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2.6 Testing of Prediction Models

The achievement of high availability targets in advanced satellite link design requires a deep
knowledge of the radio channel behaviour. This implies accurate studies to assess the major
impairments affecting signal propagation through the atmosphere and their statistical properties. In
fact, at millimetre wave frequencies, several physical phenomena such as precipitation, clouds,
atmospheric gases and tropospheric scintillation can severely degrade communication system
performance.

The effects due to different atmospheric causes can be measured quite accurately by means of
satellite beacon signals. However, since propagation experiments are carried out in only a few
places all over the world and for a limited number of frequencies and link configurations, their
results cannot be directly applied to all design objectives. For this reason, several models have been
developed which are able to predict the effects due to various causes, like rain, gas, clouds and
turbulence, to provide adequate inputs for system margin calculation in all regions of the world.

During the OLYMPUS and ITALSAT lifetimes, many beacon measurements have been carried out,
at frequencies ranging from 12 to 50 GHz, at many sites in Europe, using both co- and cross-
polarised channels. Radiometric and meteorological measurements have also been taken at the same
time. The utilisation of these measurements, which was initiated in the framework of the OPEX and
CEPIT projects, is one of the principal objectives of the COST 255 programme.

Implementation and testing of prediction models is one of the most significant among these
activities. The bulk of the measurements cited above, with the possible addition of new data
collected from ITALSATand other satellites such as DFS-KOPERNIKUS or Tvsat, constitute the
ideal basis for the testing activity, together with the advice that experts on new telecommunication
systems may give (particular types of tests or testing criteria).

Tests on prediction models published in the open literature or developed in the frame of COST 255
have been carried out using the existing data from ITU-R (DBSG5), OPEX (DBOPEX) and CEPIT
(DBCEPIT) data banks over the following propagation parameters:

• Yearly and worst month rain attenuation exceedance probability

• Yearly total attenuation (clouds, rain and scintillation effects) exceedance probability

• Site diversity gain

• Fade duration

• Scintillation standard deviation or variance

• Yearly XPD exceedance probability

Data in addition to those available in the ITU-R DBSG5 database are described in the Annex and
included on the COST255 CD-ROM.

2.6.1 Yearly rain attenuation exceedance probability

Attenuation due to rain is an important propagation impairment to be considered in the design of
satellite telecommunication systems. The actual attenuation due to rain depends on the temperature,
size distribution, terminal velocity and shape of the raindrops. Since rain varies noticeably in space
and time, only knowledge of the rain drop characteristics at each point on the paths would allow the
accurate calculation of the total attenuation.

The prediction of rain-induced attenuation starting from the cumulative distribution of rainfall
intensity has been the subject of a major effort, carried out by many researchers. Several methods
have been developed to achieve this objective starting from the site climatic parameters and tested
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hand, in the coming years, a large number of new satellite systems will operate at frequencies above
20 GHz, so that an urgent question arises whether the “old” prediction methods are still of use at the
new frequencies and with what performance.

After years of measurement campaigns carried out at different sites in the world, it is now possible
both to improve the prediction algorithms and to perform very reliable tests at frequencies above 20
GHz, using long term statistical distributions of point rainfall intensity as input.

2.6.1.1 Rain attenuation prediction models

A common feature of the prediction methods available today is that they use the cumulative
distribution of point rainfall intensity P(R) as input and give, as output, the cumulative distribution
of predicted attenuation P(Ap). Even though many methods can be found in the literature, only 15 of
the best, which do not require input data other than P(R) and link characteristics, were considered:

1. Assis Eiloft Improved [Costa, 1983]

2. Brazil [CCIR, 1992]

3. Bryant [Bryant et al., 2001]

4. Crane Global [Crane, 1980]

5. Crane Two-Component [Crane, 1985]

6. DAH [Dissanayake et al., 1997]

7. EXCELL [Capsoni et al., 1987]

8. Australian [Flavin, 1996]

9. Garcia [Garcia et al., 1988]

10. ITU-R Rec. 618-5 [ITU-R, 1997b]

11. Japan [CCIR, 1993]

12. Leitao Watson Showery [COST205, 1985]

13. Matricciani [Matricciani, 1991]

14. SAM [Stutzman and Dishman, 1984]

15. Svjatogor [Svjatogor, 1985]

For the complete description of the models refer to Section 2.2.2.1.

2.6.1.2 Experimental data used for the test

A test of the prediction models was carried out using the large set of experimental data collected in
the annual rain attenuation statistics section of the earth-space path ITU-R (DBSG5), OPEX
(DBOPEX) and CEPIT (DBCEPIT) databases. The cumulative distributions of rain rate and
measured attenuation are available as functions of the “standard” probabilities for which the rain
effect is predominant over the other atmospheric attenuation effects (gas and scintillation): 0.001,
0.002, 0.003, 0.005, 0.01, 0.02, 0.03, 0.05, 0.1%.

However, it would not have been appropriate to use for testing the data as they appear in the
databases, since very often the experimenters did not indicate how they calculated the reference
0 dB level to obtain atmospheric attenuation. Hence, when not indicated, the attenuation value at
1% of the time has been used to separate ad hoc experiments measuring extra attenuation (clouds
and rain) from those measuring total attenuation (gas, clouds, scintillation and rain).
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The three databases (ITU-R, OPEX and CEPIT) provided a total of 104 beacon experiments, with
rain concurrent measurements. Their duration is generally greater than 300 days. The frequencies
range from about 6 to about 35 GHz, giving a good testing data set for studying the frequency
dependence of the methods. The database is available, in DBSG5 export format, on the COST255
CD-ROM.

2.6.1.3 Test activity: results

As figure of merit of the considered prediction methods, in agreement with the last ITU-R
Recommendation [ITU-R, 1997a], the test variable defined by the following equation has been
chosen:
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where Ap(P) and Am(P) are respectively the predicted and measured rain attenuation for a given
probability, P. The parameter ε is essentially independent of attenuation [ITU-R, 1997a] and
consequently preferable when pooling estimates of attenuation at different probability levels.

The testing of rain attenuation prediction models has been carried out, comparing predictions from
the 15 selected models and measurements from the database of 104 experiments described in the
previous section. The link data necessary as input parameters of the models have been obtained
from the database. The test has been carried out using, as input for rain prediction models, both the
measured and the predicted (using Baptista-Salonen maps [Poiares Baptista and Salonen, 1998])
cumulative distribution of rain intensity. In the first case, when the measured rain data are not
present in the database, the corresponding experiments have been excluded from the test.

For each method and each probability the following four quantities, which were obtained by
averaging the errors over the whole set of experiments (the duration of the generic experiment “i” is
T(i)), are shown:

• ensemble mean error: ( )
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• ensemble standard deviation: ( ) ( ) ( ) 22 PPP ε−ε=σ

• total weight of the data (expressed in years) contributing to the given outage probability.

The complete tables of errors for each outage probability are shown in Annex to Chapter 2.6.

The errors averaged over the probability range 0.001-0.1% were also calculated:
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where T(P) is the sum of the duration of the available experiments for the generic time percentage
P.

These average errors are shown in Tables 2.6-1 and 2.6-2 for the measured and the predicted rain
intensity cumulative distributions respectively.

2.6.1.4 Conclusions

From Tables 2.6-1 and 2.6-2 it appears that the differences between the rms errors (probably the
most significant figure of merit of the methods) of the various methods are often negligible
compared to their absolute values and to the year-to-year variability of precipitation, which is
around 20-30%.

Since the year-to-year variability of rain precipitation, which is the major contribution to the
prediction error variance, may reach 30%, it is practically impossible to estimate the contribution of
the methods to better than this and it seems reasonable to declare as “good methods” those which
exhibit standard deviation (or r.m.s.) errors comparable to this value, when the input data are the
measured rain intensity statistics. The Misme-Waldteufel, Australian, DAH, Bryant and EXCELL
methods hence appear to be the best methods if a ranking list must be compiled (see Table 2.6-1).

The rms errors increase for the best methods by less than 10% when a Baptista-Salonen rain map is
used as input of prediction models. If we consider that in this case we no longer have a
correspondence between measured attenuation statistics and rain statistics and so the year-to-year
variability can play an important rule, we can conclude that the Baptista-Salonen rain map
represents a good input for rain attenuation prediction models when rain intensity measurements are
missing.
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Averaged errors summary
Method

totε 2
totε tot,εσ

Weight
Years

Misme-Waldteufel -0.8 27.5 27.5 68.3
Australian -7.9 27.7 26.5 76.4

ITU-R Rec. 618-6 -10.1 28.0 26.1 79.8
Bryant -5.0 28.5 28.1 76.3

EXCELL -1.7 29.0 28.9 81.1
ITU-R Rec. 618-5 -9.1 31.6 30.3 79.8

Brazil -13.3 31.7 28.8 76.4
Matricciani 3.6 32.3 32.1 79.7
Svjatogor -11.3 32.6 30.5 76.4

Japan -12.7 32.7 30.2 70.2
Assis Einloft -9.6 33.1 31.7 63.5
Crane Global 8.3 33.9 32.9 75.6
Leitao Watson

(Showery) -22.1 34.5 26.5 48.9

SAM -9.0 35.1 33.9 76.4
Garcia -21.7 35.8 28.5 76.4

Crane Two Components -1.8 40.4 40.3 77.8

Table 2.6-1: Results of rain attenuation test using the measured rain intensity statistics as input of prediction models
(Costbeacexc.sel.rainconc.exp - Measured rain data - Probability range: 0.001-0.1%

Averaged on 104 experiments - Total time: 106.3 years).

Averaged errors summary
Method

totε 2
totε tot,εσ

Weight
Years

Misme-Waldteufel -4.2 35.0 34.7 73.1
ITU-R Rec. 618-6 -7.9 35.9 35.0 81.1

Matricciani -1.9 36.0 35.9 80.1
ITU-R Rec. 618-5 -6.5 36.4 35.9 81.1

Australian -6.9 36.8 36.2 81.1
Japan -12.1 37.9 35.9 81.1
Bryant -3.5 37.9 37.7 81.1

EXCELL 0.5 38.4 38.4 81.1
Assis Eiloft -8.5 38.4 37.4 81.1

Brazil -12.1 39.4 37.5 81.1
Leitao Watson

(Showery)
-18.7 40.0 35.3 52.0

Crane Two Components -1.8 40.4 40.3 77.8
SAM -7.2 40.5 39.8 81.1
Garcia -19.7 41.4 36.5 81.1

Svjatogor -10.0 41.7 40.5 81.1
Crane Global 9.3 42.4 41.4 80.3

Table 2.6-2 Results of rain attenuation test using rain intensity statistics from Baptista-Salonen map as input of
prediction models (Costbeacexc.sel.rainconc.exp - Baptista-Salonen rain map - Probability range: 0.001-0.1% -

Averaged on: 104 experiments - Total time: 106.3 years).
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2.6.2 Worst month rain attenuation exceedance

Worst month attenuation statistics are very important for the study of the performance of a
communication system during periods of up to 31 days.

2.6.2.1 Worst month prediction models

As for worst month statistics, the only model available is that recommended by ITU-R [ITU-R,
1997b].

2.6.2.2 Experimental data used for the test

The measured annual statistics of attenuation, from Table II-1 of the ITU-R DBSG5 database,
constituted the input of the worst month model whose predictions were compared with the
corresponding measured worst month statistics (Table II-2 of the DBSG5 database). The selected
database contains 52 experiments from different part of the world.

In the DBSG5 database, the attenuation values are given for the following “standard” time
percentages: 0.001, 0.002, 0.003, 0.005, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2, 0.3, 0.5, 1, 2, 3, 5, 10, 20,
30, 50. Applying the prediction model to these values, the time percentages of worst month
statistics were calculated. Since Table II-2 of DBSG5 gives attenuation for fixed time percentages,
an interpolation was necessary to compare predicted and measured worst month attenuation.

2.6.2.3 Test activity: results

A logarithmic error has been chosen as figure of merit of the test:
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where i is the number of the generic experiment, j the value of the generic time percentage, and

WMPjiA ,),(  and WMMjiA ,),(  are the predicted and measured worst month attenuations respectively.

For each time percentage level, the mean, rms and sigma errors were calculated:
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where T(i) represents the duration of the generic experiment i.

The total mean, rms and sigma errors were also calculated:
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where T(j) is the sum of the duration of the available experiments for the generic time percentage j.

The results of the test in terms of average and total errors are shown in Table 2.6-3.

P=0.02% P=0.03% P=0.05% P=0.1% P=0.2% P=0.3% P=0.5% Total
ε 51.03 -7.32 58.56 7.53 0.20 37.65 42.21 28.48

εrms 53.81 56.04 59.97 48.83 44.19 42.36 45.46 50.85

εσ 17.05 55.56 12.89 48.25 44.19 19.42 16.88 42.12

Table 2.6-3 Results of the worst month statistics test

2.6.2.4 Conclusions

From Table 2.6-3 it appears that the ITU-R worst month model exhibits a rms error (about 50%)
which is higher than those of annual rain attenuation prediction models, with a bias of about 30%.

2.6.3 Total attenuation

Modern telecommunication systems very often use small earth terminals and are characterised by
allowed outage percentages of the order of 1% (low availability systems). In this probability range
the rain is no longer the dominating attenuation phenomenon and the effects of melting layer,
clouds, water vapour and oxygen must be taken into account. When the statistical distributions of
the different attenuation phenomena are calculated, the problem is how these phenomena can be
combined to get total attenuation distribution. The total attenuation prediction models recently
presented in the open literature or developed in the frame of COST255 have been tested: the results
are presented in the next sections.

2.6.3.1 Total attenuation prediction models

Until a few years ago the method recommended by ITU-R [ITU-R, 1997b] was the only one
available to combine the different tropospheric effects to calculate the total attenuation in a satellite
radio link. DAH [Dissanayake et al. 1997], Castanet-Lemorton and Salonen total attenuation
prediction models have been recently presented. These four models have been tested against a
selected database of beacon-based total attenuation statistics.

2.6.3.2 Experimental data used for the test

A selected set of measurements of total attenuation was collected from the annual rain attenuation
statistics section of the earth-space path ITU-R (DBSG5), OPEX (DBOPEX) and CEPIT
(DBCEPIT) Databases. Only beacon measurements of total attenuation have been considered.

Doubtful measurements of rainfall rate or attenuation have been excluded and a careful inspection
was performed in order to separate rain and total attenuation statistics, when not explicitly indicated
by the experimenters. At the end a reliable set of 42 annual statistics of total attenuation and

i i i il bl f h
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Unfortunately the location of the experiments was predominantly in Europe (only a few
experiments in USA).

The cumulative distributions of rain rate and measured attenuation are available as a function of the
“standard” probabilities: 0.01, 0.02, 0.03, 0.05, 0.1, 0.2, 0.3, 0.5, 1, 2, 3, 5 and 10 %.

2.6.3.3 Test activity: results

Since Castanet-Lemorton and Salonen are methods more to combine the tropospheric effects than to
predict total attenuation, in some cases, best models for the various effects had to be chosen.

In the case of the Castanet-Lemorton method, DAH rain attenuation prediction model has been used
as suggested by the authors. As for gas, clouds and scintillation attenuation ITU-R
Recommendations 676-3, 840-2 and 618-5 have been used.

In the Salonen combination method, the rain intensity cumulative distribution was separated into
widespread and convective components; a physical model (EXCELL) was then used to calculate
rain attenuation.

In the case of the ITU-R model, Recommendation 618-5 has been used for rain attenuation. In fact,
with Recommendation 618-6 theITU-R and DAH modes are almost the same.

The following meteorological input parameters, required by the models, were derived using
ECMWF maps:

• percentage of rainy time (for the Salonen method);

• average widespread rain height (0°C isotherm height averaged during large scale rainfall rate
periods) and convective rain height (-5°C isotherm height averaged during convective rainfall
rate periods) (for the Salonen method);

• average ground temperature (for all methods);

• columnar water vapour and corresponding water vapour density (for all methods);

• reduced columnar cloud liquid water (for the Castanet-Lemorton, ITU-R and Salonen methods);

• median value of wet term of refractive index, Nwet (for all methods);

As the figure of merit of the total attenuation prediction methods, the test variable reported in
equation 2.6-1 was used, where the predicted and measured attenuation is total attenuation instead
of rain attenuation. The mean, rms and standard deviation errors were calculated according to
equations 2.6-2, 2.6-3 and 2.6-4 in the probability range 0.01-10%.

Two tests have been run using rainfall rate measurements and Baptista-Salonen rain maps as input
for rain attenuation prediction models. The results are summarised in Tables 2.6-4 and 2.6-5,
respectively.

Averaged errors summary WeightMethod
mean Rms std Years

Castanet
Lemorton

5.3 21.2 20.5 36.6

DAH 10.6 24.6 22.3 35.5
ITU-R Rec. 618-5 16.0 28.6 23.6 36.6

Salonen 1.6 22.2 22.1 36.0

Table 2.6-4 Results of total attenuation test carried out using the measured cumulative distributions of rain intensity
and the set of 42 total attenuation beacon statistics
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Averaged errors summary WeightMethod
mean rms std Years

Castanet
Lemorton

-4.9 26.1 25.6 36.6

DAH 0.3 28.2 28.2 35.5
ITU-R Rec. 618-5 2.8 29.7 29.6 36.6

Salonen -7.5 27.7 26.7 36.2

Table 2.6-5 Results of total attenuation test carried out using the Baptista-Salonen rain maps
and the set of 42 total attenuation beacon statistics

2.6.3.4 Conclusions

Since the available reference data are concentrated on Europe, the conclusions of the test are valid
only for temperate and continental climates.

From Tables 2.6-4 and 2.6-5, it appears that the differences between the combination methods
tested are rather small.

The Castanet-Lemorton and Salonen methods are slightly better than DAH and ITU-R.

Using the rain rate model instead of measured rain rate, the rms-values typically increase by a few
per cent, as expected. In fact, the rain maps used as input for the rain prediction models are not
concurrent with the measured total attenuation statistics that can change from one year to another.

2.6.4 Site diversity gain models

Site diversity is a promising technique to overcome severe attenuation on earth-space
communications links. This is based on the experimental evidence that intense rain events are
limited in extent so that the substitution of one station by two or more stations separated by a few
kilometres may reduce the outage probability of the communication system.

2.6.4.1 Site diversity gain prediction models

Some models for the performance prediction of site diversity systems are present in the literature:
they can be classified into empirical and physical models. The former normally use an analytical
relationship whose parameters have been obtained throughout a best-fit procedure on many
experimental results; the latter start from a model of the rain structure and evaluate its influence on
the link(s) under test.

In the COST255 activity, the following models have been considered:

1. Allnutt and Rogers [Allnutt and Rogers, 1982]

2. EXCELL [Bosisio and Riva, 1998]

3. Goldhirsh [Goldhirsh, 1982]

4. Hodge [Hodge, 1982]

5. ITU-R [ITU-R, 1997b]

6. Mass [Mass, 1987]

7. Matricciani [Matricciani, 1994]
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2.6.4.2 Database used for the test

To test the diversity prediction models we have used the large set of data experiments collected in
the site diversity statistics section of the earth-space path ITU-R Study Group 5 database, in which
further data reported in the literature have been merged. The single site and joint cumulative
distributions of attenuation were available for the “standard” probabilities: 0.001, 0.002, 0.003,
0.005, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2, 0.3, 0.5 and 1%. As the methods also require local rainfall
rate statistics, which are not present in all experiments, we have decided to use probability
distributions estimated from the corresponding ITU-R rain zones.

The total number of considered experiments is 90; among which 10 are beacon, 33 radar and 47
radiometer measurements. While the direct measurements (beacon and radiometer) normally refer
to one site diversity system, the indirect measurements (radar) explore several possible
configurations (with different link elevations and or station distances). Moreover they consider the
same link in every possible position in the radar maps; for their statistical confidence, we have
assigned to all radar experiments a conventional duration of one year.

Frequency ranges from 11 up to 30 GHz. To verify the frequency dependence of the models we
have subdivided the database into two frequency band classes: the first for frequencies less than 15
GHz and the second for frequencies greater than 15 GHz. Distances between the two diversity
stations range up to 213 km, even if only below 30 km experiments can be considered uniformly
distributed. The site distance dependence has been assessed by subdividing the range into the
following classes: below 5 km (typical range for a city link), between 5 and 15 km, 15 and 30 km
and above 30 km. The experiments were carried out in different ITU-R rain zones; a satisfactory
statistical confidence (more than about ten experiments) was obtained for the E, F, K and M zones.

The database is available in DBSG5 export format on the COST255 CD-ROM.

2.6.4.3 Test activity: results

We have chosen as a figure of merit of the methods the error in estimating the “relative diversity
gain” g, i.e. the ratio between the gain G and the corresponding single link attenuation of the main
station, As (the average attenuation of the two links was not always available for the whole range of
probability):

g G As= 2.6-12

The parameter g is essentially independent of attenuation and consequently preferable when pooling
estimates of gain at different attenuation levels. The percentage error ε is defined as

( ) ( ) ( )[ ]ε P g P g Pest mea= −100 2.6-13

where gest(P) and gmea(P) are predicted and measured relative gains for a given probability.

The results are presented in terms of ensemble averages and rms of ε weighted with the duration of
the experiment.

Table 2.6-6 shows the performance of the considered methods relative to the beacon, radiometer
and radar data sets, and to the complete data set. Among the empirical methods, Hodge performs by
far the best, with very stable results for the different data sets, if we take into account the limited
number of beacon experiments. The performance of the physical models Mass and Matricciani are
comparable, even though Matricciani shows a more stable behaviour and reduced mean error.

Table 2.6-7 is relative to the baseline distance classes. The Matricciani and Hodge models yield
comparable statistical errors in the whole range of site separation distance. EXCELL is the best
performing model in its applicability range for site separations not exceeding 15 km The Allnutt
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comparable with the other methods for distances greater than 15 km, which is the range
recommended by the authors. The EXCELL model and Allnutt and Rogers method are not present
in Table 2.6-6 and from Tables 2.6-7 to 2.6-11, in order to avoid their application outside their
validity range.

Table 2.6-8 shows the performance as a function of frequency. No difference is noted, as expected,
since the relative gain parameter is substantially independent of link frequency.

Table 2.6-9 shows the baseline orientation dependence of the various methods.

Table 2.6-10 shows the results obtained for rain zones E, F, K and M. The results obtained using the
previous data sets are confirmed.

To better assess the reliability of the prediction methods, we have randomly sorted the 90
experiments and run the test on an increasing number of experiments (from 1 to 90) so as to
determine the rate of convergence to the final value of rms error. As a measure of the convergence
rate, the number of experiments required to fall within an interval of 1% from the final value has
been assumed. Figure 2.6-1 shows an example for the Matricciani model of the behaviour of rms
error as a function of the number of experiments. We repeated the procedure 1000 times: the mean
number of experiments obtained is shown in Table 2.6-11. The results confirm the effectiveness of
the Hodge method and of physical models (Matricciani and Mass).

Beacon Radiometer Radar All Data
Prediction

Method
ε ε 2 ε ε 2 ε ε 2 ε ε 2

Goldhirsh -28.2 33.0 -19.2 24.3 -22.8 28.1 -21.5 26.8
Hodge -11.8 21.4 -4.4 14.6 -10.1 17.6 -7.3 16.6
ITU-R -24.0 34.5 -12.2 19.4 -16.6 24.0 -15.1 23.3
Mass -28.8 34.4 -1.9 19.1 -22.7 24.9 -12.2 23.4

Matricciani 2.6 23.2 9.8 21.1 7.3 18.0 8.0 20.4

Table 2.6-6: Results of the test.

0 < d ≤≤≤≤ 5 5 < d ≤≤≤≤ 15 15 < d ≤≤≤≤ 30 d > 30
Prediction

Method
ε ε 2 ε ε 2 ε ε 2 ε ε 2

Allnutt/
Rogers1

- - - - 8.2 23.8 0.0 24.5

EXCELL2 -1.7 9.3 9.1 16.0 - - - -
Goldhirsh -10.4 14.8 -23.4 27.5 -25.2 30.4 -21.7 26.8

Hodge -7.7 15.1 -9.3 16.8 -6.4 17.4 -5.1 16.2
ITU-R -8.9 17.0 -18.1 24.9 18.1 25.6 -9.3 19.8
Mass -21.0 23.1 -23.8 28.1 -7.0 20.8 8.0 19.4

Matricciani -3.8 12.3 15.1 22.4 10.3 20.9 2.2 22.0

Table 2.6-7: Results of the test as a function of site separation.

                                                  

1. The Allnutt and Rogers method has been conceived for site separations exceeding 10-20 km.
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10 ≤≤≤≤ f ≤≤≤≤ 15 15 < f ≤≤≤≤ 30Prediction
Method ε ε 2 ε ε 2

Goldhirsh -21.6 27.3 -21.2 25.8
Hodge -7.6 17.4 -6.4 14.8
ITU-R -13.8 22.5 -18.1 25.0
Mass -12.5 22.8 -11.6 24.8

Matricciani 8.1 21.3 7.9 18.2

Table 2.6-8: Results of the test as a function of transmission frequency.

Baseline angle = 0° Baseline angle = 90°
Prediction

Method
ε ε 2 ε ε 2

Goldhirsh -21.7 25.4 -19.8 27.7
Hodge -6.8 12.8 -10.1 20.4
ITU-R -12.3 17.8 -18.8 27.4
Mass -21.1 24.7 -13.1 22.1

Matricciani 9.7 15.9 6.3 20.7

Table 2.6-9: Results of the test as a function of baseline angle.

Rain zone E Rain zone F Rain zone K Rain zone M
Prediction

Method
ε ε2 ε ε2 ε ε2 ε ε2

Goldhirsh -21.2 25.8 -8.2 11.5 -22.4 27.6 -16.0 20.1
Hodge -10.7 14.7 -4.0 9.7 -5.7 17.5 1.4 11.6
ITU-R -8.9 14.4 -5.7 9.7 -16.7 24.6 -9.9 17.2
Mass -11.1 20.2 -14.2 15.6 -12.4 25.1 3.0 14.8

Matricciani 12.5 21.9 10.3 19.1 11.3 20.2 3.1 13.0

Table 2.6-10: Results of the test as a function of rain zone.
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Figure 2.6-1: Rms error of the Matricciani method versus number of experiments (solid line), for one single iteration;
the dotted lines represent the chosen tolerance interval
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Method
Mean number of

experiments
Matricciani 47

Hodge 51
Mass 53

Goldhirsh 60
ITU-R 66

Table 2.6-11: Results of the test of convergence rate: mean number of experiments required
so that rms falls within an interval of 1% from the final value.

2.6.4.4 Conclusion

Seven site diversity models (Allnutt and Rogers, EXCELL, Goldhirsh, Hodge, ITU-R, Mass and
Matricciani) have been tested against a large set of data from 90 experiments of direct (beacons and
radiometers) and indirect (radars) measurements collected in the ITU-R DBSG5 data base and in
the literature. We have compared the predicted (gest) and measured (gmea) relative gain for equal
probabilities, defining the percent difference of the two quantities, ε=100 (gest-gmea), as a figure of
merit of the prediction.

Among the empirical methods, Hodge shows the best performance with the complete data set,
nearly always underestimating the mean relative gain with an rms below 20%; this is in part due to
the fact that more than a third of the database was used to fit the model's parameters. Anyway, since
its performance change is negligible when  looking at a data subset, this means that all the main
system parameters are considered and well weighted in the model. Moreover the model presents a
good convergence rate.

The EXCELL model considers only one single cell acting on the link and represents the rain
structure well in the case of system configurations with site separation not exceeding, perhaps,
15 km; in this range EXCELL is the best performing method with a reduced mean error (less than
10%) and rms value less than 20%.

The Allnutt and Rogers method gives satisfactory results - if we consider its simplicity - in the
distance range above 15 km, where the authors suggest to use it.

The not completely satisfactory results of the ITU-R method may depend on the fact that the
estimated parameter is the improvement factor; the diversity gain values are then deduced by
interpolation, which limits the probability range of applicability and could introduce systematic
errors.

Among the physical models, Matricciani gives a mean error of less than 15% and an rms
considerably less than 25% independent of the data subset considered. A remarkable feature of this
method is its fast convergence rate.

The Mass method performs better for baseline distance values above 15 km where the
predominantly stratiform rain structure is well approximated by a constant rain rate cell. Baseline
orientation does not affect the method’s performance, due to the isotropic properties of rain cells.

The aim of producing a list of the best prediction models can be fulfilled only in a qualitative way.
The various methods have been developed taking into account different initial conditions and
algorithms and yet the performance differences are almost negligible. Having said this, the Hodge,
EXCELL and Matricciani models offer the best accuracy and reliability.
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2.6.5 Testing of fade duration models

2.6.5.1 Fade duration prediction models

In the frame of COST255 the fade duration statistics were also considered. The Paraboni and Riva
model [Paraboni & Riva, 1994] and its improved version obtained during the COST255 activity
were the only models known to the authors able to predict fade duration statistics from the link
characteristics.

2.6.5.2 Database used for the test

To test the two fade duration models, a database of world-wide experiments containing statistics of
only rain attenuation collected by ITU-R was used. The whole database contains about 40 beacon,
radiometer and radar experiments. In the data-base, the cumulative distributions of fade duration are
recorded, for various attenuation values, for fixed values of duration, D, (6, 18, 60, 180, 600, 1800
and 3600 s). The database includes both radiometric and beacon data and covers a wide (but not
exhaustive) range of climatological conditions and elevations.

The ITALSAT fade duration statistics collected at 18.7, 38.6 and 49.5 GHz at Spino d’Adda (Italy)
during four years (1994-1997) were also compared to the model prediction.

2.6.5.3 Test activity: results

As figure of merit of the model, the following logarithmic error was chosen:









=ε

m

p
n D

D
log100 2.6-14

where Dm and Dp are, respectively, the measured and the predicted value of fade duration at the
same probability level.

For small errors the logarithmic error (which is substantially a multiplicative error) is very close to
the percentage error. However, in the case of large errors, it is more appropriate as it prevents a few
errors corresponding to long durations, often large in absolute value even though small in relative
terms, from overriding the contributions of many medium and short duration fades.

Tables 2.6-12 and 2.6-13, for Italsat and DBSG5 data sets respectively, give a summary of the
errors (average, r.m.s., and standard deviation) obtained by averaging the values of ε for fixed D
across the various thresholds (3, 5, 6, 10, 15, 20 and 25 dB) and locations. It should be noted that
the errors were weighted according to the duration of the experiment.

2.6.5.4 Conclusion

As can be seen from Tables 2.6-12 and 2.6-13, the errors are widely spread, especially below one
minute duration, even though it must be noted that the model is applied on several decades of
variability of fade duration.

The improved Paraboni-Riva model, with the parameters adequately tuned to take into account the
dependence upon frequency and threshold, reduces the prediction error in the whole range of fade
duration.
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Paraboni-Riva Model
Improved

Paraboni-Riva modelFade
duration [s] mean rms sigma mean rms sigma

6 10 119 118 54 120 107
10 -3 130 130 47 123 114
18 -26 139 137 30 120 116
60 -73 152 133 -10 105 105
180 -94 157 125 -24 92 89
600 -81 142 116 -8 77 77

1800 -70 119 96 3 60 60
3600 -72 110 83 13 56 55

Table 2.6-12: Model Errors ε for ITALSAT (only beacon) data set

Paraboni-Riva Model
Improved

Paraboni-Riva modelFade
duration [s] mean rms sigma mean rms sigma

6 55 162 152 31 140 136
10 35 174 171 29 158 155
18 7 162 162 -25 144 142
60 2 129 129 -41 114 106
180 15 94 93 -34 92 86
600 -12 85 84 -48 94 80

1800 -27 102 98 -44 107 98
3600 -87 140 110 -79 142 118

Table 2.6-13: Model Errors ε for DBSG5 (only beacon) data set

2.6.6 Scintillation

Tropospheric scintillation is caused by small-scale refractive index inhomogeneities induced by
atmospheric turbulence along the propagation path. It results in rapid fluctuations of the received
signal amplitude which affect earth-space links above about 10 GHz. On satellite links, the
significant scintillation effects are mainly attributed to strong turbulence in clouds and usually occur
in summer around noon. Tropospheric scintillation intensity is proved to increase with high carrier
frequency, low elevation angle, and small receiving antenna.

Scintillation fades could have a major impact on the performance of low-margin communications
systems, for which the long-term availability is sometimes predominantly governed by scintillation
effects rather than by rain. In addition, the dynamics of the scintillating signal may interfere with
tracking systems or fade mitigation techniques.

2.6.6.1 Scintillation prediction models

The models which have been compared are all statistical models [ITU-R, 1997b; Karasawa et al.,
1988; Otung, 1996; Ortgies, 1993; Peeters et al., 1997]. They allow to calculate either a probability
density function (pdf) or a cumulative density function (cdf) of a given random variable. The latter
can be either log-amplitude fluctuation χ (in dB), which has to be calculated on a short-term period
(typically less than 10 minutes) because of the non-stationarity of scintillation, or the scintillation
variance (in dB2).

All classical statistical models for scintillation are based on the assumption that the short-term pdf
of the log amplitude is gaussian which leads to a symmetrical distribution of signal level
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various sites, especially during strong scintillation periods. That is why we have introduced the new
model proposed by Van de Kamp in this test activity; indeed this one is based on an alternative
theoretical formulation for the signal fluctuations which leads directly to asymmetry of the
distribution of signal fluctuations.

Concerning the long term pdf of scintillation variance, two different models can be found: either a
gamma distribution (ITU-R, Karasawa, Otung models, van de Kamp model) or a log-normal
distribution (both versions of Ortgies model, DPSP and MPSP models).

It must be noted that in this test, the latest version of the Van de Kamp model [van de Kamp et al.,
1998] has not been used.

2.6.6.2 Experimental data used for the test

In our test activity, the scintillation data used originate from three different data sets:

• the DBSG5 data base, the latest version of which has been extracted from the COST255 Web
site;

•  scintillation data which are related to measurements in Spino d’Adda (Italy) using the
ITALSAT satellite 39.6 and 49.5 GHz beacons;

•  scintillation data which among others include some OLYMPUS measurements
[OPEX, 1994];

• other measurements gathered from the literature.

As far as the DBSG5 database is concerned, the comparison can deal with scintillation standard
deviation and for some of the experiments present in the database with cdf of scintillation fading,
both on a monthly basis.

For data related to the ITALSAT measurements in Spino d’Adda and to the OLYMPUS data, it is
possible to compare scintillation standard deviations, cdf of scintillation fading and enhancement,
also on a monthly basis.

2.6.6.3 Test activity: results

The comparison between measurements and predictions is achieved either using a graphical
representation of the predicted values or distributions along with the corresponding experimental
data or through the calculation of the relative error (in %) between the model and the measured
values. Figure 2.6-2 illustrates the global scatter of points obtained for all models on the DBSG5
database, in terms of standard deviation. Of course, it is not easy to draw conclusions from this type
of figure. But it seems that the models always tend to underestimate the scintillation intensity (as
compared to measurements). As is already known, for low elevations the scintillation intensity is
higher than for medium elevation paths. Figure 2.6-3 shows the resulting scintillation fade
distribution only for one experiment (Austin, 11 GHz). Some models overestimate the scintillation
fades, but some underestimate them. Figure 2.6-4 shows the resulting scintillation fade distribution
only for one month of 40 GHz ITALSAT data in Spino d’Adda. The Ortgies-T model agrees very
well.
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Figure 2.6-2: Comparison of various models (standard deviation) for different sites (DBSG5 database)

Figure 2.6-3 Comparison of various models (scintillation fades) for Austin
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Figure 2.6-4 Italsat 40 GHz data at Spino d’Adda: scintillation fade for January

Table 2.6-14 shows the results of the test through the calculation of the relative error (in %)
between the model and the measured values. For each model, the errors associated with each
experiment have been summed up, and analysed statistically in order to get the global mean error,
the standard deviation and the root mean square error of the prediction.

Table 2.6-14a presents the results with the DBSG5 database. There is no obvious general trend from
the first comparison. Nevertheless the ITU-R and Karasawa models seem to give quite a good fit to
the measurements. As far as other models are concerned, occasionally they can give a prediction
very close to the experimental data but the predicted value can also be very far from the measured
one. It is not obvious to deduce their respective specific validity domains from the comparisons we
have made so far.

Table 2.6-14b shows results with INTELSAT data from Okinawa and some OLYMPUS data from
Eindhoven. The ITU-R and Karasawa models do not give good agreement, whereas the Van de
Kamp and Ortgies-T models are not so bad.

Table 2.6-14c concerns the results from OLYMPUS data in Eindhoven. The ITU-R and Karasawa
models do not give good agreement. The Van de Kamp and Ortgies-T models are quite good (which
seems sensible because they have mainly been developed using OLYMPUS data). The DPSP and
MPSP models are not so bad for this set of data.

Generally speaking, in the EHF band, the predictions are not so far from the measurements although
the models are used outside their validity domains. Particularly the Ortgies-T and Van de Kamp
models seem to agree quite well with the experimental data. The same trend has already been
observed [Vasseur & Douchin, 1997] on our CELESTE data at 35 GHz at low elevation angle (5°)
where all predictions overestimate values of scintillation fading and the Ortgies-T model seemed to
be the closest to the experimental data in such propagation conditions.

We can state that:

• ITU-R and Karasawa performs well on DBSG5 database

• Ortgies-T and Van de Kamp models seem promising, especially for high frequency links

• DPSP and MPSP always give moderate agreement with experimental data
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a) Data base DBSG5

Num Itur Karasawa Dpsp Mpsp Ortgies-Nw Ortgies-T Otung M.Van de
Kamp

Moy 2.900 1.743 -21.767 -47.835 -24.339 -46.989 -43.577 -37.253
|Moy| 14.805 12.310 29.510 49.037 38.981 47.003 43.577 37.959
std 17.802 17.366 26.960 23.840 34.571 12.587 15.044 24.872
rms 18.036 17.454 34.650 53.447 42.280 48.645 46.101 44.792

b) Okinowa and Eindhoven Data

Num Itur Karasawa Dpsp Mpsp Ortgies-Nw Ortgies-T Otung M.Van de
Kamp

Moy 114.467 112.348 23.427 3.225 42.273 -5.991 61.356 3.402
|Moy| 115.189 113.730 27.605 26.055 48.816 21.344 79.350 14.010
std 71.309 74.920 27.076 31.299 39.223 26.220 63.714 17.859
rms 134.862 135.037 35.804 31.465 57.667 26.896 88.454 18.180

c) Eindhoven Data (three frequencies) - f1=12.5GHz, f2=19.77 GHz, f3=29.66 GHz

Num Itur Karasawa Dpsp Mpsp Ortgies-Nw Ortgies-T Otung M.Van de
Kamp

Moy 110.393 109.402 24.399 13.352 30.782 6.086 70.353 7.980
|Moy| 110.393 109.402 24.692 15.929 30.782 9.267 70.353 9.305
std 76.804 78.653 25.329 20.714 28.281 12.566 50.302 12.404
rms 134.482 134.741 35.169 24.644 41.802 13.962 86.486 14.749

Table 2.6-14: Test results

2.6.7 Testing of XPD-CPA Models at Ka and V Bands

The models of atmospheric depolarisation, discussed in Chapter 2.4, are based either on the
atmospheric transmission matrix, that permits a full description of polarisation effects, or on the
equiprobability relationship between rain attenuation and the cross-polar discrimination.

The [ITU-R, 1997b], [Fukuchi, 1990] and the DHW [Dissanayake et. al, 1980] models for the
estimation of the cumulative distribution function of the Crosspolar Discrimination at a given
percentage of the year, have been checked using the measurements of the ITALSAT and
OLYMPUS propagation beacons [Martellucci & Paraboni, 1998]. For the analysis of the DHW
model, only the equations applicable to the rain depolarization have been used.

The statistics from the OLYMPUS propagation experiment (see [Dintelmann, 1994]) contained in
the DBOPEX database, Table II-5a (Slant Path Annual XPD statistics), have been compared with
models.

The structure of the DBOPEX is almost identical to the ITU-R propagation database of Study
Group V, the DBSGV database. The OLYMPUS measurements have been performed by Eindhoven
Technical University (EUT), the Netherlands, [Hogers et. al. 1991], [Van de Kamp, 1994a; 1994b;
1995; 1999] and by the Université Catholique de Louvain (UCL) in Louvain-la-Neuve and in
Lessive, Belgium [Dintelmann 1994].

The ITALSAT measurements have been the performed by Fondazione Ugo Bordoni from 1994 to
1995 in Pomezia, near Rome, Italy, and the examined data cover the period from 1994 to 1995
[Martellucci et al. 1997]. The measurements cover the whole period, but due to system maintenance
the ground system did not perform measurements during summer, resulting in the loss of summer
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The ITALSAT and OLYMPUS data used for model analysis are described in Table 2.6-15.

Station Freq. Elevat. Polariz. Tilt
angle

Measurement Period

Eindhoven 12.5 26.7 L 71.6 01/01/1991 - 31/07/1992
Eindhoven 19.77 26.7 L 71.6 01/01/1991 - 31/07/1992
Eindhoven 19.77 26.7 L -18.4 01/01/1991 - 31/07/1992
Eindhoven 29.7 26.7 L 71.6 01/01/1991 - 31/07/1992
Louvain-la-Neuve 12.5 27.8 L 71.1 01/01/1992 - 31/12/1992
Louvain-la-Neuve 29.7 27.8 L 71.1 01/01/1992 - 31/12/1992
Lessive 19.77 27.6 L 71.1 01/01/1992 - 31/12/1992
Lessive 19.77 27.6 L -18.9 01/01/1992 - 31/12/1992
Pomezia 18.7 41.8 L -70.6 01/04/1994 - 31/03/1995
Pomezia 39.6 41.8 C 45.0 01/04/1994 - 31/03/1995
Pomezia 49.49 41.8 L -70.6 01/04/1994 - 31/03/1995

Table 2.6-15 Experimental data used to test the ITU-R, Fukuchi and DHW models

The errors of the models with respect to the measurements, ε(p) = XPD(model)-
XPD(measurements) [dB], have been calculated as a function of the percentage of the year. The

ensemble mean error ( )pε , root mean square ( )p2ε  and standard deviation σ, (defined in

Section 2.6.1.3) have been calculated, averaging by probability. The results are given in
Tables 2.6-16 to 2.6-19, divided according to frequency band.

The DHW model is characterised by the higher percentage error, but it has to be considered that it
does not take into account ice effects.

The ITU-R model underestimates the crosspolar discrimination and on average it exhibits an error
lower than 5 dB, in Ku and Ka bands, with the lowest error at 19.77 GHz. The updated ITU-R
model in V band appears to be able to reduce the error to an average value in the region of 4 dB,
although a more complete data set would be needed to validate this result.

The Fukuchi model overestimates the crosspolar discrimination, in both sites that are located in
North Europe, Louvain and Eindhoven and also in Pomezia at 18.7 GHz. Because the Fukuchi
model makes use of the ITU-R model for rain depolarisation, this performance has to be ascribed to
the description of the ice effect, based on the separation between stratiform and convective rainfalls.
The different behaviour of the Fukuchi model, compared with the V band measurements performed
in Pomezia, could be ascribed to the different effect of ice in stratiform and convective rain that
needs to be modelled in a different way from lower bands.

Station Model Mean Error (dB) Rms (dB) Stand. Dev. (dB)
ITU-R 2.125 2.498 1.314
DHW 4.169 4.658 2.077Louvain-la-Neuve
FUK -4.0880 4.614 2.139

ITU-R 1.39 2.297 1.827
DHW 3.50 4.114 2.163Eindhoven
FUK -4.071 4.200 1.030

Table2.6-16 Error of XPD models at 12.5 GHz, averaged by probability.
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Station Model Mean Error (dB) Rms (dB) Stand. Dev. (dB)
Pomezia ITU-R   -1.270    1.832    1.320

18.68 GHz DHW    1.097    1.291    .6806
Tilt Angle –70.55 FUK   -6.527    6.600    .9766

Lessive ITU-R    .7126    1.650    1.488
19.77 GHz DHW    3.207    3.715    1.875

Tilt Angle –18.9 FUK   -6.426    6.706    1.918
Lessive ITU-R    .9402    1.723    1.444

19.77 GHz DHW    3.382    3.881    1.904
Tilt Angle 71.1 FUK   -5.729    6.012    1.821

Eindhoven ITU-R    1.040    1.651    1.283
19.77 GHz DHW    4.044    4.263    1.351

Tilt Angle –18.4 FUK   -6.443    6.539    1.115
Eindhoven ITU-R   -2.004    2.180    .8593
19.77 GHz DHW    .6516    1.067    .8449

Tilt Angle 71.60 FUK   -10.26    10.33    1.219

Table 2.6-17 Error of XPD models at 18.68 and 19.77 GHz, averaged by probability.

Station Model Mean Error (dB) Rms (dB) Stand. Dev. (dB)
Louvain-la-Neuve ITU-R 6.023 6.717 2.973

Tilt Angle 71.1 DHW 8.431 8.694 2.124
FUK .2161 4.450 4.445

Eindhoven ITU-R 2.878 3.148 1.274
Tilt Angle 71.60 DHW 5.428 5.575 1.271

FUK -3.784 3.993 1.275

Table 2.6-18 Error of XPD models at 29.66 GHz, averaged by probability.

Station Model Mean Error (dB) Rms (dB) Stand. Dev. (dB)
Pomezia ITU-R .1180 1.478 1.474
39.6 GHz FUK 1.694 2.486 1.820
Pomezia ITU-R 3.900 5.010 3.145
49.5 GHz FUK 6.086 6.690 2.777

Table 2.6-19 Error of XPD models in V Band, averaged by probability.

The effect of ice at higher frequencies can be understood, from a physical point of view, by
examining the relationship between the overall crosspolar discrimination and the rain attenuation,
predicted by the models and measured, that is given for 12.5, 29.7 and 49.5 GHz in Figure2.6-5. In
this way the effective applicability of the equiprobability relationship can also be verified.
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Figure 2.6-5 Models and Measurements of the CPA-XPD relationship
at 12.5 GHz, 29.77 and 49.5 GHz.

In these figures the equiprobability relationship between XPD and CPA, predictions of models and
statistics of XPD conditioned to attenuation are given. In all three figures linear polarisation is used,
and the fluctuations of deciles of conditioned statistics, that are more than 20 dB, have to be
ascribed to fluctuations of canting angle.

At 12.5 GHz there is a fair agreement between the ITU-R model and measurements, while the
Fukuchi model continually overestimates XPD. At 29.7 GHz, in Eindhoven, the effects of ice can
be relevant below an attenuation of 8 dB (ice clouds and stratiform rain), resulting in a constant
underestimation of lower values of XPD of the ITU-R model, although it agrees with
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equiprobability statistics. In this case the Fukuchi model predicts the maximum value of overall
depolarisation.

At 49.5 GHz although they agree, neither the equiprobability value nor the updated ITU-R and
Fukuchi models, predict actual values of XPD, up to an attenuation of 20 dB. The data and the
models are in agreement only in presence of rain thunderstorms, when rain depolarisation is
prevalent over the ice depolarisation.
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2.6.9 Appendix to Chapter 2.6: Database used for the test of rain attenuation models

The database used for test of rain attenuation prediction models is available in DBSG5 export
format on the CD-ROM attached to this report.

Site Country Rain
zone

Duration
[days]

Frequency
[GHz]

Poln Pol. Angle
[deg]

Elevn

[deg]
Waltham US K 365 11.7 Circular 45 24
Waltham US K 365 11.7 Circular 45 24
Waltham US K 365 19.0 Linear 0 35.5
Waltham US K 365 19.0 Linear 0 38.5
Waltham US K 365 28.6 Linear 90 38.5
Holmdel US K 365 11.7 Circular 45 27
Holmdel US K 365 11.7 Circular 45 27
Holmdel US K 365 11.7 Circular 45 27
Holmdel US K 365 19.0 Linear 69 38.6
Holmdel US K 365 28.6 Linear 69 38.6
Clarksburg US K 365 19.0 Linear 86 21
Clarksburg US K 365 19.0 Linear 69 41
Clarksburg US K 365 28.6 Linear 86 21
Clarksburg US K 365 28.6 Linear 69 41
Greenbelt US K 365 11.7 Circular 45 29
Greenbelt US K 365 11.7 Circular 45 29
Greenbelt US K 365 11.7 Circular 45 29
Wallops Is US K 365 28.6 Linear 55 41.6
Wallops Is US K 365 28.6 Linear 55 44.5
Wallops Is US K 360 28.6 Linear 55 44.5
Blacksburg#1 US K 334 11.7 Circular 45 33
Blacksburg#1 US K 365 11.7 Circular 45 33
Blacksburg#1 US K 365 11.6 Circular 45 10.7
Blacksburg#1 US K 366 11.6 Circular 45 10.7
Blacksburg#1 US K 365 11.6 Circular 45 10.7
Blacksburg#1 US K 334 19.0 Linear 52.5 46
Blacksburg#1 US K 334 28.6 Linear 52.5 45
Blacksburg#1 US K 365 28.6 Linear 52.5 46
Austin US M 365 11.7 Circular 45 50
Austin US M 365 11.7 Circular 45 50
Austin US M 365 11.7 Circular 45 50
Blacksburg#2 US K 365 11.6 Circular 45 10.7
Albertslund#1 DK E 365 14.5 Circular 45 26.5
Albertslund#1 DK E 365 11.8 Circular 45 26.5
Albertslund#1 DK E 366 11.8 Circular 45 26.5
Martlesham#1 GB E 365 11.8 Circular 45 29.9
Martlesham#1 GB E 366 11.8 Circular 45 29.9
Martlesham#1 GB E 365 11.8 Circular 45 29.9
Martlesham#1 GB E 365 14.5 Circular 45 29.9
Martlesham#1 GB E 366 14.5 Circular 45 29.9
Martlesham#1 GB E 365 14.5 Circular 45 29.9
Nederhorst NL E 365 11.6 Linear 8.3 30
Nederhorst NL E 366 11.6 Linear 8.3 30

Table A.-1a: Main parameters of the experiments considered for the test of rain prediction models
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Site Country Rain
zone

Duration
[days]

Frequency
[GHz]

Polarisation Pol. Angle
[deg]

Elevation
[deg]

Slough GB F 752 11.8 Circular 45 30.3
Leeheim DE E 355 11.8 Circular 45 32.9
Leeheim DE E 356 11.8 Circular 45 32.9
Leeheim DE E 343 11.8 Circular 45 32.9
Gometz FR H 365 11.6 Circular 45 32
Gometz FR H 365 11.8 Circular 45 33.6
Gometz FR H 365 14.5 Circular 45 33.6
Munich DE K 365 11.6 Circular 45 29
Lario IT K 340 11.6 Circular 45 32
Lario IT K 340 11.6 Circular 45 32
Lario IT K 341 11.6 Circular 45 32
Lario IT K 340 11.6 Circular 45 32
Lario IT K 340 11.6 Circular 45 32
Lario IT K 340 17.8 Circular 45 32
Lario IT K 340 17.8 Circular 45 32
Lario IT K 341 17.8 Circular 45 32
Lario IT K 340 17.8 Circular 45 32
Spino D’adda IT K 360 11.6 Linear 90 32
Spino D’adda IT K 359 11.6 Linear 90 32
Spino D’adda IT K 359 11.6 Linear 90 32
Spino D’adda IT K 359 11.6 Linear 90 32
Fucino IT K 359 11.6 Circular 45 33.3
Fucino IT K 359 11.6 Circular 45 33.3
Fucino IT K 360 11.6 Circular 45 33.3
Fucino IT K 359 11.6 Circular 45 33.3
Fucino IT K 359 11.6 Circular 45 33.3
Fucino IT K 359 17.8 Circular 45 33.3
Fucino IT K 359 17.8 Circular 45 33.3
Fucino IT K 360 17.8 Circular 45 33.3
Fucino IT K 359 17.8 Circular 45 33.3
Sodankyla FI E 366 11.6 Linear 6.9 13.2
Sodankyla FI E 365 11.6 Linear 6.9 13.2
Sodankyla FI E 365 11.6 Linear 8.8 12.5
Kirkkonummi FI E 731 11.8 Circular 45 20.6
Stockholm SE E 365 14.5 Circular 45 22.4
Stockholm SE E 365 11.8 Linear 0 22.4
Stockholm SE E 365 11.8 Linear 0 22.4
Lustbuehel AT K 365 11.6 Linear 0 35.2
Lustbuehel AT K 366 11.6 Linear 0 35.2
Lustbuehel AT K 365 11.6 Linear 0 35.2
Lustbuehel AT K 365 11.6 Linear 0 35.2
Lyngby DK E 511 11.8 Circular 45 26.5
Bern CH K 365 11.6 Linear 2.5 36
Bern CH K 366 11.6 Linear 2.5 36
Spino D’adda#3 IT K 365 18.7 Linear 90 38
Dubna SU E 365 11.5 Circular 45 12
Dubna SU E 365 11.5 Circular 45 12
Dubna SU E 365 11.5 Circular 45 12
Miedzeszyn PL E 365 11.5 Linear 0 23
Miedzeszyn PL E 365 11.5 Linear 0 23
Miedzeszyn PL E 365 11.5 Linear 0 23

T bl A 1b M i t f th i t id d f th t t f i di ti d l
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Site Country Rain
zone

Duration
[days]

Frequency
[GHz]

Polarisation Pol. Angle
[deg]

Elevation
[deg]

Lessive#1 BE E 311 12.5 Linear 71.1 27.8
Lessive#2 BE E 311 19.8 Linear 71.1 27.8
Lessive#2 BE E 273 19.8 Linear 71.1 27.8
Aveiro#1 PT H 274 12.5 Linear 77 40
Aveiro#2 PT H 262 19.8 Linear 77 40
Lustbuehel #2 AT K 365 12.5 Linear 23.5 25.7
Wakkanai JP K 365 12.1 Linear 90 29.1
Wakkanai JP K 365 19.5 Circular 45 37
Sendai JP K 366 19.5 Circular 45 45
Yokohama JP K 731 19.5 Circular 45 48
Yokosuka JP M 731 19.5 Circular 45 48
Yamagawa JP M 366 12.1 Linear 90 47.3
Yamagawa JP M 365 19.5 Circular 45 53
Yamaguchi JP M 365 11.5 Circular 45 6.5
Unitech Lae PG P 360 12.7 Linear 45 72.8
Unitech Lae PG P 360 12.7 Linear 45 72.8
Djatiluhur ID P 365 6.2 Circular 45 38
Surabaya ID P 362 11.2 Circular 45 14.1
Surabaya ID P 356 11.2 Circular 45 20.2
Surabaya ID P 364 11.2 Circular 45 20.2
James Cook
University

AU N 365 11.2 Circular 45 45.3

Table A.-1c: Main parameters of the experiments considered for the test of rain prediction models
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Tables of errors for the test of rain attenuation prediction models

Rain attenuation
Costbeacexc.sel.exp - Measured rain data - Probability range: 0.001-0.1%

* Averaged on:  102 experiments
* Total time  :   103.3  years
* Total weight:   568.3  ( 79.1 %) years for method ASSISEI
* Total weight:   684.5  ( 95.3 %) years for method BRAZIL
* Total weight:   683.5  ( 95.1 %) years for method BRYANT
* Total weight:   688.9  ( 95.9 %) years for method CRANETC
* Total weight:   718.6  (100.0 %) years for method DAHRAIN
* Total weight:   718.6  (100.0 %) years for method EXCELL
* Total weight:   684.5  ( 95.3 %) years for method FLAVIN
* Total weight:   684.5  ( 95.3 %) years for method GARCIA
* Total weight:   677.5  ( 94.3 %) years for method GLOBAL
* Total weight:   718.6  (100.0 %) years for method ITU-618
* Total weight:   631.5  ( 87.9 %) years for method JAPAN
* Total weight:   439.8  ( 61.2 %) years for method LEIWA-S
* Total weight:   706.6  ( 98.3 %) years for method MATRICC
* Total weight:   684.5  ( 95.3 %) years for method SAM
* Total weight:   684.5  ( 95.3 %) years for method SVIATOG

__________  ERRORS  AVERAGED  BY  PROBABILITY  ____________
============================================================
|  Method  |0.0010% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |     0.0         0.0         0.0    |    0.0   |
| BRAZIL   |   -12.0        30.6        28.2    |   50.6   |
| BRYANT   |     0.5        25.9        25.9    |   50.6   |
| CRANETC  |    -5.0        48.3        48.0    |   46.7   |
| DAHRAIN  |    -2.1        25.2        25.2    |   53.6   |
| EXCELL   |    10.8        33.5        31.7    |   53.6   |
| FLAVIN   |     2.3        24.5        24.3    |   50.6   |
| GARCIA   |   -18.8        32.1        26.0    |   50.6   |
| GLOBAL   |    38.1        45.1        24.2    |   46.6   |
| ITU-618  |    -8.9        34.8        33.6    |   53.6   |
| JAPAN    |   -11.5        35.5        33.6    |   43.6   |
| LEIWA-S  |   -20.8        33.9        26.7    |   36.7   |
| MATRICC  |    26.1        50.2        42.9    |   51.6   |
| SAM      |     8.2        27.9        26.7    |   50.6   |
| SVIATOG  |   -24.5        44.9        37.7    |   50.6   |
------------------------------------------------------------

============================================================
|  Method  |0.0020% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |   -12.6        26.7        23.6    |   34.4   |
| BRAZIL   |   -12.4        31.8        29.3    |   60.2   |
| BRYANT   |    -3.1        26.5        26.4    |   60.2   |
| CRANETC  |    -6.7        48.0        47.6    |   56.2   |
| DAHRAIN  |   -10.1        28.7        26.8    |   61.2   |
| EXCELL   |     2.8        28.0        27.8    |   61.2   |
| FLAVIN   |    -3.9        23.1        22.8    |   60.2   |
| GARCIA   |   -21.1        32.0        24.1    |   60.2   |
| GLOBAL   |    28.0        35.3        21.4    |   60.2   |
| ITU-618  |   -17.9        37.0        32.4    |   61.2   |
| JAPAN    |   -17.7        37.7        33.3    |   51.1   |
| LEIWA-S  |   -23.7        36.2        27.4    |   46.3   |
| MATRICC  |    12.0        37.0        35.0    |   59.2   |
| SAM      |     0.2        23.5        23.5    |   60.2   |
| SVIATOG  |   -26.9        47.9        39.7    |   60.2   |
------------------------------------------------------------
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============================================================
|  Method  |0.0030% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |   -12.2        25.7        22.7    |   50.1   |
| BRAZIL   |   -13.8        31.8        28.7    |   63.2   |
| BRYANT   |    -5.4        27.2        26.7    |   63.2   |
| CRANETC  |    -5.9        49.2        48.9    |   64.2   |
| DAHRAIN  |   -13.1        29.0        25.8    |   65.2   |
| EXCELL   |    -0.1        26.4        26.4    |   65.2   |
| FLAVIN   |    -7.1        23.3        22.2    |   63.2   |
| GARCIA   |   -22.6        32.5        23.4    |   63.2   |
| GLOBAL   |    22.1        30.3        20.8    |   63.2   |
| ITU-618  |   -19.2        35.7        30.1    |   65.2   |
| JAPAN    |   -17.6        35.7        31.1    |   55.1   |
| LEIWA-S  |   -24.2        36.4        27.2    |   47.3   |
| MATRICC  |     6.4        31.6        30.9    |   63.2   |
| SAM      |    -4.2        23.9        23.5    |   63.2   |
| SVIATOG  |   -28.5        47.8        38.3    |   63.2   |
------------------------------------------------------------

============================================================
|  Method  |0.0050% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |    -8.3        24.0        22.5    |   63.9   |
| BRAZIL   |   -13.0        28.6        25.5    |   69.9   |
| BRYANT   |    -4.3        24.4        24.0    |   69.9   |
| CRANETC  |    -2.0        42.7        42.7    |   67.0   |
| DAHRAIN  |   -12.3        25.5        22.3    |   70.9   |
| EXCELL   |     0.1        22.8        22.8    |   70.9   |
| FLAVIN   |    -7.9        21.2        19.7    |   69.9   |
| GARCIA   |   -21.1        29.6        20.8    |   69.9   |
| GLOBAL   |    18.1        26.3        19.1    |   69.9   |
| ITU-618  |   -16.1        31.3        26.9    |   70.9   |
| JAPAN    |   -13.9        30.1        26.7    |   60.8   |
| LEIWA-S  |   -21.5        32.6        24.5    |   51.1   |
| MATRICC  |     5.7        29.8        29.2    |   69.9   |
| SAM      |    -5.2        25.3        24.8    |   69.9   |
| SVIATOG  |   -28.2        44.3        34.2    |   69.9   |
------------------------------------------------------------

============================================================
|  Method  |0.0100% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |   -11.2        29.9        27.7    |   78.6   |
| BRAZIL   |   -13.8        29.3        25.8    |   85.6   |
| BRYANT   |    -5.9        26.7        26.1    |   85.6   |
| CRANETC  |    -3.4        41.3        41.1    |   82.7   |
| DAHRAIN  |   -13.9        29.4        25.9    |   85.6   |
| EXCELL   |    -2.9        25.4        25.2    |   85.6   |
| FLAVIN   |    -9.6        25.2        23.4    |   85.6   |
| GARCIA   |   -21.9        33.3        25.1    |   85.6   |
| GLOBAL   |    11.0        26.6        24.3    |   85.6   |
| ITU-618  |   -13.3        29.8        26.7    |   85.6   |
| JAPAN    |   -14.3        30.4        26.8    |   75.6   |
| LEIWA-S  |   -21.7        32.9        24.8    |   55.9   |
| MATRICC  |     0.5        27.5        27.5    |   84.6   |
| SAM      |    -8.2        31.6        30.6    |   85.6   |
| SVIATOG  |   -27.3        42.9        33.1    |   85.6   |
------------------------------------------------------------



2.6-34
============================================================
|  Method  |0.0200% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |    -7.2        31.3        30.4    |   84.3   |
| BRAZIL   |   -14.2        30.6        27.1    |   88.3   |
| BRYANT   |    -5.5        28.0        27.4    |   88.3   |
| CRANETC  |     1.3        37.2        37.1    |   90.3   |
| DAHRAIN  |   -11.7        27.8        25.2    |   92.3   |
| EXCELL   |    -3.3        26.9        26.7    |   92.3   |
| FLAVIN   |   -10.1        28.0        26.1    |   88.3   |
| GARCIA   |   -21.6        35.4        28.0    |   88.3   |
| GLOBAL   |     4.0        28.6        28.4    |   88.3   |
| ITU-618  |    -8.8        28.4        27.0    |   92.3   |
| JAPAN    |   -13.7        31.2        28.0    |   82.3   |
| LEIWA-S  |   -21.1        33.8        26.5    |   54.6   |
| MATRICC  |    -0.5        27.6        27.6    |   91.3   |
| SAM      |   -11.5        36.3        34.4    |   88.3   |
| SVIATOG  |   -23.2        39.5        32.0    |   88.3   |
------------------------------------------------------------

============================================================
|  Method  |0.0300% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |    -6.9        33.0        32.3    |   86.3   |
| BRAZIL   |   -13.5        32.1        29.2    |   90.3   |
| BRYANT   |    -5.6        29.3        28.8    |   90.3   |
| CRANETC  |     1.8        34.4        34.4    |   93.3   |
| DAHRAIN  |   -10.0        27.1        25.2    |   96.3   |
| EXCELL   |    -3.3        29.1        28.9    |   96.3   |
| FLAVIN   |    -9.7        29.3        27.7    |   90.3   |
| GARCIA   |   -21.4        36.7        29.8    |   90.3   |
| GLOBAL   |     0.2        30.8        30.8    |   89.3   |
| ITU-618  |    -6.1        28.4        27.8    |   96.3   |
| JAPAN    |   -12.4        31.4        28.8    |   86.3   |
| LEIWA-S  |   -20.0        33.2        26.5    |   52.6   |
| MATRICC  |    -0.4        28.5        28.5    |   95.3   |
| SAM      |   -13.1        38.3        36.0    |   90.3   |
| SVIATOG  |   -19.5        38.2        32.9    |   90.3   |
------------------------------------------------------------

============================================================
|  Method  |0.0500% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |    -8.4        35.7        34.7    |   88.3   |
| BRAZIL   |   -13.8        33.3        30.4    |   88.3   |
| BRYANT   |    -6.2        30.4        29.8    |   88.3   |
| CRANETC  |     1.0        34.2        34.2    |   95.3   |
| DAHRAIN  |    -8.8        27.5        26.0    |   98.3   |
| EXCELL   |    -4.8        31.4        31.0    |   98.3   |
| FLAVIN   |   -10.1        31.7        30.0    |   88.3   |
| GARCIA   |   -22.3        39.6        32.7    |   88.3   |
| GLOBAL   |    -6.0        35.9        35.4    |   87.3   |
| ITU-618  |    -2.5        29.8        29.7    |   98.3   |
| JAPAN    |    -9.9        31.9        30.3    |   88.3   |
| LEIWA-S  |   -22.2        34.6        26.6    |   49.6   |
| MATRICC  |    -1.2        30.0        30.0    |   97.3   |
| SAM      |   -15.8        42.3        39.2    |   88.3   |
| SVIATOG  |   -15.9        35.3        31.5    |   88.3   |
------------------------------------------------------------



2.6-35
============================================================
|  Method  |0.1000% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |   -13.5        45.8        43.8    |   82.4   |
| BRAZIL   |   -12.2        36.0        33.8    |   88.3   |
| BRYANT   |    -7.2        34.6        33.9    |   87.3   |
| CRANETC  |     1.3        36.5        36.5    |   93.3   |
| DAHRAIN  |    -7.6        30.2        29.2    |   95.3   |
| EXCELL   |    -7.0        35.7        35.0    |   95.3   |
| FLAVIN   |    -9.5        35.1        33.8    |   88.3   |
| GARCIA   |   -23.8        44.3        37.4    |   88.3   |
| GLOBAL   |   -15.0        44.7        42.1    |   87.3   |
| ITU-618  |     2.2        32.8        32.7    |   95.3   |
| JAPAN    |    -7.5        33.5        32.6    |   88.3   |
| LEIWA-S  |   -23.5        37.0        28.5    |   45.6   |
| MATRICC  |    -2.5        34.4        34.3    |   94.3   |
| SAM      |   -19.5        47.5        43.3    |   88.3   |
| SVIATOG  |    -9.3        34.5        33.2    |   88.3   |
------------------------------------------------------------

------------------------------------------------------------

_______________  AVERAGED  ERRORS  SUMMARY  ________________

************************************************************
|  Method  |     AVERAGED  ERRORS   SUMMARY     |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |       -9.7     33.2      31.8      |   63.1   |
| BRAZIL   |      -13.3     31.8      28.9      |   76.1   |
| BRYANT   |       -5.1     28.6      28.1      |   75.9   |
| CRANETC  |       -1.3     40.5      40.4      |   76.5   |
| DAHRAIN  |      -10.1     28.0      26.1      |   79.8   |
| EXCELL   |       -1.7     29.2      29.1      |   79.8   |
| FLAVIN   |       -7.9     27.7      26.6      |   76.1   |
| GARCIA   |      -21.8     35.9      28.5      |   76.1   |
| GLOBAL   |        8.3     33.9      32.9      |   75.3   |
| ITU-618  |       -9.1     31.6      30.3      |   79.8   |
| JAPAN    |      -12.7     32.7      30.2      |   70.2   |
| LEIWA-S  |      -22.1     34.5      26.5      |   48.9   |
| MATRICC  |        3.5     32.5      32.3      |   78.5   |
| SAM      |       -9.1     35.1      33.9      |   76.1   |
| SVIATOG  |      -21.9     41.2      34.9      |   76.1   |
************************************************************

___________  RMS  ERROR  TEST  SCORE  ____________

**************************************************
|  Place  |  Method  |  RMS ERROR  |  Distance   |
--------------------------------------------------
|    1    | FLAVIN   |     27.7    |  +  0.0     |
|    2    | DAHRAIN  |     28.0    |  +  0.2     |
|    3    | BRYANT   |     28.6    |  +  0.6     |
|    4    | EXCELL   |     29.2    |  +  0.6     |
|    5    | ITU-618  |     31.6    |  +  2.5     |
|    6    | BRAZIL   |     31.8    |  +  0.1     |
|    7    | MATRICC  |     32.5    |  +  0.7     |
|    8    | JAPAN    |     32.7    |  +  0.2     |
|    9    | ASSISEI  |     33.2    |  +  0.5     |
|   10    | GLOBAL   |     33.9    |  +  0.7     |
|   11    | LEIWA-S  |     34.5    |  +  0.5     |
|   12    | SAM      |     35.1    |  +  0.6     |
|   13    | GARCIA   |     35.9    |  +  0.8     |
|   14    | CRANETC  |     40.5    |  +  4.6     |
|   15    | SVIATOG  |     41.2    |  +  0.8     |
--------------------------------------------------

Table A-2: Results of rain attenuation test using the measured rain intensity statistics as input of prediction models.



2.6-36
Rain attenuation
Costbeacexc.sel.exp - Baptista-Salonen rain map - Probability range: 0.001-0.1%

* Averaged on:  115 experiments
* Total time  :   117.2  years
* Total weight:   830.0  (100.0 %) years for method ASSISEI
* Total weight:   830.0  (100.0 %) years for method BRAZIL
* Total weight:   830.0  (100.0 %) years for method BRYANT
* Total weight:   798.9  ( 96.3 %) years for method CRANETC
* Total weight:   830.0  (100.0 %) years for method DAHRAIN
* Total weight:   830.0  (100.0 %) years for method EXCELL
* Total weight:   830.0  (100.0 %) years for method FLAVIN
* Total weight:   830.0  (100.0 %) years for method GARCIA
* Total weight:   823.0  ( 99.2 %) years for method GLOBAL
* Total weight:   830.0  (100.0 %) years for method ITU-618
* Total weight:   830.0  (100.0 %) years for method JAPAN
* Total weight:   527.8  ( 63.6 %) years for method LEIWA-S
* Total weight:   821.0  ( 98.9 %) years for method MATRICC
* Total weight:   830.0  (100.0 %) years for method SAM
* Total weight:   830.0  (100.0 %) years for method SVIATOG

___________  AVERAGED  ERRORS  BY  PROBABILITY  ____________
============================================================
|  Method  |0.0010% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |     2.6        33.7        33.6    |   59.8   |
| BRAZIL   |     2.6        36.0        35.9    |   59.8   |
| BRYANT   |    11.5        36.2        34.4    |   59.8   |
| CRANETC  |    -4.2        48.4        48.2    |   52.9   |
| DAHRAIN  |     4.1        32.7        32.4    |   59.8   |
| EXCELL   |    26.5        41.4        31.7    |   59.8   |
| FLAVIN   |    15.9        35.2        31.4    |   59.8   |
| GARCIA   |    -6.6        35.3        34.7    |   59.8   |
| GLOBAL   |    51.6        60.6        31.9    |   55.8   |
| ITU-618  |    -0.1        33.3        33.3    |   59.8   |
| JAPAN    |    -4.7        33.7        33.4    |   59.8   |
| LEIWA-S  |    -4.5        31.9        31.6    |   44.0   |
| MATRICC  |    20.1        39.1        33.5    |   58.8   |
| SAM      |    23.6        39.0        31.0    |   59.8   |
| SVIATOG  |   -12.8        46.2        44.4    |   59.8   |
------------------------------------------------------------

============================================================
|  Method  |0.0020% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |    -1.9        34.0        33.9    |   71.0   |
| BRAZIL   |    -0.5        37.0        37.0    |   71.0   |
| BRYANT   |     5.5        36.6        36.2    |   71.0   |
| CRANETC  |    -6.7        46.9        46.4    |   66.0   |
| DAHRAIN  |    -3.2        35.3        35.1    |   71.0   |
| EXCELL   |    15.4        37.5        34.2    |   71.0   |
| FLAVIN   |     6.9        34.1        33.4    |   71.0   |
| GARCIA   |   -10.6        36.5        34.9    |   71.0   |
| GLOBAL   |    38.4        50.1        32.2    |   71.0   |
| ITU-618  |    -9.2        36.7        35.5    |   71.0   |
| JAPAN    |    -9.9        36.8        35.5    |   71.0   |
| LEIWA-S  |   -10.1        35.7        34.3    |   53.2   |
| MATRICC  |     7.5        35.0        34.2    |   70.0   |
| SAM      |    12.2        34.9        32.7    |   71.0   |
| SVIATOG  |   -17.3        49.1        46.0    |   71.0   |
------------------------------------------------------------



2.6-37
============================================================
|  Method  |0.0030% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |    -5.3        34.0        33.6    |   78.0   |
| BRAZIL   |    -4.6        36.9        36.6    |   78.0   |
| BRYANT   |     1.0        36.6        36.6    |   78.0   |
| CRANETC  |    -6.7        48.1        47.6    |   77.1   |
| DAHRAIN  |    -7.6        35.8        35.0    |   78.0   |
| EXCELL   |     9.4        35.5        34.2    |   78.0   |
| FLAVIN   |     1.3        33.3        33.3    |   78.0   |
| GARCIA   |   -14.2        37.4        34.6    |   78.0   |
| GLOBAL   |    30.2        43.9        31.9    |   78.0   |
| ITU-618  |   -12.2        36.6        34.5    |   78.0   |
| JAPAN    |   -11.3        36.4        34.6    |   78.0   |
| LEIWA-S  |   -13.0        36.3        33.8    |   55.2   |
| MATRICC  |     0.5        34.5        34.5    |   77.0   |
| SAM      |     5.6        33.0        32.5    |   78.0   |
| SVIATOG  |   -21.8        50.2        45.2    |   78.0   |
------------------------------------------------------------

============================================================
|  Method  |0.0050% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |    -3.6        33.7        33.5    |   83.7   |
| BRAZIL   |    -5.6        34.8        34.3    |   83.7   |
| BRYANT   |     1.2        34.9        34.9    |   83.7   |
| CRANETC  |    -2.4        41.8        41.7    |   79.8   |
| DAHRAIN  |    -7.4        34.3        33.5    |   83.7   |
| EXCELL   |     6.6        33.5        32.8    |   83.7   |
| FLAVIN   |    -1.2        32.0        32.0    |   83.7   |
| GARCIA   |   -14.0        35.5        32.6    |   83.7   |
| GLOBAL   |    24.4        39.3        30.8    |   83.7   |
| ITU-618  |   -10.6        35.4        33.7    |   83.7   |
| JAPAN    |    -9.4        34.7        33.4    |   83.7   |
| LEIWA-S  |   -14.5        35.3        32.2    |   58.0   |
| MATRICC  |    -1.3        33.0        33.0    |   82.7   |
| SAM      |     2.3        32.9        32.8    |   83.7   |
| SVIATOG  |   -22.4        47.8        42.3    |   83.7   |
------------------------------------------------------------

============================================================
|  Method  |0.0100% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |    -7.4        40.0        39.3    |   99.5   |
| BRAZIL   |   -12.6        40.9        38.9    |   99.5   |
| BRYANT   |    -4.0        40.0        39.8    |   99.5   |
| CRANETC  |    -2.9        40.4        40.3    |   96.5   |
| DAHRAIN  |   -11.2        39.9        38.3    |   99.5   |
| EXCELL   |    -0.9        38.1        38.1    |   99.5   |
| FLAVIN   |    -8.5        38.4        37.4    |   99.5   |
| GARCIA   |   -19.2        42.4        37.8    |   99.5   |
| GLOBAL   |    12.0        38.6        36.7    |   99.5   |
| ITU-618  |   -11.5        39.8        38.1    |   99.5   |
| JAPAN    |   -13.4        40.1        37.8    |   99.5   |
| LEIWA-S  |   -18.6        42.2        37.9    |   62.7   |
| MATRICC  |    -7.3        38.5        37.8    |   98.5   |
| SAM      |    -6.5        39.7        39.2    |   99.5   |
| SVIATOG  |   -26.0        51.7        44.7    |   99.5   |
------------------------------------------------------------



2.6-38
============================================================
|  Method  |0.0200% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |    -9.0        40.2        39.2    |  106.2   |
| BRAZIL   |   -15.0        41.1        38.3    |  106.2   |
| BRYANT   |    -4.4        39.1        38.8    |  106.2   |
| CRANETC  |     1.2        36.5        36.5    |  104.2   |
| DAHRAIN  |    -9.7        37.8        36.5    |  106.2   |
| EXCELL   |    -3.3        38.4        38.3    |  106.2   |
| FLAVIN   |   -11.1        38.5        36.9    |  106.2   |
| GARCIA   |   -20.8        42.9        37.6    |  106.2   |
| GLOBAL   |     3.0        37.0        36.8    |  106.2   |
| ITU-618  |    -7.7        37.6        36.9    |  106.2   |
| JAPAN    |   -14.4        39.9        37.2    |  106.2   |
| LEIWA-S  |   -18.1        40.9        36.7    |   65.4   |
| MATRICC  |    -6.4        36.8        36.2    |  105.2   |
| SAM      |   -12.3        41.3        39.4    |  106.2   |
| SVIATOG  |   -22.2        48.4        43.0    |  106.2   |
------------------------------------------------------------

============================================================
|  Method  |0.0300% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |   -11.7        39.1        37.3    |  110.2   |
| BRAZIL   |   -16.7        40.1        36.5    |  110.2   |
| BRYANT   |    -6.1        38.0        37.5    |  110.2   |
| CRANETC  |     1.6        34.1        34.1    |  107.2   |
| DAHRAIN  |    -9.2        35.0        33.8    |  110.2   |
| EXCELL   |    -5.1        37.6        37.2    |  110.2   |
| FLAVIN   |   -13.0        37.2        34.9    |  110.2   |
| GARCIA   |   -22.6        42.2        35.6    |  110.2   |
| GLOBAL   |    -2.7        35.2        35.1    |  109.2   |
| ITU-618  |    -6.1        35.3        34.8    |  110.2   |
| JAPAN    |   -14.4        38.1        35.3    |  110.2   |
| LEIWA-S  |   -18.4        39.3        34.7    |   65.4   |
| MATRICC  |    -6.4        34.9        34.3    |  109.2   |
| SAM      |   -16.4        41.2        37.7    |  110.2   |
| SVIATOG  |   -19.9        45.7        41.1    |  110.2   |
------------------------------------------------------------

============================================================
|  Method  |0.0500% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |   -13.6        39.0        36.5    |  112.2   |
| BRAZIL   |   -17.0        39.0        35.1    |  112.2   |
| BRYANT   |    -6.9        36.5        35.9    |  112.2   |
| CRANETC  |     1.0        34.2        34.2    |  109.2   |
| DAHRAIN  |    -8.5        33.3        32.2    |  112.2   |
| EXCELL   |    -6.7        37.4        36.8    |  112.2   |
| FLAVIN   |   -14.0        36.6        33.8    |  112.2   |
| GARCIA   |   -24.3        42.4        34.8    |  112.2   |
| GLOBAL   |    -9.8        36.6        35.2    |  111.2   |
| ITU-618  |    -2.9        34.1        34.0    |  112.2   |
| JAPAN    |   -12.8        36.6        34.3    |  112.2   |
| LEIWA-S  |   -20.5        39.6        33.9    |   65.4   |
| MATRICC  |    -4.9        33.8        33.4    |  111.2   |
| SAM      |   -19.9        42.0        37.0    |  112.2   |
| SVIATOG  |   -15.4        41.8        38.9    |  112.2   |
------------------------------------------------------------



2.6-39
============================================================
|  Method  |0.1000% PROBABILITY  RELATIVE ERROR |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |   -18.1        40.5        36.3    |  109.2   |
| BRAZIL   |   -18.0        40.9        36.7    |  109.2   |
| BRYANT   |   -11.3        38.6        36.9    |  109.2   |
| CRANETC  |     2.1        37.7        37.6    |  105.8   |
| DAHRAIN  |    -9.7        34.3        32.9    |  109.2   |
| EXCELL   |   -11.1        40.3        38.8    |  109.2   |
| FLAVIN   |   -16.0        38.7        35.2    |  109.2   |
| GARCIA   |   -28.9        46.1        35.9    |  109.2   |
| GLOBAL   |   -21.2        43.4        37.9    |  108.2   |
| ITU-618  |    -1.0        35.0        35.0    |  109.2   |
| JAPAN    |   -13.0        37.6        35.3    |  109.2   |
| LEIWA-S  |   -21.9        42.8        36.8    |   58.5   |
| MATRICC  |    -5.4        35.7        35.3    |  108.2   |
| SAM      |   -25.7        46.2        38.3    |  109.2   |
| SVIATOG  |   -11.3        41.3        39.7    |  109.2   |
------------------------------------------------------------

------------------------------------------------------------

_______________  AVERAGED  ERRORS  SUMMARY  ________________

************************************************************
|  Method  |     AVERAGED  ERRORS   SUMMARY     |  WEIGHT  |
------------------------------------------------------------
|          |    MEAN        RMS        STD.DEV. |  YEARS   |
------------------------------------------------------------
| ASSISEI  |       -8.7     37.8      36.8      |   92.2   |
| BRAZIL   |      -11.2     39.0      37.3      |   92.2   |
| BRYANT   |       -2.8     37.6      37.5      |   92.2   |
| CRANETC  |       -1.3     40.1      40.1      |   88.8   |
| DAHRAIN  |       -7.7     35.6      34.7      |   92.2   |
| EXCELL   |        1.2     37.8      37.8      |   92.2   |
| FLAVIN   |       -6.4     36.4      35.8      |   92.2   |
| GARCIA   |      -19.2     40.9      36.1      |   92.2   |
| GLOBAL   |        9.5     41.9      40.8      |   91.4   |
| ITU-618  |       -6.7     36.1      35.5      |   92.2   |
| JAPAN    |      -12.0     37.4      35.5      |   92.2   |
| LEIWA-S  |      -16.0     38.7      35.2      |   58.6   |
| MATRICC  |       -1.9     35.7      35.6      |   91.2   |
| SAM      |       -7.1     39.7      39.1      |   92.2   |
| SVIATOG  |      -18.9     46.8      42.8      |   92.2   |
************************************************************

___________  RMS  ERROR  TEST  SCORE  ____________

**************************************************
|  Place  |  Method  |  RMS ERROR  |  Distance   |
--------------------------------------------------
|    1    | DAHRAIN  |     35.6    |  +  0.0     |
|    2    | MATRICC  |     35.7    |  +  0.1     |
|    3    | ITU-618  |     36.1    |  +  0.4     |
|    4    | FLAVIN   |     36.4    |  +  0.3     |
|    5    | JAPAN    |     37.4    |  +  1.0     |
|    6    | BRYANT   |     37.6    |  +  0.2     |
|    7    | ASSISEI  |     37.8    |  +  0.2     |
|    8    | EXCELL   |     37.8    |  +  0.0     |
|    9    | LEIWA-S  |     38.7    |  +  0.9     |
|   10    | BRAZIL   |     39.0    |  +  0.3     |
|   11    | SAM      |     39.7    |  +  0.8     |
|   12    | CRANETC  |     40.1    |  +  0.4     |
|   13    | GARCIA   |     40.9    |  +  0.8     |
|   14    | GLOBAL   |     41.9    |  +  1.0     |
|   15    | SVIATOG  |     46.8    |  +  4.9     |
--------------------------------------------------

Table 2.6-22 Results of rain attenuation test using rain intensity statistics
from Baptista-Salonen map as input of prediction models.




