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This paper, tutorial in nature, describes the effort of many inves-
tigators who have and still are conducting channel measurements
and modeling for land mobile satellite communications. It is worth
noting that at the time of this writing, land mobile satellite com-
munications has come of age and is operational. Various channel
measurement results, ranging from ultrahigh frequency to Ka-
band, are given in this paper. Many statistical channel models and
simplified models that have been developed are referred to. Some of
the models are applicable to geostationary and nongeostationary
communications satellites. A statistical model developed by Loo is
described in detail, as well as its extension to modeling land mobile
satellite communications at Ka-band. This was accomplished by
including a Gaussian probability density function to account for
weather conditions. Also, practical computer-generated statistical
channel models are given. These computer models should facilitate
the estimation of performance of satellite communications systems.

Keywords—Channel modeling, mobile communications and ra-
dio propagation, satellite communications.

I. INTRODUCTION

For the past 15 years, a great deal of work has been car-
ried out on land mobile satellite (geosynchronous) channel
measurements and modeling by researchers in various parts
of the world. Land mobile satellite communications have
come of age and are operational [1], [2], [4]–[6]. This paper
provides a review of the effort on channel measurement and
modeling over this period. Most of the material described
here has been published in various scientific journals and/or
conference proceedings.

We at the Communications Research Centre (CRC) began
our propagation measurement program in the spring of
1981 during the Phase A (feasibility) and B (project defini-
tion) of the Canadian Mobile Satellite (MSAT) Program
[9]. The objective of the measurement program was to
provide engineering design data on excess path loss for
a satellite communications system covering suburban and
rural areas. Measurements were carried out at both the
ultrahigh-frequency (UHF) band (800 MHz) and the L-band
(1542 MHz) [10], [11]. Prior to our measurements, the only
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information published was on work by Hess, sponsored
by the National Aeronautics and Space Administration
(NASA), describing measurements made using the ATS-6
satellite [12].

From 1984 to 1987, the German Aerospace Research
Center (DFVLR, now DLR) performed a series of propaga-
tion measurements at L-band (1.54 GHz) using Marecs [13].
Its measurements were conducted in several European cities
with satellite elevation look angles ranging from 13to
43 . Since about 1983, Goldhirsh and Vogel, supported by
NASA, have carried out an extensive measurement program
for land mobile satellite communications at UHF-, L-, S-,
and Ka-bands [14]–[23]. Also, investigators from Europe
[24]–[28], Japan [29]–[34], and Australia [35] have con-
ducted propagation measurements for land mobile satellite
communications in UHF-, L-, and S-bands. Recent interest
in propagation measurements has been extended to Ka-band
(20/30 GHz) for land mobile satellite communications for
multimedia service. There have been a number of propa-
gation measurements carried out using Olympus [37], [39],
[43], Italsat [38], [42], [44], [45], and NASA’s Advanced
Communications Technology Satellite (ACTS) [40], [41].

In parallel with the propagation measurements, there
was a great effort to develop statistical channel models
based on measurements [13], [21], [43], [46]–[48], [62],
[64], [50]–[60]. Some of the statistical models were ex-
tended to satellites with nongeosynchronous orbits [63],
[65], [66]. In 1984, Loo developed a statistical model based
on measurements for land mobile satellite communications.
This model can represent a varying amount of shadowing
and is mostly physically intuitive [46]. A little later, in
1986, Lutzet al. developed essentially a two-state model
to represent shadowed and nonshadowed conditions for a
given percentage of the time [13]. At about the same time,
Stutzmanet al. also did work on channel modeling and
have developed a simplified log-normal shadowing model
[48]–[50], [54]. In 1988, Goldhirsh and Vogel developed
an empirical roadside shadowing model [21]. Also, Vogel
and Hong have developed geometric analytic models [18].
Other investigators have extended these statistical models
for applications to geosynchronous and nongeosynchronous
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Fig. 1. Block diagram of the mobile laboratory equipment.

satellite communications [55]–[57], [61], [63]–[66]. More
recently, Loo has extended his model for land mobile
satellite communications at L-band to Ka-band [43].

This paper is organized in the following way. Section II
describes propagation measurements at UHF- (800 MHz),
L- (1542 MHz), and Ka-band (18.925 GHz). Statistical
channel models and computer-generated models are given
in Section III. Section IV summarizes the paper.

II. PROPAGATION MEASUREMENT

There have been many investigators who conducted prop-
agation measurements at UHF-, L-, S-, and Ka-band for
land mobile satellite communications [13]–[42]. Some of
their results will be highlighted in the following subsec-
tions. The emphasis, however, will be on results obtained
at the CRC. For details on the results of many other inves-
tigators, the interested reader should refer to the references
given.

A. Measurement Procedure

Fig. 1 shows the equipment used in the mobile laboratory
for the UHF-band measurements [10]. The signal received
by a conical log-spiral antenna was amplified and detected.
Samples of the received signal strength were recorded in
real time, and tape recordings were made of received signal
amplitude and signal phase—“stored channel” recordings
[67].

To simulate a satellite signal source, a helicopter was
used to carry a transmitter package. An inverted conical
log-spiral antenna housed the transmitter electronics and
batteries. The effective isotropic radiated power (EIRP) was

Fig. 2. Probability distribution functions of data measured at 870
MHz.

on the order of a few milliwatts. The total package weight
of about 2 kg was carried by the helicopter, which kept pace
with the mobile laboratory at a range of a few kilometers,
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Fig. 3. Probability distribution of the signal envelope at several
elevation angles; light shadowing; 870 MHz.

Fig. 4. Probability distribution of the signal envelope at several
elevation angles; heavy shadowing; 870 MHz.

such that a constant relative bearing was maintained. This
scheme allowed us to simulate various elevation angles with
respect to the earth-to-satellite path.

For the L-band propagation measurement, the same mo-
bile laboratory was used, except that the receive antenna
was a drooping crossed dipole and the transmitter source
was Inmarsat’s Marecs A satellite [11]. Also, a fault de-
tection scheme was incorporated in the measurement setup
to avoid any accidental interference with operational traffic.
The elevation angle from the ground terminal to the satellite
was 19 for the L-band measurements.

For the Ka-band propagation measurements, different
electronics were used compared to the L-band case [37]. An
experimental 4.2-m Ka-band terminal was used to access
the Olympus satellite [85]. The elevation angle to Olympus
from Ottawa, Canada, was 14.2. To measure the channel
characteristics at Ka-band, a continuous-wave (CW) signal
at a frequency of 28.0 GHz was transmitted from the

Fig. 5. Probability distribution of the signal phase at several
elevation angles; light shadowing; 870 MHz.

Fig. 6. Probability distribution of the signal phase at several
elevation angles; heavy shadowing; 870 MHz.

4.2-m terminal and was received by the mobile terminal
at a frequency of 18.925 000 GHz. Both the 4.2-m and
the mobile terminals used double frequency conversion. A
major part of the mobile terminal consisted of a recently
developed suitcase terminal [86] and a standard gain horn
antenna with a beamwidth of 10at Ka-band. The suitcase
terminal without the antenna was located inside the mobile
laboratory, and the standard gain horn was mounted on its
roof. The terminal interface of the CW signal was at an
intermediate frequency (IF) of 70 MHz. The received CW
signal at the mobile terminal was further down-converted
to an IF of 4.8 kHz for storing on a digital audio tape
recorder for subsequent analysis.

For the measured Ka-band data described in this paper,
the mobile terminal was travelling at a speed of about 10
km/h in the direction of the satellite. At the beginning
of the measurement, the mobile terminal was stationary,
and the received CW data were recorded for the purpose
of comparison to a moving terminal. One should note,
however, that the effects of fading on the up- and downlink
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Fig. 7. Doppler spectrum; light shadowing at 5� elevation angle;
870 MHz.

Fig. 8. Autocorrelation of signal envelope; light shadowing at
5� elevation angle; 870 MHz.

due to changing weather conditions were included in the
data even though the mobile terminal was stationary.

B. Data Analysis Procedure

For the UHF-band (800 MHz) and L-band (1542 MHz)
data analysis, the recordings of the in-phase and quadrature
components of the received signal were sampled, digitized,
and stored on diskettes for subsequent analysis by com-
puter. The signal envelope and signal phase data were
obtained by transforming the rectangular coordinates (in-
phase, quadrature) to polar coordinates (envelope, phase).
However, there was always a residual carrier frequency up
to 1 kHz in the data stored on diskette. This carrier was due
to the frequency difference between the transmitter carrier
and the local oscillator. Before the data were analyzed, the
residual carrier was frequency shifted down to dc. This
was accomplished by means of the fast Fourier transform
(FFT) algorithm [80] to determine the amount of frequency
offset required prior to determining the probability density
function of the signal envelope and phase. The transmitted
carrier frequency and the local oscillator frequency differed
because of drift and Doppler shift. Hence, it was not
possible to analyze the signal phase due to fading and
shadowing down to dc without analyzing the phase noise
of the local oscillator.

Fig. 9. Doppler spectrum; heavy shadowing at 5� elevation an-
gle; 870 MHz.

Fig. 10. Autocorrelation of signal envelope; heavy shadowing at
5� elevation angle; 870 MHz.

For this reason, a 10-pole Butterworth bandpass attenua-
tion characteristic with a passband between 30 and 320 Hz
was used to filter the received signal phase spectrum prior
to calculating its probability density function.

For the Ka-band data analysis [37], the received signal
stored on digital audio tape at an IF of 4.8 kHz was
quadrature demodulated to obtain its in-phase and quadra-
ture components. From these components, one can readily
obtain the signal envelope and signal phase components
using a coordinate transformation as before.

C. UHF-Band Measurement

Several investigators have conducted propagation mea-
surements in the UHF band, with the most extensive
measurements having been carried out by Goldhirsh and
Vogel [14]–[23]. Hess [12] conducted the UHF measure-
ments using NASA’s application technology satellite ATS
6. Measured results were obtained for elevation angles
ranging from 19 to 43 . His results show that excess path
loss, on the order of 25 dB, is typical in urban areas but
decreases to under 10 dB in suburban/rural areas. Vogel
and Goldhirsh have conducted measurements on shadowing
from roadside trees using a remotely piloted aircraft. Their
results show attenuation for a single tree, the average of
the largest median of 16.1 dB, and the average of an
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Fig. 11. Variation of normalized LCR; 870 MHz.

Fig. 12. Variation of normalized AFD; 870 MHz.

average median of 11.7 dB over a 10–40 elevation angle
[14], [15]. They have also conducted measurements over
mountainous terrain (canyon), and their results show 1%
and 5% levels of 4.8 and 2.4 dB on the average is exceeded,
compared to 15 and 9 dB for roadside trees [16]. Percent
level is defined as the percentage of time that a faded signal
is exceeded. More results by Goldhirsh and Vogel on the
effect of trees in full bloom and the dependence of fade
distribution as a function of elevation angles are given in
[17].

Bundrock and Harvey conducted measurements for an
Australian land mobile satellite system. They also used a
helicopter as a platform for their transmitter. Their results
show for an elevation angle of 45and for a 10% level a
value of 4.2 and 6.6 dB for a 35% and 85% tree density
areas, respectively [35].

Next, we describe the CRC measured results [10], [68].
The measurements were obtained along several roads in

West Carleton Township, just west of Ottawa, Canada,
in September 1982, while the deciduous trees were still
in leaf. In area, West Carleton is 35% wooded, the rest
being clear land (40% is farmland). Fig. 2 shows the signal
envelope probability distribution function for an elevation
angle of 15. The upper curve corresponds to infrequent
light shadowing when traversing cleared land. The only
shadowing objects are roadside power poles and occasional
trees, etc. For this case, the distribution is close to Rician.
However, the value of the parameter, a ratio of multipath
power to line-of-sight (LOS) power, for best fit has risen
from 12 dB , typical under clear conditions, to about6
dB. The lower curve indicates the results obtained when
traversing a densely wooded area, with trees extending
close to the roadside. With a median value of 10.5 dB, this
would represent an outage for a satellite system. The overall
result is shown by the middle curve. If 90% area coverage
were required in West Carleton, at a service elevation
angle of 15, an excess loss margin of 11.5 dB would be
required. Fig. 3 shows the probability distribution of the
received signal envelope for the case of light shadowing
at elevation angles of 5, 15 , and 20 [47]. The results
show that signal level decreases with reduced elevation
angle. Similar results were obtained for the case of heavy
shadowing, as shown in Fig. 4. Several observations can
be made on the results of Figs. 3 and 4. The difference
in the probability distributions of the signal envelope for
15 and 20 elevation is relatively small. Signal-level
spread for various elevation angles is much larger for heavy
shadowing than it is for light shadowing. For example, for
95% of the time, the signal level lies between17 and 11
dB for light shadowing and between23 and 11 dB for
heavy shadowing, giving a spread of 6 and 12 dB for light
and heavy shadowing, respectively. Also, for the case of
heavy shadowing at an elevation angle of 30, the results as
shown in Fig. 4 are consistent, since there is less shadowing
(blockage) by trees for higher elevation angles than there
is for lower elevation angles. Fig. 5 shows the signal phase
distribution at 870 MHz for the case of light shadowing at
several elevation angles. The results show that, for 5–95%
of the time, the signal phase distribution is approximately
independent of elevation angle. On the other hand, the
tails of the distribution increase with decreasing elevation.
For the case of heavy shadowing shown in Fig. 6, the
phase variations are much larger with decreasing elevation
angle. Also, the percentage of time where the signal phase
distribution is approximately independent of the elevation
angle is reduced, being 20–80%.

Fig. 7 shows a signal envelope spectrum for the case of
light shadowing at an elevation of 5[87]. Light shadowing
is generally experienced when travelling through sparsely
wooded areas. The spectrum shows that there was clearly
an LOS component at a frequency of about 500 Hz. The
peak-to-peak Doppler shift was about 114 Hz. At a nominal
carrier frequency of 870 MHz and a peak Doppler shift of
57 Hz, the mobile laboratory was travelling at about 70
km/h when the data were taken. Fig. 8 shows the autocor-
relation function of the same signal. This was obtained by
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Fig. 13. Probability distribution of signal envelope; 1542 MHz.

first frequency shifting the residual carrier down to dc and
then performing an inverse Fourier transform on the data.
The results show that the autocorrelation function decreases
almost linearly with time lag. This is due mainly to the
presence of a strong LOS component. For the case of heavy
shadowing at an elevation of 5, a signal envelope spectrum
is shown in Fig. 9. Heavy shadowing is experienced when
travelling through densely wooded areas. The spectrum
shows that the LOS component, which has a frequency
of about 510 Hz, has almost disappeared. Also, the peak-
to-peak Doppler frequency was 107 Hz, indicating that
the vehicle was travelling at about 66 km/h when this
measurement was made. Fig. 10 shows the autocorrelation
function for this case. It consists of a main lobe, decreasing
in an oscillatory manner with time lag, indicating a lack of
the LOS component.

Figs. 11 and 12 show second-order statistics of the chan-
nel in terms of level crossing rate (LCR) and average fade
duration (AFD) for infrequent light shadowing and frequent
heavy shadowing [68]. These statistics are of importance in
the selection of voice-processing and modulation methods.

D. L-Band Measurement

There were many more investigators who conducted
measurements at L-band than at UHF-band. The reason for
this was simple; L-band was the allocated frequency band
for land mobile satellite communications systems. Hess had
shown in his results that the excess path-loss difference
between UHF- and L-band is generally negligible [12].
This was confirmed by Vogel and Goldhirsh’s results, which
showed the difference to be 1–1.3 dB [18]. Matsumotoet al.
[30] conducted L-band propagation measurement in Kyoto,

Fig. 14. Variation of normalized LCR; 1542 MHz.

Japan, using ETS-V. Their results show that for a 10%
level, which represents that the faded signal is exceeded,
the fade is 27.5 dB at an elevation angle of 46. Using
a light aircraft as the transmitter platform, Renduchintalia
et al. [24] have also conducted measurements at several
elevation angles and under different terrain conditions. For
a 10% level and at an elevation of 40, the fades are 5.6,
6.0, and 16.4 dB for tree shadowed, suburban, and dense
urban areas, respectively. However, at an elevation of 60
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Fig. 15. Variation of normalized AFD; 1542 MHz.

Fig. 16. Probability distribution of the signal envelope at 20�

elevation angle; light and heavy shadowing and suburban area;
1542 MHz.

and for a 10% level, the fades are 4, 1, and 14.2 dB for tree
shadowed, suburban, and dense urban areas, respectively.
Lutz et al.’s [13] results show, for an elevation of 24and
at a 9% level, that the faded signal is more than 10 dB
below an unfaded level for a highway environment. For
urban areas (Munich, Germany) and for the amount of a
10-dB fade as before, the probability level is at 60%, that
is, at a 40% level.

Using ETS-V, at an elevation of 47and on main roads of
relatively smaller cities (pop. 50 000–400 000), Yoshikawa
and Kagohara’s [34] results show that at a 10% level, the
received signal level is 3 dB lower than the unfaded signal.
Using Marecs-B2 and at an elevation of 21.2, Vogel and

Fig. 17. Probability distribution of the signal phase at 20� ele-
vation angle; light and heavy shadowing and suburban area; 1542
MHz.

Goldhirsh’s [19], [22] results show that for a 20% level,
the observed fades are 15, 11.5, and 9 dB for a four-lane
highway 75% lined with trees and 35% along the center
median, a suburban two-lane road, and a rural two-lane
highway respectively. For a range of elevation angles from
7 to 14 , their results show that for a 1% level, fading
can exceed 7 dB for rolling, hilly terrain and 25 dB for
tree shadowing.

During the summer and using a helicopter to mount a
transmitter to simulate an elevation of 60, Butt et al.’s [25]
results show that for a 10% level, the observed fades are 5.0
and 7.5 dB for suburban and wooded areas, respectively.
Obara and Tanaka [31] conducted measurement with ETS-
V at a range of elevations, between 40to 50 , and on an
expressway. Their results show a fade of 5 dB for a 10%
level. Using a light aircraft to mount a transmitter and at
an elevation of 40, Smith et al. [26] obtained results that
show, for a 10% level, that the fades are 3.5, 5.5, and 5.9 dB
for suburban, urban, and tree shadowed areas, respectively.

Using Marecs-B2 and at an elevation of 39, Benarroch
and Mercader [27] obtained results for a 10% level as
10.6, 2.0, and 2.0 dB for urban, suburban, and rural areas,
respectively. Also, for a 10% level, but at an elevation of
13 , the fades are 13, 11, and 9 dB for urban, suburban,
and rural areas, respectively. Kanataset al. [28] have also
conducted measurements using a helicopter to mount a
transmitter and to simulate an elevation of 60. Their results
show, for a 10% level, that fades range from 21.8 to 25.8
dB for an urban environment with narrow streets and high
buildings.

The CRC measured results are described next [11], [47],
[69]. Fig. 13 shows the cumulative distribution of the
received signal envelope for three different environmental
conditions. These distributions were obtained from mea-
surements taken at 2.5-cm intervals along the route. The
rural data shown were gathered near Eganville (4532 N,
77 0 W), approximately 115 km northwest of Ottawa, on
roads passing through predominantly forested, hilly terrain.
The elevation angle to the satellite was approximately 18.
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Fig. 18. Signal envelope model and measurement; clear sky conditions; 18.925 GHz.

Fig. 19. Signal phase model and measurement; clear sky conditions; 18.925 GHz.

The forest was a mixture of deciduous and coniferous trees.
The suburban data were gathered within a residential area of
Ottawa, on streets bordered by one- and two-story homes,
typical of North American city suburbs. The elevation angle
to the satellite was 19. The third curve shown was obtained
over a route just south of Ottawa where an LOS component
was mostly available, with the only obstructions being
telephone or power line poles and very infrequent roadside
trees. For example, for a 10% level, the results show that the
fades are 3.0, 7.2, and 10.0 dB for rural, tree shadowed, and
suburban areas, respectively. Other values can be obtained
from Fig. 13.

Figs. 14 and 15 show the variation of normalized LCR
and normalized AFD [70] for the three categories of data.
The previous results on signal envelope fading as shown in
Fig. 13 were derived from the video output of the mobile
laboratory where no signal phase information was available.
To obtain signal phase information, one needs to analyze the
“stored channel” data. A portion of this data was selected,
and the signal envelope fading is shown in Fig. 16 for
light and heavy shadowing of a rural as well as a suburban
area. The results show that the difference in signal strength
between light and heavy shadowing is relatively large. For
example, for a 10% level, the fades are 5.2, 11.8, and 13.9
dB for light shadowing, suburban, and heavy shadowing,
respectively. These results are a couple of decibels worse
than the video output. Fig. 17 shows the signal phase data.
The results shown are similar to the UHF-band case.

E. Ka-Band Measurement

Some propagation measurements at Ka-band (20/30
GHz) have been carried out by several investigators
[36]–[38], [40]–[43], [45], and their results are highlighted
in this subsection. Vogel and Goldhirsh have conducted
static tree attenuation measurements at 20 GHz and at
an elevation of 30 through a mature pecan tree with
and without leaves. Their results show median fades
exceeding 23 and 7 dB for conditions with and without
leaves, respectively, and the corresponding 1% probability
fades were 43 and 25 dB. Pinck and Rice have conducted
measurements using ACTS at an elevation of 46. Their
results show that for a 10% level, the fades are 0.8, 3.5,
and 29.5 dB for lightly, moderately, and heavily shadowed
suburban areas, respectively. Additional results are given
in their paper [41].

Damossoet al.have used Italsat to conduct their measure-
ments. Their results on attenuation due to vegetation and
on frequency of occurrence between urban and suburban
areas are described in their paper [38]. Borghinoet al. [42]
have also used Italsat to conduct their measurements at an
elevation of 37.8. Their results show attenuation of 15–20
and 5–9 dB for trees with and without leaves, respectively.
Similar results were obtained by D’Amatoet al. [44]. Using
Italsat, Buonomoet al. [45] have conducted measurements
over a range of elevation angles, 30–35. Their results show
that for a 10% level, the fades are 0.9, 7.2, 9.8, 10.1, and
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Fig. 20. Signal envelope model and measurement; light to medium shadowing; 18.925 GHz.

Fig. 21. Signal phase model and measurement; light to medium shadowing; 18.925 GHz.

21.8 dB for open, suburban, mixed, tree shadowed, and
urban areas, respectively, and for a 1% level, the fades are
9.1, 16.3, 15.6, 17, and 26.6 dB, respectively.

Propagation measurements conducted at CRC using
Olympus are described next [37], [43]. The elevation angle

to Olympus from Ottawa, Canada, was 14.2. The Ka-
band frequency used was 18.925 GHz. Vehicular speeds
were about 10–20 km/h and travelling in the direction of
the satellite. Before describing the Ka-band measurements
under mobile conditions, one should note that the effect
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Fig. 22. Signal envelope model and measurement; medium to heavy shadowing; 18.925 GHz.

of fading on the up- and downlink due to changing
weather conditions were included in the data. Results to
be described in a mobile environment were recorded under
cloudy with sunny break conditions, which represented
almost clear sky conditions. The temperature was 23C
with 66% humidity. Figs. 18 and 19 show the received
signal envelope and signal phase probability distribution
under clear sky conditions. Figs. 20 and 21 show the
probability distribution of signal envelope and signal phase
for light to medium shadowing conditions. Also, Figs. 22
and 23 show results of medium to heavy shadowing for the
signal envelope and signal phase probability distributions.
Figs. 24 and 25 show results of heavy shadowing for the
signal envelope and signal phase probability distributions.
One should note that the dashed (– – –) curves represent
statistical models that will be described in the next section.
To illustrate extreme shadowing conditions, Fig. 26 shows
a photograph of a roadside tree that can cause it. There
is nearly no fading when the received antenna was not

blocked by the tree. However, there is heavy shadowing
when the antenna was blocked. For this case, the signal
envelope and signal phase versus time are shown in Figs. 27
and 28, respectively. Referring to Figs. 20, 22, and 24, for
a 10% level, the fades are 4.3, 16.4, and 17.3 dB for
light to medium, medium to heavy, and heavy shadowing,
respectively; and for a 1% level, the fades are 13.8, 28.1,
and 31.1 dB, respectively.

F. Signal Phase Jitter

Results of signal phase jitter and random frequency
modulation (FM) can be obtained from the signal phase
probability density functions [47]. Tables 1 and 2 show
results for an 870-MHz signal at several elevation angles
for the cases of light and heavy shadowing, respectively.
The results show that phase jitter variation and random FM
tend to increase with decreasing elevation angles for both
light and heavy shadowing. Phase jitter and random FM for
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Fig. 23. Signal phase model and measurement; medium to heavy shadowing; 18.925 GHz.

a signal at 1542 MHz are shown in Table 3. These values
are larger than those for 870 MHz. Phase jitter in terms of
signal phase variance caused by weather conditions at Ka-
band (18.925 GHz) is shown in Table 4. These results show
that phase jitters are largest in rain. One can also use the
values given in Table 4 to model the signal phase variation
due to various weather conditions.

III. STATISTICAL MODELS FOR THELAND

MOBILE SATELLITE CHANNEL

This section describes the essential results of statistical
models for a land mobile satellite channel. More details
are given in [43], [46], and [47]. For other models, the
interested reader should refer to the references given.

A. Statistical Model for the L-Band Channel

The model assumes that the LOS component under
foliage attenuation (shadowing) is log-normally distributed
and that the multipath effect is Rayleigh distributed. Con-
sider the sum of a log-normally distributed random phasor
and a Rayleigh phasor [71]

(1)

where the phase and are uniformly distributed be-
tween and , is log-normally distributed, and has
a Rayleigh distribution. The signal envelope probability

density function for the mobile satellite channel is

(2)

where and are the standard deviation and mean of
the log-normal probability density function, respectively.
represents the average scattered power due to multipath and

is the modified Bessel function of zeroth order. The
following description refers to (1).

When is constant and , that is, a clear LOS
component with no shadowing but with multipath fading,
the signal envelope probability density function is Rician
and is given by

(3)

When there is shadowing () but no multipath fading
( ), the signal probability density function is log-
normal (Gaussian distribution in scale) and is given
by

(4)

When there is no shadowing and no LOS component
( ) the signal envelope probability density function is
Rayleigh distributed and is given by

(5)
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Fig. 24. Signal envelope model and measurement; heavy shadowing; 18.925 GHz.

The above description illustrated that (1) can represent
various fading channel scenarios.

It is well known that the signal envelope probability
density function of the model facilitates the calculation of
fade margins in the designs of communications systems.
Results of LCR and AFD, which are second-order statistics,
provide information relevant to modem designs and error-
correction techniques. Expressions of LCR () and AFD
( ) have been obtained for the land mobile satellite
channel, and these are given below [46]

(6)

where is the correlation coefficient

(7)

Equations (6) and (7) represent normalized LCR and
AFD, and the normalizing factor is maximum Doppler-shift
frequency.

For the received signal phase model, is found to
be approximately Gaussian when compared with results
derived from experimental data [47]

(8)

where and are the mean and standard deviation of
the Gaussian random process and a typical range ofis
0.36–0.52 [88].

For the signal envelope statistical model, Fig. 29 shows
a comparison of the cumulative distribution function for
the received signal envelope calculated using the following
equation:

(9)
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Fig. 25. Signal phase model and measurement; heavy shadowing; 18.925 GHz.

Fig. 26. A typical roadside tree that can cause heavy shadowing.

and the values derived from measurements for infrequent
light shadowing (sparse tree cover), frequent heavy shad-
owing (dense tree cover), and overall results (the combined
results of light and heavy shadowing). For the case of
infrequent light shadowing, the model shows the best fit
around the median region and some deviation near the
tails of the distribution. Generally, the results of the model
showed a slightly higher shadowing effect than those from
measured data. For the case of frequent heavy shadowing,
the results of the model show reasonably good agreement

with measured values throughout the fading range. For
the combined results, the fit was poor about the median
but reasonably good in the weak signal range, which is
most important for fade margin calculations. The model
parameters were obtained by trial and error to fit the
measured values. These parameters are given in Table 5.

Fig. 30 shows values for the LCR calculated using (6)
for the case of infrequent light shadowing. The results
show that the maximum LCR occurs when there is no
correlation between the rate of change of the envelope
due to multipath and that due to shadowing. Measured
values [11] for this case are also shown. These results
indicate that the model gives a good indication of the LCR
when high correlation, – , between multipath and
shadowing is assumed. The figure also indicates that there
is a bound on the LCR when the signal is large. Fig. 31
shows a plot of the AFD calculated from the model and
from measurements. Application of the model results in
a good approximation to the AFD anticipated on a mobile
satellite link. For low signal levels, the two curves compare
reasonably well. These results also show that the best fit is
obtained when is large.

B. Statistical Model for Ka-Band (20/30 GHz) Channel

From the results described in [37] and [43], it is shown
that the general statistical model (2) for L-band can be
applied to a land mobile satellite channel at Ka-band
with different parameters. For fixed or mobile satellite
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Fig. 27. Signal envelope variation; open to heavy shadowing; 18.925 GHz.

communications at Ka-band, one also needs to take into
account fading caused by weather conditions. For this rea-
son, statistical models are obtained that exhibit dependency
on weather conditions. For a fixed satellite communications
channel whose characteristics depend on weather condi-
tions, the results show that the signal envelope and signal
phase can be modeled as Gaussian, and their expressions
are given by (10) and (8), respectively

(10)

The signal phase and signal envelope caused by weather
conditions are given in Tables 4 and 6, respectively. Mod-
eling parameters for shadowing and multipath fading under
several representative rural areas are given in Tables 7
and 8 for signal envelope and signal phase, respectively.
Figs. 32 and 33 show a signal envelope and signal phase
model and measurements for thundershower conditions.
The results show that the signal envelope model compared
to measurements is a good approximation for up to 99%
of the time. Also, the results show that the signal phase
probability distribution model and measurements are in
excellent agreement. The results shown between models
and measurements are a reasonably good engineering ap-
proximation. A typical signal fading spectrum at Ka-band
is shown in Fig. 34.

For land mobile satellite communications modeling at
Ka-band, one needs to take weather conditions into account,
as well as fading and shadowing. With this in mind, it
is reasonable to assume that the two fading processes,
one caused by weather conditions and the other due to
fading and shadowing, are independent. The combined
signal envelope probability density function is given
by

(11)

with and given by (10) and (2), respectively.
Similarly, for the combined signal phase model, is
given by

(12)

where is Gaussian and and are the signal phase
caused by weather conditions and fading and shadowing,
respectively. is also Gaussian.

C. Hardware and Software Channel Simulators

There have been several hardware and software channel
simulators developed for the land mobile satellite channel
[72]–[75], [77].
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Fig. 28. Signal phase variation; open to heavy shadowing; 18.925 GHz.

Table 1 Phase Jitter and Random FM Under Light
Shadowing Condition—870 MHz

Table 2 Phase Jitter and Random FM Under Heavy
Shadowing Condition—870 MHz

Table 3 Phase Jitter and Random FM at
20� Elevation—1542 MHz

However, the emphasis of this subsection is on computer-
generated channel models and, in particular, on the one
developed at CRC [75]. All computer models for the fading

Table 4 Fixed Satellite Channel Phase Models—Ka-Band

channels described in this subsection are based on the
manipulation of a white Gaussian random process. This
process is approximated by a sum of sinusoids with random
phase angle [78]. An expression for the Gaussian random
process, is given below [79]

(13)

where is the amplitude and is a random phase angle
uniformly distributed between and . is the number
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Fig. 29. A comparison of measured and calculated values of the probability distribution of signal
envelope.

Table 5 Mobile Satellite Channel Envelope Models—L-Band

of sinusoids, is the sinusoidal frequency, and
denotes the “real part of .”

The expression can be rewritten as

(14)

where

(15)

(16)

denotes “the imaginary part of,” , and can
be easily obtained using the FFT algorithm [80] for given

and .
1) Rayleigh Fading Channel:By definition [81], the en-

velope of the two narrow-band Gaussian random pro-
cesses is Rayleigh, and its phaseis uniform. Therefore

(17)

is Rayleigh and

(18)

is uniform.
2) Rician Fading Channel:When a fading process has a

LOS component together with multipath fading, the
channel is modeled as Rician [82]. The Rice process is
given by

(19)

and its envelope and phase are given by

(20)

(21)

3) Log-Normal Fading Channel:Local mean variation of
a cellular mobile channel and shadowing caused by foliage
attenuation are usually modeled as a log-normal fading
process [46], [70], [83]. There are two methods of gen-
erating a log-normal fading process: one for slow fading
and the other for fast fading.

a) Slow-fading log-normal process:The statistic of a
log-normal process is generated from a normal (Gaussian)
random process. For the slow-fading case, the normal
random variate is generated from a nonlinear transformation
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Fig. 30. LCR; infrequent light shadowing; 1542 MHz.

of a uniform distribution [84] and is given by

(22)

where and are uniformly distributed between zero
and one. is a Gaussian variate with zero mean and
unity variance. To convert this variate to actual mean and
variance, the following transformation is required:

(23)

where and are the mean and variance, respectively.
The slow-fading log-normal process is given by

(24)

b) Fast-fading log-normal process:For the fast-fading
log-normal model, the normal (Gaussian) process is approx-
imated by a sum of sinusoids with random phase angle.
The effect of the fading bandwidth is included. The fast
log-normal model is given by

(25)

where and are narrow-band Gaussian random
processes, which can be obtained using expressions given
in (15) and (16) with appropriate amplitude and phase.

Fig. 31. AFD; infrequent light shadowing; 1542 MHz.

Table 6 Fixed Satellite Channel Envelope Models—Ka-Band

Table 7 Mobile Satellite Channel Envelope Models—Ka-Band

Table 8 Mobile Satellite Channel Phase Models—Ka-Band
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Fig. 32. Signal envelope model and measurement; thundershower conditions; 18.925 GHz.

Fig. 33. Signal phase model and measurement; thundershower conditions; 18.925 GHz.

4) Land Mobile Satellite Fading Channel:This channel
model [46] assumes that the LOS component under
shadowing is log-normally distributed and that the
multipath effect is Rayleigh distributed. The two process
are additive. Thus, the channel model is given by the
combination of log-normal and Rayleigh models described
previously, as given below

(26)

and are Gaussian random processes whose
magnitude is related to the input sinusoid amplitude
of (15) and (16), which, in turn, is related to the multipath
power as

(27)

Similarly, and are log-normal random processes
whose values are related in the following way. From (25),

can be rewritten as

(28)

The values of and are related to the amplitude
of the sine waves of (15) and (16), with thereplacing

the . For this case, however, the power of the sum of the
sine waves is normalized to unity, i.e.,

(29)
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Fig. 34. A typical signal fading spectrum at Ka-band (18.925 GHz).

The signal envelope and signal phase are given by (30)
and (31), respectively

(30)

(31)

5) Shaping of the Fading Spectrum:Two spectral shaping
filters are used to shape the fading spectrum of the
computer-generated models. One shaping filter is based
on the land cellular mobile channel [70], [83] and the other
has a Butterworth frequency response in the passband [75].

Numerical results in terms of the probability distribution
of the computer models and analytical models [46] are
shown in Fig. 35. The two results are in good agreement
throughout the range of signal levels. A sample size of
240 000 has been used to obtain these probability distri-
butions. Results on LCR and AFD, as well as other fading
channel models, can be found in [75]. These channel models
should facilitate the study of communication systems per-
formance, especially on modulation schemes and coding
strategy.

IV. CONCLUSION

This paper has presented a review on the progress of land
mobile satellite communications channel measurements and
modeling. Results highlighted were due to the efforts of

Fig. 35. Computer models with three-pole Butterworth shaping
filter for fast light, average, and heavy shadowing signal envelope.

many investigators worldwide. Various platforms, such
as balloons, helicopters, airplanes, and communications
satellites, were used to conduct propagation measurements
at various elevation angles for channel characterization.
Much data have been collected, ranging from UHF-band
(800 MHz) to Ka-band (20/30 GHz), as indicated by
numerous references given in this paper.
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There were several statistical models developed to rep-
resent a land mobile satellite channel, as cited in the
references. However, a statistical model developed by Loo
at CRC was selected for detailed description. The reason
for this choice was based on practicality. This model can
represent most known fading conditions, such as Rician,
log-normal, and Rayleigh. In addition, this model is phys-
ically intuitive, and it has compared reasonably well with
measured data. Similarly, computer-generated models were
also based on the model developed by Loo. Last, this paper
should serve as a handy reference to any reader who is
interested in the propagation characteristics of the land
mobile satellite communications channel.
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