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Abstract—A propagation model for building blockage in satel-
lite mobile communication systems is developed. This model
characterizes the signal transmitted from a low-earth orbiting
(LEO) satellite when there is an obstruction in the path of the
signal. The obstruction is assumed to be a man-made structure.
The analysis is performed using the uniform theory of diffraction
(UTD). Using this method, both single and double diffractions
from the structure edges were included. Direct and reflected rays
from the ground and building were also included, whenever the
satellite signal was not completely obstructed. The satellite is
assumed to be moving along a circular orbit while the receiver is
stationary. The normalized signal level (in decibels) and the signal
attenuation rate (in decibels per second) are computed. Such
information is considered very useful in developing the mobile
system’s hand-off algorithm.

Index Terms—Geometrical theory of diffraction, satellite mo-
bile communication.

I. INTRODUCTION

RECENTLY introduced satellite mobile communication
systems make use of low-earth orbiting (LEO) satellites

[1]. There are considerable differences between land mobile
and satellite mobile systems. One of these differences lies in
the approach used to characterize the propagation environment.
For land-based systems, the base station is fixed and has
comparable height to the surrounding buildings. For LEO
satellite systems, the satellites are moving at low altitude
around the surface of the earth providing continuous coverage.

There are many propagation models published and verified
by experiments for land-based systems. A review paper on this
topic has recently been published by Bertoniet al. [2]. Similar
propagation models for LEO satellite systems are limited to
simple models and measurements [3], [4] and a combination
of statistical and experimental models [5].

In this paper, the effect of blockage by buildings on the
signal level from LEO satellite systems is examined using
high-frequency ray-tracing methods. The analysis is performed
using the uniform theory of diffraction (UTD) with single and
double diffractions included. Also included in the propagation
model are direct rays, reflected rays from the ground and build-
ing, and higher order reflected–diffracted rays. The normalized
signal level (in decibels) versus satellite elevation angle and
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versus time is calculated. Also, the attenuation rate (in decibels
per second) when the satellite descends behind a building is
estimated and statistics of the attenuation rate for different
building heights and mobile distances from the building are
provided. The statistics obtained by this analysis are useful
in the development of hand-off algorithms for satellite mobile
communication systems. Hand-off to another satellite takes
place whenever the signal level falls below an established
threshold value. This ensures continuous coverage in cases
where the signal transmitted from the satellite is blocked by a
man-made structure such as a building.

II. PROPAGATION MODEL

The geometry of the propagation model is illustrated in
Fig. 1. A LEO satellite moving in a circular orbit above
the surface of the earth descends behind a row of buildings
of height and width . A mobile antenna located at a
height above the ground is at a distance away from
the building. The received signal at the mobile antenna is
estimated for satellite elevation angles of .
The satellite transmission frequency is at 1.625 GHz. For
this analysis, the received signal strength is independent of
the mobile’s speed, since the building is assumed of infinite
extent in the direction of the mobile’s travel. Depending on
the satellite elevation angle, different ray contributions can
reach the mobile. The different regions are illustrated in Fig. 1.

The ray contributions to the received signal were formulated
as follows.

• :

a) ground reflections and then second-order diffrac-
tions;

b) first- and second-order diffractions;
c) first- and second-order diffractions followed by re-

flections from the ground.

• ; terms a), b), and c) as above:

d) direct wave.

• ; terms a), b), c), and d) as above:

e) ground reflections.

• ; terms b), c), d), and e) as above:

f) reflections from the ground followed by diffractions
from the building.

• ; terms b), c), d), e), and f)
as above:

g) reflections from the building followed by reflections
from the ground.
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Fig. 1. Building blockage propagation model and different regions based on
the satellite elevation angle.

• ; terms b), c), d), e), f),
and g) as above:

h) building reflections.

• ; terms b), c), d), e), f), and
h) as above:

i) reflections from the ground followed by reflections
from the building.

In developing this propagation model, the following assump-
tions were made.

1) At the frequency of 1.625 GHz the building is assumed
perfectly conducting.

2) The roof of the building is assumed flat and the edges
form 90 corners.

3) The electrical size of the building along the axis
is assumed large (ideally infinite in extent). This is
the direction that the mobile is traveling. Because of
the infinite extent assumption, there will be no signal
variations in the direction. Therefore, the received
signal at the mobile is independent of the mobile speed,
which is assumed zero.

4) An omnidirectional antenna in the elevation plane is
assumed.

5) The fields radiated by the satellite transmitting antenna
impinging upon the building are locally plane waves.
Also, a locally flat earth surface is assumed.

A. The Incident Waves

The first step in evaluating the diffracted fields toward the
mobile is to determine the incident field at the building edges

and , respectively. The incident field at the two edges is
expressed in terms of the incident field at the reference point.
For soft (horizontal) polarization, the incident electric field is
in the direction.

The expression for the incident plane wave for soft (hori-
zontal) polarization is

(reference) (1)

Fig. 2. Different contributions to the signal level at the mobile for angles
0 � � � 90

�.

The incident plane wave is evaluated at the first edgeas
follows:

(2)

The distance is related in terms of local coordinates and
the distance to the reference point using the geometry shown
in Fig. 2. This results in the following expression:

(reference) (3)

In a similar way

(reference) (4)

For satellite elevation angles greater than there is a direct
ray contribution toward the mobile. The incident wave at the
mobile with respect to the field at the reference point is given
by

(mobile) (reference)
(5)

For hard (vertical) polarization, the magnetic field is in
the direction. The evaluation of the incident plane wave
for this polarization follows the same procedure as for soft
polarization, except that the formulation is performed using
the magnetic field. The expressions for the-directed incident
magnetic field at the reference point, the first edge, the
second edge , and the mobile, respectively, are given by

(reference) (6)

(reference) (7)

(reference) (8)

(mobile) (reference)

(9)
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B. The Reflected Waves

For satellite elevation angles greater than there is a
reflected wave from the ground to the mobile. An additional
contribution that represents diffractions first from the building
edges and then reflections from the ground was also included.
The reflected waves at the mobile for soft and hard polariza-
tions, respectively, with respect to the field at the reference
point are

(mobile) (reference)

(10)

(mobile) (reference)

(11)

is the reflection coefficient and is given by [2]

(12)

where is the incidence angle at the ground, measured with
respect to the normal at the reflection point, i.e.,

(13)

For typical mobile communications environments, the follow-
ing ground relative permittivity was used [2]:

(MHz)
(14)

where is the frequency in megahertz. In (14), for soft
polarization and for hard polarization.

For satellite elevation angles greater than there is
a reflected ray contribution from the building to the mobile.
Additional higher order contributions, as listed previously,
were also included. The building reflected waves at the mobile
for soft and hard polarization, respectively, are

(mobile) (reference)

(15)

(mobile) (reference)

(16)

If a highly conducting building is assumed (such as in our
case), then the reflection coefficient for soft polarization is1
and for hard polarization it is 1. Alternatively, a reflection
coefficient similar to the one used for lossy ground can be
applied to account for the finite conductivity of the building.

C. The Diffracted Waves

Diffracted contributions to the received signal at the mobile
antenna are represented by first- and second-order diffractions
from the two edges and , respectively. The first-order
diffraction term for soft polarization from edge of Fig. 3
is [6], [7]

(17)

Fig. 3. Formulation of the diffracted waves from the building edges.

where , the incident field at the diffraction point ,
is given by (3). The UTD diffraction coefficients are given by
[6], [7]

(18)

where the minus sign between the curly brackets is used for
soft polarization and the plus sign for hard polarization. Also,

is the distance parameter, is the wedge index
, and are the Fresnel transition

integrals. The Fresnel integrals and their arguments are well
documented in [6], [7]. A numerical algorithm for evaluating
Fresnel integrals is provided in [8] and has been implemented
in the developed software analysis code (C language).

The first-order diffraction term from edge is

(reference)

(19)

where is calculated from (18). The distance
parameter , is given by

(20)

where is the distance from the diffraction point to the
observation point, and is the distance from the source
point to the diffraction point. As shown in Fig. 3, for first-
order diffractions from , the source point is the satellite and

, and the observation point is the mobile, thus, .
Since the source distance is much greater than the observation
distance then .
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Note that the term in the diffraction coefficient of
(18) can be incorporated into the amplitude spreading factor.
This way all physical dimensions are converted into electrical
quantities. The second-order diffractions from edgeto edge

for soft polarization are equal to zero, because at
grazing incidence.

Similarly, for hard polarization the first-order diffraction
term from edge is

(reference)

(21)

For the second-order diffraction term from edgeto , the
source point is the first edge and is the distance from the
first edge to the second edge, i.e., . The observation
point is the mobile and . This term can therefore be
expressed as

(reference)

(22)

where

(23)

(24)

Multiple reflection–diffraction terms were included in the
model, with various terms being added in different regions
as previously outlined. The procedure followed when multiple
reflection–diffraction terms are calculated is very similar to
the one outlined in the previous sections and, due to space
limitations, the derivations will be omitted in this paper. As
reported by Polkaet al. [9], terms higher than third-order are
usually not necessary for accurate computations.

D. Satellite Elevation Angle versus Time

A satellite in a circular orbit 780 km above the surface of
the earth, completes an orbit around the earth in 110 min.
The satellite’s angular speed with respect to the mobile is
calculated based on the geometry illustrated in Fig. 4. Because
the rays from the satellite are assumed to propagate in straight
lines, an effective earth radius was used by multiplying the
actual radius by 4/3, i.e., km [10]. The included
angles and shown in Fig. 4 are given by

(25)

(26)

The objective is to relate the satellite anglewith the satellite
elevation angle at the mobile. This is done by adding all the

Fig. 4. Geometry for converting the satellite’s angular speed reference from
the center of the earth to the mobile.

interior angles of the triangle OAB, i.e.,

(27)

Simplifying and substituting the values forand , results in

(28)

The time variation in seconds as a function of the the
elevation angle is given by

(29)

Therefore, the normalized signal level versus satellite elevation
angle was converted to normalized signal level versus time.
From these data the attenuation rate was calculated.

E. Attenuation Rate and Normalized Signal Level

The attenuation rate is determined based on the incremen-
tal time during which the normalized signal level is reduced
from 0 dB to 10 dB, and is defined as

dB/s (30)
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Fig. 5. One-story building in a residential area. Normalized signal level
versus satellite elevation angle for soft (horizontal) polarization.

Fig. 6. One-story building in a residential area. Normalized signal level
versus satellite elevation angle for hard (vertical) polarization.

The normalized signal level is defined as

(mobile)
(reference)

(31)

(mobile)
(reference)

(32)

for soft and hard polarizations, respectively.

III. COMPUTED RESULTS

A. Normalized Signal Level in a Residential Environment

In a typical residential environment, buildings range from
one to two stories. Computations from one-story buildings
are presented. A height of 7 m and a width of 10 m for
single-story buildings were used. The mobile was at a location
10 m from the building and the antenna height was 3 m.
The normalized signal levels versus satellite elevation angle
and versus time were computed for horizontal and vertical
polarizations. Figs. 5 and 6 illustrate typical normalized signal
levels for soft and hard polarizations, respectively, versus the
satellite elevation angle.

For both soft and hard polarizations, and
and the signal strength at 21.80was approx-

Fig. 7. Eight-story building in a moderate urban area. Normalized signal
level versus satellite elevation angle for soft (horizontal) polarization.

Fig. 8. Eight-story building in a moderate urban area. Normalized signal
level versus satellite elevation angle for hard (vertical) polarization.

imately 6 dB, as expected. As calculated by the developed
software code, once the satellite starts descending, it takes
about 37.86 s for the signal to go from 0 to10 dB, i.e., the
attenuation rate for soft polarization is about 0.264 dB/s. For
hard polarization, it takes about 46.49 s for the signal to go
from 0 to 10 dB, i.e., the attenuation rate is about 0.215 dB/s.
Note that the attenuation rate for hard polarization is slightly
lower than for soft polarization.

B. Normalized Signal Level in a Moderate Urban Environment

In a typical moderate urban environment, buildings range
from 8 to 16 stories. In this case an eight-story building was
considered. The building height was 56 m and its width was
20 m, while the antenna was 3 m high and located 8 m away
from the building. The normalized signal levels versus satellite
elevation angle for soft and hard polarizations, respectively,
are illustrated in Figs. 7 and 8.

For this typical moderate urban environment,
and for both polarizations. The calculated
signal strength was above10 dB for angles greater than
80.59 for soft polarization and 79.31for hard polarization.
In this case, it took 3.63 s for the signal to drop to10 dB
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TABLE I
RESIDENTIAL (HORIZONTAL POLARIZATION)

TABLE II
RESIDENTIAL (VERTICAL POLARIZATION)

for soft polarization and 6.11 s for hard polarization, i.e., the
attenuation rates were 2.753 dB/s and 1.635 dB/s, respectively.

C. Statistics in a Residential Environment

For residential environments, statistics were accumulated for
both one- and two-story buildings with the distance from the
mobile to the building ranging from 10 to 30 m in 10-m
increments. Single-story buildings were assumed to be 7-
m high and two-story buildings 14-m high. The values of
the attenuation rate for horizontal polarization are shown in
Table I and those for vertical polarization in Table II. For the
results shown in Tables I and II, the building width was 10 m
and the antenna height was 3 m.

The first column in the Tables I and II, corresponds to
the number of stories in the building, the second column is
the building height (in meters), and the third column the
distance from the mobile to the building (in meters).
is the minimum angle (in degrees) at which the direct signal
from the satellite can be received by the mobile antenna and

the minimum angle (in degrees) at which a reflection
from the ground is also received by the mobile antenna.
and are shown in Fig. 1. Also, and are the
satellite elevation angles (in degrees) at which the received
signal is 10 and 0 dB, respectively. is the elapsed time
(in seconds) for the signal to go from 0 to10 dB, and is
the attenuation rate (in decibels per second).

The values of the attenuation rate in Tables I and II were
averaged to obtain the mean attenuation rate for residential
environments, which is given in Table III and was found to be
0.359 dB/s. Further, the mean values of , , ,

, , and for residential environments are also listed
in Table III. As illustrated in Table III, on average the mobile
antenna receives a direct satellite signal for elevation angles
above 22.90, and a reflected signal from the ground for
elevation angles above 36.57. The average satellite elevation
angle for which the normalized signal level is10 dB is
20.93 while the corresponding angle at which the normalized
signal level is 0 dB is 26.00.

TABLE III
MEAN RESIDENTIAL PARAMETERS

TABLE IV
MODERATE URBAN (HORIZONTAL POLARIZATION)

TABLE V
MODERATE URBAN (VERTICAL POLARIZATION)

TABLE VI
MEAN MODERATE URBAN PARAMETERS

D. Statistics in a Moderate Urban Environment

For a moderate urban environment, statistics were accu-
mulated for building heights 8 to 16 stories in four-story
increments. The distance from the mobile to the building
ranged from 8 to 16 m in 4-m increments. For these statistics
the building width was 20 m and the antenna height 3 m.
The results are shown in Tables IV and V for horizontal and
vertical polarizations, respectively.

The values of , , , , , and in
Tables IV and V were averaged to obtain mean values for
moderate urban environments, as shown in Table VI. The
mean value of the attenuation rate was found to be 2.205 dB/s
and, on average, the mobile antenna receives a direct satellite
signal for elevation angles above 80.86and a reflected signal
for elevation angles above 81.58. Further, the average satellite
elevation angle for which the normalized signal level is10
dB is 79.82, and the corresponding angle at which the
normalized signal level is 0 dB and 84.02.

Note that due to the nonlinear relationship between the
satellite elevation angle and time and the fact that the attenu-
ation rate was calculated based on the 0 to10 dB threshold
values, a consistent trend in the values of the attenuation rate
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cannot be established. Thus, to explain each calculated value
of the tabulated attenuation rates, one has to examine each
case individually and determine at which angles the signal is
0 and 10 dB, respectively, with respect to the values of
and . For this, plots of the normalized signal level versus
both satellite elevation angle and time are useful. However,
only a representative number of such plots versus elevation
angle were included in this paper.

IV. CONCLUSION

A propagation model for building blockage in satellite mo-
bile communication systems has been presented. This model
was applied to characterize the satellite signal received by
an omnidirectional antenna when the signal path is blocked
by a row of buildings. This model has been based on high-
frequency ray-tracing methods and includes diffractions from
the building edges, reflections from the ground and building,
and the direct wave. Also, higher order interactions have been
added in the model. The normalized signal level at the mobile
antenna is calculated versus the satellite elevation angle and
time, based on the satellite angular speed around the earth. Ex-
amples of normalized signal levels and attenuation rates were
computed for residential and moderate urban environments.

When the satellite begins to descend behind a building, the
signal level obtained from this analysis was approximately

6 dB, which the reader can verify by observing the signal
strength at from the plotted cases of normalized signal
level versus satellite elevation angle. Also, it was found that
the mean attenuation rate increases from 0.359 to 2.205 dB/s as
one moves from residential to moderate urban environments,
i.e., the signal deteriorates much faster in moderate urban
environments than in residential environments. The average
angle at which the normalized signal level falls off to10 dB
was 20.93 for a typical residential environment and 79.82
for a typical moderate urban environment. This suggests that
the possibilities of having a normalized signal level higher than

10 dB are much smaller in a moderate urban environment
when compared to a residential environment.
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