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Frequency Scaling of Rain Attenuation 
for Satellite Communication Links 

Jeff D. Laster and Warren L. Stutzman, Fellow, ZEEE 

Abstruct-One year of copolarized signal data from the OLYM- 
PUS satellite’s 12, 20, and 30 GHz beacons were examined for 
frequency scaling of attenuation. The statistics of the ratios of 
attenuation in dB for the frequency pairs 30/20, 20/12, and 30/12 
GHz computed at each 0.1s-sample instant were found to be 
nearly independent of fade depth. It was found that attenuation 
in dB scales with frequency to the 1.9 power. Also, attenuation 
ratios computed from the separate statistics of attenuation at each 
frequency for the same level of occurrence are very close to those 
found from instantaneous attenuation ratios. 

I. INTRODUCTION 
AIN attenuation is the most significant propagation R mechanism for satellite communication systems oper- 

ating above 10 GHz. Ku-band (14/12 GHz) is becoming 
heavily used, and future expansion will be toward Ka-band 
(30120 GHz). Rain attenuation (in dB), however, increases 
approximately as the square of frequency through these 
bands. It is, therefore, very important to accurately predict 
rain attenuation for reliable incorporation into the system 
design process. A moderate amount of rain attenuation data 
are available at Ku-band, while little has been reported in 
Ka-band. Thus, models that permit accurate scaling of rain 
attenuation statistics are valuable in system design. In addition, 
real-time frequency scaling of attenuation can be used in 
adaptive fade countermeasure systems. This paper reports on 
measured data from an experiment at 12.5, 20, and 30 GHz. 
A frequency scaling model is proposed, and application to 
instantaneous scaling is discussed. A previous paper presented 
an overview of all findings [l]. 

Frequency scaling of attenuation is the prediction of at- 
tenuation at a desired frequency from attenuation values at 
another frequency. The attenuation at the base, or reference, 
frequency is assumed to be known from prior measurements. 
Many scaling models have been developed from theory, from 
empirical data from various propagation experiments, or from 
both. This paper reports on the results of an in-depth study 
on frequency scaling of attenuation. The investigation began 
with a thorough examination of one year of measured data. In 
addition to being useful by themselves, these results were used 
to evaluate the accuracy of available scaling models. Because 
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of inadequacies in available models, new models are proposed 
here to more accurately reflect the measured data. 

Statistical frequency scaling is the use of statistics available 
from prior measurements at a base frequency to predict attenu- 
ation statistics at a desired frequency. Instantaneous frequency 
scaling is the scaling of base frequency attenuation to predict 
attenuation at a desired frequency at each sample time (i.e., 
“instantaneously”). Virginia Tech OLYMPUS measurements 
demonstrate that statistical frequency scaling can be used to 
predict average instantaneous frequency scaling. Statistical 
frequency scaling facilitates the calculation of link power 
budgets for new systems at higher frequencies. 

An alternative to the inclusion of large power margins to 
overcome rain fades is the use of adaptive fade countermea- 
sures such as adaptive power control and adaptive coding 
(reducing data rate or adding error correction) [2]. One can 
increase the transmitter power as needed to compensate for 
fading; adjusting the earth station transmitter power is referred 
to as uplink power control (ULPC). Adaptive schemes allocate 
resources to overcome fades only as needed (i.e., as long as the 
fade persisted). Instantaneous frequency scaling is important 
in this application. 

Instantaneous scaling of rain attenuation means that at- 
tenuation values measured at a base frequency in dB are 
scaled at each sample instant (0.1 s in the Virginia Tech 
experiment) for which base frequency data are available to 
predict attenuation values in dB at another frequency. As 
an example, in ULPC instantaneous scaling allows power 
transmitted to a satellite (i.e., on the uplink) to be varied 
to compensate for varying path loss where the path loss is 
determined by scaling from real-time attenuation data obtained 
at a lower frequency from the satellite to the earth (i.e., on the 
downlink). In addition, the move toward very small aperture 
antennas (VSAT) systems-having a diameter of about 1 m or 
less-emphasizes the need for adaptive fade countermeasures 
since the simplicity and small size of the VSAT’s imply low 
system margins (e.g., margins of 3 dB are proposed). In VSAT 
data networks, adaptive coding is a promising technique to 
compensate for fading. 

TI. THE VIRGINIA TECH OLYMPUS EXPERIMENT 

In July of 1989, the European Space Agency (ESA) 
launched OLYMPUS, an experimental telecommunications 
satellite. OLYMPUS carried four payloads to facilitate a 
wide range of applications which included a 12/20/30 GHz 
propagation payload [3]. The frequencies of the propagation 
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TABLE I 
CHARACTERISTICS OF OLYMPUS RECEIVERS AT VIRGINIA TECH 

Notes: 

Y =Perpendicular to equatorial plane at S/C; 51" from vertical at BIacksburg. 

X = Perpendicular to Y 

beacons were 12.5, 19.77, and 29.66 GHz, and are herein 
referred to as 12, 20, and 30 GHz. 

The OLYMPUS satellite had a unique history. It left its 
geostationary orbit on May 29, 1991, and after seventy-six 
days and a trip around the world, ESA restored the spacecraft 
to its proper orbit and, in the middle of August 1991, turned 
the beacons back on. Also, in May 1992, ESA abandoned 
regular north-south station keeping because of low satellite 
fuel supply, contributing to diurnal fluctuations in satellite 
signal strength. OLYMPUS ceased operation in August 1993. 

Under Jet Propulsion Laboratory sponsorship, the SATCOM 
Group of Virginia Polytechnic Institute and State University 
(Blacksburg, VA) constructed four earth terminals: one to 
receive each of the 12, 20, and 30 GHz beacon frequencies 
plus a second 20 GHz terminal for short baseline diversity ex- 
periments. The characteristics of the terminals are summarized 
in Table I. Between August 1990 and August 1992, the group 
made continuous measurements of the slant path attenuation 
on all beacon frequencies. Further details on the experiment 
are found in [l], [4], and [5]. 

The elevation angle for the Blacksburg-OLYMPUS link 
was 13.93 degrees. Since the lowest elevation angle in the 
contiguous United States for utilizing domestic geostationary 
satellites is about 14 degrees, these measurements represent 
a lower performance limit case for U.S. domestic slant path 
attenuation. This experiment characterizes earth-space propa- 
gation across the Ku- and Ka-frequency bands and could be 
the most comprehensive earth-space propagation experiment 
that has been performed in North America [l]. 

A feature of the Virginia Tech experiment which is unique in 
North America is the simultaneous reception of satellite signals 
spanning Ku-band through Ka-band from the same orbital slot. 
This permits direct frequency scaling. Extensive measurements 
have been made in the past in the Ku-band (e.g., 12 GHz), 
and some measurements have been taken spanning the Ka- 
band (e.g., 20 and 30 GHz), but very few measurements have 
spanned Ku- to Ka-band simultaneously (e.g., 12, 20, and 30 
GHz). 
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Fig. 1. Measured beacon attenuation (ACA) at 12, 20, and 30 GHz for 
the analysis year of January-May and September-December, 1991, and 
June-August, 1992. A common time base IS used for all three frequencies. 

Because OLYMPUS left its geostationary orbit during the 
summer of 1991, to obtain a full year of data for analysis 
purposes, June 1992 to August 1992 data are substituted for 
June 1991 to August 1991 in the one-year data set. Thus, the 
analysis year reported here consists of January-March 1991, 
June-August 1992, and September-December 1991. 

111. STATISTICS OF ATTENUATION 
WITH RESPECT TO CLEAR AIR 

Radiometer data were also collected at each beacon fre- 
quency along the same paths as the beacon signals. The 
radiometric data were used to distinguish the clear air com- 
ponent from the total loss, producing attenuation referenced 
to free space (AFS) and attenuation referenced to clear air 
(ACA). ACA is primarily due to rain and is, therefore, the 
measurement parameter used in our scaling studies. Statistical 
attenuation scaling is based on the statistics of ACA. The 
ACA statistics from the analysis year for 12, 20, and 30 
GHz for their common time base (i.e., where data are present 
on all three frequencies simultaneously) are plotted in Fig. 1. 
Fig. 1 shows the percentage of time in the experiment year that 
ACA exceeds some specified value for the three frequencies 
under consideration (12/20/30). ACAS used to denote the 
statistical ACA value exceeded for a given percentage of time. 
Attenuation statistics from the experiment are examined in 
detail in [l]. 

IV. INSTANTANEOUS ATTENUATION SCALING 

Attenuation ratio RA is the quotient of the measured ACA 
value in dB at an upper frequency divided by the measured 
ACA value in dB at a lower frequency evaluated at each 
sample time t 

Each RA value is assumed to represent the entire 0.1-s 
sample interval. The RA values were smoothed to remove 
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where t; is the sample time. RA values were binned in 
increments of 0.05 for each binned 1-dB increment of the base 
frequency attenuation; for example, for the 30/20 GHz atten- 
uation ratio, in a given month there might be 100 occurrences 
of RA values between 1.95 and 2.00 when ACA20 is between 
3 and 4 dB. The statistics of RA are presented in this section. 

A. RA Versus Percentage of Time Exceeded 
for  the Analysis Year 

RA occurrence times are summed and plotted cumulatively; 
that is, RA is plotted as a function of the percentage of time 
(in the month or year) that RA exceeds a specified value. 
Attenuation ratio RA for the analysis year for the 30120, 
20112, and 30112 GHz pairs are plotted in Fig. 2 for values 
of attenuation at the base frequency that exceed 1 dB. In this 
type of plot, all data are pooled regardless of base frequency 
attenuation level (as long as A a v e ( f ~ )  > 1 dB). 

Note that the attenuation ratio distribution in Fig. 2 is 
approximately constant for each of the three ratios. This 
is especially true for the 30/20 GHz ratio which can be 
approximated by a constant value of about two. This tight 
range of attenuation ratio values indicates potential application 
to adaptive control. The 50% value is the median RA value, 
RAmed, for the experiment year. RA exceeds (or is less 
than) RAmed for 50% of the time that the base attenuation 
exceeds 1 dB. Occurrence extremes (i.e., below about 5% and 
above about 95% of the time) yield relatively large and small 
attenuation ratios for very small amounts of time (that is, these 
RA values occur with low probability). 

B. RA Versus Base Attenuation for the Analysis Year 
All RA data are pooled regardless of attenuation level in 

RA exceedance plots. Binned RA values can also be plotted 
as a function of the base frequency attenuation for a constant 
percentage of time exceeded. Plotting RA as a function of base 
frequency attenuation reveals the dependence of RA on fade 
level. Yearly plots of attenuation ratios exceeding a specific 
value for 1, 10, 50,90, and 99% of the time are given in Fig. 3 
for the frequency ratios under consideration (30/20, 20/12, and 
30/12 GHz). The percentage of time exceeded is for each 1- 
dB range of base frequency attenuation values (e.g., 1-2, 2-3, 
3-4 dB, etc.). For example, for the 20/12 GHz pair in Fig. 3, 
attenuation ratio is equal to or less than 2.9 for 90% of the 
time that the 12 GHz attenuation is between 6 and 7 dB. 

The total time base is different than that of the plots of RA 
versus the percentage of time exceeded. As an example, the 
total time base for 30/20 GHz plot of Fig. 3 is the amount of 
time that ACA20 exceeds 1 dB (about 1.23% of the year for 
this experiment) times the percentage of the year represented 
by 30/20 GHz common data (about 90.4% of the year), 
yielding a total time base of 1.11% for 30/20 GHz for the 
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RA for the analvsis Year as a function of the percentage of time the 
ordinate value is equalei or kxceeded for: (a) 30/20 GHz, (bj 20/12 GHz, 
and (c) 30/12 GHz. 

year. The 99% level of occurrence is based on this portion of 
the year. The 50% level of occurrence of RA, RA,,d<, is the 
median of RA for each ith 1-dB bin on the base frequency 
attenuation. 

A linear regression was performed on the 50% level of 
occurrence at each 1-dB base attenuation level for ACAS(fu) 
versus A C A S ( ~ L )  for the experiment year. The slope of the 
line gives an attenuation ratio for the year averaged over 
the attenuation levels. This can be contrasted with Fig. 2 
which pools all data without regard to attenuation level. This 
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Fig. 4. Median 30-GHz attenuation for each 1-dB interval of 20-GHz 
attenuation using all data from the analysis year. The least mean-squared 
derivation straight line fit is also shown. 
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Fig. 3. RA for the analysis year as a function of the lower frequency 
attenuation for the frequency pairs of (a) 30/20 GHz, (b) 20/12 GHz, and 
(c) 30/12 GHz. 

removes the heavy bias of the much more frequently occurring 
low attenuation levels. RA,,, is defined as the slope of the 
line obtained by linear regression. In other words, RA,, is 
the average of the medians for 1-dB binned values of base 
frequency attenuation. The linear regression for the 30/20 GHz 
ratio has a slope of 2.01, and the standard deviation of error 
is 0.34 as shown in Fig. 4. Table I1 gives average attenuation 
ratio RA,, from linear regressions of the 50% level for all of 
the frequency pairs. Table I1 also includes median attenuation 
ratio RA,,d (from Fig. 2). 

TABLE I1 
STATISTICS OF ATTENUATION RATIO FOR ONE YEAR 

OF OLYMPUS DATA (FOR ACA(fh)  > 1 dB) 
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Fig 5 
30/20 GHz for the month of January 1991 

Probability distribution for the occurrence of attenuation ratio at 

C. Probability of Occurrence of RA 
Attenuation ratio (that is, the "instantaneous" RA value) has 

been observed to vary throughout a precipitation event (e.g., 
a hysteresis effect is documented for an individual rain event 
in the next section). The variation of RA with time indicates 
that RA is not solely a function of frequency. Some experi- 
menters [2], [6], [7] have reported that the attenuation ratio is 
not constant, but few address its variability. The probability 
distribution function (PDF) of RA can be examined to quantify 
the RA variations. An example of a PDF for January 1991 is 
given in Fig. 5 for a base frequency attenuation greater than 
1 dB for the 30/20 GHz ratio pair. In general, the PDF shows 
the range over which RA can vary and also shows the most 
probable values for RA. 
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Fig. 6.  Attenuation and attenuation ratio for a representative event of May 
14, 1991, for the frequency pair of 30/20 GHz. (a) Attenuation and attenuation 
ratio as a function of time. (b) Scatter plot of attenuation at 30 GHz versus 
that at 20 GHz. 

D. Time Variation of RA for a Representative Rain Event 

Though cumulative distributions and probability distribu- 
tions of RA are valuable, the time behavior of RA is often 
needed. A representative rain event on May 14, 1991 is shown 
in Fig. 6. ACA for 30 GHz and 20 GHz are plotted against 
each other in Fig. 6(a) (i.e., ACA30 versus ACA20, in dB). 
The 10-Hz sampled ACA data are averaged using the 30-s 
moving average of (2), and then each 50th point is plotted. 
A linear regression was performed to derive a "best fit" line 
through approximately one hour of attenuation data for the 
event. The slope of the line represents an average RA for the 
event, RAaveeyent, and is 2.27 for the 30/20 GHz pair. 

It is interesting to examine the dynamic variations of RA 
during the course of the event. This type of behavior impacts 
directly on the utility of adaptive fade countermeasures. Atten- 
uation ratio for 30/20 GHz for the same rain event is plotted 
as a function of time in Fig. 6(b) where ACA is shown for 
both frequencies. The data points do follow the best fit straight 
line, but there is an obvious spread of as much as f 2  dB. In 
fact, there are two distinct clusters of points above and below 
the line; these clusters are associated with the late and early 
parts of the storm, respectively. This is known as the hysterisis 
effect and is due to the changing raindrop size distribution 

during the storm [6]. This variation in RA values is also due 
in part to the sensitivity of RA to small values of ACA at 
the base frequency. 

V. STATISTICAL ATTENUATION RATIO 

In this section we examine statistical attenuation ratio which 
is defined as 

RAS is the quotient of two statistical values of ACA (i.e., 
ACAS), at upper and lower frequencies, respectively, at the 
same percentage of time of occurrence, p .  The common data 
base for each pair is used; that is, data are used only at instants 
for which attenuation pairs (Au ,AL)  are valid. RAS is a 
much easier quantity to obtain than RA. It is found directly 
from attenuation statistics in contrast to the statistics of RA 
which are found from instantaneous RA values for an entire 
period. 

Plots can be generated showing the percentage of time 
that the statistical attenuation ratio, RAS, exceeds a specific 
value. RA and RAS for the year are plotted in Fig. 7 as a 
function of base attenuation. It should be noted that RAS 
values are not reliable for low base frequency attenuations 
( A ( f ~ ) < l  dB) because of roundoff errors (i.e., the base 
frequency attenuation is binned only to two decimal places in 
dB). To facilitate comparison, the 50% level for RA, at integer 
base attenuation values RA,,d%, are included in these plots. 
RAS agrees very well with the median RA for all frequency 
pairs, indicating attenuation statistics can be used to predict 
the median instantaneous ratio as a function of base frequency 
attenuation. 

VI. MODELS FOR FREQUENCY SCALING 

A. Some Previous Models 

Current models attempt to quantify the behavior of average 
instantaneous attenuation ratio RA,,, and statistical attenua- 
tion ratio RAS. Measured values of RA,,d- and RAS are 
plotted in Fig. 8 as a function of base frequency attenuation 
along with predictions from some of the simpler available 
models. This section discusses these models. 

One of the most popular models is the simple power law 
model given by 

(4) 

Various values of the power n have been proposed. Popular 
ones follow 

n = 1.8 Dintelmann [8]. 
n = 2  Owolabi and Ajayi [9]. 
n = 1.72 Drufuca [9]. 

These appear as horizontal lines in Fig. 8. 
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There are two other models that depend only on frequency 
shown in Fig. 8. Battesti's model [9] is given by 

2 
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U 
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Fig. 8. Attenuation ratio for 30/20 GHz for the analysis year as a function 
of 20-GHz attenuation compared to several model predictions. 

The Intemational Radio Consultative Committee (CCIR) 
model [lo] is given by 

where 
~1.72 

A more complicated model that includes base attenuation 
as well as frequency is that of Boithias [ 111 

where 

and frequency f is in GHz. 
Values of RA,,,d from these models and measured data 

(from Table 11) are compared in Table 111. Missing values in 
the table mean that the model does not apply. Examination 
of Table I11 reveals that existing models do not satisfactorily 
predict either the median or average measured RA values. 
Some models come close for individual frequency pairs such 
as those of Battesti, CCIR, and Dintelmann for 30/20 GHz and 
OwoIabUAjayi for 20/12 and 30/12 GHz. No models, however, 
are accurate across the Ku/Ka band 

B. A Proposed Law Model Bused on OLYMPUS Datu 
The values for n computed from (4) using RA,,d and 

RA, values from Table I11 are given in Table IV. Again, 
RAmed is the overall median RA, and RA,, is the average 
of the medians for 1-dB binned values of base frequency 
attenuation. The average values of n for a power law fit 
over the three frequency pairs are also given in Table IV 
and are 1.97 and 1.90 for the median RA and average RA, 
respectively. The deviation from these average powers is as 
high as 17%. This is reasonable and leads to about a 2-dB error 
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Dgta source 30/20 20112 30112 Average n 

"ed 1.62 2.29 1.99 1.97 

7" 1.72 2.02 1.96 1.90 

TABLE IlI 
STATISTICS OF ATTENUATION RATIO COMPARED TO 

MODEL PREDICTIONS FOR OLYMPUS FREQUENCIES 

TABLE IV 
POWERS, n,  FOR POWER LAW FITS TO MEDIAN AND AVERAGE 
MEASURED ATTENUATION RATIO FOR ONE YEAR OF STATISTICS 

~ 

I 1  Powers (n) for Frequendes f, If I 

out of 20 dB. Based on these results, a value of nave = 1.90 
is recommended for 10-30 GHz frequency range 

1.9 (E) . 

If one is working with the frequency pairs in the OLYMPUS 
experiment, however, better results are obtained by using the 
specific power law values in Table IV. 

C. Proposed Models for Attenuation Exceeded 99% of the Time 

Equation (8) only predicts that average value of RA. It is 
important to quantify the deviation from the average behavior 
to assess the likelihood that an "average" model will provide 
accurate predictions. This can only be obtained directly from 
the measured data. Here we develop empirical models for 99% 
occurrence level of RA, RA,,%%, based on measured ACA 
values at the base frequency attenuation that exceeds 1 dB 
which is about 1.11% of the year for 30/20, 20/12, and 30112 
GHz. For 99% of 1.11% of the year, RA can be expected 
to be equal to or lower than the plotted values. This means 
that RA can be above what is expected for 1% of 1.11% 
of the year, or about 58 minutes out of a year. Furthermore, 
because the 99% level is for ith 1-dB bins of base frequency 
attenuations, the time involved is even less. For example, if the 
base frequency attenuation is between 9 and 10 dB on 30/20 
for 60 minutes in the year (this is a high estimate), then the 
amount of uncertainty in RA is for only 1% of 60 minutes, 
or about 36 seconds in the year. 

In contrast to the nearly flat 50% level plots, the 99% 
level plots curve downward with increasing base frequency 
attenuation. As long as the upper frequency attenuation is 
below the point where the receiver begins to saturate, this 
downward trend is valid. To quantify the excursions from 

TABLE V 
COEFFICIENTS AND ERROR FOR MODELING 99% LEVEL RA 

the average behavior, second-order polynomials were fitted 
to RAgg%% in Fig. 3. To accomplish this, A( fu )  was plotted 
against A( f ~ ) ,  and the following second-order polynomial was 
fitted to this curve 

where A(fu)  and A ( ~ L )  are attenuations at the upper and 
lower frequencies, and where a and ,B are fit coefficients. The 
resulting fits are 

ACA30199% = 2.75 . ACA20 - 0.02 * ACA202 
1 dB 5 ACAS0 5 14 dB 

1 dB 5 ACA12 5 10 dB 

1 dB 5 ACA12 5 4 dB 

(loa) 

(lob) 

ACA20199% = 3.94. ACA12 - 0.08 * ACA122 

ACA30199% = 9.32. ACA12 - 0.39 * ACA122 

(1Oc) 

where ACA30199%, ACA20199%, and ACA12199% are the 
99% occurrence attenuations at 30, 20, and 12 GHz, respec- 
tively. These coefficient values are also given in Table V 
together with standard deviations. 

These results can be generalized to apply to any frequency 
pair in the Ku/Ka band range. Using the a and /3 values 
in Table V, the following general relation that approximates 
(10) was derived by curve-fitting through a and p and the 
respective values of the frequency pairs (i.e., f u / f ~ )  

This model yields a standard deviation of error of 0.83 dB, 
based on all three pairs of the Virginia Tech measured data for 
the experiment year. This empirical formula is very accurate 
for 30/12 GHz. The curve fit slightly overestimates 30/20 
GHz and slightly underestimates 20/12 GHz. The deviation 
of these pairs is understandable considering that 20 GHz is 
close to a water vapor absorption band at 22.3 GHz. A higher 
than normal attenuation would be expected around 20 GHz 
which would result in (1 1) overestimating upper frequency 
attenuation for a frequency pair with the base frequency around 
20 GHz. On the other hand, if the upper frequency is around 
20 GHz, then (1 1) would underestimate the upper frequency 
attenuation. 

As a final example, we apply the nonlinear model of (1 1) to 
the Milstar satellite frequencies of 20 and 44 GHz. A moderate 
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amount of attenuation data are available at 20 GHz, whereas 
very little are available at 44 GHz. Using these frequencies 
in (8) and (11) yields the following relations for the 44/20 
frequency scaling ratio 

50%: RA,, = ( g)l’g = 4.47 

99%: ACA44(99% = 8.08 x AGA20 - 0.34 x ACA202. 
(12b) 

VII. UNIVERSALITY OF RESULTS 

Since the Virginia Tech experiment is the only long-term 
North American measurement program to span all of the 
Ku/Ka-band frequencies simultaneously, it is important to 
speculate on its application to other situations such as different 
climate zones. This section addresses the application of our 
results to other climates and elevation angles. 

Locations with a climate similar to that of Blacksburg, 
VA, should have similar attenuation scaling behavior. While 
year-to-year variation of attenuation statistics within a climate 
zone can be large, attenuation ratio is largely insensitive to 
such variations. Climate is important, however, because the 
variation of attenuation ratio within a rain event and rain event 
intensity both depend on climate. This variation seems to be 
due to changes in the raindrop size distribution during the 
rain event. For example, climate regions such as tropical areas 
experience more intense rainfall than is experienced in CCIR 
Zone K (e.g., at Virginia Tech). More intense rainfall tends to 
have more raindrop size distribution variation which results in 
attenuation ratio variations. Further research is needed in other 
climates to quantify RA behavior. 

Attenuation statistics can be easily corrected for elevation 
angle change, assuming frequency is fixed. The study com- 
pared Virginia Tech’s attenuation ratio statistics to that of other 
OLYMPUS experimenters at different elevation angles. In ratio 
models of attenuation scaling, there is no elevation angle 
dependence. Consequently, ratio models such as the power 
law relation of (4) are independent of elevation angle so that 
Virginia Tech’s RA statistics can be meaningfully compared 
to RA statistics of other OLYMPUS experiments performed 
at different elevation angles. 

Nonratio models, however, require elevation scaling. In 
contrast to ratio models, the elevation scaling factors do 
not cancel. This means that elevation angle scaling must be 
performed when applying nonratio models such as Virginia 
Tech’s 99% models to a location with a elevation angle 
different from Virginia Tech’s (i.e., 14 degrees). 

The Virginia Tech measured data for one year and resulting 
proposed models were compared to those from European 
OLYMPUS experiments. British Telecom Labs [ 121 published 
average RA values for the OLYMPUS frequency pairs, where 
their average RA is slope of a best fit line through a scatter 
plot of A(fv)  versus A ( ~ L )  for 136 rain events taken from 
two years of measured data. This is similar to our RA,,. The 
results are given in Table VI. Their average RA values are 
less than Virginia Tech values for all frequency pairs. 

TABLE VI 
COMPARISON OF ATTENUATION RATIO VALUES FOR 

T H W E  LONG TEM EXPERIMENTS USMG OLYMPUS 

Dintelmann et al. [SI examined one year of data from their 
OLYMPUS experiment in Germany and found that a power 
law relation with n = 1.8 is an adequate frequency scaling 
relation for the OLYMPUS frequencies. This is close to the 
power law relation with n = 1.9 derived from the Virginia 
Tech data. RA, scaling factors using a n = 1.8 power 
law relation are included in Table VI. Compared to Virginia 
Tech values, average RA values based on data from Germany 
(n = 1.8) are higher on 30/20 GHz and lower on 20/12 and 
30/12 GHz. 

The slight differences between European and Virginia Tech 
results could be due to the slight differences in climate 
between the localities. Attenuation ratio seems to vary with 
raindrop size distribution. If a location consistently experi- 
ences stratiform rain while another location experiences more 
thunderstorm rain, the attenuation ratio statistics are likely to 
differ. The statistical nature of rain events in terms of raindrop 
size distribution varies yearly and is difficult to quantify. 

Ortgies et al. [13] found from the German OLYMPUS 
experiments that instantaneous frequency scaling of attenu- 
ation (RA) exhibits a hysteresis effect which they attribute 
to variations of the drop size distribution and the effective 
path length through rain, as well as antenna effects [14]. They 
maintain that the hysteresis effect begins at a much lower 
attenuation at 20 GHz than the 6-8 dB observed by Sweeney et 
al. [6]. The representative event of Fig. 5 displays a hysteresis 
effect beginning at attenuations around 1 dB. 

VDI. SUMMARY AND CONCLUSIONS 
This investigation explored the frequency behavior of rain 

attenuation over the 10-30 GHz frequency range. The study 
was based on measurements in Blacksburg, VA, using the 
12.5, 20, and 30 GHz OLYMPUS satellite beacons. To date, 
and for the foreseeable future, this is the only experiment to 
span the entire Ku- and Ka-bands in North America. With all 
experiment characteristics fixed, such as elevation and azimuth 
angles, frequency scaling of attenuation was determined from 
the simultaneous beacon measurements. 

Attenuation ratio is the primary quantity of interest and 
is the ratio of the attenuations in dB on two frequencies, 
upper to lower. One year of OLYMPUS data (January-May 
1991, June-August 1992, September-December 1991) was 
examined. The study of attenuation ratio was based on the 
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statistics of the ratio of attenuations on two frequencies at 
identical instants of time. 

The specific conclusions follow. 
The value of attenuation ratio is stable on average: The 
statistics of instantaneous attenuation ratio, RA,  were 
examined for one year. That is, the ratio of attenuations 
for frequency pairs 30120, 20112, and 30112 were formed 
when valid data existed at each 0.1 Hz sample point; see 
(1). After smoothing using a 30s-moving average of (2) 
to remove scintillation effects, these data were pooled 
for the entire analysis year and examined for trends. 
The statistics were studied in two ways, by pooling 
all data without regard for the level of fading (see 
Fig. 2) and with the level of attenuation as a parameter 
(see Fig. 3). The median (50% occurrence level) for all 
data, RAmed, and a mean obtained by fitting a straight 
line at each level of attenuation, RA,,, agree quite 
well; see Table 11. This indicates the attenuation ratio 
on the average is stable over a year and is relatively 
insensitive to the depth of a rain fade. Examination of 
individual rain events allows more specific conclusions; 
see Conclusions 5 )  and 6 )  below. 
The nature of attenuation values from attenuation sta- 
tistics at di#erent frequencies can be used to predict 
the statistics of attenuation ratio: Statistical attenuation 
ratio, RAS,  is computed from the attenuation statistics at 
each frequency by taking the ratio of A ( f u )  and A ( ~ L )  
for a common percentage of time; see (3) and Fig. 7. 
An important result of this experiment is that RAS 
tracks the 50% level of occurrence for instantaneous 
ratio RA,  RAmed,, as a function of the base frequency 
attenuation; that is, RAS tracks RAmed%. This indicates 
that attenuation statistics can be used in system design 
to predict the median instantaneous ratio as a function 
of base frequency attenuation. 
A power law model with n = 1.9 fits Virginia Tech data 
and is proposed as a frequency scaling model: Based 
on our measurements, a power law model with a power 
of n = 1.9 is recommended for scaling attenuation; see 
Table IV and (8). If the frequencies are close to one of 
the pairs in the table, that power law for that specific 
pair (for RAave) is more appropriate. 
Models for  the spread of RA-measured values about 
the mean were developed: Use of the constant scaling 
values of RA,, and RAmed is convenient but only 
predicts “average” type behavior. The 99% level of 
occurrence of R A  serves as a worst case model to 
quantify the deviation of R A  from the average. The 
99% levels of occurrence of R A  for 30120, 20112, and 
30/12 GHz depend on fade level, indicating that the re- 
lationship between the upper frequency attenuation and 
the lower (base) frequency attenuation cannot be well 
approximated by a constant attenuation ratio for these 
frequency pairs. Existing models are not adequate for 
prediction of the variation in A C A ( f u )  with A C A ( ~ L ) .  
The 99% level can be approximated by a second order 
polynomial as given in (10) for 30120, 20/12, and 30112 
GHz pairs. 
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The general model of (11) was also developed to quan- 
tify the deviation of R A  for frequencies across the 
KuIKa band. This empirical formula was derived by 
curve fitting the empirical formula parameters from 
Table V (i.e., a,  p, and the frequency ratio values). 

5 )  Attenuation ratio is relatively constant during a rain 
event: The average behavior and spread about the 
average for one year cannot be applied to an individual 
rain event. At the same time, it is very important to 
understand the impact of rain dynamics on attenuation 
ratio during a rainstorm when attempting to invoke adap- 
tive measures. This information can only be gathered 
through direct examination of individual events. The 
representative event of Fig. 6 showed that attenuation at 
30 GHz versus that at 20 GHz nearly follows a straight 
line. 

6) Adaptive control measures can employ frequency scaling 
to predict attenuation: Analysis of annual statistics as 
well as individual rain events indicates that an average 
attenuation ratio can be used to scale attenuation mea- 
sured from an available beacon to another frequency 
where adaptive measures are to be applied [2]. The 
hysterisis effect, however, can lead to predictions, for 
example, at 30 GHz from 20 GHz that vary a few dB 
during a storm. 

7 )  Universality of results: The largest variable in rain 
attenuation is that associated with the frequency of 
occurrence of rain. That is, different climate zones are 
primarily distinguished by how often it rains during a 
year. Attenuation ratio is insensitive to these differences, 
however, since it is used only when it is raining and since 
the character of rain tends to be somewhat universal. It 
is expected that good results for other climate zones and 
elevation angles should be obtained using the proposed 
power law model of n = 1.9. For example, the power 
law model with n = 1.8 that was found to give good 
results in Germany [8] would give a deviation of only 
0.85 dB in the prediction of attenuation at 30 GHz (about 
21 dB) from a 10 dB attenuation at 20 GHz for the 
n = 1.9 and 1.8 models. 
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