

fundamental aprehensions are very critical for future earth space communication link design and can

be exploited as preliminary groundwork plan for the researchers as well as engineers.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

There have been restrained usages of 10 GHz and above satellite

links for commercial operations in tropical countries. This is mainly

due to severe rain attenuation. Attenuation experienced in these

areas is caused by considerably higher rainfall rates and bigger size

of raindrops compared to other parts of theworld (Maki et al., 2001).

Future and existing satellite operators in the tropics may soon have

no other alternative but to use frequencies even as high as the

V-band due to limited frequency spectrums (Ippolito, 2008). The

effects of rainfall on satellite signals at these high frequencies in the

tropical regions have not yet been fully detailed. Additional mea-

sured data, experiments, analyses and investigations are considered

very crucial in order to obtain more insights in these areas. The

databases from a measurement campaign in Johor Bahru, Malaysia,

provide invaluable opportunities to examine the V-band propaga-

tion characteristics. The established microwave link should be able

to provide some preliminary critical thoughts of a V-band link’s

characteristics in the absence of an actual satellite–Earth link. The

information is considered very pertinent for the design of future

earth space communication link. In tropical region like Malaysia,

excessive rainfall is a frequent phenomenon throughout the year.

The awareness of the rain fade at the desired frequency of operation

is a critical necessity for the design of a reliable terrestrial and/or

earth space communication links. It is of utmost important tobeable

topredict accurately thepossible impairment that tobeencountered

on a given link. This will enable operators to cost-effectively plan

their services. It is significant that such data as these should be used

in determining the expected user acceptance of the new Digital to

Home (DTH) and theVery Small Aperture Terminals (VSAT) services.

Early appreciation for the variations in service quality over monthly

and hourly phase may also allow the service provider to adjust the

dimensioning of the link with the month and/or hour.

Themeasured and predicted values of signal loss can be used as

parameters in the fade mitigation design. The implementations of

fademitigation techniques such as diversity, power control, coding

and resource sharing should be taken into concern. Power adjust-

ments are based on either a satellite beacon or a pilot carrier

transmitted from the Earth station (Thomas, 1977). The transmit

power modification can be done to compensate the differences

between the beacon or pilot carrier and the uplink carrier.

Incorporated carrier monitor verifies and refines the power adjust-

ments for ‘loopback’ carriers. The downlink carriers that are visible

at the uplink Earth station can be demonstrated in Fig. 1. New link

adaptation techniques include the ability to adapt the appropriate

modulation scheme and coding, according to the quality of the

radio link. The performance of a special Adaptive Modulation and

Coding (AMC) (Abdullah et al., 2008) scheme depends on how

accurate the prediction of the channel condition. Obtained infor-

mation i.e. the fade duration experiencedwithin an established link

can be a possible foundation of a wireless channel behaves in the

tropics. Fig. 2 below shows the block diagramportraying the idea of
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how to apply the analysed fade duration values in fulfilling the

appropriate AMC codes depending on how much attenuation is

detected at a certain point.

2. Experimental set-up

A 38 GHz experimental Ericsson MINI-LINKS was installed in

1998atUniversiti TeknologiMalaysia (UTM), JohorBahru,Malaysia.

Two 0.6 m diameter antennas with horizontal polarisation covered

by radomes were installed. The antennas were placed 300 m apart

fromoneanother. The transmitterwasmountedon a tower situated

at 1031 380 4900E and 11 330 3400N. The receiver was situated on a

building roof-top at 1031 380 5400E and 11 330 3400N. The line of

sight of the link was at approximately 18 m above sea level (ASL).

A computer equipped with a data acquisition card was interfaced

to the automatic gain control (AGC) output level of the RF unit.

Data were sampled at every 10 min during clear sky condition.

During rainy state, theywere sampled at every second. Fig. 3 below

illustrates the measurement set-up. Fig. 4 portrays a recorded rain

attenuation event on July, 5 1999. From January 1999 to September

2000, 20 months of good quality data were recorded in total.

Maximum recorded attenuation was measured at 40 dB within the

period of measurements. The data allow the study of annual,

diurnal, seasonal effects, fade characteristics as well as evaluation

of prediction models applicability.

3. Analysis and result

3.1. Seasonal effects observed in Malaysia

The concept of four seasons such as Spring, Summer, Autumn and

Winter is not applicable in a tropical country such as Malaysia. It is

Fig. 1. Schematic of a satellite uplink power control (Thomas and Baltimore, 1977).

Fig. 2. Block diagram of a adaptive modulation coding (AMC) (Abdullah et al., 2008).
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more common for a place in the tropics to be experiencing what is

considered as ‘wet’ and ‘dry’ seasons. The long term seasonal effects

perhaps cannot yet be concluded due to limited data. The monthly

rain attenuation distributions are represented in Fig. 5. The attenua-

tion distributions were calculated for each individual month. It was

observed that the measured attenuation in October 1999 substan-

tially exceeded measurements observed in most other months at all

percentages of time within the period of the first twelve months. It

can be concluded that the month of February 2000 was subjected to

themost rain fade formostof the time fractionwithin the subsequent

next twelvemonths. In principal, attenuation is verymuchdepended

on the intensities of the rainfall. Most locations in Malaysia should

show some seasonality from the effects of the south west monsoon

bringing higher rainfall intensities in months around March (Ismail

and Watson, 2000). Similar nature of seasonal behaviour was also

reported in Singapore (OngandZhu, 1999).MeteorologyDepartment

ofMalaysia also reported that rainfall rates at the south-west coast of

peninsula Malaysia; which is where UTM is located is normally

affected by the Sumatran monsoon (Badron and Ismail, 2009).

3.2. Diurnal effect observed in Malaysia

Annual cumulative distributions of rain induced attenuation

can generally suggest the required overall link margin for a sate-

llite service. However, it does not offer any information into the

potential variations of service degradations caused by propagation

effects that present over smaller intervals of time. Details

Fig. 3. Experimental set-up for 38 GHz frequency at Malaysia.

Fig. 4. Typical time series record of attenuation.
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information is required about the likely impairments to be encoun-

tered on a link in designing an improved satellite–Earth system.

Finer temporal details at the seasonal, monthly and diurnal levels

had to be researched in such attempt. The cumulative distributions

of attenuation for specific hours of day at every hour are shown in

Figs. 6 and 7 below. From the evaluation carried out for every 1 h

time interval, it canbe seen that severe signal degradations aremost

likely to occur between 14:00 and 15:00. Substantial less attenua-

tionwasobserved in the samefigureduring theearlymorninghours

from 00:00 to 04:00.

Investigations were also carried out to determine the diurnal

variability of signal losses due to precipitation experienced at the

site for every four-hour interval. The followingpresented results can

be the basis for both the determination of satellite link availability

and the development of fade countermeasures in reducing com-

munication link outages.

The cumulative distributions of attenuation for specific hours of

day at interval hours [00:00, 04:00], [00:04, 08:00], [08:00, 12:00],

[12:00, 16:00], [16:00, 18:00], [18:00, 24:00] are presented in Fig. 8

below. It can be observed that severe signal degradations are most

likely to occur between 12:00 and 16:00 from the inspections

carried out at every 4 h time interval. It can be assumed that this is

due to the weather condition during the mentioned time period,

similar to previous investigation in Malaysia by Watson et al.

(1998). Considerable less attenuation can be seen in Fig. 8 during

the [04:00, 08:00] and [20:00, 24:00] intervals. This complies to the

low rainfall rates measured by the previous investigators (Watson

et al., 1998) indicating that rain events are quite rare in the early

morning time

The probability of specific threshold of attenuation is exceeded

for specific hours of day at interval hours [00:00, 04:00], [00:04,

08:00], [08:00, 12:00], [12:00, 16:00], [16:00, 18:00], [18:00, 24:00]

are presented as a line chart in Fig. 9 below. Considerable less

attenuation is observed during [00:00, 08:00] and [20:00, 24:00]

intervals compared to the [12:00, 16:00] and [16:00, 20:00]

intervals. The information is critical because demands are normally

very high for broadcasting services at peak hours i.e. 12:00–20:00.

3.3. Annual cumulative distributions of path attenuation

Cumulative distributions are one of the most appropriate pre-

sentation formats for link designers. Link availability or exceedance at

a point can be recognised from the annual cumulative distribution.

Thus, acquired rain induced attenuation values can be included into

the system margin in the attempt to attain the desired link perfor-

mance. The cumulative distributions of measured rain attenuation at

38 GHz transmission in the first year and the extrapolated two years

had been obtained through analyses and research works. Fig. 10

shows the cumulative distributions of measured rain attenuation

withdifferentpercentagesof time for theyear1999,2000andaverage

of the two years. For the two years average it can be viewed that as

high as 16 dB attenuation is experienced at 0.01% exceedance. Baring

inmind that thedata shownisonly formeredistanceof300 mandthe

attenuation would definitely be higher for a typical satellite–Earth

path in tropical region which is at about 5.2 km link.

3.4. Comparison to other prediction models

Predicted statistics proposed by various investigators including

the ITU-R are reproduced in Fig. 11. The latest ITU-R Recommenda-

tion P.618-9 (ITU-R P.618-9 2007) proposes that the estimated

attenuation for the range 0.001–5%, time exceedance can be

determined from the extrapolation of attenuation at 0.01% such

Fig. 5. Monthly CDF of rain attenuation at 38 GHz frequency for year I.

Fig. 6. Diurnal variations of rain attenuation at V-band frequency for first 12 h.

Fig. 7. Diurnal variations of rain attenuation at V-band frequency for next 12 h.

Fig. 8. Diurnal variation of beacon attenuation.
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listed below

Ap ¼ A0:01
p

0:01

! "-ð0:655þ0:0331nðpÞ-0:0451nðA0:01Þ-bð1-pÞsinyÞ

dB ð1Þ

For Malaysian environment, where po1% and 9j9o361 and

yZ251

b¼ -0:005ð9j9-36Þ ð2Þ

Comparisons are also made against a scaled-up 5.2 km V-band

link (Badron et al., 2009) that is plotted in the same graph. The

illustration offers basic indication of each prediction models’

practicability as they are compared against the data collected in

Malaysia. The figure indicates that most prediction models under

estimate the measured attenuation except from Crane (1990).

Crane had proposed a very high rain intensity of 209 mm/h to be

used in his prediction model. The ITU-R 618-9 Recommendation

seems to give good approximation values similar to those of

measured for time exceedance greater than 0.01%. A deviation of

0.6 dB is observed between themeasured data and ITU-R predicted

value at 0.01% exceedance and the differences are even greater at

lower percentages of time. Zhen et al. (2007) andGarcia Lopez et al.

(1998)predictions underestimate themeasureddata. At 0.01% time

exceedance, the differences are about 8 and 13 dB, respectively.

3.5. Fade duration and inter-fade duration analysis

Fade duration statistics are usually regarded as conditional

distributions of the number of fades exceeding certain durations,

given that a specified fade threshold has been surpassed. Fig. 12

displays the statistics of fade duration of rain induced attenuation

measured at 38 GHz transmission frequency for 20-month period.

According to ITU-R P.1623-1 (2005) the mean duration, D0 of the

log-normal distribution of the fraction of fading times given the

attenuation is greater than A is

D0 ¼ 80j%0:4f 1:4A%0:39 ð3Þ

where; f: frequency (GHz),j: elevation angle (degrees), A: attenua-

tion threshold (dB)

This representation offers information on the number of outages

and system availability due to propagation on a link. The average

fade duration for a given fade level can be calculated from the

accumulated time at that fade level divided by the number of events

that occurred at that fade level. Whereas, inter-fade interval is the

duration between the fade threshold goes back to the same level of

the thresholds. Since the interval between fades of a given level can

be calculated as the inter-fade duration, that is the complement of

the fade duration, the average inter-fade interval can also be

configured. Fig. 13 below illustrates the features commonly used

in characterizing precipitation events. The corresponding average

fade duration and the inter-fade interval as the function of fade

depth on a 38 GHz link are portrayed in Fig. 14. The analyses of the

data suggest that the average fade duration might be inversely

proportional to the fade depth. This is contrary to previous reported

studies by Pan and Allnutt (2004), Ayama and Nguyen (2005) and

Fukuchi et al. (2000) where there were no obvious relationships

between these two parameters.

Thereseemstobenonoticeable relation forhigher fade thresholds.

Fade duration and inter-fade interval of the link can be characterised

Fig. 9. Probability of specific threshold of attenuation is exceeded.

Fig. 10. Cumulative distribution of measured rain attenuation data.

Fig. 11. Measured and predicted statistics of attenuation for extrapolated two year

period using various methods of predictions.
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in the below Eqs. (4) and (5)

tfd ¼%0:11Aþ4:0005 ð4Þ

tif ¼%0:0263Aþ2:3707 ð5Þ

where tfd is the fade duration, tif is the average inter-fade interval and

A is the attenuation that varies during rain events.

The attenuations exceeded for 99.7%, 99.9% and 99.99% of the

average year are reported in Table 1 and compared with data from

other sites.

3.6. Daily concentration of events

Combining the knowledge of the fading duration, number of

occasionswhen the threshold is exceeded and the time of occurrence,

the daily diurnal distribution for any specific fade level have been

produced. Fig. 15 shows the daily distribution of attenuation events

exceeding 10 dB at Johor Bahru, Malaysia.

The events appear to be concentrated between late afternoon

and early hour of the day at the earth station site with duration

tending to be less than 1 min. The late afternoon diurnal distribu-

tion between 12:00 and 16:00 h in Johor Bahru, Malaysia has more

than two fade duration modes as evidence of long lasting heavy

rainfall events occurring evenly during the year. Fig. 15 is repro-

duced as Fig. 16 below for easier observation. This is a typical

characteristic of equatorial climate as observed fromsimilar results

procured at another location in Brazil (Pontes et al., 2005). It is of

particular interest to acquire detailed information concerning the

conditions during which the satellite–Earth links are most

impaired for the development of the fade countermeasures.

3.7. Worst-month rain statistics for tropical V-band fading

The worst month statistics information is also critical to the

designers of wireless telecommunication systems. The ITU descrip-

tion of ‘worst’ month deals with the situation where accumulation of

an outage in just one month has worse effect than the accumulation

distributed throughout the year on a transmission link. ITU-R P.618-9

states theprocedure that canbeemployed toestimate theattenuation

exceeded for a specified percentage based on the average year

probability p. This is applicable in situations when system planning

involves the attenuation value exceeded for a time percentage pw of

the worst month. The ‘worst month’ can be recognised literarily by

comparing individual monthly distributions. ITU (ITU-R P.581-2,

1990) proposed that the fraction of time during which a pre-selected

threshold is exceeded in theworstmonthof ayear is referred toas ‘the

annual worst-month time fraction of excess’. In other words, the

probability distribution

Pwm¼Probability that s4s in the worst month period of the

average year is the ITU-R definition of ‘average annual worst

month’, where s is the random variable in question such as rain

intensity or attenuation and s is a chosen threshold for exceedance

measured (Watson, 1997). The concept of ‘worst month’ statistics

was led by conditionwhere it has always recognised by ITU that the

average yearly exceedance of cumulative distribution may be

irrelevant in illustrating the variability of attenuation from month

to month, season to season or year to year. Hence, it is apparently

worthwhile to take into account the occurrence of pronounced

monthly or seasonality of a specific region.

This section reports the study of the worst month rain induced

attenuation statistics for a tropical environment. It is a continuation

from themonthly variability analyses discussed in Section 3.1 earlier.

The measurements of attenuation recorded at every 1 second’s

integration time using the MINI-LINKS measurements set-up were

utilised to derive the annual worst month statistics and its relation-

ship with the average annual distribution. The relationship between

Fig. 12. Statistics of fade duration of rain induced attenuation measured for 01/99–10/2000.

Fig. 13. Features commonly associated characterizing precipitation events.
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the measured worst month and the yearly probabilities was studied

and evaluationwasmade against the ITU-Rmodel. Newvalues for the

parameters Q1 and b were derived based on measurements in Johor

Bahru, Malaysia.

The research emulates the recommendationof the ITU-RP581-2

(1990) where the definition for worst month statistics that applies

to rain induced attenuation. The annual worst month for a

pre-selected threshold is defined as the month with the highest

Fig. 14. Average fade duration and inter-fade duration for 38 GHz link.

Table 1

Comparison of measured annual cumulative statistics of slant path attenuation measured at V-band.

Site Elevation (1) Period of

measurement (year)

Attenuation exceeded for specific % times (dB)

0.3% 0.1% 0.01%

Johor Bahru, Malaysia (Badron et al., 2009) 77.4 ’96–’98 13 16 22

Nigeria, Abakaliki (Otomosho and Oluwafemi, 2009) 50.7 ’91–’00 11 39 125

Rio De Jeneiro, Brazil (Pontes et al., 2005) 53.5 ’87–’05 20.1 24.5 30.8

Milan,Italy (Fiebig and Riva, 2004) 4.8 ’91–’01 11.5 20 42

Munich, Germany (Fiebig and Riva, 2004) 34.8 ’91–’01 9 16 42

Athens, Greece (Panagopoulos et al., 2004) 30 ’03 12 19 46
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probability of exceeding that threshold within the period of 12

consecutivemonths. Aworstmonth can therefore be recognised for

each threshold level. It can be observed in Fig. 5 that at probabilities

exceeding 0.1 and0.01 timepercentage, themonth ofOctober 1999

is the worst month for the period starting from January 1999 to

December 1999. The envelope of the highest monthly probability

values of all the monthly cumulative distributions from that year

canbe achievedusing thehighest detected attenuationat each time

exceedance percentages.

Worst month statistics can be related to annual statistics by the

parameter Q, which is the ratio between the worst-month and

annual probability and is given by

Q ¼
pw
p

ð6Þ

where as defined earlier pw is the average worst-month probability

and p is the average annual probability. Studies of the relationship

between worst-month and annual statistics have been conducted

at various locations for different frequencies. Different propagation

effects and their associated Q1 and b values are available in Table 1

0-4

4-8

8-12

12-16

16-20

20-24

10 30 60 120 300 600
d

a
ily

 t
im

e
 i
n

te
rv

a
l

event duration (s)

65-70

60-65

55-60

50-55

45-50

40-45

35-40

30-35

25-30

20-25

15-20

10-15

5-10

0-5

Fig. 16. Illustration of diurnal concentration at 10 dB threshold based on 20months

data in 2-D (number of events).

0.0010

0.0100

0.1000

1.0000

10.0000

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42

attenuation (dB)

ti
m

e
 e

x
c
e
e
d
a
n
c
e
 (

%
)

Annual

Worst month

ITU-R worst
month

Fig. 17. Plots of annual and worst month attenuation cumulative distributions.

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

10.00

0 3 61 2 4 5 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

attenuation (dB)

m
e
a
s
u
re

d
 o

f 
a
n
n
u
a
l-
w

o
rs

t 
m

o
n
th

 t
o
 a

n
n
u
a
l 
ti
m

e
 p

e
rc

e
n
ta

g
e
s
 (

Q
)

Fig. 18. Ratio of exceedances between average year and average worst month (Q) as a function of attenuation.

K. Badron et al. / Journal of Atmospheric and Solar-Terrestrial Physics 73 (2011) 601–610608



of the ITUdatabase (ITU-R P.841-4, 2005). However no values forQ1

and b have yet been quantified for rain effect slant path in the

tropical region. It is suggested by ITU-R that the Q1 and b could

be approximated for (Q1/12)
1/bopw(%)oQ13

(1%b) by a power law

relationship of the form of

Q ¼ Q1p
%b ð7Þ

Substituting the above equation into Eq. (6), giving new

expression

pw ¼Q1p
1%bð Þ ð8Þ

The ITU-R recommends that values of Q1¼2.85 and b¼0. 13

can be used for global planning purposes. For tropical region, the

only values Q1 and b available are from Indonesia that was

determined from terrestrial microwave rain effect experiment.

The rain induced attenuation cumulative distributions for the

average year and the worst month envelope were obtained from

measured data at UTM and plotted in Fig. 17. The predicted

average worst month by ITU-R is included in the same figure for

comparison purposes. The ratio of exceedance between the

average year and the average worst month, Qwas procured using

the values taken from measurement data. The new Q values

varying from2 to 4.5 over the 6 to 25 dB attenuation ranges can be

observed in Fig. 18.

Fading at 99% of the worst month is usually of greatest concern

as proposed by ITU (ITU-R P.679-3, 2001) for satellite broadcast

applications. The attenuation for time exceedance of 1% of the

worst month is 6 dB as can be seen in Fig. 18. Should the margin be

adopted for satellite link operating in the tropical region such as

Malaysia, yearly average availability of just 99.5% can be achieved

which is less than the operating standard 99.7%. Therefore con-

ventionalworstmonth criterion is considered not appropriate to be

applied in equatorial climate link design based on these analyses.

4. Conclusion

Monthly, diurnal and annual statistics of rain attenuation have

been presented for a V-band link operating inMalaysia. The results

suggest an overview of how 38 GHz satellite–Earth link might

propagate. Equatorial climate such as in Malaysia experiences

frequent severe fading observed at 38 GHz with typically up to

38 dB for 99.99% availability in a year. Theworstmonthof eachyear

explored is to some extent related to the monsoon experienced in

Malaysia and its nearby countries. When comparing ITU-R predic-

tion to themeasureddata, themodemodel exhibits small deviation

at 0.1–0.001% time exceedance; but tends to deviates severely

afterwards. A projected 38 GHz rain attenuation emulating a

typical satellite–Earth link was generated. Evaluations of available

prediction models were made and the findings seemed to be very

disapproving. Hence, further investigations to accurately predict

the rain attenuation at V-band frequency are eminent.

Fade characteristics of V-band frequency link in a tropical

country are also presented. These results are essential in devel-

oping the best fademitigation technique for the future satellite to

Earth link in the tropics. The diurnal variabilities of signal loss due

to rain can be the source for both the determination of link

availabilities and the development of novel fade countermea-

sures in reducing communication link outages. Fade mitigation

techniques that integrate modulation selections or forward error

correction coding for future satellite communications can be very

much dependant on information relating to fade dynamics and

long-term fade occurrence statistics. The worst month statistics

of rainfall rate are very useful in designing high quality commu-

nication networks since the maximum occurrence of events that

lead to the degradation of the network is expected to be higher in

the worst month.

More researches have to be initiated and supported in the

attempt to explore channel conditions at the millimetre wave

frequencies.
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