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Abstract—The prediction models for tropospheric scintillation at low elevation angles, where tropospheric scintillation may
on earth-satellite paths from Karasawa, Yamada, and Allnutt pe a significant impairment.
and ITU-R are compared with measurement results from satellite Tropospheric scintillation is a rapid fluctuation of signal

links in Europe, the United States, and Japan at frequencies from . . L
7 to 30 GHz and elevation angles of 3 to 33 The existing pre- amplitude and phase due to turbulent irregularities in temper-

diction models relate the long-term average scintillation intensity ature, humidity, and pressure, which translate into small-scale
to the wet term of refractivity at ground level. The comparison variations in refractive index. In the microwave region, where
shows that the seasonal variation of scintillation intensity is well the humidity fluctuations are important, the result is random
predicted by this relation, but for the annual average some degradation and enhancement in signal amplitude and phase

additional meteorological information is needed. A much better ived tellit i link I d dation i
agreement with measurement results is found when a parameter receéived on a satellite—eartn link, as well as a degradation in

representing the average water content of heavy clouds is incor- Performance of large antennas.
porated. This confirms the assumption that scintillation is, at least In general, the impact of rain attenuation on communication

partly, associated with turbulence inside clouds. The asymmetry signals is predominant at frequencigd0 GHz. Scintillation,
between the distributions of signal fade and enhancement can also however, becomes important for low-fade margin systems

be explained by turbulence inside clouds. The asymmetry depends . . -
on the intensity of the scintillation, which is consistent with the operating at frequencies10 GHz and at low elevation angles

theory assuming a thin layer of cloudy turbulence. A new model (<~215°) since on these, scintillation may cause as much
based on this theory predicts the distributions of signal fade and attenuation as rain, especially for time percentages larger than

enhancement significantly better. 1%. Knowledge of the dynamic characteristics of scintillation
Index Terms—Cloud water content, cumulus clouds, low-fade S also important for the design of up-link power control and
margin, meteorology, propagation, radio-wave propagation, satel- antenna tracking systems.

lite communication, tropospheric scintillation, tropospheric tur- Early models for the prediction of scintillation effects relate
bulence. the long-term scintillation intensity to the wet term of the
refractivity at ground level, which is a function of temper-

I. INTRODUCTION ature and humidity. When these models were formulated, few

NCREASING demand foriu-band (14/12/11 GHz) re- measurement results were available to verify the pr_edictions.

A number of new measurement results are now available, and

sources will require the provision of additional spectrum i .
i : models are tested here using these results from several
higher bands. Some systems are already designed to ope&aﬁe

in the 30/20 GHz bandKa band) and it is probable thatme €Nt Sites in different continents.
serious consideration will be given soon to utilizing the 50/40
GHz band ¥ band). Ka- and V-band applications will
be aimed at very small aperture terminal (VSAT) service
with low-fade margins. Thus, there is a pressing need
quantify attenuation phenomena in the relatively low-fade Karasawaet al. [1] presented a prediction method for the
margin range. Furthermore, new satellite constellations usigglculation of the standard deviatienof signal fluctuations
low earth orbits such as Teledesic and Iridium are plannéde to scintillation, based on measurements made during 1983
with Ka-band links, which may have to operate occasionalBt Yamaguchi, Japan, at an elevation angle of @r@quencies
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
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ando .. is the predicted signal standard deviation or “scintilef P is given by

lation intensity,” f is the frequency in GHz is the apparent _ . 3 a2 . )
elevation angle Nue; is the wet term of the refractivity at ¥ =(=0.0597 log™ P> — 0'(3830 log PO_ 1.258 log P
ground level[ is the relative humidity in percent, arids the +2672)on  (0.01% < P < 50%) (5)

temperature in degrees centigrade. These metegrological irWHEre o, is the long-term signal standard deviation, which
parameters should be averaged over a period in the order.9f, e calculated from (1). Equation (5) agreed well with
a month so the model does not predict short-term scintillatiofa measurements of Karasaetal. for signal enhancement.
variations with daily weather changeS(D.) is an antenna g gjgnal fade, however, the measured deviation was larger,

averaging function, given by Crane and Blood [2], alidis  ggnecially in the low probability region. They fitted a curve to
the effective antenna diameter givenDy = D/ with D @S {hege measurement resullts, giving the relation
the geometrical antenna diameter apthe antenna aperture

efficiency. The antenna averaging function also depends on the= (—0.061 log® P +0.072 log” P — 1.71 log P + 3.0)oy,
elevation angle and the height of the turbulence, assumed by (0.01% < P < 50%). (6)
Karasawaet al. to be 2000 m. Ifs < 5°, sin ¢ in (1) should

be replaced bysin ¢ + {/sin” € + 2h/R.)/2, whereh is the
height of the turbulence ang&. is the effective earth radius is especially evident for strong scintillations.
=85 10° m. , The ITU-R [3] adopted only the distribution (6) for signal
The 'Karasawg model was tested against measurements ftgma in their proposed prediction method.
four different sites in Western Japan and from Haystack,
IA, and Chilbolton, U.K. These measurements were made
at elevation angles from 4 to 30frequencies from 7.3 to
14.2 GHz, and with antenna diameters from 3 to 36.6 r’r&
The averageNy.: in these different databases varied from™
20 to 130 ppm. Karasawat al. mention that the model is The prediction models of long-term scintillation intensity
expected to be applicable to worldwide regions with differeffl) and (3)] from ITU-R and Karasawat al. have been
meteorological conditions, but state that to verify or improveompared to the new measurement results from Kirkkonummi,
the prediction procedure, a collection of data at lower elevatidiinland, at 19.77 and 29.66 GHz by van de Kaetal. [5]. It
angles and from different climatic regions is required. appeared that both of the models predicted a higher intensity
ITU-R Recommendation PN 618-3 [3] contains anothdhan that measured at Kirkkonummi—the Karasawa model
model, based upon measurements covering elevation andle#g the closer one. Similar comparisons with measured data
in the range of 4-32 antenna diameters between 3 and 36 rhave been made also at other sites, (e.g., [6], [7]), and similar

a frequency range of 7-14 GHz, and several different climasiéscrepancies were found. However, the prediction models
regions: should not be redefined on the basis of the measurement results

at one site only. A globally applicable model to predict signal

Opre = (3.6 X 1072 + 107* Nyye, ) f/2g(D.)/sin*? ¢ dB  impairments due to tropospheric scintillation will have to be
(3) Validated with global data as Karasaegal. suggested. Such

an extensive database is not yet available. Nevertheless, in this
whereg(D.) is the aperture averaging function from Haddopaper a further step is taken toward a global prediction model,
and Vilar [4]. A turbulent height of 1000 m is suggestedising measurement results found available in literature.
by ITU-R. Also in this model, the meteorological parameters 1) Comparison of Global Measurement Results with the
should be averaged over a period in the order of one montModels: For this analysis, measurement results of long-term

scintillation intensity, measured over at least several months,
B. Signal-Level Distribution have been extracted from literature. In order to compare also

. the seasonal correlation of scintillation and meteorological
Karasawaet al. [1] also present some expressions fo

the | i lative distributi f litude deviati réarameters, results were used which were presented with a
€ long-term cumuiative distrioution of ampltude devialio e e5o)ytion of three months or shorter. No time resolution
y, expressed in terms of the predicted long-term stand

deviation. They derived this expression theoretically usiasr orter than one .mpnth Is considered. This is partly pecguse
the integ.ration formula ' e eX|.st|ng prediction models were proposed for this time
resolution and partly because most of the results are presented
o with this time resolution. However, it should be noted that a
p(y) = / p(o)p(ylo) do 4) significant correlation between scintillation intensity alg.;
0 can also be found on a shorter time base [5].
wherep(o) is the distribution function of short-term standard A collection of measured data from 12 sites in three
deviations for which Karasawat al. assume a Gamma dis-continents was found [1], [5]-[16]. These published results are
tribution andp(y|o) is the conditional short-term distributionusually presented in graphs. The data have been extracted from
function of signal levely for a given standard deviatiom, these by enlarging the paper copies. This way, an estimated
which is generally assumed to be a Gaussian distribution. Thecuracy ok0.1% of the maximum range of the graphs could
resulting amplitude deviation, exceeded for a time percentage reached.

The difference between fade and enhancement is due to an
asymmetry in the short-term signal-level fluctuations, which

[ll. COMPARISON AND ANALYSIS

Long-Term Correlation with Meteorology



VAN DE KAMP et al. PREDICTION OF TROPOSPHERIC SCINTILLATION ON SLANT PATHS 251

TABLE | 0.02 T T T T T
SITE PARAMETERS. STATION NAMES, GEOGRAPHICAL COORDINATES x Yamaguchi
(LATITUDE AND LONGITUDE), FREQUENCIES f, ELEVATION ANGLES 0.018F  + Austin g
£, ANTENNA DIAMETERS D, APERTURE EFFICIENCIES 77, SATELLITE + Goonhilly
NAMES, AND SECTIONS OF THIS PAPER WHERE THE RESULTSARE USED. 0.016 /"HE;‘S{';‘(’:"’(E”
IF i s NoT INDICATED, IT Is NOT GIVEN IN THE REFERENCE a > Darmstadt
=0.014
Site coordinates f £ D n Satellite Section _5
~-B) @ | @ [ @] o any 30012
Austin [7] 3039-26227 | 1120 | 58 | 24 Intelsat-510/602 | A, B s
Chilbolton [21] 51.07-358.68 | 1120 | 7.1 3 Intelsat-V B § 0.01
Darmstadt {8) 49.87 - 8.63 12.50 27 1.8 0.5 | Olympus A g
19.77 37 | 05 A § 0.008
29.66 37 | 05 A s
£ 0.006
Eindhoven [9] 51.45-5.49 12.50 26.8 55 0.92 | Olympus A ;6
19.77 078 A 0.004
29.66 0.44 A i
Fairbanks [10) 64.86-212.18 | 2019 | 792 | 122 | 0.56 | ACTS AB 0.002- 1
27.51 A
Goonhilly |6}, [22] | 5005 -35483 | 1120 | 327 | 144 | 065 | Intelsat-507 AB 0 : : E : ; !
Haystack {1], [11] 42.34-288.74 73 5 36.6 A
0.02 T : . . :
Kirkkonummi [5] 60.22 - 24.40 19.77 12.7 1.8 0.63 | Olympus AB !
20.66 038 AB x Okinawa
0.018  * Ohita R
Leeheim [12], [14] | 49.51 - 8.30 1179 | 329 | 3 OTSIT AB + Martlesham
85 A 0.016f © Kirkkonummi 4
— /Leeheim
Martlesham [15] 52.06-1.29 =11 =10 | 6.1 | 0.62 | Intelsat-V A 5 » Fairbanks
Ohita [1] 3325- 13160 | 1145 | 66 | 4 Intelsat-V A £ 0.014
Okinawa [1] 26.50 - 128.00 11.45 113 4 Intelsat-V A 'c:B'
>0.012
Portsmouth [23] 50.79 - 358.91 11.79 30.9 2.4 0.55 { OTS-I B % 0.0
Yamaguchi [1], [16] | 34.18 - 131.55 11.45 6.5 7.6 Intelsat-V AB g 0.01
go
]
§ 0.008
The site parameters relevant for further analysis are surj-
. . . . E0.006
marized in Table I. Some details on the data processing
procedures at the different measurement sites are given im.oos
Appendix A.
. . . 0.002F
Due to the different frequency and geometrical configu-
: . . . . .

ration of each measurement setup, it is necessary to use a ° 5
normalized scintillation intensity to be able to perform a useful months

comparison. Assuming the dependence on frequency, elevati@n1. Normalized scintillation intensity as a function of the months of the
angle, and antenna size as described in the models of ITUSRY for all of the considered measurement sites. Coefficiertsd b in (7)

and Karasawa, a normalized scintillation intensity can be according to Karasawa. The separation into two graphs is simply for a clearer

view.
defined as

g (7) resolution of 1.5 both in latitude and longitude and for every

fog(De)/sin” e six hours in the period from October 1992 to September 1994,
wherea = 0.45 and b = 1.3 according to Karasawa andlt was obtained by a combination of various measurements
a = 7/12 and b = 1.2 according to ITU-R.g(D.) is the and model-based predictions.
antenna averaging function of Haddon and Vilar. According Although the time period of these data does not cover
to both modelss,, should be only dependent aN,..;. o, exactly the measured period in Martlesham, it still can be
has been plotted versus the months of the year in Fig. 1, fxpected that on average the seasonal dependence of me-
all of the measurement sites. The coefficiemtand 4 have, teorological parameters does not change much over a few
arbitrarily at this point, been chosen according to the modgtars so the data may still be representative for the measured
from Karasawa. The height of the turbulence has been assumpedod. This has been verified by comparing the monthly
2000 m and an antenna aperture efficiency of 0.75 has beemragedVv,,., obtained from the other sites where temperature
assumed if it was not indicated in the references. and humidity were measured to the monthly averad&d;

For a comparison with the prediction models, meteorologesulting from the ECMWF data set for the same places on
ical data are also needed. Unfortunately, from Martleshagarth. The root mean square (rms) error of the values from
Heath [15], no meteorological measurements are report&CMWF with respect to the measured values was 8.8 ppm; the
However, an extensive global meteorological database hass relative error was 15.9%. The impact of this error on the
been purchased by Helsinki University of Technology und@rediction of z,, was evaluated by calculating the difference
contract to ESA from the European Centre for Medium-Randpetween the monthly values of, predicted by the Karasawa
Weather Forecasts (ECMWF). This database contains heigiidel using the measured values &f,.; and those using
profiles of pressure, temperature, and absolute humidity the N,.; values from ECMWF. The rms absolute difference
23 height levels, for grid points over the whole earth with was 0.00097 dB; the rms relative difference was 9.0%. It is,

On
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Fig. 3. Normalized scintillation intensity versi§,.; 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).
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TABLE 1
COMPARISON OF THEEXISTING AND PROPOSEDNEW PREDICTION MODELS:
CORRELATION COEFFICIENT OF Nyet VERSUSO,, FOR KARASAWA AND
ITU-R MODEL, AND OF Nyset + @ VERSUS T, FOR THE NEW MODELS

gj % FOR ALL MEASUREMENT POINTS (MONTHLY AVERAGES), AND RMS
B RELATIVE ERROR OF THEMODEL-PREDICTED 0,, WITH RESPECT TO THE
§ 60 MEASURED 0, FOR ALL MEASUREMENT POINTS (MONTHLY AVERAGES)
model corr. coef. | rms. rel. error
40 Karasawa 0.931 58.3%
ITU-R 0.895 89.2%
2 using Whe 0.962 15.5%
o ; . , . ) - using Pyc 0.953 18.7%
2 4 ?nonths 8 10 12 using Cu 0.954 17.4%

Fig. 2. Monthly averagedVy.: at all the sites, all from meteorological
measurements, except those in Martlesham, which are from ECMWF-. . .
relative error inc made by the Karasawa model. The same

calculations have been made using the model parameters

therefore, expected that the ECMWF data can reasonably i 5 in (7) according to ITU-R, the result of which is also
used to estimate the monthly averagdd.; of a site from shown in Table II. This result appears to be even worse than
which no meteorological results have been reported. Figi#at from Karasawa.
shows the monthly averaged,.; as a function of the months, The fact that the situation does not improve by changing
all from the measurements at the sites, except for those fr@ie frequency exponemtcan be explained considering that at
Martlesham, which have been calculated from ECMWF datgost of the stations, measurements were made at a frequency

Fig. 3 shows a scatterplot of the normalized intensity between 11 and 12.5 GHz. The relative positions of these
(Fig. 1) versusNye: (Fig. 2) for all sites, months, and fre-measurement results are hardly affected by adjusting the
quencies. The theoretical relation according to Karasawafigquency dependent term. The same thing can be said for
also shown, as well as lines fitted to the data from eaehe elevation angle dependent term, because different sites
site separately. The correlation of all these results togetheith similar elevation angles gave different results. Therefore,
is significantly worse than that of the results of each statiemother way of improving the situation is considered in this
separately, as can be expected. Furthermore, the gradigriser. Further analysis is made starting from Karasawa's
of the fitted lines for the separate stations are in general ritodel configuration, since it gave the best result. An additional
good agreement with the model, but there is a consideralpigrameter for this model is sought.
variable negative offset. In general, the offset is smallest in2) Improvement Using Cloud Informatiort has been ob-
Japan (where the model came from) and largest in Europesdtrved several times that there is a significant correlation
can be concluded that Karasawa’s model predicts the seasdrgiveen the occurrence of scintillation and the presence of
variation of the monthly average,, well for various places cumulus clouds along the propagation path. This gives the
on earth, but not the annual average. impression that at least part of the turbulent activity causing

On the first line of Table Il, the correlation coefficient ofscintillation is associated with cumulus clouds. As an example,
all points of Fig. 3 together is shown, as well as the rmglohd Yusoffet al.[6] found a significant difference in average
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scintillation intensity for their “dry” and “wet” databases from  o.02 .
Goonhilly and suggested that scintillation in the latter may orgl X Euope
be caused by turbulent mixing of air masses with different o Japan
water contents in and around clouds and precipitation. They %018
called this effect “turbulent attenuation.” The parameigy.; s
at ground level is not a good indicator of this kind of
turbulence. Tervoneret al. [17] showed that the average
variation of scintillation intensity over the hours of the day
is uncorrelated withNV,.; and strongly correlated with the 0.008- .
cumulus cloud cover. Therefore, a new parameter indicatin X %X
the average water content of “turbulent clouds” occurringg ®%; + g
on the propagation path may help to improve the prediction ¢ gl
models of scintillation.

The ECMWF database provides a possibility to derive a pa- :
rameter indicating the water content of turbulent clouds. Using co'*

(
=l
2
N

T

0.0121

0.01F

aligkd standard deviation (d

0.002} .-

. . 20 40 60 80 100 120 140 160 180
the Salonen/Uppala cloud model (an improved version of the Nwet + Q

model first published in [18] and [19]), the occurrence, heightig. 4. o, versus Nuwe; + Q for all of the different sites, months, and
and thickness of clouds, as well as their water content adremuencies. Individual line fits for the data from each site (dotted lines) and

function of height, can be calculated from the height profild¢ new proposed model (thick line).

of pressure, temperature and humidity. This has been done for
all the considered measurement sites, yielding for each siteThe outliers in Fig. 4 are data points from Martlesham,
a time series of height profiles of the cloud water conterwhich is very likely due to the fact that the meteorological
From this information various statistical cloud properties cagata for this site come from the ECMWEF data set so that
be calculated. the monthly correlation betweeN,.; and o,, is less good
For each site, we calculated the average water contéin that for the other sites. To illustrate this: it was checked
of heavy cloudsiW;.. Here, “heavy clouds” means a cloudhat, if all V... values were taken from the ECMWF data
layer with an integrated water content larger than 0.70 Rg/minstead of from the measurements, the overall spread in Fig. 4
W indicates the integrated water content (including ic&yould slightly increase and the Martlesham data would not be
of heavy clouds averaged over only the time during whichutliers anymore.
these occurred. On average this parameter shows a climatithe performance of the new model is better even for the data
correlation witha,,, which, in some cases, is better than thdtom Yamaguchi, Ohita, Okinawa, and Haystack, on which
of Nyet; €.9., the annual averag¥),. in Darmstadt is lower Karasawaet al. had already tested their model [1]: for this data
than that in Kirkkonummi and Eindhoven as is the averaggibset, the correlation coefficient of the monthly versus
oy, While the averagéVy.. is not. A climatic correlation of (N,..+Q) is 0.943 and the rms relative error of the new model
a long-term averaged parameter was exactly what was neefed4.2%, while using the Karasawa model these figures are
to improve the prediction model$V;,. has been incorporated.937 and 22.1%.
in a new prediction model fos,, in the following way: Equations (7)—(9) together now form a new empirical model
for the prediction of monthly averaged scintillation intensity.
However, much more data from more different sites, in dif-
ferent climates and operating at different elevation angles and
Q = —39.2 + 56W . (9) frequencies will have to be collected in order to validate this
model and develop a globally applicable prediction model.
where the overscore denotes long-term (at least annual) aveishows nevertheless from the above that scintillation is, at
age andW;,. is expressed in kg/fa In (8), Q is a long-term least partly, associated with turbulence in heavy clouds, and
average parameter and, therefore, constant for each sitethsd the water content of heavy cloud,;. (water content
that all seasonal dependence @f is still represented by >0.70 kg/n?) is a significant indicator of the annual average
Nyt The coefficients in (9) have been empirically adjustestintillation intensity, and is therefore a useful parameter to
to give maximum correlation betweeV...+ () ando,,. The be combined withN.¢, in order to improve the long-term
significant improvement in climatic correlation is illustrated byperformance of global scintillation prediction models.
the correlation coefficients of annual averages: The correlationin order to make a comparison with other measurement
coefficient of annual average, versusN. for all sites and results possible, a global map of the long-term average water
frequencies is 0.943; that of, versus {V,.; + () is 0.983. content of heavy cloud$V;. has been calculated from the
A scatterplot of the monthlyV,.; + @ versuso,, for al ECMWF data. The result of this is shown in Fig. 5.
the sites is shown in Fig. 4. The correlation coefficient of the The same analysis as above has been performed with
points and the rms relative error of the new model are includédte “average probability of heavy clouds”,. as an extra
in Table Il. It is evident from both Fig. 4 and Table Il that theparameter, indicating the probability of occurrence of the
performance of this model is considerably better than that cbuds with water content-0.70 kg/n¥. This parameter can
the Karasawa model for the data tested. also be calculated from the ECMWF data. A third alternative

0 = 0.98 X 107*(Nyer + Q) (8)
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Fig. 5. Global map of the average water content of heavy clddigs (indicated in kg/m).

parameter was found using the cumulus cloud amount. This TABLE Il
parameter was obtained from the NDP026B public database AVERAGE STANDARD DEVIATIONS OF THE
of Carbon Dioxide Information Analysis Center (CDIAC) and SIGNALS IN THE ANALYZED DATA SETS
National Center for Atmospheric Research (NCAR) [20]. This site 6 (dB)
database consists of edited synoptic cloud reports from ships “Austin 0.62
and land stations over the entire globe over the period from Chilbolon 0468
December 1981 to November 1991. The parameter “cumulus T o
cloud amount”Cw indicates the portion of the sky covered ’
with low level clouds, which are mainly cumulus clouds. This Goonhilly 1.00
parameter has proved to be correlated with the variation of Kirkkonummi 20 GHz | 0.165
scintillation intensity over the hours of the day [17]. Kirkkonummi 30 GHz | 0.228
These analyses resulted in expressions similar to (8) and (9). Techeim 0.067
The performances of these alternative models are included in e— 0,086
Table II. As can be seen from this table, the performance of :
these alternatives is also considerably better than that of the Yamaguchi 054

Karasawa model and almost as good as the model d&ing

) o are summarized in Table I. The standard deviations of the

B. Signal-Level Distribution signals in the reported data sets are listed in Table Ill. Some

In this section, the prediction formulas of Karasaetaal. details on the data processing procedures at the different
for the relation between the average standard deviation anéasurement sites are given in Appendix A.
the enhancement/fade distribution [(5) and (6)] are comparedn Fig. 6, the cumulative distributions for signal fade, and
with measurement results from various sites. in Fig. 7, for signal enhancement are shown for all the

1) Comparison of Global Measurement Results with thraeasurement sites. All distributions have been divided by the
Models: For this analysis, results for the probability distritespective standard deviationg, so that according to Kara-
bution of signal-level fluctuation from the mean have beesawaet al,, they should all correspond to the model indicated
extracted from publications, in a similar way to the previous the figures (thick line). It is evident that this is not really
section. Since in the prediction models, the fade and enhanttee case. Especially the Goonbhilly fade curve is far away from
ment distributions are predicted from the long-term standatite others. The statement that those data “include rain effects
deviationa;;, only those sites which also report the averages well” is probably meant as an explanation for the large
standard deviation measured over the same period have bgisarepancy between the fade curve and the Karasawa model.
selected. This may be true, since they had difficulties in establishing a

Measurement results from eight sites in three continentgan signal level [22], but because scintillation was almost
were found [1], [7], [10], [14], [21]-[23]. The site parameterall the time much more strongly present in the signal than



VAN DE KAMP et al. PREDICTION OF TROPOSPHERIC SCINTILLATION ON SLANT PATHS 255

Probability (%)
cumul. probability (%)

6 8 4 5
fade / st.dev. () y / st.dev. ()

Fig. 6. Cumulative distributions of signal fade normalized by the standaFig. 8. Theoretical distribution of normalized signal enhancement and fade
deviations for all of the measurement sites and the model by Karasawa (thiok the indicated values of the long-term standard deviation, assuming a
line). The letters are initials of the names of the sites (see Table | or Il f®ice—Nakagami distribution for the short-term received electric field amplitude
the full names). [24].

10 ‘ , . ‘ - , 2) Improvement:The Karasawa model for signal enhance-
ment had been derived assuming a Gaussian short-term dis-
tribution of signal levely in decibels. Van de Kamp [24]
1 demonstrated that this assumption is not necessarily correct.
As discussed in Section IlI-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 levglin decibels
is asymmetrical [24]. This can explain the difference between
measured fade and enhancement. The effect of this on the long-
term distribution ofy is shown in Fig. 8; the normalized fade
increases with the long-term standard deviation, while the nor-
N malized enhancement decreases. This agrees with the behavior
enhancement / stdev. () 12 " observed in Figs. 6 and 7, which confirms the assumption of
Fig. 7. Cumulative distributions of signal enhancement, normalized by tﬁge thin turbulent Ia-yer and the Rlce—Nakagaml _dlstrlbutlon.
standard deviations for all of the measurement sites and the model byThe rgsults of FIgS._G and 7 do m_)t quant'_tatlvely exactly
Karasawa (thick line). match with the theoretical results of Fig. 8. This can be due to
the assumption of the long-term gamma distribution of the
rain attenuation, it should be expected that rain was not tBort-term standard deviation, with m2 = 1003, where
only cause of this discrepancy. Another effect that is likely tar, is the long-term mean o&, generally equal to long-
play a role in the results for Goonhilly is multipath fading duéerm standard deviatios;;, ando, is the long-term standard
to the layered structure of the troposphere. This effect, whigleviation ofo. This relation was stated by Karasaetaal. [1]
is mostly observed on line-of-sight links, can also becon@nd also used in the derivation of Fig. 8. If, however, exg.,
significant on earth-space links with elevation angles beloin reality larger with respect ta., than assumed, the spread
about £ [3]. of the gamma distribution will be larger and strong short-term
Since, however, also the other measurement results flinctuations will occur more frequently for the same long-term
Figs. 6 and 7 show significant deviations from the Karasawaean standard deviation, resulting in larger normalized fades
model, it is expected that the Goonhilly results are a commhd enhancements exceeded for small probabilities.
bination of scintillation and multipath fading. In general, the It could now be suggested to look for a globally applicable
observations suggest that the fade and enhancement distrilelation betweenn, ands,. However, for this, the best way
tions normalized by the standard deviations are not as constanuld be to compare measured valuesnof and o, from
as suggested by Karasawd al. In the next subsection, we different sites, but these are not available. Instead, we will
will look for a physical model which explains the observedbok for a model that expresses the distributions of normalized
variations of the normalized signal distributions. fade and enhancement qualitatively similar to Fig. 8. Let us

Probability (%)
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Probability (%)
Probability (%)

12 14 .
gamma (P) / st.dev. delta (P) / st.dev.A2

Fig. 9. The functiony(P)/o for all of the different measurement sites andrig. 10. The functions(P)/c? for all of the different measurement sites

a new proposed model curve (thick line). and a new proposed model curve (thick line).
. . TABLE IV
first define EvALUATION OF NEw MODEL OF SIGNAL FADE AND ENHANCEMENT
DisTRIBUTION: ABSOLUTE AND RELATIVE RMS ERRORS OFNEW MODEL
’Y(P) = (yf(P) + ye(P))/2 OVER THE RANGE 0.001% < P < 20% AND THE KARASAWA MODEL,
6(P) — (yf(P) _ ye(P))/Z (10) OVER THE RANGE 0.01% < P < 20%. “TOTAL” | NDICATES THE RMS
ERROR OFALL RESULTS TOGETHER EXCEPT THOSE FROM GOONHILLY
Whel’e abs. errors (dB) rel. errors (%)
yf(P) the distribution of Signa] fade (decibe]s); measurements from: Karasawa model | new model | Karasawa model | new model
y.(P) the distribution of signal enhancement (decibels).  Awtin 0.60 0.30 163 93
. . . C . Chilbolton 0.16 0.23 8.2 75
In Fig. 9,v(P) is shown normalized by dividing it by,, for Faibanke 02 007 15 l0s

all the measurement sites. This corresponds to the averageg,

2.63 1.96 31.2 215
of normalized fade and enhancement in Fig. 8, which iS ikkonummi20GHz o1l 0.04 216 121
approximately independent of;, there. In Fig. 9, the results  «irkkonummi 30 GHz 0.15 0.07 143 538
are indeed similar for all sites except Goonhilly. A curve has Leeheim 0.09 0.04 195 140
been fitted to these results and is indicated in the graph (thick Fertsmeuts 0.07 0.03 204 120
Iine). Yamaguchi 0.19 0.38 87 12.1

0.25 0.19 16.3 10.8

The difference between normalized fade and enhancement®
is approximately proportional te;; in Fig. 8, so6(P) is
approximately proportional te2. In Fig. 10,5(P) has been relative deviations from all of the measured distributions are
plotted for all sites, divided by2. Here it is seen that the compared. The probability range between 20 and 50% is not
results from the different sites almost converge. In Fairbanksnsidered because the absolute error is small anyway and
Kirkkonummi, Leeheim, and Portsmouth botP) and o7, the relative error may become unreasonably large. In this
are too small for an accurate calculation. A curve has begible, the improvement with respect to the Karasawa model is
fitted to the results of Austin, Chilbolton, and Yamaguchi, angvident, especially considering that for the Karasawa model the
indicated in the graph (thick line). The fitted curves give thgrobability range between 0.01 and 0.001% was not considered
following expressions: since the model is not defined there. The new model performs

~(P) =(—0.0515 log® P 4 0.206 log® P — 1.81 log P !ess good than the Karasawa quel only in Yamaguchi, which

+2.81)0y (11) is for the me_asurements on which the Karasawa model was
5 ) based. In Chilbolton, the absolute error of the new model is

§(P) =(0.172 log” P — 0.454 log P +0.274)o;,  (12) slightly larger due to values at very low probability levels. For
wheres, = long-term standard deviation (decibels). all other sites the new model shows a significant improvement

Equations (10)—(12) now form a new model for the long¥ith respect to the Karasawa model. The improvement also
term distribution of signal level. The advantages of this modehows clearly in Fig. 11, where the models are plotted together
with respect to Karasawa’s model are that the asymmewgvth the measured distributions for some of the sites.
of the long-term distribution is now theoretically predicted In Goonhilly, there is still a significant difference between
and this asymmetry increases with the scintillation intensitihe measured fading and the new model, which can be as-
consistently with measurement results. cribed to multipath fading due to the layered structure of the

The performance of this new model is compared with thatmosphere, as discussed before. It can, therefore, be expected
of Karasawa’'s model in Table IV where the rms absolute arldat the new model describes turbulence induced scintillation,
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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 The normalized (i.e., divided by long-term standard devia-
elevation angles above about.4-or lower elevation angles, tion) distributions of signal fade and enhancement have sig-
another asymmetric component describing multipath fadimgficantly varying shapes at various sites. This is not predicted
should be added. 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-
It is found from a comparison of the current scintillatioriry of the long-term signal-level distribution (in contrast to the
prediction models with available global data thét.; is not theory of Karasawa’s model), but also predicts a dependence
sufficient as a single meteorological input for long-term scirof this asymmetry on the long-term standard deviation, similar
tillation intensity prediction. There are significant indicationto the dependence observed. A new model that takes this
that at least part of the measured scintillation is caused Bgpendence into account can predict the long-term distribution
turbulence in clouds. The water content of heavy clodds of signal level significantly better. At elevation angles below
(water content> 70 kg/n¥) provides a good parameter toabout 4, multipath fading also contributes to the measured
represent the scintillation due to cloudy turbulence. A nesignal fluctuations, increasing the asymmetry further.
scintillation prediction model using botN,,.. andW},. shows Furthermore, it is reiterated that the development of global
a significantly better performance than the current models. Asediction models of both the long-term scintillation intensity
alternatives to;,., the average probability of heavy cloudsand the signal-level distribution still requires much more data
or the cumulus cloud amount may also be used. from measurement sites in different climates, and operating at

IV. CONCLUSIONS
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different frequencies and elevation angles, so the new model4992 were evaluated, since earlier measured values showed
can be validated and improved further. The use of largea saturation effect for relative humidities 80%. Therefore,
global databases, as done in this paper, is essential for thén this analysis, only the scintillation data from 1992 are
development of semi-empirical models as the ones discussedsed. The variances and thg,.; data were averaged over
here for which the physical relations are qualitatively known each month (Section IlI-A).

to some extent but need be quantified experimentally. Eindhoven, The Netherlands[9]: The three Olympus bea-

At this juncture, it is proposed that the prediction models cons were received at Eindhoven University of Technology
presented in this paper, of the long-term scintillation intensity with one Cassegrain antenna with a frequency-dependent
and the long-term signal-level distribution due to scintillation, aperture efficiency. The signal was sampled at a rate of 3
be used in the design of satellite links. For the model of the Hz. The scintillation standard deviation was calculated over
long-term intensity, global maps of the necessary meteorolog-every minute in the period from January 1991 to May 1992,
ical information are available, generated from the ECMWF except from June to August 1991, when Olympus was out of
database. The information can be obtained by contacting theorder. Temperature and average humidity were also recorded
authors of this paper. over the same periods. The signal standard deviations and
the calculatedV,,.; values were averaged over each month
(Section IlI-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

After each description is indicated in which section of this 1993 to November 1995. Beacon measurements were sam-
paper the results are used. pled at 1 Hz, a moving average over 120 s was subtracted

Austin, TX [7]: The University of Texas reported mea- from the signal, and the signal standard deviation over

surements under contract with INTELSAT covering the every hour was calculated. Dry conditions were identified

period June 1988 to May 1992, during which the right-hand using a sky temperature threshold. The standard devia-
circularly polarized 11.20 GHz signal from a succession of tions were averaged over the dry periods of each month.
three geostationary satellites in the same orbital locationMeteorological parameters were also averaged over each
was monitored. The receiver output was sampled at 2 Hzmonth (Section IlIA). In addition, the cumulative statistics
and the meteorological sensors of temperature and humidityof signal level at 20.16 GHz are reported for the months
at 0.1 Hz. Slowly varying signal components were removed February and August 1994. We added a small offset value to

by subtracting the signal averaged over consecutive 6-minthe statistics, to make the median value 0 dB (Section IlI-B).

intervals. The standard deviation calculated over every hourGoonhilly, U.K. [6]: British Telecom carried out an ex-

is reported averaged over every day afig.; averaged over  periment under contract to the INTELSAT organization

approximately a two week period. We have averaged thesdo gather low-elevation data of tropospheric scintillation.

results over each month (Section IlI-A). In addition, the The database, which was later analyzed in detail at Brad-
signal fluctuation statistics were derived from June 1988 toford University, Bradford, U.K., consisted of continuous

May 1991. The resulting distributions have been submitted10 min standard deviations of signal strength at 11.20

to the databank “DBSG5” of ITU-R [13] (Section IlI-B). GHz, radiometer temperature and meteorological parameters

Chilbolton, U.K. [21]: A satellite beacon receiving station which were measured between February 1988 and August

has been in operation at the U.K. SERC Chilbolton Observa-1990. A “dry” data subset was extracted from the data,

tory between July 1983 and September 1984. The receivedeing characterized by a radiometer temperature80
signal was the 11.20 GHz beacon from an INTELSAT- K. The signal standard deviations and the meteorological

V satellite over the Indian Ocean. Data corresponding data were averaged over each month (Section IlI-A). In

to periods of rain fading were excluded from analysis. addition [22], the signals received from November 1987

Statistics of signal-level variations were made for the period to October 1990 were analyzed. Difficulty was experienced

from July to September 1984 (Section 1lI-B). in deriving fading and enhancement statistics with a signal

Darmstadt, Germany [8]: The Olympus satellite beacon that was fluctuating so significantly. The radiometer and

signals at 12.50, 19.77, and 29.66 GHz were measured at theen minute averages of the beacon level were used exten-

Research Institute of Deutsche Bundespost Telekom (cursively to establish a nominal clear sky level. The statistics

rently known as the Research Centre of Deutsche Telekomwere derived from simple addition of the total time each

AG) with two antennas of different sizes. The receiver threshold was crossed, without any smoothing. The resulting

outputs were sampled at a rate of 80 Hz, and averaged ondistributions have been submitted to the databank “DBSG5”

line over every second. Slowly varying signal contributions [13]. With this submission, it was mentioned that the fading
caused by attenuation due to gases, clouds, and rain werdata include rain effects as well. We added a small offset
removed from the signal by a suitable hardware high- value to both statistics, to make the median value 0 dB

pass filter. Next, the signal variance was calculated over(Section IlI-B).

every minute from January 1990 to December 1992, with Haystack, MA [1], [11]: Scintillation and meteorologi-

the exception of a few outage periods. Temperature andcal parameters were measured during a one-year period.

humidity were recorded as well, but only,,.; data from The seasonal averages of scintillation standard deviation at

APPENDIX A
DETAILS ON THE DATA PROCESSINGPROCEDURES
AT THE DIFFERENT MEASUREMENT SITES
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7.3 GHz, temperature and relative humidity are reporteddata set. No meteorological measurements are reported
(Section IlI-A). (Section IlI-A).

Kirkkonummi, Finland [5]: Measurements were made of Ohita andOkinawa, Japan[1]: Measurements were made
the beacons received from Olympus, from June 1992 toof an INTELSAT-V beacon during the year 1983, in the
May 1993 at 19.77 GHz and from June to October 1992 same project as the measurements at Yamaguchi (see here-
at 29.66 GHz. The data were analyzed, under contract toafter). The signal standard deviations at 11.45 GHz as well
ESA, at Helsinki University of Technology by the authors as the temperature and relative humidity are reported, all
of this paper. The signal was sampled at 20 Hz and theaveraged over each month (Section IlI-A).

variance was calculated over every minute. Data for which Portsmouth, U.K. [23]: The 11.79 GHz beacon from the
the rain intensity exceeded 0.03 mm/h were excluded fromOTS was received at Portsmouth Polytechnic. For the
the analysis.N,.; was calculated from the temperature scintillation analysis, the signal was high-pass filtered at
and humidity, which were measured at the site with a 0.01 Hz, low-pass filtered at 28 Hz, and sampled at 3 Hz. A
time resolution of one minute. Both the variances and thestatistical analysis of signal level was made over a period of
N, data were averaged over every month (Section 1lI-A). 725 h of data between June 20 and August 1, 1980. Since
In addition, the fade and enhancement distributions werethe signal fade and enhancement statistics were very similar,
derived over the same periods (Section 11I-B). cumulative statistics are reported only for signal deviation,
Leeheim, Germany [12]: The 11.79 GHz beacon of the i.e., for fade and enhancement together. Therefore, here it
orbital test satellite (OTS) was received by two different will be assumed that fade and enhancement statistics were
antennas at an experimental ground station of Deutscheequal for this site (Section IlI-B).

Bundespost from June to December 1983. The postdetecYamaguchi, Japan [16]: Long-term propagation experi-
tion bandwidth was 20 Hz; the signals were sampled atments have been carried out using the INTELSAT-V satel-
intervals of 72 ms and the one minute variances werelite link at 11.45 GHz during the year 1983. Data were
calculated. Time periods with rain events leading to atten-sampled at 1 Hz, and the standard deviations were calculated
uations exceeding 0.4 dB were excluded. Meteorologicalover every hour, and averaged over each month. Tempera-
measurements were also performed. The monthly averageture, pressure, and humidity were observed four times a day
standard deviations an¥,,.. were submitted to the data- at a nearby meteorological station. From these, the wet term
bank “DBSG5” [13]. Ortgies [14] found that thermal noise of the refractivity at ground leveN,.. was calculated and
with a standard deviation of 0.0346 dB was present in theaveraged over each month (Section IlI-A). In addition [1],
signal of the 3-m antenna. Therefore, we subtracted thisthe cumulative distributions of signal-level variations were
contribution from the reported data for the 3-m antenna andobtained from measurements over the months of February,
a scaled contribution according to the Haddon/Vilar antennaMay, and August, 1983. These are the data upon which the
averaging function for the 8.5-m antenna (Section Ill-A). Karasawa prediction model was based (Section IlI-B).

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 leadind!!
to attenuations exceeding 0.4 dB were excluded. Only a
probability density distribution of signal level is reported, [2]
which we converted into a cumulative distribution of signal
fade and enhancement. The long-term standard deviation [t§
assumed to be the sum of the scintillation and thermal noise
standard deviations, as reported by Ortgies (Section III-B)[4]
Martlesham Heath, U.K. [15]: A four-year study of attenu-
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