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Abstract—Because the motion of a low Earth orbit (LEO) satellite across the sky causes the Earth-space path to very quickly
pass through any rain cells in the vicinity, the degree of rain
fading on such paths changes more rapidly and leads to steeper
fade slopes than in the geostationary case. Because comprehensive
measurement data have not yet been compiled for fading on
LEO links in the Ka-band, we have used simulations based on
Goldhirsh’s method for determining the key parameters of the
well-known EXCELL model of a horizontal rain structure from
long-term global rain statistics to obtain plausible estimates of the
fade slope distributions for selected scenarios. The results that we
obtained for geostationary satellites closely match those observed
at selected sites during the Advanced Communications Technology
Satellite program. The results that we obtained for LEO satellites
show how fade slopes will steepen as 1) the altitude of the satellite
decreases; 2) the frequency band of operation increases; and
3) the average rain rate increases. Furthermore, they suggest that,
at a given probability level, the fade slopes could be between two
and ten times greater than those for geostationary satellites and
that mobile terminals with a clear view of the sky will experience
fade slopes that are similar to those encountered by fixed or transportable terminals. These results have important implications for
the design of power control algorithms and other fade-mitigation
techniques.
Index Terms—Fading channel, Ka-band, millimeter-wave radio
propagation meteorological factors, satellite communications.

I. I NTRODUCTION

A

LTHOUGH rain fading on Earth-space links is particularly troublesome in the Ka-band, moving to higher
frequencies offers many potential advantages, including a lesscongested spectrum, the possibility of supporting higher system
bandwidths (and higher data rates), reduced interference potential, and smaller equipment size (particularly smaller antennas)
compared with lower frequencies [1]. At present, most Ka-band
Earth-space links are used to increase the capacity of conventional communications satellites located in geostationary Earth
orbit (GEO). In recent years, however, system designers have
begun to show serious interest in using Ka-band links to provide
high-speed data communications with satellites in low Earth
orbit (LEO) during the relatively short time that a LEO satellite
passes within the range of an Earth station.
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In the late 1990s, Iridium Satellite LLC pioneered the use
of Ka-band Earth-space links to LEO with the establishment
of several Ka-band terrestrial gateways to their constellation of
66 LEO communications satellites. (Following a major operational restructuring, only two gateways remain in operation.)
Taiwan’s ROCSAT-1 [2] and Australia’s FedSat [3], [4] have
both recently carried experimental Ka-band transponders into
LEO, although only results from the latter have been reported in the literature to date. In the near future, MacDonald
Dettwiler’s Cascade system will use high-speed Ka-band Earthspace links to support a LEO-based store-and-forward data
delivery system that will allow end users to transfer terabytes
of data between any two locations on Earth within 24 h [5], [6].
Meanwhile, the European Space Agency is taking the first steps
to relieve the congested high-rate downlink band at 8.2 GHz
(X-band) that is currently used by LEO-based Earth observation satellites by opening an alternative high-rate downlink
band at 26 GHz (Ka-band) [7].
Because the rapid motion of a LEO satellite across the
sky causes the Earth-space path to very quickly pass through
rain cells in the vicinity, the degree of rain fading on LEO
satellite links changes more rapidly and, as we shall show, leads
to steeper fade slopes than in the well-studied case of links
to geostationary satellites, e.g., [8]–[12]. This has important
implications for the performance of the power control algorithms, forward error correction schemes, and other techniques
used to mitigate such fading. However, any plans that the
National Aeronautics and Space Administration or European
Space Agency might have had, following the completion of
the successful geostationary Ka-band measurement programs
in the 1990s, to conduct programs aimed at characterizing
fading on Ka-band LEO links, were never realized. Although
Iridium LLC may have collected propagation data at a handful
of the Ka-band gateways that they have operated since the late
1990s, none has been published or referred to in the open literature [13]. Sample data from several FedSat passes over
Australia were reported in 2005 [3], [4], but little else has
been released to date. The resulting dearth of information
concerning the rate of fading experienced on Ka-band links to
LEO satellites places system designers at a severe disadvantage.
Until more extensive measurement programs are undertaken,
simulation based on reasonable models of the horizontal and
vertical structures of rain is the likely best option for assessing
the severity of fade slope due to rain fading on Ka-band
links to LEO satellites. Several methods for generating realistic
synthetic rain fields that are suitable for use in simulations of
satellite communications systems have been proposed in recent
years, e.g., [14]–[19]. In the past, such rain field models have
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generally been used to predict outage probability at a given
location or to assess the performance of site diversity between
terminals with wide geographic separation. To the best of our
knowledge, we are among the first to use such models for fade
slope prediction.
Here, we seek to obtain plausible estimates of the manner in
which the fade slope distribution experienced on Ka-band links
from a fixed station to a satellite in LEO is likely to be affected
by the following: 1) the altitude of the satellite; 2) the carrier
frequency; and 3) the long-term rain statistics in the vicinity
of the Earth station. For simplicity, we use Goldhirsh’s method
[15] to obtain the key parameters of the well-known EXCELL
model [14] of horizontal rain structure from long-term global
rain statistics, together with details concerning the rain layer
that have been captured by the relevant International Telecommunications Union Radiocommunication Sector (ITU-R) recommendations. We have accounted for advection of the rain
cells by the wind by introducing a wind velocity model based
on the assumptions that the average wind speed is lognormally
distributed and that the average wind direction is uniformly
distributed. Because we base our simulations on global rain
statistics, our approach may be used to assess the performance
of links between LEO satellites and Earth stations located at
essentially any location and in any climatic region on Earth.
The remainder of this paper is organized as follows: In
Section II, we briefly describe the elements of our simulation
scenario, including issues peculiar to studies of Earth-LEO
satellite links and aspects of rain field modeling that should
be considered when estimating fade slope. In Section III, we
describe our simulation procedure including our simplifying
assumptions. In Section IV, we present our results. Finally, in
Section V, we summarize our findings and draw conclusions.
II. F ORMULATION OF THE S IMULATION S CENARIO
A. Satellites in LEO
When formulating the link budget and predicting the reliability of a fixed link to a satellite in GEO, it is sufficient to specify
the local rain statistics and the elevation angle of the satellite,
as seen by the Earth station.1 When considering a link to a
satellite in a LEO, however, the situation is more complicated.
The orbital altitude may range from 200 to 2000 km, and the inclination angle may range from 0◦ (equatorial) to 90◦ (polar) to
slightly beyond (sun-synchronous). The orbital altitude affects
the minimum and maximum ranges to the satellite during each
pass and the rate at which the satellite moves across the sky,
as seen by the Earth station. The inclination angle, combined
with the latitude of the Earth station, affects the probability
distribution function of the satellite’s elevation angle, as seen
by the Earth station [20]. Thus, before proceeding, we need to
limit the number of cases that we consider by identifying LEOs
of particular relevance or significance.
A histogram of the orbital altitudes of a representative set
of 369 communications, Earth observation, and research satellites currently in LEO, based on two-line element (TLE) data
1 The elevation angle of a GEO satellite, as seen by the Earth station,
determines the range to the satellite.

Fig. 1. Distribution of the altitudes of 369 communications, Earth observation, and research satellites in LEO.

sets obtained from Celestrack [21], is given in Fig. 1. The
lowest practical orbit has an altitude of 200 km; below that,
atmospheric drag severely limits orbital lifetime. The majority
of LEO satellites occupy orbits having altitudes near 800 and
1500 km, with communications satellites having the smallest
spread in orbital altitude and research satellites having the
greatest. Further examination of the TLE data sets also reveals
that the vast majority of the LEO-based Earth observation and
research satellites, and perhaps half of the LEO-based communications satellites, are in near-polar circular orbits (including
sun-synchronous orbits). In light of this, and for the sake of simplicity, we have focused our initial fade slope characterization
efforts on LEO satellites in circular polar orbits with altitudes
of 200, 800, and 1500 km. However, our approach can easily
be applied to LEO satellites at other altitudes and inclinations,
including those in elliptical orbits.
B. Fast and Slow Variations in Path Loss on
Ka-Band Earth-Space Links
Over time, various processes will cause the received signal strength on Ka-band Earth-space links to vary over both
fast and slow time scales. Fast fading is usually associated
with processes such as scintillation due to turbulence in the
atmosphere and multipath scattering from nearby obstacles and
scatterers (buildings, trees, and foliage) in relative motion with
respect to the Earth station. Slow fading, which is our primary
interest in this paper, is associated with the following:
1) evolution of the individual rain cells that comprise the
rain field, including changes in the physical extent of the
cell(s), rain rate, and drop size distribution;
2) motion of the rain cells with respect to the Earth station
due to advection by wind;
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TABLE I
PROCESSES THAT CAUSE SLOW VARIATION OF SIGNAL
STRENGTH ON EARTH-SPACE LINKS

3) movement of the ground terminal with respect to Earth;
4) rapid changes in the range to the satellite (and the length
of the slant path through the atmosphere and the rain
layer) as the satellite passes across the sky;
5) rapid changes in the azimuth and elevation angle of the
Earth-space path (and the intersection of the path with
individual rain cells) as the satellite passes across the sky.
The significance of the five slow-fading processes for different user scenarios is summarized in Table I.
1) For the well-studied case of fixed links to satellites in
geostationary orbit, only rain cell evolution and storm
motion are significant. Synthetic storm techniques are an
effort to distinguish between these two processes, based
on measurements of the received signal strength data
or point rain rate and estimates of local wind speed and
direction [22], [23].
2) The case of links from mobile terminals to satellites
in geostationary orbit has been considered by others in
recent years, e.g., in [23] and [24]. In such cases, the
movement of the terminal with respect to both the storm
and nearby structures that may temporarily block the path
must also be accounted for.
3) In the case of fixed links to LEO, changes in the length
of the slant path and rapid changes in the total amount of
rain observed along the path as the satellite passes across
the sky must be accounted for.
4) In the case of mobile links to LEO, all five of the
processes previously identified must be accounted for.
C. Fade Slope Analysis and Rain Field Modeling
Fade slope analysis is traditionally conducted using measured received signal strength data, whereas synthetic rain
fields, which depict the simulated 2-D distribution of rain rate
over a certain area, are normally used in conjunction with
wind velocity models to evaluate outage probabilities on single
links and mutual correlation between outages at geographically
separated sites, i.e., site diversity. This work is apparently
among the first to use synthetic rain field models to predict fade
slope distributions.
Synthetic rain fields model the spatial structure of rain
on three scales: 1) small scale (∼ 20 × 20 km2 )—the shape
and intensity profiles of individual rain cells; 2) medium
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scale (∼150 × 150 km2 )—the random distribution of individual rain cells over small areas; and 3) large scale (∼ 1000 ×
1000 km2 )—the distribution of rain cell clusters due to the formation of weather fronts [18]. Because fade slope is determined
by differences in rain intensity at points within the field that are
typically less than 100 m apart, the spatial distribution of the
rain cells is unlikely to play a significant role in determining
the fade slope distribution. However, it seems likely that the
fade slope distribution will be affected, to at least some degree,
by the profile of the individual rain cells.
A rain cell is commonly defined as the region surrounding
a local maximum within which the rain rate is larger than a
certain threshold [16]. In recent years, three alternative rain cell
models have been developed based on radar observations of
rain cells, which show that the rain rate in the outer regions of
individual rain cells tends to exponentially decay. The EXCELL
model, which is the simplest of the three models, assumes that
the rain cell has an exponential profile with a prominent central
peak [14], i.e., the rain rate distribution in the horizontal plane
is given by


r
(in millimeters per hour)
(1)
R(r) = RM exp −
ρ0
where RM is the peak rain rate, r is the horizontal distance from
the center of the cell, and ρ0 is the distance scale factor. The
Lowered EXCELL model is a recent variant of the EXCELL
model that applies to stratiform rain [19]. The rain rate distribution in the horizontal plane is given by




(RM + Rlow exp − ρr0 − Rlow , r ≤ rmax
R(r) =
0,
r > rmax
(in millimeters per hour)

(2)

where RM is the peak rain rate, Rlow is the so-called lowering
factor, r is the horizontal distance from the center of the cell,
and ρ0 is the distance scale factor. The HYCELL model, which
is the most complicated of the three, models the rain rate
distribution in the horizontal plane as

  2
⎧
⎫
y2
⎪
,
r ≤ r1 ⎪
⎨ RG exp − ax2 + b2
⎬
G
  G


R(x, y) =
2 1/2
2
⎪
⎩ RE exp − ax2 + by2
⎭
, r2 ≤ r < r1 ⎪
E

E

(in millimeters per hour)

(3)

where RG , aG , and bG define the Gaussian component, and
RE , aE , and bE define the exponential component [16]. This
substantially reduces the amplitude of the central peak. Coordinates x and y and radial distance r are measured with respect to
the center of the cell.
Our ultimate goal is to assess the sensitivity of the fade slope
statistics to the degree of detail captured by these models. Here,
we have started simply by using an approach based on the
EXCELL and ITU-R one-layer rain models. As we shall note
later, the next logical step will be to complete the assessment
by conducting simulations using the more complicated rain cell
models and rain layer models, e.g., [22] and [25].
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III. S IMULATION M ODEL
A. Approach and Simplifying Assumptions
We used Goldhirsh’s method [15] to generate synthetic rain
fields based on long-term global rain statistics. The absolute
probability of rain falling at a given rate is self-explanatory. The
conditional probability refers to the probability of rain falling
at a given rate over all instances when the rain rate exceeds a
given threshold, e.g., 0.5 mm/h.
The major steps of Goldhirsh’s method for generating a
2-D rain field are given here.
1) For a specific location, determine the absolute complementary cumulative distribution function (CCDF) of rain
rate, as specified by Rec ITU-R P. 837.
2) Set a rain rate threshold.
3) Determine the conditional CCDF by dividing the absolute
CCDF by the absolute probability of the rain rate equaling
the specified threshold. (The typical absolute and conditional CCDFs for Tampa and White Sands are shown in
Fig. 2.)
4) Estimate the parameters P0 , R∗ , and κ by fitting the
resulting conditional CCDF to
  ∗ κ
R
P (Rq ) = P0 ln
(4)
Rq
where Rq is an arbitrary threshold level of rain rate,
P (Rq ) is the probability that the rain rate is greater
than Rq , and where R∗ is several times greater than the
maximum measured rain rate.
5) Determine the peak rain rate values RM by setting the
minimum peak rain rate, i.e., 2.5 mm/h, and the peak rain
rate interval, i.e., 5 mm/h.
6) Calculate the number of rain cells belonging to a certain
peak rain rate interval, using


  ∗ κ−3
P0
R
κ(κ−1)(κ−2) ln
N (RM ) =
2
2πρ0 RM
RM
(5)
10−1.5 log 10RM
 M 
ln RRmin


N (RM )+N (RM +δ)
N U M (RQ ) ≈
δA0
2
ρ0 (RM ) =

(6)

Fig. 2. (Curve with stars) Percentage of the year that the rain rate exceeds the
abscissa, (curve with circles) probability of exceeding the abscissa, given that
the rain rate exceeds 0.5 mm/h, and (curve with diamond) modeled conditional
distribution. (a) Tampa, FL. (b) White Sands, NM.

all N U M (RQ ) rain cells based on the EXCELL model
and sum them to yield the rain rate due to rain cells within
the specified peak rain rate interval

(7)
RQ (x, y) =

where ρ0 is the “characteristic distance” from the rain
cell center to the bound that the rain rate reduces to
exp(−1) of the peak value, N (RM ) is the rain cell
number density for a certain peak rain rate, δ is the peak
rain rate interval, A0 is the observation area, Q is the
index denoting the cells with peak rain rate within the
interval, and N U M (RQ ) is the number of rain cells with
a certain peak rain rate ranging from RM to RM + δ.
7) Randomly distribute the rain cells (CELL1 , CELL2 , . . . ,
CELLN U M (RQ ) ) throughout the rain field A0 .
8) Specify the grid points within A0 every 0.5 km × 0.5 km,
starting with the grid location (0.25 km, 0.25 km), and for
each grid point, calculate the rain rates contributed from

N
max


RQ,N (x, y)

(8)

N =1

where (x, y) is the location of the grid point, and Nmax is
equal to N U M (RQ ).
9) Repeat procedures 7) and 8) for Q = 2, 3, . . . , Qmax .
The total rain rate at each grid point is given by
R(x, y) =

Q
max


RQ (x, y).

(9)

Q=1

We are then able to generate the rain rate values for all
points in the grid in the form of a matrix that gives the
rain rate throughout the rain field A0 .

LIU AND MICHELSON: FADE SLOPE ANALYSIS OF Ka-BAND EARTH-LEO SATELLITE LINKS

5

TABLE II
RAIN FALL INTENSITY STATISTICS AT SELECTED LOCATIONS

Although Goldhirsh used the rain statistics from Rec
ITU-R P. 837-1 that divides the globe into 15 rain zones,
ITU-R has since replaced this by global rain statistics obtained
from the European Centre for Medium-Range Weather Forecast
(ECMWF) ERA-40 reanalysis database, as described in Rec
ITU-R P.837-5. The rain rate intensity distributions for Tampa,
FL (27.97◦ N, 82.53◦ W, in former ITU-R rain zone N), and
White Sands, NM (32.38◦ N, 106.48◦ W, in former ITU-R rain
zone E), which were obtained using the two approaches, are
compared in Table II. The difference is small but noticeable.
We generated absolute CCDFs based on Rec ITU-R P.837-5,
instead of the earlier version, and follow the remaining steps in
Goldhirsh’s method to generate the 2-D rain field.
In the absence of detailed information concerning temperature or drop size distribution, we use the method specified in
Rec ITU-R P. P.838 with which the specific attenuation γR
(in decibels per kilometer) is obtained using the power-law
relationship, i.e.,
γR = kRα

(10)

where R is the rain rate (in millimeters per hour), and k and
α are coefficients that depend on frequency. We specify other
details of the rain layer, such as its vertical extent, based on
the relevant ITU-R recommendations, e.g., Rec ITU-R P.839.
We account for advection of the rain cells due to wind by
introducing a wind velocity model based on the commonly held
assumptions of lognormally distributed wind speed [22] and
uniformly distributed wind direction. We define a pass as that
portion of the orbit that carries the satellite to 10◦ or greater
above the horizon, as seen by the Earth station. Given that the
rain layer is usually a few thousand meters in height [26], [27],
we can use a flat Earth model without incurring significant
errors in our estimate of the length of the slant path at low
elevation angles.
Because the satellites are in LEO, the duration of individual
passes, when the elevation angle is greater than 10◦ above the
horizon, is on the order of minutes or tens of minutes. We generated pass durations for satellites in 200-, 800-, and 1500-km
polar orbits for an Earth station located at latitude 30◦ , using a
commercial satellite orbit prediction tool called AGI’s Satellite
Tool Kit (STK). The CCDFs of the pass duration are shown
in Fig. 3. A more detailed summary of the pass statistics that
includes the Earth stations at the 0◦ , 45◦ , and 60◦ latitudes is

Fig. 3. CCDFs of the pass durations for LEO satellites in 200-, 800-, and
1500-km polar orbits, as seen by an Earth station at latitude 30◦ .

presented in Table III. Because pass durations are generally
only minutes in length, we can reasonably assume that neither
of the average wind speed and direction, the individual rain
cells, and the average rain rates appreciably changes or evolves
during each pass.
B. Simulation Procedure
We begin our simulation by specifying the Earth station’s
latitude and longitude and then determining the rain rate CCDF
from the ECMWF ERA-40 reanalysis database, as specified
in Rec ITU-R P.837. We then use Goldhirsh’s method with
the modifications described in the previous section to generate
the 2-D rain field. As suggested by Goldhirsh, we truncate the
horizontal extent of the exponential rain cell profile by setting
a minimum rain rate. A representative rain field based on the
parameters for Tampa, FL (27.97◦ N, 82.53◦ W), is shown in
Fig. 4(a). The corresponding rain rate statistics for this location
is given in Table II. Finally, we estimate the height of the rain
field using the procedure outlined in Rec ITU-R P.839 so that
we can convert the 2-D rain field into a 3-D rain field. The path
length through the rain layer is a function of both the rain height
and the elevation angle. As a result, the total rain attenuation
along the path is given by
A = γeﬀ ·

h
sin θ

(11)

where h is the rain height, θ is the elevation angle, and γeﬀ is
the mean value of specific attenuation along the path.
We assume that the Earth station is fixed at a particular
latitude and longitude and has a clear view of the satellite during
the entire portion of the pass that is at least 10◦ above the
horizon. We place the Earth station at the center of the rain field
and then select the altitude and inclination of the satellite orbit.
We use STK to generate range, elevation, and azimuth angle
predictions at 1-s intervals for many successive passes.
At the beginning of each pass, we randomly generate the
speed and direction of the wind during the pass. Past work has
suggested that, over the long term, the average wind speed in the
midtroposphere in Europe and North America is well modeled
by the lognormal distribution with a median value of 30 km/h
(8.33 m/s) and a standard deviation of loge 2 [22]. We use these
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TABLE III
TYPICAL PASS STATISTICS FOR A SATELLITE IN LOW POLAR ORBIT

At any given instant, the total path loss Lp in decibels on
Earth-space links is given by the sum of several terms including
attenuation due to the following: 1) propagation through free
space Lf ; 2) atmospheric gases Lg ; 3) cloud and fog Lc ; and
4) rain Lr , i.e.,
Lp = Lf + Lg + Lc + Lr .

(12)

As the satellite sweeps across the sky, we determine the
free-space path loss using the Friis transmission formula and
estimate attenuation due to atmospheric gases, cloud, and fog
using the methods outlined in Rec ITU-R P.676, P.836, and
P.840, respectively. We then determine the intersection of the
Earth-space path with rain cells in the vicinity. We divide
the slant path through the rain layer into short segments and
determine the average rain rate Ri for each of them. We predict
the specific attenuation due to rain at each segment of the path
using the method outlined in Rec ITU-R P. 838 and then sum the
contributions of each segment to yield the total rain attenuation
in decibels, as expressed by

γRi Δl
(13)
Lr =
i

where γRi is the specific attenuation corresponding to rain
rate Ri , and Δl is the length of segment of the path. The
simulation model geometry is shown in Fig. 5. In this manner,
we determine the total path loss experienced along the path at
successive instants during the satellite pass. Analysis of the time
series over successive passes allows us to characterize slow
fading due to rain, and the resulting fade slope, on Ka-band
LEO satellite links.
C. Typical Results

Fig. 4. Simulated pass of a LEO satellite at an altitude of 800 km over Tampa,
FL, in the former ITU-R rain zone N. (a) Simulated 150 km × 150 km rain-rate
field: (+) Earth station location and (-) the intersection of the path with the top
of the rain layer. (b) Path gain observed at 20 GHz during the pass.

values here but set a realistic upper limit on the wind speed of
100 km/h. During the several minutes of each pass, we simulate
advection of the rain field by the wind by sliding the rain field
past the Earth station at a constant rate in the specified direction.

A typical plot of path gain versus time for a link between
an Earth station located near Tampa, FL (27.97◦ N, 82.53◦ W),
and a satellite in an 800-km polar orbit is shown in Fig. 4(b). It
corresponds to the scenario shown in Fig. 4(a). During this pass,
the elevation angle ranged from 10◦ to 48◦ , and the distance
between the satellite and the Earth station ranged from 1020 to
2400 km. We present the results in terms of path gain rather
than path loss so that the curves will have the same form as
those corresponding to the received power. The simulated pass
resembles, at least superficially, observations of the received
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Fig. 5. Simulation model geometry. h is the rain height, L is the slant path
length through the rain layer and is divided into small segments, Lhorizon is
the length of the horizontal projection of slant path, and θ is the elevation angle.

signal strength made during FedSat passes over Australia, as
reported in [3] and [4].
IV. R ESULT
A. Simulation Database
We used the path loss simulator described in the previous section to generate a time series of path loss applicable to satellites
in polar orbits at altitudes of 200, 800, and 1500 km, as seen
by fixed Earth stations at locations that correspond to White
Sands, NM (32.38◦ N, 106.48◦ W), and Tampa, FL (27.97◦ N,
82.53◦ W). We ran each simulation until the cumulative duration of the passes over each site exceeded 420 h or 1.5 million s.
For the 200-, 800-, and 1500-km orbits, this required almost
9000, 3000, and 1900 passes, respectively. From Table III, it
would take approximately 12 years, 2 years, and 1 year, respectively, to achieve a similar cumulative duration of measurement
data over a particular site using a single satellite.
B. Data Reduction Strategy
Rec ITU-R P.1623 offers recommendations for characterizing fade dynamics on Earth-space paths, including the characterization of fade slope or the rate of change of attenuation with
time. A negative fade slope implies a rising signal, whereas a
positive fade slope implies a falling signal. Other parameters of
interest include fade duration, i.e., the time interval between
two crossings above the same attenuation threshold, and interfade duration, i.e., the time interval between two crossings
below the same attenuation threshold.
For Earth-space links to GEO, the range to the satellite and
the length of the slant path through the atmosphere is fixed, and
the satellite is visible continuously, making long observation
times extremely practical. However, Earth-space links to LEO
introduce two complications: First, the range to the satellite
and the length of the slant path through the atmosphere is
constantly changing during a pass. This makes it necessary
to distinguish between attenuation with respect to free space
and attenuation with respect to clear air (ACA) when defining
fade slope on such links. Second, the satellite pass will last
for several minutes at most, as shown in Fig. 3. The passes
are generally so short compared with the duration of typical
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Fig. 6. Effect of fade slope interval on the estimation of steep fade slopes.

fading events that it is difficult to extract meaningful estimates
of the fade and interfade durations because of the possibility
that the rain attenuation only decreases or increases during a
pass. Accordingly, our focus here is on the estimation of fade
slope statistics based on sample intervals of 2 s. Not only is
knowledge of fade slope useful to those engaged in the analysis
and design of fade mitigation techniques, but it is also easily
estimated, regardless of the longer term variations in the fade
depth. The fade slope is defined by




A t + 12 Δt − A t − 12 Δt
(14)
ς(t) =
Δt
where A(t) is the attenuation level in decibels at a given instant,
and Δt is the time interval over which fade slope is calculated.
We present our results in the form of CCDFs of the fade slope
distributions. Those presented here are conditional, i.e., the
vertical axis is the probability that the abscissa is exceeded,
given that it is raining.
When working with measured data, high-frequency scintillation must be filtered from the received signal before one can
estimate fade slope. Given the bandwidth of the scintillation
process, one cannot choose an arbitrarily small value of Δt;
ITU-R recommends a minimum value of 2 s. In Fig. 6, we
present the CCDFs for a simulated Earth-space link where
the Earth station is at a location that experiences higher than
average rainfall. The link is occasionally experiencing fade
slopes of several decibels per second (which is many times
higher than one would likely observe on a link to GEO), where
fade slope has been calculated using time intervals of 2, 6, 10,
and 20 s. It is apparent that the use of time intervals greater
than 2 s in length impairs our ability to resolve the steeper
fade slopes that are characteristic of links to LEO, unless
appropriate postprocessing, as specified in Rec ITU-R P.1623,
is applied. Those conducting measurement campaigns aimed at
characterizing fade slope on actual Earth-space links to LEO
should account for the possibility of encountering such steep
fade slopes and plan accordingly.
C. Model Validation
Ideally, we would validate our simulation model by comparing its predictions with the results obtained from hundreds
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Fig. 7. CCDFs of the fade slope observed on simulated Earth-space links to
LEO satellites in 200-, 800-, and 1500-km polar orbits and ACTS in GEO from
a site near Tampa, FL. (a) f = 20 GHz. (b) f = 27.5 GHz.

Fig. 8. CCDFs of the fade slope observed on simulated Earth-space links to
LEO satellites in 200-, 800-, and 1500-km polar orbits and ACTS in GEO from
a site near White Sands, NM. (a) f = 20 GHz. (b) f = 27.5 GHz.

of hours of measurement data from actual Ka-band EarthLEO links. Because such data are not yet available, we took
a different route and compared our simulator’s predictions of
the long-term fade slope distributions likely to be observed
over geostationary links to Earth stations located at Tampa,
FL, and White Sands, NM, with those actually observed at
these sites during the Advanced Communications Technology
Satellite (ACTS) program [10]. Because the Earth-space path is
fixed, we assume that fade slope is solely due to advection of the
rain field past the Earth station by the wind. As described in the
previous section, we assumed a lognormally distributed wind
speed with a median value of 30 km/h and a standard deviation
of loge 2. In a manner similar to our LEO simulations, we ran
3000 simulations, each with a length of 20 min, yielding 1000 h
(or 3.6 million s) of time-series data. In processing our data,
we used the same ACA threshold as the ACTS team used in
processing their data. The results, which are shown in Figs. 7
and 8, are a close match to the measurement data presented
in [10]. In the absence of more complete validation data, this
gives us confidence that the results of our simulations are likely
useful representations of reality.
On Earth-space links to LEO, fade slope is mainly due to
the movement of the Earth-space path through the rain field.
In Table III, we present estimates of the average speed of the
intersection of the Earth-space path with the top of the rain layer

as the satellite sweeps across the sky. Because these speeds
are so much higher than the median wind speed used in our
simulations, it seems reasonable to conclude that simulations of
Earth-space links to LEO conducted with a static rain field will
essentially yield results that are identical to those obtained with
a wind-blown rain field. Our simulation results confirm this.
Moreover, this also suggests that the fade slopes encountered
by a mobile terminal that moves at conventional speeds (tens
of kilometers per hour) and has a clear view of the sky will
not be greatly affected by the motion of the terminal and will
be comparable to those encountered by fixed or transportable
terminals.
D. Fade Slope Analysis
Conditional CCDFs of both rising and falling fade slopes
observed on simulated 20- and 27.5-GHz links to satellites
in 200-, 800-, and 1500-km polar orbits from Earth stations
located near White Sands, NM, and Tampa, FL, are shown in
Figs. 7–9. The results suggest that links to LEO will encounter
fade slopes that will be twice to ten times greater than those
previously reported for links to GEO. In particular, we note
that fade slopes become much steeper as 1) the altitude of
the satellite decreases (and the angular velocity of the satellite
across the sky increases, as suggested in Fig. 10); 2) the
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Fig. 9. CCDFs of the fade slope observed on simulated 27.5-GHz Earthspace links to LEO satellites in 800-km polar orbits from sites corresponding
to Tampa, FL, and White Sands, NM.

Fig. 10. Apparent angular rates of LEO satellites in 200-, 800-, and 1500-km
polar orbits during passes that have a maximum elevation angle of 60◦ .

carrier frequency increases (the path geometry in our simulation
implies that the frequency scaling factor for attenuation will
also be the frequency scaling factor for fade slope; this may
not be strictly true in practice); and 3) the average rain rate
increases (and the rain attenuation increases). Furthermore, our
results suggest that rising and falling fade slopes of a given
value are equally likely.
Others have found that a lognormal distribution often fits
the fade slope distribution on links to GEO, e.g., [9], so we
attempted a similar fit here. The result is shown in Fig. 11. In
all cases, we found that the lognormal distribution fits well at
probability levels > 0.01 but tends to overpredict the probability of observing a given fade slope at probability levels < 0.01.
The probability threshold at which the fit is lost increases as the
rain rate increases and/or the altitude decreases. The geometry
of Earth-LEO links is considerably more complex than that of
GEO; detailed analysis of the manner in which the fade slope
distribution jointly depends on fade depth, elevation angle, and
average rain rate may be a useful topic for further study.
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Fig. 11. Best fit of a lognormal distribution to the CCDFs of the fade slope
observed on simulated Earth-space links at 20 GHz to LEO satellites in 200-,
800-, and 1500-km polar orbits from a site near White Sands, NM.

statistics and a simple wind velocity model that accounts for
advection of the rain cells over time. Despite many simplifying
assumptions, our predictions of the fade slope distributions on
links to GEO closely match those observed at sites in White
Sands, NM, and Tampa, FL, during the ACTS program. This
gives us confidence that the fade slope distributions that we
have predicted for links to LEO are likely reasonable.
Our results for LEO satellites show that fade slopes will
become steeper as 1) the altitude of the satellite decreases;
2) the frequency band of operation increases; and 3) the average
rain rate increases. Furthermore, they suggest that, at a given
probability level, fade slopes could be between two and ten
times greater than those for geostationary satellites. Furthermore, they also suggest that the fade slopes encountered by
a mobile terminal that moves at conventional speeds (tens of
kilometers per hour) and has a clear view of the sky will see
fade slopes that are comparable with those encountered by fixed
or transportable terminals.
Although more complex rain field models may ultimately
yield more accurate results at specific locations, the predicted
fade slope distributions presented here represent a useful starting point for those engaged in the design of fade mitigation
techniques, the development of rain field models for use in
Earth-space link simulations, or the planning of propagation
measurement campaigns involving Ka-band Earth-LEO links.
The limitations of our work are largely those of the underlying
rain field model. The next logical step is to gradually increase
the complexity (and, presumably, the fidelity) of the underlying
rain cell model and determine how the fade slope distribution
predictions are affected. The ultimate step, of course, would
be to obtain statistically significant amounts of measurement
data from Ka-band Earth-LEO links to which the predictions
presented here could be compared.
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