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Abstract. This paper deals with a prediction method usinghisgglen Markov
model (HMM) for rain rate and rain propagation attation for K-band satellite
communications links in tropical areas. As is wealbwn, the K-band frequency
is susceptible of being affected by atmosphericditaoms, especially rain
conditions. The wavelength of the K-band frequendyich approaches the size
of a rain droplet, causes the signal strength tattenuated and absorbed easily
by the rain droplets. Therefore, in order to mamtthe quality of system
performance for K-band satellite communication&dinspecial attention has to
be paid to rain rate and rain propagation atteonaffhus, a prediction method
for rain rate and rain propagation attenuation yase HMM was developed to
process measurement data. The measured and pdedisdtewere then compared
with ITU-R recommendations. The results indicatat tthe data show similarity
with the model of recommendation ITU-R P.837-5r&in rate and the model of
recommendation ITU-R P.618-10 for rain propagattenuation. Meanwhile,
statistical data for measured and predicted dath s fade duration and
interfade duration show insignificant discrepanciesth the model of
recommendation ITU-R P.1623-1.

Keywords: hidden Markov model; K-band frequency; rain propagn attenuation;
rain rate; satellite communications link; tropicafea.

1 I ntroduction

In the design of satellite communications systemeset are several aspects that
should be considered. The two most important aeguiency allocation and
ground station location, which influence signal gteation and propagation. If
the allocated frequency is too low, the signal wile difficulty penetrating the
ionosphere. On the other hand, if it is too high #ignal will suffer more
attenuation due to its natural behavior in relationthe wavelength, which
causes a decrease in amplitude, radio-wave depatian, and an increase in
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thermal noise [1]. Nevertheless, the use of higlatiency allocation is

unavoidable for broadband satellite communicatioces high data rates, such
as used by enhanced video and data services, adu gupported by a large
bandwidth. Therefore, the use of a frequency alionéhigher than C-band and
Ku-band, such as K-band, is required to fulfill thendwidth requirement as
well as to overcome the congestion problems thaenofoccur in the

conventional C-band or Ku-band. Unfortunately, Iz &llocated frequency is
above 10 GHz it is susceptible of being affectedabyospheric conditions,
especially rain conditions [1]-[2]. This is a sersoissue for some countries
located in tropical areas such as Indonesia, gimoehirds of the world’s rain

falls in this area and affects higher rain ratesgared to non-tropical areas.

There is still little research related to rain pagption attenuation concerned
with developing rain models for terrestrial commuation [3]-[5]. Some
attempts have been made at the simulation of arvieve of rain attenuation,
fade slope, and fade duration with three models J3je simulation used
measured rain rate data covering three months 8orabaya (city), Indonesia.
In [4], two algorithms for estimating the distribart of rain events and link
fades used data gathered in the South East of titedJKingdom over three
years. The first algorithm converted the distribatiof rain durations into the
distribution of link fade duration. The second oexploited features of the
spatial and temporal power spectrum of the raie pedicted by models of
turbulence. Moreover, the development of channealetiog in a time series is
investigated [5]. This investigation considers timgpact of rain rate on
microwave attenuation, fading and wave polarizafiospagation millimeter for
the 30 GHz frequency and assumes that the chanaebindom variable.

Furthermore, channel-modeling research regardingragpagation model of
satellite channels in non-tropical areas has besertaken in [6]-[8]. A new
stochastic-dynamic model for planning and designigigahertz satellite
communications has been investigated using fadigatiitn techniques in [6].
It was assumed that the stochastic-dynamic modal generalization of the
Maseng-Bakken model so that the outcome is a mtusl is capable of
yielding theoretical descriptions of the long-tepower spectral density of rain
attenuation, rain fade slope, the rain frequenajirsg factor, site diversity, and
fade duration statistics using a novel method basedMarkov chains. A
method for predicting the fading properties of Bidgeto-earth propagation
channels using Markov models has been proposed].ifhe same method is
also applicable to evaluate the performance ofreprobability by use of
coherent QPSK modulation schemes for satellite aolsiommunication
services. In [8], the design and implementation aftomated rain-fade
simulation and power augmentation systems on al2® é@mmunications link



Prediction Method for Rain Rate and Rain Propagation 87

using a multimode traveling wave tube amplifier foss compensation are
presented.

The organization of this paper is as follows. Ict®m 2, the development of a
method for predicting rain attenuation and rainpaigation attenuation for high
frequencies in K-band satellite communications lapplication is described.
Here, the method applied to predict rain rate amehaation is based on the
hidden Markov model (HMM). Section 3 analyzes thedgction results of the
proposed method, which are then compared with thasored data and the
models in recommendation ITU-R P.837-5 [9] and mem@ndation ITU-R
P.618-10 [10] for rain rate and rain propagaticeratation respectively. The
statistical distribution for fade and interfade ahon compared with
recommendation ITU-R P.1623-1 [11] is also discdsseSection 3. Finally,
Section 4 concludes the paper.

2 Rain Attenuation and Rain Propagation Attenuation

In the electromagnetic spectrum, the K-band frequeanges from 18 GHz to
26.5 GHz. The advantages of using K-band rather knaer frequency bands
are the availability of a larger bandwidth to obtaihigher system capacity and
a smaller antenna size to achieve the same gaimeVw, a disadvantage is that
it requires more power for transmitting the sigt@lcope with attenuation
regarding atmospheric conditions. This is becaudeaid signals are often
attenuated by rain droplets, gas, clouds and icecles and because the noise
temperature in the receiver increases. The dimensfothe wavelength for
frequency bands above 10 GHz is similar to that a@fin droplet, which implies
that the signal at these frequency bands is vesiyyesbsorbed by the rain. Rain
attenuation has become one of the most importator&athat can prevent the
signal level at the receiver from achieving thesstenty level. Meanwhile,
other factors that contribute to the increase @ #itenuation are elevation
angle, altitude angle, and antenna polarization.

2.1 Rain Attenuation

In K-band satellite communications links, rain afe signal propagation in
three ways: it attenuates the signal, increasesytstem noise temperature, and
changes the signal polarization [12]. All of thespects decrease the received
signal quality. At lower frequencies, such as Cehathese effects are
insignificant. However, they become increasinglgngficant as the frequency
increases. At the Ku-band, the effect can stilldoeommodated with some
effort. However, K-band and higher frequenciesiatét a huge degradation,
which simply cannot be compensated at the levelvailability that is usually
expected at lower frequencies.
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Rain attenuation is caused by the scattering asdrption of electromagnetic
waves by rain droplets. The scattering diffuses gtymal, while absorption

involves resonance of waves with individual molesubf water. Absorption

increases the molecular energy, corresponds tigla ghcrease in temperature,
and results in an equivalent loss of signal enefgtenuation is negligible for

snow or ice crystals, in which the molecules aghtty bound and do not

interact with the waves. In terms of rain, the rait#ion increases as the
wavelength approaches the size of a raindrop, djlgi@bout 1.5 mm. For C-

band (wavelength = 37.5 mm to 75 mm) and Ku-baralvélength = 16.67 mm

to 25 mm), the wavelength is 10 to 50 times lardpgan a raindrop and the
signal passes through the rain with relatively gn#icant attenuation.

However, in K-band (wavelength = 11.42 mm to 1606m), the wavelength

approaches the rain droplet size significantly,outdffects a quite large amount
of attenuation.

The standard formula for rain attenuatiag) {n dB fulfills (1) [1],
L =aR’L= (1)

whereR, L andyare: rain rate (mm/h), equivalent path length (kamd specific
rain attenuation (dB/km) respectively, whiteand S are empirical coefficients
that depend on frequency. In correlation with $iéetommunications links, the
value of the equivalent path length depends onelkgation angle of earth
station to satellite, rain height and latitude aftk station. When the rain rate
increases, i.e. rather heavy rain, the rain drsgdletome larger, so there is more
attenuation. Two authoritative, widely used raindeis are the ITU-R (CCIR)
model and the Crane model [1].

2.2  Rain Propagation Attenuation

In this paper, the method applied to predict tha rate and rain attenuation
propagation is the hidden Markov model (HMM). Tmplify the model, it was
assumed that rain with some intensity has a cenpaobability value of
occurrence. Similarly, the rain propagation attéiomaalso has a certain
probability, which depends on rain intensity. Vauef probability were
obtained from measurements in the field with spegarameters. The hidden
Markov model can be described & A, ¥, P, F}, where Sis channel state
spaceA is output that can be observé#js initial state matrixP is transition
probability matrix, andF is probability of observing a symbol or emission
matrix.

The transition from stateto statej that produces an output symlakan be
formulated as in (2).
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Pla} = Pla, ifi} (2)
Hence, the probability to produce sequeade expressed in (3).
t
=Yl |Ral 3
] {a}

where the elements (ﬂ’{a1.} are defined as written in (4).

P{a} = Pfa. jfi} = P{i[i}Plali. i} (4)

Similar to the previous investigation [13], a model predict rain rate and
propagation attenuation is proposed based on HMNhgugime series

measurement data. In principle, the model groups rin rate and rain

propagation attenuation into a number of classgauding HMM, the group of

rain rate and the group of rain propagation atteomaepresent HMM states
and HMM emissions, respectively. It should be ndted HMM uses 129 states
and 1943 output symbols. Two parameters of HMM, the transition matrix

and the emission matrix, are obtained from proogsghe time series
measurement data. These parameters are used tct predw time series data
set for modeling the rain rate and rain propagaditbenuation.

The mechanism of the prediction method can be tbestas follows:

1. The time series receives a signal level taken fibe measurements
presented in [13] for transforming into the propgamya attenuation value.
The propagation attenuation is obtained by assuthieglifference between
the instantaneously received signal level and trexage of the received
signal level.

2. Since the time series propagation attenuation gahre for a Ku-band
frequency of 12.7475 GHz, the frequency scaling haet based on
recommendation ITU-R P.618-10 in [10] is applied pooduce the
propagation attenuation time series values for laakd frequency of 18.9
GHz.

3. The rain rate time series and propagation attematne series are applied
to yield the transition matrix and the emission nxatrespectively. Since
each propagation attenuation value depends oratheate value, HMM is
an appropriate method for the modeling. The hymshes, the higher the
rain rate, the higher the propagation attenuaflév® measured rain here is
local rain and not the rain along the rain patiween the satellite and the
earth station, therefore each rain rate has seypeoglagation attenuation
values. Groups of value transition probabilitiegaifi rate and propagation
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attenuation establish the transition matrix and #mission matrix,
respectively.

4. By using its transition and emission matrices, HN#Vused to predict the
rain propagation attenuation. This can be condusitectk HMM is a double
stochastic process, i.e. the rain rate is one astith process and the
propagation attenuation is another stochastic ggaghich depends on the
rain rate.

3 Result and Discussion

3.1 M easur ement and Prediction Result

By applying the mechanism of the prediction mettedcribed in the previous
section, the prediction of rain rate and rain pggtimn attenuation based on the
HMM method was performed using measurements infigld of specific
parameters. As shown in Figure 1, the measuredoeeticted rain rates were
plotted together with the model of recommendatiob)-R P.837-5 [9]. The
measured data were taken from the years 2000 afd PRIB], while the
predicted data were generated from the measuredudatg the HMM method.
It can be seen that all data, i.e. measured articped, as well as those from
the ITU-R recommendation model, have a similaritistion for low rain rates
but become different for rain rates higher tham8@/h. When compared with
the ITU-R recommendation model, the measured edain the year 2000 gave
a higher value for 0.01% exceeded time. This can bk seen for the predicted
rain rate. This occurs because the data in the RTt¢commendation model
were measured at one location and then generafi@edanother location.
Although there are some discrepancies betweenrésepted data, it is better to
use the predicted results of the HMM method inithelementation, since this
result gives the worse condition for the stratefyfading mitigation.

The measured and predicted rain propagation atiengsare depicted in Figure
2 and compared with the model of recommendationiRrB.618-10 [10]. This
shows that the measured data were higher than tlése¢he ITU-R

recommendation model, whereas the predicted datey wke HMM method

were close to the measured data, especially foydlae 2000. The difference
between the attenuation from the ITU-R recommendatinodel and the
measured data is very large for 0.01% exceeded timeabout 36 dB and 17
dB in the year 2000 and 2001, respectively. Du¢htolarge difference, the
ITU-R recommendation model gives no good predicfimnrain propagation
attenuation. This occurs since the model of recontagon ITU-R P.618-10
uses the model of recommendation ITU P.837-5 asdisiribution reference.
As explained above, the ITU-R recommendation miglal general model for
which the measured data are collected in one lmtakiut then generalized for
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applying to other location, which may lead to aklacf adequacy and
compliance. Meanwhile, the discrepancy between phedicted and the
measured data for the year 2000 is only about ddB.D1% exceeded time.

== == = [TU-R P.837 Model
—e— Prediction result
—— Yr of 2000

—FH— Yr of 2001

Time exceeded (%)

Rain rate (mm/h)

Figurel Percentage of time exceeded versus rain rate betmeasured and
predicted data compared with the model of recommatmd ITU-R P.837-5.

1 —

== == = |TU-R P.618 Rain attenuation prediction model
—e— Prediction result
—— Yr of 2000

—F— Yr of 2001

Time exceeded (%)

Attenuation (dB)

Figure2 Percentage of time exceeded versus rain propagatitemuation

between measured and predicted data compared with rhodel of
recommendation ITU-R P.618-10.
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3.2 Statistical Data of M easurement and Prediction Result

In general, the statistical characterization ofira initiated by dividing the

world into rain climate zones [12]. Within each epthe maximum rain rate for
a given probability is determined from actual mebddagical data accumulated
over many years. This is useful to assist enginéersiesigning satellite

communications links, since it is unfeasible to rgméee performance under
every possible condition. Hence, the system pamneire set to rational limits
based on conditions that are expected to happermeattain probability, while a

fading margin is set to compensate for the effeftsain at a given level of

availability. Table 1 and Table 2 show statisticlta for measured and
predicted rain rates, respectively. From Table tan be noted that the higher
the rain rate value, the less rain events occur.OFl% exceeded time in the
years 2000 and 2001, the rain rate levels were m@8h and 87 mm/h,

respectively. When compared with the predicted rate in Table 2, the rain

rate level for 0.01% exceeded time is higher,liZs mm/h. This happens since
the HMM method implemented in the prediction usemhglative measured

data from two years to obtain the HMM parameters, the transition and

emission matrices, instead of data for one yeargitber 2000 or 2001).

Tablel Statistical data for measured rain rate.

Rain
rate

>10
mm/h

>20

>30

>40

>50

>60

=70

>80

>90

>100 >110 =>120

mm/h mm/h mm/h mm/h mm/h mm/h mm/h mm/h mm/h mm/h mm/h

unit

2000

2001

3625
0.824

1931 1283 865 595 385 267 181 95 48 29
0.439 0.292 0.197 0.135 0.088 0.061 0.041 0.022 0.011 0.007 0.002

2960 1228 676 367 208 126 83 57 30 9 7
0.6484 0.26900.14810.08040.04560.02760.01820.01250.0066 0.0020 0.0015 0.0004
6585 3159 1959 1232 803 511 350 238 125 57 36
0.735 0.352 0.219 0.137 0.090 0.057 0.039 0.027 0.014 0.006 0.004 0.001

8

2

esnut
%
minutes
%

10nutes

%

Table2 Statistical data for predicted rain rate.

Rain
rate

>10 >20 >30 >40 =50 >60 >70 >80 >90 >100 2>110 2>120
mm/h  mm/h mm/h mm/h mm/h mm/h mm/h mmh mm/h mm/h mm/h mm/h

unit

Pred

3590 1964 1346 917 681 491 350 273 202 126 90
0.718 0.39280.26920.18340.13620.0982 0.07 0.05460.0404 0.0252 0.018 0.0084

ainutes

%

Recommendation

ITU-R P.1623-1 states that in

thesigde of

telecommunication systems, including satellite camimations links, the
dynamic characteristics of fading due to atmosghpropagation has to be
considered to optimize system capacity and to aptismthe requirements of
quality and reliability. Several temporal scales t& defined since it is useful
to have information about fade duration and intefauration statistics for a
given attenuation level. Fade duration is definedree time interval between
two crossings above the same attenuation threstvblereas interfade duration
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is the time interval between two crossings belogvdame attenuation threshold

[11].

Table3 Statistical data for measured rain propagatioma#iBon in the year

2000.

Level threshold (dB)
1 3 5 10 20 30 40 50 60 70

Number of event

above threshold | 22375 4659 514 345 250 169 109 81 85 19
(times)

Average fade 291 260 711 618 423 362 418 491 336 1.89
duration (minutes)

Max fade duration

(minutes) 380 191 83 71 64 64 64 64 20 9
Standard deviatiof 34.53 6.16 11.08 950 6.72 6.98.22 896 3.79 2.00
Number of event

under threshold | 22376 4660 515 346 251 170 110 82 86 20

(times)

Average interfade
duration (minutes)
Max interfade
duration (minutes)

Standard deviation

20.65 110.501016.291517.082095.553096.644787.136422.466125.05 26350

4302
96.07

15297 43336 43341 54449 1097DB3838 258013 258013 258015
699 3111 4051 558818339 14002 29108 28898 65976

Table4 Statistical data for measured rain propagatioma#ion in the year

2001.
Level threshold (dB)
1 3 5 10 20 30 40 50 60 70

Number of event

above threshold | 24452 1505 661 316 186 124 77 37 21 5
(times)

Average fade 226 54 661 639 431 278 184 162 1.38 1
duration (minutes)

Max fade duration| 15, g5 g7 2 33 16 7 6 6 1
(minutes)

Standard deviation  5.82 10.3410.16 858 52 253 135 116 112 0
Number of event

under threshold | 24453 1506 662 317 187 125 78 38 22 6
(times)

Average interfade | ;g 55 344 78735 1652 2806 4202 6737 13830 23890 87599

duration (minutes)
Max interfade

duration (minutes)
Standard deviation

9890 12784 18289 1843928853 63841 67480 147137161281 444158
351 16.585.16 25.47 32.92 37.82 41.32 22.65 15.7 0

The statistical data for measured rain propagattnuation in the years 2000
and 2001 are summarized in Table 3 and Table peotisely. These tables
show the distribution of statistical parametershsas the number of events for
fade duration, the average fade duration, the nurobeevents for interfade
duration, the average interfade duration, etoedings that the measured data for
the year 2000 and those for 2001 are similar. Borgarison, the statistical data
for predicted rain propagation attenuation arel&tbd in Table 5. Note that the
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statistical data of the predicted results are idahto the measured results from
Table 3 and Table 4. A significant discrepancy leetwthe measured and the
predicted data is only seen in the standard dewiafior fade duration and

interfade duration. This occurs because statispeathmeters show only the
distribution, not a time series, which evokes thscmpancy in standard

deviation.

Table5 Statistical data for predicted rain propagatiopraiation.

Level threshold (dB)
1 3 5 10 20 30 40 50 60 70

Number of event
above threshold | 46474 7574 2626 1305 598 342 240 195 129 12
(times)
Average fade
duration (minutes)
Max fade duration
(minutes) 68 62 61 46 29 14 7 7 7 2
Standard deviation 1.07 1.46 2.08 2.42 1.74 1.11 63 0. 0.60 0.69 0.29
Number of event
under threshold | 46475 7575 2627 1306 599 343 241 196 130 13
(times)
Average interfade
duration (minutes)
Max interfade 98 541 1807 3906 6184 19389 19406 28640 28640 75469
duration (minutes)

Standard deviatio 9.35 72,92 245.4y5.80 1028 2133.88 2915 3660 5236 28348

122 123 137 146 145 133 123 117 119 108

9.54 64.78 188.96381.39 833.28 1456.402073.462549.853844.98 38461

4 Conclusion

The rain rate and rain propagation attenuation f#oband satellite
communications links based on measurement dateojaical areas have been
successfully predicted using the HMM method. Thedjted rain rate had
similarity with the measured data as well as whit nodel of recommendation
ITU-R P.837-5 for low rain rates. However, it wafatent for high rain rates.
For rain propagation attenuation, the model of mmoendation ITU-R P.618-
10 for rain propagation attenuation has not giveadgresults compared to the
prediction method based on HMM. The predicted mipagation attenuation
showed a good agreement with the measured data. $tedistical data obtained
using the model of recommendation ITU-R P.1623dthsas fade duration and
interfade duration, it can be seen that the disorep between the measured and
the predicted data was insignificant. In additidasther investigation into
mitigation techniques for rain attenuation propagatcan be proposed by
implementing the proposed method to predict thenattion for a short time
period so that mitigation can be set adaptively.
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