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Effect of Turbulence Layer Height and Satellite

Altitude on Tropospheric Scintillation on
Ka-band Earth-LEO Satellite Links

Weiwen Liu, and David G. Michelson, Senior Member, IEEE

Abstract—Tropospheric scintillation on Earth-space paths
increases greatly at low elevation angles and/or higher carrier
frequencies, may impair low margin systems and can interfere
with power control algorithms used to mitigate rain fading. The
amplitude and spectral characteristics of tropospheric
scintillation have been well studied for Earth-GEO links which
have fixed elevation angles and path lengths. However, little has
been previously reported concerning tropospheric scintillation on
Earth-LEO links which are distinguished by the rapid change of
the elevation angle as the satellite passes from horizon to horizon.
In such cases, both the length of the slant path to the turbulence
layer and the velocity at which the slant path passes across the
turbulence layer change rapidly as the satellite passes across the
sky. This affects both the intensity of the scintillation process,
which generally reaches its maximum value at low elevation
angles and/or during periods of rain, and the corner frequency of
the scintillation process, which generally reaches its maximum
value at high elevation angles. Here we use a geometric model of
propagation through the turbulence layer during a LEO satellite
pass in conjunction with Tatarskii’s theory of propagation
through turbulent media to show that the corner frequency of the
scintillation process increases: (i) as the orbital altitude decreases
and (ii) as the height of the turbulence layer increases. We also
discuss the implications of our results for simulation of
tropospheric scintillation on Earth-LEO links

Index Terms—fading channel, Ka-band, millimeter-wave radio
propagation meteorological factor, satellite communications,
scintillation.

I. INTRODUCTION

In recent years, Ka-band Earth-space links have attracted
considerable attention from service providers wishing to take
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advantage of the broader spectrum allocations (and less
congestion), higher system bandwidths (and higher data rates),
reduced interference potential and smaller equipment size
(especially smaller antennas) compared to lower frequencies
[1]. Although most existing Ka-band Earth-space links are used
to increase the capacity of conventional communications
satellites located in geostationary Earth orbit (GEO) [2], much
recent interest has focused on the use of Ka-band links to
provide high speed data communications with satellites in low
Earth orbit (LEO) during the relatively short time that a satellite
passes within range of an Earth station.

A decade ago, interest in Ka-band links to satellites in LEO
was driven largely by the efforts of Iridium, Teledesic and
others to develop large constellations of LEO satellites capable
of providing voice services and/or broadband wireless access
across the globe and the need to provide such constellations
with high speed Earth-space access and/or feeder links [3].
Although commercial interest in the technology diminished for
a time as confidence in the business models that supported the
development of such networks diminished, interest in Ka-band
links to LEO has experienced resurgence in recent years. High
speed links based upon Ka-band technology are now seen as an
increasingly viable method for reducing the cost of:
(i) downloading gigabytes of data from scientific and Earth
observation satellites during a single pass over an earth station,
e.g., [4] and/or (ii) transferring terabytes of data between Earth
stations at widely separated locations by using specialized LEO
communications satellites or datasats to implement high
capacity store-and-forward-based schemes, e.g., [5].

Although rain fading and tropospheric scintillation on
Earth-space links are both more pronounced at Ka-band than at
lower frequencies and can greatly affect link performance, very
little channel measurement data has been collected on Ka-band
Earth-LEO links. For various reasons, any plans that NASA or
ESA might have had to conduct measurement programs aimed
at characterizing fading on Ka-band Earth-LEO links following
completion of the successful Earth-to-geostationary-orbit
(Earth-GEO) Ka-band measurement programs of the 1990’s
(Olympus, ACTS, ITALSAT) never materialized. Although
Iridium LLC and Teledesic have both collected at least some
Ka-band propagation data, none of this data has been published
or referred to in the open literature. Sample data from several
FedSat passes over Australia were reported in 2005 [6], but
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little else has been released to date. As a result,
measurement-based channel models for Ka-band LEO links do
not yet exist.

Without a better understanding of the Ka-band Earth-LEO
channel, it is difficult for designers to set link budgets and/or
design and implement appropriate fade mitigation techniques.
Until more extensive measurement programs are undertaken,
simulation based upon reasonable models of the atmosphere is
likely the best option for developing useful insights. Moreover,
such an approach also provides a basis for evaluating and
interpreting measurement data sets once they become more
generally available. In [7], we used simulations based upon
realistic synthetic rain field models to show how the rapid
motion of a LEO satellite across the sky leads to steeper fade
slopes than in the well-studied case of links to geostationary
satellites, e.g., [8],[9]. In this paper, we focus on the
scintillation that is the result of the signal passing through
layers of atmospheric turbulence and/or rain.

Experience has shown that tropospheric scintillation
increases greatly at low elevation angles and/or higher
frequencies, may impair low margin systems and can interfere
with power control algorithms used to mitigate rain fading.
Current understanding of the physics of tropospheric
scintillation is largely based upon the theoretical treatment
developed by Tatarskii [10] in the early 1960’s. It is based upon
earlier work by Kolmogorov that predicts both the lognormal
distribution of signal amplitude over the short term and the
characteristic form of the corresponding power spectrum. A
summary is presented in an appendix to this paper.

During the past twenty years, many researchers have
conducted measurement-based studies of the amplitude and
spectral characteristics of scintillation on Earth-GEO links,
which are distinguished by their fixed elevation angles and path
lengths. During the course of these studies, researchers have
determined how the parameters of the scintillation process
depend upon the height and thickness of the turbulence layer,
the elevation angle of the slant path, tropospheric refractivity
and water vapour content, wind speed, rain rate, carrier
frequency and the size of the antenna aperture, and observed
the manner in which the parameters of the scintillation process
vary diurnally, seasonally and with geographic location
[11]-[22].

With the exception of unpublished work such as [23], little
has been reported concerning scintillation on Earth-LEO links.
On such links, the satellite passes from horizon to horizon over
several minutes and the motion of the satellite across the sky
causes rapid changes in both the length of the slant path to the
turbulence layer and the velocity at which the slant path passes
across the turbulence layer. In this work, we use a geometric
model of propagation through the turbulence layer during a
LEO satellite pass in conjunction with Tatarskii’s theory in
order to obtain plausible estimates of: (i) the evolution of the
scintillation process over Ka-band Earth-LEO links during a
pass and (ii) how scintillation will be affected by the altitude of
the satellite and the height of the turbulence layer. The results
will permit more effective assessment of the performance of

scintillation suppression techniques and the effect of
scintillation on fade mitigation techniques.

The remainder of this paper is organized as follows: In
Section II, we summarize current understanding of the
turbulent layers that lead to scintillation. In Section III, we
show how the parameters of the scintillation process can be
estimated given knowledge of the look angle and angular
velocity of the satellite across the sky and the height of the
turbulence layer. In Section IV, we show how the motion and
look angle of the satellite affects both: (i) the amplitude of the
scintillation process, which generally increases as the elevation
angle decreases and/or rain rate increases, and (ii) the corner
frequency of the scintillation process, which generally
increases as the elevation angle increases and the height of the
turbulence layer increases. In Section V, we propose a method
for generating scintillation time series that evolve in the
appropriate manner during course of a pass so that our results
may be more readily applied in system simulations. Finally, in
Section VI, we summarize our findings and offer
recommendations for future work.

II. CHARACTERIZATION OF TURBULENCE ON EARTH-SPACE
PATHS

Scintillation is randomly occurring constructive and
destructive interference caused by rapid, random fluctuations
of the atmospheric refractive index caused by turbulent mixing
of air masses with different temperatures and water vapour
content. As an incident wave is randomly refracted by the
turbulence, different versions of the incoming signal will arrive
at the receiving antenna from different directions and with
different amplitudes and phases. On Earth-GEO links,
scintillation occurs as turbulence cells are advected past the
propagation path by the wind. Analysis of scintillation events
observed on such paths has long suggested that the turbulence
that gives rise to the phenomenon resides in a relatively thin
layer at the top of the planetary boundary layer, a relatively
moist layer of air ranging from the surface of the earth up to a
few kilometers [11].

Recent work has considerably refined our understanding of
the turbulent layers that give rise to scintillation. In particular, it
has been shown that the turbulent layers responsible for
scintillation on slant paths are typically located at the topside of
clouds, particularly fair weather cumulus clouds, where they
are the result of an air entrainment mechanism. Measurement
data collected over Belgium during a twelve-month period
using a radiosonde suggests that in mid-latitude climates: (i) the
layer height falls between 500 and 5000 metres and is well
characterized by a Rician distribution and (ii) the layer
thickness is well characterized by a lognormal distribution with
amedian value of about 100 metres. Unlike the layer height and
thickness, both the layer occurrence and the intensity of the
turbulence were found to exhibit seasonal variability [12].

The essential aspects of the Tatarskii-Kolmokorov theory of
propagation through random media and demonstration that its
assumptions apply to Ka-band Earth-space paths are presented

in the Appendix. The refractive index structure constant C,f is
a widely used measure of atmospheric turbulence. It ranges in
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value from 10" m™” for a highly turbulent atmosphere to 102’
m™? for weak turbulence [16]. Because the locus that defines
the intersection of the slant path and the turbulence layer covers
a broad extent during a typical LEO satellite pass, knowledge

of the horizontal distribution of C. is essential for the

simulation of scintillation on Earth-LEO links. Research
concerning the horizontal distribution of atmospheric
turbulence is still in its earliest stages, however, and much
remains to be learned [24].

Previous measurements of scintillation on Earth-GEO links
suggests that Cf will be relatively constant over periods of at
least to ten or fifteen minutes [16]. If one assumes that the
turbulence cells are advected by wind at a velocity of 10 m/s,
this duration corresponds to a horizontal extent of between 6
and 9 km. However, for layer heights ranging from 1 to 5 km
and elevation angles above 10 degree, the locus that defines the
intersection of the slant path and the turbulence layer may
extend for between 10 and 50 km. While this implies that it
might not be reasonable to assume that the structure constant is
uniform over the entire field, we make that assumption here for
lack of a better alternative.

III. PREDICTION OF SCINTILLATION PARAMETERS ON
EARTH-LEO PATHS

A. Look Angle and Range Determination for LEO Satellites

The position of a satellite during a pass is defined by its
azimuth, elevation and range relative to the earth station. The
great circle (or Riemannian circle) angle y between the earth
station and the sub-satellite point can be determined by
constructing the spherical triangle shown in Fig. 1 and applying
the law of cosines to yield

y =arccos(sin(L, )sin(L,) +cos(L )cos(L, ) cos(/, -1,)), (1)

where L, and /, are the latitude and longitude of the earth
station, respectively and L, and [ are the latitude and longitude
of the subsatellite point, respectively. The azimuth angle of the
subsatellite point S relative to the earth station can be
determined by applying the law of sines to yield the interior
angle

Be = arcsin( C(?S l; sin|ls - le|J , (2)

Sin

then accounting for the quadrant in which the subsatellite point
is located relative to the earth station. The sublayer point P falls
on the geodesic that links the Earth station £ and the
subsatellite point S.

A cross-section of the great circle that contains the earth
station E, the sub-satellite point S, and the sub-layer point P is
shown in Fig. 2. Applying the law of sines yields an expression
for the elevation angle 6

R.+H
0 = arcsi E—siny —E,
d 2

Equator

Fig. 1. The spherical triangle defined by the north pole N, the earth station £
and the sub-satellite point S. The sublayer point P falls on the geodesic that
links the Earth station and the subsatellite point.

3)

where H is the orbital altitude, R is the equivalent radius of the
Earth after accounting for the effect of the change in refractive
index with amplitude (here, we assume a standard atmosphere
so the equivalent radius is 4/3 of the actual radius), Rg+H is the
distance between the satellite and the centre of the earth and d,
the length of the slant path to the satellite, is given by

d=\|R:+(R,+H)* —2R,Hcosy . (4)

B. Estimation of the Total and Transverse Velocities

We define the point 7 as the intersection of the slant path
with the middle of the turbulence layer of height # at time ¢, and
v as the fotal velocity of the point T, across the layer at time ¢.
In accordance with the discussion in Section II, we assume that
the turbulence layer is generally located between 0.5 and 5
kilometres above the earth’s surface.

For the case of a LEO satellite, one can determine v using the
geometric construction depicted in Fig. 3(a) and (b) where 7',
and T are the locations of the point of intersection at one time
interval Ar after and before the current instant, respectively.
The magnitude and direction of the total velocity are given by
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Satellite \

Fig. 2. The geometry of the Earth-space path with respect to the turbulence
layer along the great circle that contains the earth station £, the sub-satellite
point S, and the sub-layer point P. The remaining symbols are defined in the
text.

=YtV T—ITE);_TZ)TI , (5)

where 7,7, = ET, — ET_, , TT, = ET, — ET, ,and E is
the earth station. As shown in Fig. 3(c), the velocity v of T
across the top of the turbulence layer at a given instant can be
resolved into two components: the along path velocity v,
which is parallel to the Earth-space path, and the transverse
velocity v,, which is perpendicular to the Earth-space path.

In the case of an overhead pass, the angle a between v and v,
depends only upon the elevation angle, and can easily be
determined by constructing an appropriate plane triangle. In the
general case, however, a is a function of both the elevation and
azimuth angles to the satellite. The angle between the vectors

T'\T, and YB—E, is the same angle, 90-a, between v and v, as

shown in Fig. 3 (b). Thus, we can show that the angle a is given
by
T.T-TE
cos(z—a]=%~ (6)
>l
With a known, the transverse velocity can be determined from
Vv, =Vv-Cosc. (7

Using a simple geometric construction, one can show that the
transverse velocity across a turbulence layer of height /# will
peak at the zenith of an overhead pass. Given that the velocity
of the satellite is given by

GM,
vmt = ’
“ “\R +H
where GM , =3.986x10° km’/s® is the geocentric

gravitational constant, it is then a simple matter to show that the

®)

Satellite

— Turbulence layer

Satellite

(©)
Fig.3. The relationship between the direction to the satellite along the
Earth-space path, the total velocity of the Earth-space path across the
turbulence layer, and the component of the total velocity that is transverse to
the Earth-space path. (a) Determination of total velocity v by taking the vector
average of v; and v,. (b) Determination of the total velocity, v, (c)
Determination of transverse velocity v,.

peak transverse velocity at the turbulence layer due to the
motion of the satellite is given by

, k| GMy 9)
vk HA\R, +H

In practical situations, and particularly in the case of fixed
paths such as Earth-GEO links, advection of the turbulence
cells by the wind must also be accounted for. We consider this
in more detail in Section IV-D.

C. Prediction of the Corner Frequency
The corner frequency f. of the scintillation power spectrum
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can be determined from Tatarskii’s theory using [22], which
predicts that f. is proportional to the transverse velocity v, but
inversely proportional to the square root of z, the length of slant
path from the earth station to the turbulence layer. The length z
is directly proportional to the turbulence layer height 4,

h
sin@

z =

(10)

Because the layer height ranges from 0.5 to 5 km and 6 ranges
from 10 to 90 degrees, z varies over a wide range. Because
increasing /4 also leads to a higher total velocity v and, as a
result, higher transverse velocity v,, the relationship between f;,
h and v, is complex. In Section IV, we predict and compare the
manner in which the corner frequency evolves during a pass for
layer heights of 1, 2, 3 and 4 km and satellites in polar orbits
with altitudes of 200, 800 and 1500 km. For LEO links, the
peak corner frequency occurs at the zenith during an overhead
pass, and can be determined by substituting [9] into [22],

yielding
h 1 f GM
= 143— £
fc’max H \/272%]1 H+RE (11)
h

1
V2 \R,+H H’
where 4 is the wavelength of the carrier.

= 143

D. Prediction of the Intensity of Scintillation

In previous work, e.g. [16],[26], it has been found that the
instantaneous log-amplitude of scintillation on Earth-GEO
links generally follows a zero-mean Gaussian distribution with
an intensity o, over periods of several minutes where

(12)

(X|o,)= ! ex —XZ ’
P NGV P 26;

and X is the log-amplitude of the scintillation [16],[26]. Several
models have been proposed to predict the mean of the
scintillation intensity o, experienced by Earth-GEO links with a
specified elevation angle, frequency and antenna parameters
[13]-[15]. Rec. ITU-R P.618 [29] suggests a model of the form,

_ o-reff7/12g(x)

- >

13
Oy (sin 0)12 (13)
where o, is the reference (or normalized) scintillation
intensity, g(x) is the antenna aperture averaging factor, f'is the
carrier frequency and 6 is the elevation angle.
For a period of one month or longer, ITU-R recommends that
the mean value of g, be calculated using

G, =3.6x107 +1.03x107*N, ., (14)

where N, is the averaged wet term of the radio refractivity

which can be determined using the procedure described in Rec.
ITU-R P.453 [30]. Over the long term, measurement studies
have variously found that ¢, on Earth-GEO links follows either
a Gamma [11],[13] or log-normal distribution [27],[28].
Because o, is proportional to g,, we assume that o, itself,
which is independent of elevation, frequency and antenna
effects, is also Gamma or log-normally distributed. If we
assume that o, follows a Gamma distribution [13],

: O-Zg;l ! exp(_ﬂ : O-re/') ’ (1 5)

e

where

B=m lct, a=m)lc:, m;=10c2, (16)
and where m, and o, are the mean and standard deviation of o,
we can generate values for o,,rthat we can apply to successive
passes. We emphasize, however, that the suitability of a
particular representation for the probability distribution
depends strictly upon local climatic factors and our simulation
model can use either depending on which representation is
deemed to be more appropriate.

For dry scintillation, we calculate the manner in which g,
evolves during a LEO satellite pass as follows: (i) determine the
mean value m, of g,,, from Rec. ITU-R P.618, and calculate o,;
(i1) calculate parameters a and f to determine the Gamma
distribution; (iii) generate a random value from Gamma
distribution as the o, for the pass; and (iv) calculate the
time-series o, by incorporating the elevation, antenna and
frequency effects using equation [13].

For wet scintillation, an alternative model that captures the
correlation between o, and rain attenuation is more appropriate.
Matricciani [17] proposed a model originated from Tatarskii’s
theory, and Van de Kamp [18] proposed a statistical model
based upon measurements. Based upon ITALSAT
measurement, these two methods were made consistent [20].
For the Matricciani model,

o,=0,dB, if A<1dB, (17)
o,= O'OAS”2 dB, ifA>1dB,
For the Van de Kamp model,
o,=0,+0.024 dB, (18)

where A4 is the rain attenuation. Here, oy is the intensity of dry
scintillation. Using a wet scintillation model in conjunction
with the method for simulating rain fading described in [7], we
are able to give a good estimation of time-series ¢, during a rain
event for LEO satellite passes. We present examples in Section
V.
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IV. EVOLUTION OF SCINTILLATION PARAMETERS DURING
TyPICAL LEO SATELLITE PASSES

A. Low Earth Orbits of Particular Significance

Specifying a link to a satellite in a low earth orbit involves
many more degrees of freedom than in the geostationary case.
The orbital altitude may range from 200 to 2000 km and the
inclination angle may range from 0 degrees (equatorial) to 90
degrees (polar) to slightly beyond (sun-synchronous). The
orbital altitude affects the minimum and maximum range 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 [31].
Here, we have focused our initial efforts to characterize
scintillation on Earth-LEO links on satellites in circular polar
orbits with altitudes of 200, 800, and 1500 km. While such
orbits are broadly representative of those occupied by many
Earth observation and scientific satellites, the modeling
approach described in the previous section can easily be
extended to satellites in orbits with other altitudes, inclinations
and ellipticities as required.

B. Evolution of Scintillation Parameters during Typical
Passes

The motion of a LEO satellite across the sky causes rapid
changes in both the length of the slant path to the turbulence
layer and the velocity at which the slant path passes across the
turbulence layer. As we showed in Section 111, this affects both
the intensity of the scintillation process, which generally
reaches its maximum value at low elevation angles and/or
periods of rain, and the corner frequency of the scintillation
process, which generally reaches its maximum value at high
elevation angles. Unless otherwise stated, our simulation
results refer to dry scintillation and assume a carrier frequency
0of 20 GHz, an antenna diameter of 1.2 m, an aperture efficiency
0f 0.56, a turbulence layer height of 1 km, an air temperature of
20 °C, humidity of 0.6 and a wind speed of 0 m/s.

We begin by selecting the altitude and inclination of the
satellite orbit and the latitude and longitude of the earth station.
We assume that the earth station has a clear view of the satellite
during the entire portion of the pass that is at least ten degrees
above the horizon. We use a commercial satellite orbit
prediction tool, AGI’s Satellite Tool Kit (STK), to predict the
azimuth angle, elevation angle and range to the satellite at
one-second intervals for many successive passes. This allowed
us to determine the corresponding values of the scintillation
intensity o, and corner frequency f; at each instant following the
methods in Section III-C and D. In our analysis, we focused on
the portions of the satellite pass with an elevation angle greater
than 10 degrees.

In Fig. 4, Fig. 5 and Fig. 6, we show how the elevation angle
@, total velocity v, transverse velocity v, the corner frequency f.
and the scintillation intensity o, evolve during overhead passes
by LEO satellites in 200, 800 and 1500-km polar orbits with a

thin layer of turbulence at an altitude of 1 km.
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Fig. 4. Typical results for satellite in 200 km polar orbit, with 1 km layer
height.

1. As the elevation angle increases, it is apparent that: (i)
o, decreases with increasing elevation angle, as given in
eqn. (14); (ii) the decrease in total velocity v does not
imply a corresponding reduction in the transverse
velocity v, because a, the angle between v and v,, also
decreases; according to eqn. (12), this causes a larger
portion of v to contribute to v;; (iii) the corner frequency
f. reaches a peak value at the highest elevation angle.



Accepted for publication in IEEE Transactions on Vehicular Technology 7

The impact of the increased rate of scintillation at high
elevation angles is considerably reduced by the sharp

velocity v at which the point T crosses the turbulence
layer decreases less rapidly as the elevation angle

reduction in scintillation intensity in such directions. increases, (iv) the transverse velocity v, (and the corner
frequency f. ) experienced during a pass decreases, as

suggested by the corresponding reduction of the peak

90
80! values reported in eqns. (9) and (11). The manner in
which o, and /. evolve with orbital altitude are directly
. 0 compared in Fig. 7(a) and (b), respectively.
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Fig.5. Typical results for satellite in 800 km polar orbit, with 1 km layer height. 0 : : : : —10
0 200 400 600 800 1000
Time (sec)
2. As the orbital altitude increases, it is apparent that: (i) (©)

the rate at which the satellite passes through the zenith
decreases markedly; (ii) the minimum and maximum
values of o, are not affected by changes in the satellite’s
altitude, while the rate of change decreases because of 3
the slower variation of the elevation angle; (iii) the total

Fig.6. Typical results for satellite in 1500 km polar orbit, with 1 km layer
height.

As the height of the turbulence layer increases, the
corner frequency increases substantially, as shown in
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Fig. 7(c). Although the increase in / causes both v, and z
to increase, which have contrary effects on corner
frequency as discussed in Section III-C, the result shows
that the increase in v, dominates. The peak corner
frequencies for 200 km orbit, as shown in Fig. 7(c),
correspond closely to those predicted using eqn. (11).
For a given satellite altitude, the scintillation intensity is
unaffected by the height % of the turbulence layer
because the elevation angles are the same.
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Fig. 7. Evolution of dry scintillation intensity and corner frequency during a
pass. (a) Time series dry scintillation intensity, with a 1-km layer height. (b)
Time series corner frequency, with 1-km layer height. (c) Time series corner
frequencies for satellite in 200 km polar orbits, with turbulence layer at 1, 2, 3
and 4 km altitude.
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Fig. 8. CCDFs of the dry scintillation intensity and corner frequency. (a) Dry
scintillation intensity for different satellite altitudes, with 1-km layer height. (b)
Corner frequency for different satellite altitudes and a 1-km layer height, with
and without wind. (¢) Corner frequency for different layer heights for a satellite
in a 200-km polar orbit.

C. Statistics of Scintillation Parameters Over Multiple
Passes

In Fig. 8(a), we present the CCDF of the scintillation intensity
taken over hundreds of passes. We have included for the
tendency for the intensity of the scintillation process to follow
its own Gamma distribution over the long term, as described in
Section II-E. As the satellite altitude increases the shape of the
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Fig. 9. Evolution of the corner frequency of scintillation during an overhead
pass by a satellite in an 800-km orbit with an 8.3 m/s wind blowing at 30
degrees: (a) Evolution of the azimuth angle during the pass. (b)
Contributions of wind and satellite motion to the transverse velocity during
the pass. (c¢) Evolution of the total transverse velocit during the pass. (d)
Evolution of the corner frequency during the pass.

CCDF of o, evolves as shown in Fig. 8(a) because the fraction
of time that the satellite spends at higher elevation angles also
increases.

In Fig. 8(b) we present the CCDF of the corner frequency
taken over hundreds of passes with the turbulence layer at a
height of 1 km and satellite altitudes of 200, 800 and 1500 km,
both for cases with and without wind. In practice, the
turbulence layer will likely take on a range of values over
multiple passes. Using a fixed value allows one to more easily
interpret the effect of satellite altitude. It is apparent that: (i) at
higher satellite altitudes (800 and 1500 km), the CCDF of
corner frequency drops off very suddenly which indicates that
only a very narrow range of values of f; are experienced by the
link, (ii) at lower altitudes (200 km), the range of corner

frequencies experienced on the link increases but the
probability of encountering a peak value is fairly rare. In Fig.
8(c), we fix the satellite altitude and allow the layer height to
vary. In particular, we show the CCDFs of the corner frequency
for the turbulence layer at heights of 1, 2, 3 and 4 km and the
satellite at an altitude of 200 km. The result shows that higher
corner frequencies are reached at higher layer altitude, and
wider range of £, are experienced by the link.

D. Wind Effects on Corner Frequency

As discussed in Section III-C, advection of turbulence cells
past the Earth-space path by the wind contributes a random
component to the transverse velocity that must be accounted for
when predicting the corner frequency f. of the scintillation
process. In practice, the distribution of wind velocity is both
location and time dependent. For the purposes of
demonstration, we have followed previous work and accepted
an assumption that the wind speed in mid-latitude temperate
climates tends to follow a log-normal distribution over the long
term with a median value of 8.33 m/s and a standard deviation
of log,2 [25]. Further, we assume that wind direction is
uncorrelated with wind speed and follows a uniform
distribution. Because a LEO satellite pass is only several
minutes in length, we assume that the wind velocity is constant
for the duration. As the direction of the azimuth angle changes
during the pass, the wind’s contribution to the transverse
velocity, V; wina , also changes.

A typical result for a satellite in an 800-km orbit is shown in
Fig. 9. The evolution of the azimuth angle during the pass is
shown in Fig. 9(a). The contributions of wind and satellite
motion to the transverse velocity as the pass evolves are shown
in Fig. 9(b). In this case, the transverse velocity v, ., decreases
to zero when the azimuth angle points into the wind. The
manner in which the total transverse velocity and corner
frequency are distorted as the pass evolves is shown in Fig. 9(c)
and (d). In Fig. 8(b), the CCDFs of the corner frequency over
the long term for satellites in 200, 800 and 1500-km orbits are
presented with and without account taken for wind. It is
apparent that advection of turbulence cells by the wind may
cause relatively large changes in f;, that cannot be ignored.

V. GENERATION OF SCINTILLATION TIME SERIES

When simulating fade mitigation techniques or assessing
scintillation suppression methods, it is usually necessary to
provide time series data that mimic actual scintillation, i.e.,
have the same first and second-order statistics. One method for
generating scintillation time series that are representative of
those observed on Earth-GEO links involves passing additive
white Gaussian noise (AWGN) through a filter with a suitable
low pass response then adjusting the scintillation intensity to
the correct value [20]. Two cases are of particular interest: (i) in
the absence of precipitation, i.e., dry scintillation, the
scintillation intensity is typically determined using the model
contained in Rec. ITU-R P.618 while the distribution of the
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scintillation intensity over the long term may be described by a
Gamma distribution, as described in [13], or a log-normal
distribution, as described in [26]. (ii)) In the presence of
precipitation, i.e., wet scintillation, the scintillation intensity
depends upon the instantaneous depth of rain fading and can be
calculated using either of the techniques described in [17] and
[18], as described in Sec. III-D. An alternative approach to
simulating wet scintillation involves interpolating between the
samples in a rain attenuation time series subject to the
assumption that scintillation can be modeled as fractional
Brownian motion [32].

A dynamic model of tropospheric scintillation on Earth-GEO
links is described in [21]. Because both the corner frequency
and the scintillation intensity evolve rapidly during a pass,
Earth-LEO links introduce additional complications when
simulating scintillation time series by low pass filtering white
Gaussian. Filters with time-varying parameters are relatively
simple to implement but care must be taken to avoid transient
behavior when the filter parameters are updated [33],[34]. Our
time-varying scintillation time-series generator is based upon
an AWGN generator followed by a fourth order low pass filter
whose coefficients are updated every sample. Following [20],
we used the Yule-Walker equations to estimate the low pass
filter coefficients required to realize a scintillation process with
the Tatarskii spectrum (see the Appendix). Because the
scintillation power spectrum rolls off at -80/3 dB*Hz, the
frequency response of the corresponding spectral shaping filter
must be designed to roll off at -40/3 dB/Hz.

Simulation of a scintillation time series proceeds as follows.
One applies AWGN signal to the spectral shaping filter, and
then, for every sample, one updates the filter coefficient
according to the instantaneous corner frequency that one
predicts using the geometric model presented in Section III-C.
Finally, one scales the signal that appears at the filter output in
order to obtain the desired scintillation intensity. Although our
time series generator updates the spectral shaping filter every
sample, it may be desirable in some cases to reduce the
computational load by updating the filter once per frame. We
leave this possibility and determination of the ideal frame
length for future study.

In Fig. 10, we show the manner in which dry scintillation
might evolve during an overhead pass by a LEO satellite in a
1500-km polar orbit, and on an Earth-GEO link with a fixed
elevation angle of 30 degrees. It is apparent that: (i) at low
elevation angles (at the start and the end of the pass), more
intense scintillation is observed, and (ii) at high elevation
angles, the variation of the signal is relatively small. In Fig. 11,
we show a typical result for wet scintillation during an
overhead pass by a LEO satellite in a 1500-km polar orbit, with
a maximum elevation angle of 22 degrees. The underlying rain
fade event was predicted using the method described in [7].
The large deep fade during the descending portion of the pass is
due an intense rain cell in the immediate vicinity of the ground
terminal. Substantial increases in scintillation intensity that are
predicted by our model can be seen: (i) at the start and end of
the pass, where they are a result of low elevation angle effects
and (ii) near 7= 500 seconds of elapsed time, where they are the
result of a sudden increase in rain attenuation. Both the
underlying rain fade event and the manner in which
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Fig. 10. Evolution of dry scintillation intensity over time for typical links to
satellites in both LEO and GEO. (a) Dry scintillation intensity during a pass by
a satellite in a 1500-km polar orbit. (b) Dry scintillation intensity to a satellite in

GEO at an elevation angle of 30 degree over the same duration as in (a).

0 200

scintillation evolves are superficially similar to anecdotal
results obtained using FEDSAT [6]. Not enough information
concerning the FEDSAT data is available to permit more
detailed comparison.

Here, for lack of more detailed information concerning the
spatial or height distribution of turbulence, we have assumed
that the refractive index structure constant C,’, hence the value
of o, and the turbulence height are constant over the entire
field. In practice, it seems likely that the structure constant and
turbulence height will change as the path passes from horizon
and intersects different parts of the sky. Resolution of this issue
will likely have to await general availability of actual
measurement data from Earth-LEO Ka-band links or results
obtained by other means.

VI. CONCLUSIONS

We have used Tatarskii’s theory in conjunction with a
geometric model of propagation through a uniform turbulence
layer of broad extent during a LEO satellite pass to show how
the amplitude and rate of the scintillation process will evolve as
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Fig. 11. Accounting for wet scintillation during a pass by a satellite in a
1500-km polar orbit. (a) Evolution of path gain during the pass with account
taken for range, atmospheric gases, cloud and fog, and rain fading only. (b)
Evolution of wet scintillation during the pass. (c) Evolution of total path gain,
including wet scintillation, during the pass.

a function of the orbital altitude and height of the turbulence
layer. While the amplitude of the scintillation process is only
determined by the elevation angle to the satellite, the maximum
corner frequency increases markedly as the orbital altitude
decreases. The time-varying nature of the corresponding
scintillation power spectrum makes it necessary to use
time-varying filters when simulating scintillation on LEO links
and introduces an extra level of complexity compared to
simulation of scintillation on GEO links.

While our simulations have revealed the general manner in
which the scintillation process will likely evolve during a LEO

satellite pass and offer physical insight, the accuracy of our
results is limited by our need to assume that the horizontal
structure and height of the turbulence layer are constant over
each pass and our use of representative rather than site-specific
wind velocity statistics. Verification of the assumptions that
underlie our model and precise determination of the relevant
model parameters must await the general availability of
measurement data collected during many LEO satellite passes.
Research concerning the large-scale structure of turbulence is
being pursued by various groups and the outcomes of that work
will greatly benefit simulations using the methods presented
here. Until more extensive measurement data is available,
simulation studies of the type presented here are likely the best
option for developing immediately useful insights concerning
the nature of scintillation during LEO satellite passes. In the
future, models of this type will also provide a reference against
which the measurement data can be assessed and interpreted.

APPENDIX — TATARSKII’S THEORY OF SCINTILLATION

Most models of scintillation on Earth-space links, including
ours, are based upon the theory proposed by Tatarskii [10]
based upon earlier work by Kolmogorov. Here we briefly
review the theory and consider its assumptions before applying
it to scintillation on Earth-LEO Ka-band links. If one can
assume that the atmospheric turbulence is locally
homogeneous, isotropic and frozen [35],[36], Kolmogorov’s
theory of turbulence can be used to predict the variance of the
scintillation amplitude. Kolmogorov’s theory characterizes
turbulence eddies on two scales, the outer turbulence scale L,
and the inner turbulence scale /, where, in the troposphere, L is
between 10 and 100 metres, corresponding to the instability of
the medium, and /, is of the order of 1 mm, which is related to
the fluid viscocity. When the eddy size s falls within the inertial
subrange between Ljand /,, the turbulence is isotropic, and the
spectrum density is expressed by

O (k)=0033C k" for Zex<,  (19)
0 0
where «=2n/s and Cj is the structure constant of the

refractive index.

Subject to the assumptions [16] that: (i) /, << JAL << L,
(i1) the incident wave is a plane wave and (iii) scintillation is
weak', i.e., O'; << 1, Tatarskii [10] showed that the variance

of the amplitude of a plane wave traveling through the
turbulence layer is

o) 0.307C2k"°L'"® Np’
23 17Czk7/6L11/6 dBZ

(20)

where A is the wavelength, & is the wave number and L is the
distance through the turbulence layer. Tatarskii also showed

' Some previous work has shown that assumption (iii) is valid for up to
0.2~0.5 dB2 or 0.8 dB of O .
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that the scintillation spectrum can be expressed by

64.17

WO :7C2k7/6 11/6 dBZ/H ,
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Wf(fyzuiss(fk”%““{ﬁﬂ (dB* I Hz) [>>f

where z is the slant path distance to the turbulence layer and f,
is the Fresnel frequency given by

(22)

and v, is the transverse velocity. The corner frequency f. is
defined as the intersection between the two asymptotes and is
equal to 1.43f).

For Ka-band (20/30 GHz) frequencies, the wavelength / falls
between 0.01 and 0.015 metres. When the layer height / falls
within the range 0.5 to 5 km, z falls between 5.8 and 28.8 km at
the lowest elevation angle that we shall consider, 8 = 10°. Over

this range, Az takes on values between 9 and 20 metres

which satisfies the first of the three assumptions given earlier.
The extreme range between the satellite and the earth station
ensure that the incident wave is plane while experimental
results collected over the years confirms that the amplitude of
the scintillations observed on Earth-space links at Ka-band is
generally low. Thus, Tatarskii’s theory applies.
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