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Improved Models for Long-Term Prediction of
Tropospheric Scintillation on Slant Paths
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Abstract—The prediction models for tropospheric scintillation
on earth-satellite paths from Karasawa, Yamada, and Allnutt
and ITU-R are compared with measurement results from satellite
links in Europe, the United States, and Japan at frequencies from
7 to 30 GHz and elevation angles of 3 to 33�. The existing pre-
diction models relate the long-term average scintillation intensity
to the wet term of refractivity at ground level. The comparison
shows that the seasonal variation of scintillation intensity is well
predicted by this relation, but for the annual average some
additional meteorological information is needed. A much better
agreement with measurement results is found when a parameter
representing the average water content of heavy clouds is incor-
porated. This confirms the assumption that scintillation is, at least
partly, associated with turbulence inside clouds. The asymmetry
between the distributions of signal fade and enhancement can also
be explained by turbulence inside clouds. The asymmetry depends
on the intensity of the scintillation, which is consistent with the
theory assuming a thin layer of cloudy turbulence. A new model
based on this theory predicts the distributions of signal fade and
enhancement significantly better.

Index Terms—Cloud water content, cumulus clouds, low-fade
margin, meteorology, propagation, radio-wave propagation, satel-
lite communication, tropospheric scintillation, tropospheric tur-
bulence.

I. INTRODUCTION

I NCREASING demand for -band (14/12/11 GHz) re-
sources will require the provision of additional spectrum in

higher bands. Some systems are already designed to operate
in the 30/20 GHz band ( band) and it is probable that
serious consideration will be given soon to utilizing the 50/40
GHz band ( band). - and -band applications will
be aimed at very small aperture terminal (VSAT) services
with low-fade margins. Thus, there is a pressing need to
quantify attenuation phenomena in the relatively low-fade
margin range. Furthermore, new satellite constellations using
low earth orbits such as Teledesic and Iridium are planned
with -band links, which may have to operate occasionally
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at low elevation angles, where tropospheric scintillation may
be a significant impairment.

Tropospheric scintillation is a rapid fluctuation of signal
amplitude and phase due to turbulent irregularities in temper-
ature, humidity, and pressure, which translate into small-scale
variations in refractive index. In the microwave region, where
the humidity fluctuations are important, the result is random
degradation and enhancement in signal amplitude and phase
received on a satellite–earth link, as well as a degradation in
performance of large antennas.

In general, the impact of rain attenuation on communication
signals is predominant at frequencies10 GHz. Scintillation,
however, becomes important for low-fade margin systems
operating at frequencies10 GHz and at low elevation angles
( 15 ) since on these, scintillation may cause as much
attenuation as rain, especially for time percentages larger than
1%. Knowledge of the dynamic characteristics of scintillation
is also important for the design of up-link power control and
antenna tracking systems.

Early models for the prediction of scintillation effects relate
the long-term scintillation intensity to the wet term of the
refractivity at ground level, which is a function of temper-
ature and humidity. When these models were formulated, few
measurement results were available to verify the predictions.
A number of new measurement results are now available, and
the models are tested here using these results from several
different sites in different continents.

II. CURRENT PREDICTION MODELS

A. Long-Term Correlation with Meteorology

Karasawaet al. [1] presented a prediction method for the
calculation of the standard deviationof signal fluctuations
due to scintillation, based on measurements made during 1983
at Yamaguchi, Japan, at an elevation angle of 6.5, frequencies
of 11.5 and 14.23 GHz, and an antenna diameter of 7.6 m. For
the elevation angle dependence, they used long-term data from
the same site at elevation angles of 4and 9 . Using these data,
they derived the following prediction formula:

dB (1)

where

ppm (2)
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and is the predicted signal standard deviation or “scintil-
lation intensity,” is the frequency in GHz, is the apparent
elevation angle, is the wet term of the refractivity at
ground level, is the relative humidity in percent, andis the
temperature in degrees centigrade. These meteorological input
parameters should be averaged over a period in the order of
a month so the model does not predict short-term scintillation
variations with daily weather changes. is an antenna
averaging function, given by Crane and Blood [2], and is
the effective antenna diameter given by with as
the geometrical antenna diameter andthe antenna aperture
efficiency. The antenna averaging function also depends on the
elevation angle and the height of the turbulence, assumed by
Karasawaet al. to be 2000 m. If , in (1) should

be replaced by , where is the
height of the turbulence and is the effective earth radius

8.5 10 m.
The Karasawa model was tested against measurements from

four different sites in Western Japan and from Haystack,
IA, and Chilbolton, U.K. These measurements were made
at elevation angles from 4 to 30, frequencies from 7.3 to
14.2 GHz, and with antenna diameters from 3 to 36.6 m.
The average in these different databases varied from
20 to 130 ppm. Karasawaet al. mention that the model is
expected to be applicable to worldwide regions with different
meteorological conditions, but state that to verify or improve
the prediction procedure, a collection of data at lower elevation
angles and from different climatic regions is required.

ITU-R Recommendation PN 618-3 [3] contains another
model, based upon measurements covering elevation angles
in the range of 4–32, antenna diameters between 3 and 36 m,
a frequency range of 7–14 GHz, and several different climatic
regions:

dB

(3)

where is the aperture averaging function from Haddon
and Vilar [4]. A turbulent height of 1000 m is suggested
by ITU-R. Also in this model, the meteorological parameters
should be averaged over a period in the order of one month.

B. Signal-Level Distribution

Karasawaet al. [1] also present some expressions for
the long-term cumulative distribution of amplitude deviation
, expressed in terms of the predicted long-term standard

deviation. They derived this expression theoretically, using
the integration formula

(4)

where is the distribution function of short-term standard
deviations for which Karasawaet al. assume a Gamma dis-
tribution and is the conditional short-term distribution
function of signal level for a given standard deviation,
which is generally assumed to be a Gaussian distribution. The
resulting amplitude deviation, exceeded for a time percentage

of is given by

(5)

where is the long-term signal standard deviation, which
can be calculated from (1). Equation (5) agreed well with
the measurements of Karasawaet al. for signal enhancement.
For signal fade, however, the measured deviation was larger,
especially in the low probability region. They fitted a curve to
these measurement results, giving the relation

(6)

The difference between fade and enhancement is due to an
asymmetry in the short-term signal-level fluctuations, which
is especially evident for strong scintillations.

The ITU-R [3] adopted only the distribution (6) for signal
fade in their proposed prediction method.

III. COMPARISON AND ANALYSIS

A. Long-Term Correlation with Meteorology

The prediction models of long-term scintillation intensity
[(1) and (3)] from ITU-R and Karasawaet al. have been
compared to the new measurement results from Kirkkonummi,
Finland, at 19.77 and 29.66 GHz by van de Kampet al. [5]. It
appeared that both of the models predicted a higher intensity
than that measured at Kirkkonummi—the Karasawa model
being the closer one. Similar comparisons with measured data
have been made also at other sites, (e.g., [6], [7]), and similar
discrepancies were found. However, the prediction models
should not be redefined on the basis of the measurement results
at one site only. A globally applicable model to predict signal
impairments due to tropospheric scintillation will have to be
validated with global data as Karasawaet al. suggested. Such
an extensive database is not yet available. Nevertheless, in this
paper a further step is taken toward a global prediction model,
using measurement results found available in literature.

1) Comparison of Global Measurement Results with the
Models: For this analysis, measurement results of long-term
scintillation intensity, measured over at least several months,
have been extracted from literature. In order to compare also
the seasonal correlation of scintillation and meteorological
parameters, results were used which were presented with a
time resolution of three months or shorter. No time resolution
shorter than one month is considered. This is partly because
the existing prediction models were proposed for this time
resolution and partly because most of the results are presented
with this time resolution. However, it should be noted that a
significant correlation between scintillation intensity and
can also be found on a shorter time base [5].

A collection of measured data from 12 sites in three
continents was found [1], [5]–[16]. These published results are
usually presented in graphs. The data have been extracted from
these by enlarging the paper copies. This way, an estimated
accuracy of 0.1% of the maximum range of the graphs could
be reached.
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TABLE I
SITE PARAMETERS: STATION NAMES, GEOGRAPHICAL COORDINATES

(LATITUDE AND LONGITUDE), FREQUENCIESf , ELEVATION ANGLES

", ANTENNA DIAMETERS D, APERTUREEFFICIENCIES�, SATELLITE

NAMES, AND SECTIONS OFTHIS PAPER WHERE THE RESULTSARE USED.
IF � IS NOT INDICATED, IT IS NOT GIVEN IN THE REFERENCE

The site parameters relevant for further analysis are sum-
marized in Table I. Some details on the data processing
procedures at the different measurement sites are given in
Appendix A.

Due to the different frequency and geometrical configu-
ration of each measurement setup, it is necessary to use a
normalized scintillation intensity to be able to perform a useful
comparison. Assuming the dependence on frequency, elevation
angle, and antenna size as described in the models of ITU-R
and Karasawa, a normalized scintillation intensity can be
defined as

(7)

where and according to Karasawa and
and according to ITU-R. is the

antenna averaging function of Haddon and Vilar. According
to both models, should be only dependent on .
has been plotted versus the months of the year in Fig. 1, for
all of the measurement sites. The coefficientsand have,
arbitrarily at this point, been chosen according to the model
from Karasawa. The height of the turbulence has been assumed
2000 m and an antenna aperture efficiency of 0.75 has been
assumed if it was not indicated in the references.

For a comparison with the prediction models, meteorolog-
ical data are also needed. Unfortunately, from Martlesham
Heath [15], no meteorological measurements are reported.
However, an extensive global meteorological database has
been purchased by Helsinki University of Technology under
contract to ESA from the European Centre for Medium-Range
Weather Forecasts (ECMWF). This database contains height
profiles of pressure, temperature, and absolute humidity on
23 height levels, for grid points over the whole earth with a

Fig. 1. Normalized scintillation intensity as a function of the months of the
year for all of the considered measurement sites. Coefficientsa and b in (7)
according to Karasawa. The separation into two graphs is simply for a clearer
view.

resolution of 1.5 both in latitude and longitude and for every
six hours in the period from October 1992 to September 1994.
It was obtained by a combination of various measurements
and model-based predictions.

Although the time period of these data does not cover
exactly the measured period in Martlesham, it still can be
expected that on average the seasonal dependence of me-
teorological parameters does not change much over a few
years so the data may still be representative for the measured
period. This has been verified by comparing the monthly
averaged obtained from the other sites where temperature
and humidity were measured to the monthly averaged
resulting from the ECMWF data set for the same places on
earth. The root mean square (rms) error of the values from
ECMWF with respect to the measured values was 8.8 ppm; the
rms relative error was 15.9%. The impact of this error on the
prediction of was evaluated by calculating the difference
between the monthly values of predicted by the Karasawa
model using the measured values of and those using
the values from ECMWF. The rms absolute difference
was 0.000 97 dB; the rms relative difference was 9.0%. It is,
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Fig. 2. Monthly averagedNwet at all the sites, all from meteorological
measurements, except those in Martlesham, which are from ECMWF.

therefore, expected that the ECMWF data can reasonably be
used to estimate the monthly averaged of a site from
which no meteorological results have been reported. Fig. 2
shows the monthly averaged as a function of the months,
all from the measurements at the sites, except for those from
Martlesham, which have been calculated from ECMWF data.

Fig. 3 shows a scatterplot of the normalized intensity
(Fig. 1) versus (Fig. 2) for all sites, months, and fre-
quencies. The theoretical relation according to Karasawa is
also shown, as well as lines fitted to the data from each
site separately. The correlation of all these results together
is significantly worse than that of the results of each station
separately, as can be expected. Furthermore, the gradients
of the fitted lines for the separate stations are in general in
good agreement with the model, but there is a considerably
variable negative offset. In general, the offset is smallest in
Japan (where the model came from) and largest in Europe. It
can be concluded that Karasawa’s model predicts the seasonal
variation of the monthly average well for various places
on earth, but not the annual average.

On the first line of Table II, the correlation coefficient of
all points of Fig. 3 together is shown, as well as the rms

Fig. 3. Normalized scintillation intensity versusNwet for all of the different
sites, months, and frequencies. Theoretical relation from Karasawa (thick line)
and individual linefits for the data from each site (dotted lines).

TABLE II
COMPARISON OF THEEXISTING AND PROPOSEDNEW PREDICTION MODELS:

CORRELATION COEFFICIENT OFNwet VERSUS�n FOR KARASAWA AND

ITU-R MODEL, AND OF Nwet +Q VERSUS�n FOR THE NEW MODELS

FOR ALL MEASUREMENT POINTS (MONTHLY AVERAGES), AND RMS
RELATIVE ERROR OF THEMODEL-PREDICTED �n WITH RESPECT TO THE

MEASURED �n FOR ALL MEASUREMENT POINTS (MONTHLY AVERAGES)

relative error in made by the Karasawa model. The same
calculations have been made using the model parameters
and in (7) according to ITU-R, the result of which is also
shown in Table II. This result appears to be even worse than
that from Karasawa.

The fact that the situation does not improve by changing
the frequency exponentcan be explained considering that at
most of the stations, measurements were made at a frequency
between 11 and 12.5 GHz. The relative positions of these
measurement results are hardly affected by adjusting the
frequency dependent term. The same thing can be said for
the elevation angle dependent term, because different sites
with similar elevation angles gave different results. Therefore,
another way of improving the situation is considered in this
paper. Further analysis is made starting from Karasawa’s
model configuration, since it gave the best result. An additional
parameter for this model is sought.

2) Improvement Using Cloud Information:It has been ob-
served several times that there is a significant correlation
between the occurrence of scintillation and the presence of
cumulus clouds along the propagation path. This gives the
impression that at least part of the turbulent activity causing
scintillation is associated with cumulus clouds. As an example,
Mohd Yusoffet al. [6] found a significant difference in average
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scintillation intensity for their “dry” and “wet” databases from
Goonhilly and suggested that scintillation in the latter may
be caused by turbulent mixing of air masses with different
water contents in and around clouds and precipitation. They
called this effect “turbulent attenuation.” The parameter
at ground level is not a good indicator of this kind of
turbulence. Tervonenet al. [17] showed that the average
variation of scintillation intensity over the hours of the day
is uncorrelated with and strongly correlated with the
cumulus cloud cover. Therefore, a new parameter indicating
the average water content of “turbulent clouds” occurring
on the propagation path may help to improve the prediction
models of scintillation.

The ECMWF database provides a possibility to derive a pa-
rameter indicating the water content of turbulent clouds. Using
the Salonen/Uppala cloud model (an improved version of the
model first published in [18] and [19]), the occurrence, height,
and thickness of clouds, as well as their water content as a
function of height, can be calculated from the height profiles
of pressure, temperature and humidity. This has been done for
all the considered measurement sites, yielding for each site
a time series of height profiles of the cloud water content.
From this information various statistical cloud properties can
be calculated.

For each site, we calculated the average water content
of heavy clouds . Here, “heavy clouds” means a cloud
layer with an integrated water content larger than 0.70 kg/m.

indicates the integrated water content (including ice)
of heavy clouds averaged over only the time during which
these occurred. On average this parameter shows a climatic
correlation with , which, in some cases, is better than that
of ; e.g., the annual average in Darmstadt is lower
than that in Kirkkonummi and Eindhoven as is the average

, while the average is not. A climatic correlation of
a long-term averaged parameter was exactly what was needed
to improve the prediction models. has been incorporated
in a new prediction model for in the following way:

(8)

(9)

where the overscore denotes long-term (at least annual) aver-
age and is expressed in kg/m. In (8), is a long-term
average parameter and, therefore, constant for each site so
that all seasonal dependence of is still represented by

. The coefficients in (9) have been empirically adjusted
to give maximum correlation between ( and . The
significant improvement in climatic correlation is illustrated by
the correlation coefficients of annual averages: The correlation
coefficient of annual average versus for all sites and
frequencies is 0.943; that of versus ( ) is 0.983.

A scatterplot of the monthly versus for all
the sites is shown in Fig. 4. The correlation coefficient of the
points and the rms relative error of the new model are included
in Table II. It is evident from both Fig. 4 and Table II that the
performance of this model is considerably better than that of
the Karasawa model for the data tested.

Fig. 4. �n versusNwet + Q for all of the different sites, months, and
frequencies. Individual line fits for the data from each site (dotted lines) and
the new proposed model (thick line).

The outliers in Fig. 4 are data points from Martlesham,
which is very likely due to the fact that the meteorological
data for this site come from the ECMWF data set so that
the monthly correlation between and is less good
than that for the other sites. To illustrate this: it was checked
that, if all values were taken from the ECMWF data
instead of from the measurements, the overall spread in Fig. 4
would slightly increase and the Martlesham data would not be
outliers anymore.

The performance of the new model is better even for the data
from Yamaguchi, Ohita, Okinawa, and Haystack, on which
Karasawaet al.had already tested their model [1]: for this data
subset, the correlation coefficient of the monthly versus
( ) is 0.943 and the rms relative error of the new model
is 14.2%, while using the Karasawa model these figures are
0.937 and 22.1%.

Equations (7)–(9) together now form a new empirical model
for the prediction of monthly averaged scintillation intensity.
However, much more data from more different sites, in dif-
ferent climates and operating at different elevation angles and
frequencies will have to be collected in order to validate this
model and develop a globally applicable prediction model.
It shows nevertheless from the above that scintillation is, at
least partly, associated with turbulence in heavy clouds, and
that the water content of heavy clouds (water content
>0.70 kg/m) is a significant indicator of the annual average
scintillation intensity, and is therefore a useful parameter to
be combined with , in order to improve the long-term
performance of global scintillation prediction models.

In order to make a comparison with other measurement
results possible, a global map of the long-term average water
content of heavy clouds has been calculated from the
ECMWF data. The result of this is shown in Fig. 5.

The same analysis as above has been performed with
the “average probability of heavy clouds” as an extra
parameter, indicating the probability of occurrence of the
clouds with water content 0.70 kg/m . This parameter can
also be calculated from the ECMWF data. A third alternative
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Fig. 5. Global map of the average water content of heavy cloudsWhc (indicated in kg/m2).

parameter was found using the cumulus cloud amount. This
parameter was obtained from the NDP026B public database
of Carbon Dioxide Information Analysis Center (CDIAC) and
National Center for Atmospheric Research (NCAR) [20]. This
database consists of edited synoptic cloud reports from ships
and land stations over the entire globe over the period from
December 1981 to November 1991. The parameter “cumulus
cloud amount” indicates the portion of the sky covered
with low level clouds, which are mainly cumulus clouds. This
parameter has proved to be correlated with the variation of
scintillation intensity over the hours of the day [17].

These analyses resulted in expressions similar to (8) and (9).
The performances of these alternative models are included in
Table II. As can be seen from this table, the performance of
these alternatives is also considerably better than that of the
Karasawa model and almost as good as the model using.

B. Signal-Level Distribution

In this section, the prediction formulas of Karasawaet al.
for the relation between the average standard deviation and
the enhancement/fade distribution [(5) and (6)] are compared
with measurement results from various sites.

1) Comparison of Global Measurement Results with the
Models: For this analysis, results for the probability distri-
bution of signal-level fluctuation from the mean have been
extracted from publications, in a similar way to the previous
section. Since in the prediction models, the fade and enhance-
ment distributions are predicted from the long-term standard
deviation , only those sites which also report the average
standard deviation measured over the same period have been
selected.

Measurement results from eight sites in three continents
were found [1], [7], [10], [14], [21]–[23]. The site parameters

TABLE III
AVERAGE STANDARD DEVIATIONS OF THE

SIGNALS IN THE ANALYZED DATA SETS

are summarized in Table I. The standard deviations of the
signals in the reported data sets are listed in Table III. Some
details on the data processing procedures at the different
measurement sites are given in Appendix A.

In Fig. 6, the cumulative distributions for signal fade, and
in Fig. 7, for signal enhancement are shown for all the
measurement sites. All distributions have been divided by the
respective standard deviations , so that according to Kara-
sawaet al., they should all correspond to the model indicated
in the figures (thick line). It is evident that this is not really
the case. Especially the Goonhilly fade curve is far away from
the others. The statement that those data “include rain effects
as well” is probably meant as an explanation for the large
discrepancy between the fade curve and the Karasawa model.
This may be true, since they had difficulties in establishing a
mean signal level [22], but because scintillation was almost
all the time much more strongly present in the signal than
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Fig. 6. Cumulative distributions of signal fade normalized by the standard
deviations for all of the measurement sites and the model by Karasawa (thick
line). The letters are initials of the names of the sites (see Table I or III for
the full names).

Fig. 7. Cumulative distributions of signal enhancement, normalized by the
standard deviations for all of the measurement sites and the model by
Karasawa (thick line).

rain attenuation, it should be expected that rain was not the
only cause of this discrepancy. Another effect that is likely to
play a role in the results for Goonhilly is multipath fading due
to the layered structure of the troposphere. This effect, which
is mostly observed on line-of-sight links, can also become
significant on earth-space links with elevation angles below
about 4 [3].

Since, however, also the other measurement results in
Figs. 6 and 7 show significant deviations from the Karasawa
model, it is expected that the Goonhilly results are a com-
bination of scintillation and multipath fading. In general, the
observations suggest that the fade and enhancement distribu-
tions normalized by the standard deviations are not as constant
as suggested by Karasawaet al. In the next subsection, we
will look for a physical model which explains the observed
variations of the normalized signal distributions.

Fig. 8. Theoretical distribution of normalized signal enhancement and fade
for the indicated values of the long-term standard deviation, assuming a
Rice–Nakagami distribution for the short-term received electric field amplitude
[24].

2) Improvement:The Karasawa model for signal enhance-
ment had been derived assuming a Gaussian short-term dis-
tribution of signal level in decibels. Van de Kamp [24]
demonstrated that this assumption is not necessarily correct.
As discussed in Section III-A, the main cause of scintillation
on a satellite link is turbulence in clouds. This implies that the
turbulent layer is likely to be a thin layer far from the receiver.
From this modeling approach, it follows that the received
electric field amplitude is on a short term Rice–Nakagami
distributed and the distribution of signal level in decibels
is asymmetrical [24]. This can explain the difference between
measured fade and enhancement. The effect of this on the long-
term distribution of is shown in Fig. 8; the normalized fade
increases with the long-term standard deviation, while the nor-
malized enhancement decreases. This agrees with the behavior
observed in Figs. 6 and 7, which confirms the assumption of
the thin turbulent layer and the Rice–Nakagami distribution.

The results of Figs. 6 and 7 do not quantitatively exactly
match with the theoretical results of Fig. 8. This can be due to
the assumption of the long-term gamma distribution of the
short-term standard deviation, with , where

is the long-term mean of , generally equal to long-
term standard deviation , and is the long-term standard
deviation of . This relation was stated by Karasawaet al. [1]
and also used in the derivation of Fig. 8. If, however, e.g.,
is in reality larger with respect to than assumed, the spread
of the gamma distribution will be larger and strong short-term
fluctuations will occur more frequently for the same long-term
mean standard deviation, resulting in larger normalized fades
and enhancements exceeded for small probabilities.

It could now be suggested to look for a globally applicable
relation between and . However, for this, the best way
would be to compare measured values of and from
different sites, but these are not available. Instead, we will
look for a model that expresses the distributions of normalized
fade and enhancement qualitatively similar to Fig. 8. Let us
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Fig. 9. The function
(P )=�lt for all of the different measurement sites and
a new proposed model curve (thick line).

first define

(10)

where

the distribution of signal fade (decibels);
the distribution of signal enhancement (decibels).

In Fig. 9, is shown normalized by dividing it by for
all the measurement sites. This corresponds to the average
of normalized fade and enhancement in Fig. 8, which is
approximately independent of there. In Fig. 9, the results
are indeed similar for all sites except Goonhilly. A curve has
been fitted to these results and is indicated in the graph (thick
line).

The difference between normalized fade and enhancement
is approximately proportional to in Fig. 8, so is
approximately proportional to . In Fig. 10, has been
plotted for all sites, divided by . Here it is seen that the
results from the different sites almost converge. In Fairbanks,
Kirkkonummi, Leeheim, and Portsmouth both and
are too small for an accurate calculation. A curve has been
fitted to the results of Austin, Chilbolton, and Yamaguchi, and
indicated in the graph (thick line). The fitted curves give the
following expressions:

(11)

(12)

where long-term standard deviation (decibels).
Equations (10)–(12) now form a new model for the long-

term distribution of signal level. The advantages of this model
with respect to Karasawa’s model are that the asymmetry
of the long-term distribution is now theoretically predicted
and this asymmetry increases with the scintillation intensity,
consistently with measurement results.

The performance of this new model is compared with that
of Karasawa’s model in Table IV where the rms absolute and

Fig. 10. The function�(P )=�2
lt

for all of the different measurement sites
and a new proposed model curve (thick line).

TABLE IV
EVALUATION OF NEW MODEL OF SIGNAL FADE AND ENHANCEMENT

DISTRIBUTION: ABSOLUTE AND RELATIVE RMS ERRORS OFNEW MODEL

OVER THE RANGE 0:001% � P � 20% AND THE KARASAWA MODEL,
OVER THE RANGE 0:01% � P � 20%. “TOTAL” I NDICATES THE RMS
ERROR OFALL RESULTS TOGETHER EXCEPT THOSE FROMGOONHILLY

relative deviations from all of the measured distributions are
compared. The probability range between 20 and 50% is not
considered because the absolute error is small anyway and
the relative error may become unreasonably large. In this
table, the improvement with respect to the Karasawa model is
evident, especially considering that for the Karasawa model the
probability range between 0.01 and 0.001% was not considered
since the model is not defined there. The new model performs
less good than the Karasawa model only in Yamaguchi, which
is for the measurements on which the Karasawa model was
based. In Chilbolton, the absolute error of the new model is
slightly larger due to values at very low probability levels. For
all other sites the new model shows a significant improvement
with respect to the Karasawa model. The improvement also
shows clearly in Fig. 11, where the models are plotted together
with the measured distributions for some of the sites.

In Goonhilly, there is still a significant difference between
the measured fading and the new model, which can be as-
cribed to multipath fading due to the layered structure of the
atmosphere, as discussed before. It can, therefore, be expected
that the new model describes turbulence induced scintillation,
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(a) (b)

(c) (d)

Fig. 11. Measured and modeled distributions of fade and enhancement in (a) Austin, (b) Goonhilly, (c) Kirkkonummi (19.77 GHz), and (d) Portsmouth: —
— — measured distribution, - - - - - new proposed model, and� � � � � Karasawa model. “f”= fade; “e” = enhancement.

which dominates the clear weather signal fluctuations for
elevation angles above about 4. For lower elevation angles,
another asymmetric component describing multipath fading
should be added.

IV. CONCLUSIONS

It is found from a comparison of the current scintillation
prediction models with available global data that is not
sufficient as a single meteorological input for long-term scin-
tillation intensity prediction. There are significant indications
that at least part of the measured scintillation is caused by
turbulence in clouds. The water content of heavy clouds
(water content 70 kg/m ) provides a good parameter to
represent the scintillation due to cloudy turbulence. A new
scintillation prediction model using both and shows
a significantly better performance than the current models. As
alternatives to , the average probability of heavy clouds
or the cumulus cloud amount may also be used.

The normalized (i.e., divided by long-term standard devia-
tion) distributions of signal fade and enhancement have sig-
nificantly varying shapes at various sites. This is not predicted
by the Karasawa model. The theory assuming a thin turbulent
layer and a Rice–Nakagami distribution for the short-term vari-
ations of electric field amplitude not only predicts the asymme-
try of the long-term signal-level distribution (in contrast to the
theory of Karasawa’s model), but also predicts a dependence
of this asymmetry on the long-term standard deviation, similar
to the dependence observed. A new model that takes this
dependence into account can predict the long-term distribution
of signal level significantly better. At elevation angles below
about 4 , multipath fading also contributes to the measured
signal fluctuations, increasing the asymmetry further.

Furthermore, it is reiterated that the development of global
prediction models of both the long-term scintillation intensity
and the signal-level distribution still requires much more data
from measurement sites in different climates, and operating at
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different frequencies and elevation angles, so the new models
can be validated and improved further. The use of large
global databases, as done in this paper, is essential for the
development of semi-empirical models as the ones discussed
here for which the physical relations are qualitatively known
to some extent but need be quantified experimentally.

At this juncture, it is proposed that the prediction models
presented in this paper, of the long-term scintillation intensity
and the long-term signal-level distribution due to scintillation,
be used in the design of satellite links. For the model of the
long-term intensity, global maps of the necessary meteorolog-
ical information are available, generated from the ECMWF
database. The information can be obtained by contacting the
authors of this paper.

APPENDIX A
DETAILS ON THE DATA PROCESSINGPROCEDURES

AT THE DIFFERENT MEASUREMENT SITES

After each description is indicated in which section of this
paper the results are used.

Austin, TX [7]: The University of Texas reported mea-
surements under contract with INTELSAT covering the
period June 1988 to May 1992, during which the right-hand
circularly polarized 11.20 GHz signal from a succession of
three geostationary satellites in the same orbital location
was monitored. The receiver output was sampled at 2 Hz
and the meteorological sensors of temperature and humidity
at 0.1 Hz. Slowly varying signal components were removed
by subtracting the signal averaged over consecutive 6-min
intervals. The standard deviation calculated over every hour
is reported averaged over every day and averaged over
approximately a two week period. We have averaged these
results over each month (Section III-A). In addition, the
signal fluctuation statistics were derived from June 1988 to
May 1991. The resulting distributions have been submitted
to the databank “DBSG5” of ITU-R [13] (Section III-B).
Chilbolton, U.K. [21]: A satellite beacon receiving station
has been in operation at the U.K. SERC Chilbolton Observa-
tory between July 1983 and September 1984. The received
signal was the 11.20 GHz beacon from an INTELSAT-
V satellite over the Indian Ocean. Data corresponding
to periods of rain fading were excluded from analysis.
Statistics of signal-level variations were made for the period
from July to September 1984 (Section III-B).
Darmstadt, Germany [8]: The Olympus satellite beacon
signals at 12.50, 19.77, and 29.66 GHz were measured at the
Research Institute of Deutsche Bundespost Telekom (cur-
rently known as the Research Centre of Deutsche Telekom
AG) with two antennas of different sizes. The receiver
outputs were sampled at a rate of 80 Hz, and averaged on-
line over every second. Slowly varying signal contributions
caused by attenuation due to gases, clouds, and rain were
removed from the signal by a suitable hardware high-
pass filter. Next, the signal variance was calculated over
every minute from January 1990 to December 1992, with
the exception of a few outage periods. Temperature and
humidity were recorded as well, but only data from

1992 were evaluated, since earlier measured values showed
a saturation effect for relative humidities80%. Therefore,
in this analysis, only the scintillation data from 1992 are
used. The variances and the data were averaged over
each month (Section III-A).
Eindhoven, The Netherlands[9]: The three Olympus bea-
cons were received at Eindhoven University of Technology
with one Cassegrain antenna with a frequency-dependent
aperture efficiency. The signal was sampled at a rate of 3
Hz. The scintillation standard deviation was calculated over
every minute in the period from January 1991 to May 1992,
except from June to August 1991, when Olympus was out of
order. Temperature and average humidity were also recorded
over the same periods. The signal standard deviations and
the calculated values were averaged over each month
(Section III-A).
Fairbanks, AK [10]: Scintillation was measured in a prop-
agation experiment using the 20.19 and 27.51 GHz beacons
received from the ACTS satellite for the period December
1993 to November 1995. Beacon measurements were sam-
pled at 1 Hz, a moving average over 120 s was subtracted
from the signal, and the signal standard deviation over
every hour was calculated. Dry conditions were identified
using a sky temperature threshold. The standard devia-
tions were averaged over the dry periods of each month.
Meteorological parameters were also averaged over each
month (Section IIIA). In addition, the cumulative statistics
of signal level at 20.16 GHz are reported for the months
February and August 1994. We added a small offset value to
the statistics, to make the median value 0 dB (Section III-B).
Goonhilly, U.K. [6]: British Telecom carried out an ex-
periment under contract to the INTELSAT organization
to gather low-elevation data of tropospheric scintillation.
The database, which was later analyzed in detail at Brad-
ford University, Bradford, U.K., consisted of continuous
10 min standard deviations of signal strength at 11.20
GHz, radiometer temperature and meteorological parameters
which were measured between February 1988 and August
1990. A “dry” data subset was extracted from the data,
being characterized by a radiometer temperature80
K. The signal standard deviations and the meteorological
data were averaged over each month (Section III-A). In
addition [22], the signals received from November 1987
to October 1990 were analyzed. Difficulty was experienced
in deriving fading and enhancement statistics with a signal
that was fluctuating so significantly. The radiometer and
ten minute averages of the beacon level were used exten-
sively to establish a nominal clear sky level. The statistics
were derived from simple addition of the total time each
threshold was crossed, without any smoothing. The resulting
distributions have been submitted to the databank “DBSG5”
[13]. With this submission, it was mentioned that the fading
data include rain effects as well. We added a small offset
value to both statistics, to make the median value 0 dB
(Section III-B).
Haystack, MA [1], [11]: Scintillation and meteorologi-
cal parameters were measured during a one-year period.
The seasonal averages of scintillation standard deviation at
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7.3 GHz, temperature and relative humidity are reported
(Section III-A).
Kirkkonummi, Finland [5]: Measurements were made of
the beacons received from Olympus, from June 1992 to
May 1993 at 19.77 GHz and from June to October 1992
at 29.66 GHz. The data were analyzed, under contract to
ESA, at Helsinki University of Technology by the authors
of this paper. The signal was sampled at 20 Hz and the
variance was calculated over every minute. Data for which
the rain intensity exceeded 0.03 mm/h were excluded from
the analysis. was calculated from the temperature
and humidity, which were measured at the site with a
time resolution of one minute. Both the variances and the

data were averaged over every month (Section III-A).
In addition, the fade and enhancement distributions were
derived over the same periods (Section III-B).
Leeheim, Germany [12]: The 11.79 GHz beacon of the
orbital test satellite (OTS) was received by two different
antennas at an experimental ground station of Deutsche
Bundespost from June to December 1983. The postdetec-
tion bandwidth was 20 Hz; the signals were sampled at
intervals of 72 ms and the one minute variances were
calculated. Time periods with rain events leading to atten-
uations exceeding 0.4 dB were excluded. Meteorological
measurements were also performed. The monthly averaged
standard deviations and were submitted to the data-
bank “DBSG5” [13]. Ortgies [14] found that thermal noise
with a standard deviation of 0.0346 dB was present in the
signal of the 3-m antenna. Therefore, we subtracted this
contribution from the reported data for the 3-m antenna and
a scaled contribution according to the Haddon/Vilar antenna
averaging function for the 8.5-m antenna (Section III-A).
In addition [14], a statistical analysis was made using
the data received by the 3-m antenna from June 1 to
September 13, 1983. The amplitude was sampled every
two hours for six minutes. In total, 105 hours of data
were evaluated. Time periods with rain events leading
to attenuations exceeding 0.4 dB were excluded. Only a
probability density distribution of signal level is reported,
which we converted into a cumulative distribution of signal
fade and enhancement. The long-term standard deviation is
assumed to be the sum of the scintillation and thermal noise
standard deviations, as reported by Ortgies (Section III-B).
Martlesham Heath, U.K. [15]: A four-year study of attenu-
ation, depolarization, and scintillation on an INTELSAT-V
satellite link was conducted by British Telecom Research
Laboratories from June 1983 to May 1987 for INTELSAT.
During the measured period, four different satellites served
in succession, which were seen at elevation angles of 10.1,
8.3 , 11.8 , and 10.1, respectively, and operated at 11.45
and 11.20 GHz. Data were recorded each half second. A
high-pass filter algorithm was used to separate the rapidly
from the more slowly varying components of the measured
attenuation signal. The data were divided into “event” data,
characterized by mean fades3 dB together with short
pre- and post-event periods, and the remaining data. The
standard deviation was calculated over every ten minutes
block of data and averaged over each month for the “event”

data set. No meteorological measurements are reported
(Section III-A).
Ohita andOkinawa, Japan [1]: Measurements were made
of an INTELSAT-V beacon during the year 1983, in the
same project as the measurements at Yamaguchi (see here-
after). The signal standard deviations at 11.45 GHz as well
as the temperature and relative humidity are reported, all
averaged over each month (Section III-A).
Portsmouth, U.K. [23]: The 11.79 GHz beacon from the
OTS was received at Portsmouth Polytechnic. For the
scintillation analysis, the signal was high-pass filtered at
0.01 Hz, low-pass filtered at 28 Hz, and sampled at 3 Hz. A
statistical analysis of signal level was made over a period of
725 h of data between June 20 and August 1, 1980. Since
the signal fade and enhancement statistics were very similar,
cumulative statistics are reported only for signal deviation,
i.e., for fade and enhancement together. Therefore, here it
will be assumed that fade and enhancement statistics were
equal for this site (Section III-B).
Yamaguchi, Japan [16]: Long-term propagation experi-
ments have been carried out using the INTELSAT-V satel-
lite link at 11.45 GHz during the year 1983. Data were
sampled at 1 Hz, and the standard deviations were calculated
over every hour, and averaged over each month. Tempera-
ture, pressure, and humidity were observed four times a day
at a nearby meteorological station. From these, the wet term
of the refractivity at ground level was calculated and
averaged over each month (Section III-A). In addition [1],
the cumulative distributions of signal-level variations were
obtained from measurements over the months of February,
May, and August, 1983. These are the data upon which the
Karasawa prediction model was based (Section III-B).
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