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Abstract—This contribution presents the results of our study
on spatio-temporal availability in satellite-to-indoor broadcasting.
We compare the performance of single and multiple antenna
arrays consisting of theoretical and measured antennas with
various polarimetric radiation patterns and coupling effects for
different satellite elevation angles. The spatial satellite to indoor
channels are obtained by a 3D ray tracing engine and by a ge-
ometry-based channel modeling tool. The temporal fluctuations
of the channels are modeled by the PDF of a truncated normal
distribution and are based on satellite-to-indoor measurements.
The additional antennas at the receiver reduce both the spatial
and the temporal variability of the received power, leading to a
significant reduction of the transmit power required to achieve the
same target availability. The simulation results suggest that the
spatial correlation in the line-of-sight room area is higher than in
the non-line-of-sight room area. In the line-of-sight areas, the best
performance is achieved by multiple circularly polarized receive
antennas. For elevations higher than 50 in the non-line-of-sight
areas, a combination of horizontally and vertically (orthogonal)
polarized antennas shows the best performance, especially if
high availabilities are considered. Furthermore, the influence
of coupling effects between closely spaced receive antennas on
the availability is studied. In general, antenna coupling effects
should be handled by increasing the required link margin. The
influence of the temporal changes due to a person movement on
the availability is found to be not very significant.

Index Terms—Indoor reception, receive antenna arrays, satellite
broadcasting, spatio-temporal availability.

Manuscript received June 23, 2009; revised February 19, 2010. First pub-
lished April 19, 2010; current version published May 26, 2010 This paper
was presented in part at the European Conference on Wireless Technology
(ECWT2007), Munich, Germany, Oct. 2007, and at the International ITG
Workshop on Smart Antennas- WSA 2008, Darmstadt, Germany, February
2008.
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I. INTRODUCTION

S ATELLITE broadcasting systems have originally been de-
veloped for the coverage of large outdoor areas. Due to the

increased satellite power in some satellite systems, indoor re-
ception is already feasible, e.g., the satellite system XM Radio
offers link margins of up to 18 dB. An increase of the Effec-
tive Isotropic Radiated Power (EIRP) planned for future Satel-
lite Digital Multimedia Broadcast (SDMB) services [1] may
allow indoor reception of the satellite signals with a high avail-
ability. Moreover, since in mobile reception only time diversity
(using long interleavers) has been employed so far, we can ex-
pect room for improvement in stationary or portable reception
in indoor environments by using spatial or polarization diver-
sity. The satellite-to-indoor channels can be characterized by
analyzing either measured channels or channels obtained by
deterministic channel models such as ray-tracers. Some satel-
lite-to-indoor measurements dealing with the performance of
different receive antenna strategies, polarization diversity, cou-
pling effects, and the influence of moving persons or objects are
discussed in the literature.

An active phased array antenna for mobile broadcasting satel-
lite reception has been presented in [2]. At a frequency band
close to those assigned to the Galileo navigation system (fre-
quency range 1.1 GHz–1.6 GHz), it has been confirmed in [3]
and [4] with both statistical and ray tracing channel modeling
based on the measurements that wall attenuation influences the
indoor coverage the most. A model for the satellite-to-indoor
channel presented in [5] describes the diffuse character of the
electromagnetic field. The results are based on measurements
where the satellite was simulated by a helicopter.

Within the MAESTRO project [6], [7], satellite-to-indoor
measurements in the L-band have been carried out in Er-
langen and Athens by using the Worldspace Afristar satellite
having an EIRP of 48 dBW. From the local Cumulative Dis-
tribution Function (CDF) of the building penetration loss it
has been concluded that the percentage of positions within the
room from which a satellite signal can be received with good
quality is in the range of 30% up to 80% with corresponding
link margins of 10 dB to 16 dB. Measurement results in [8]
show that the received electromagnetic field is completely dif-
fuse in the interior of a building. With the help of simulations
based on a 3D ray tracing tool it is shown in [9] that the po-
larization state of the propagation wave changes significantly
inside the room. In [10] it has been concluded that at 900 MHz
the antenna-pattern diversity is a better choice than the space
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diversity for use at hand held devices. The research results on
accessible improvements by means of a fast switching Satel-
lite Digital Audio Radio Services (S-DARS) antenna diversity
system in addition to the S-DARS combined satellite and ter-
restrial channel diversity system are presented in [11]. It has
been concluded that the performance of a S-DARS satellite
radio-links in vehicles is significantly improved by using an-
tenna diversity. In [12]–[14] a statistical model capable of de-
scribing both narrow-band and wide-band conditions for a set
of environments and satellite elevations is presented: the pa-
rameters of a three state Markov channel model are extracted
from measurements in S-band and fitted to the proposed Loo’s
distribution of the amplitudes [15]. The model produces time
series of relevant signal features such as: amplitudes, phases,
instantaneous power-delay profiles, and Doppler spectra. In
[16], study of wide band broadcasting measurements in fre-
quency range between 470 MHz and 862 MHz lead to co-
herence bandwidths in indoor environments in the range be-
tween 10 MHz and 50 MHz. Land mobile satellite channel
models for satellite systems with multiple satellites have been
introduced in [17]. Channel measurements are very time-con-
suming and expensive. Therefore, in our work we apply de-
terministic channel modeling based on the 3D ray-tracing
WinProp simulation tool developed by AWE Communications
[18] and the IlmProp (http://tu-ilmenau.de/ilmprop), a flexible
geometry-based MIMO channel modeling tool for wireless
communications [19], which supports different receive an-
tenna patterns. In addition, the measurement data is used to
model man shadowing. The study of the satellite-to-indoor
broadcasting channel allows us to predict satellite-to-indoor
coverage for different receive diversity setups considering po-
larization issues. It also provides insight of the possible gains
introduced by additional receive antenna arrangements. The
best position for the indoor satellite receiver can be predicted
as well as influence of effects like moving persons or objects
in the receiver vicinity.

This paper is organized as follows: in Section II subsec-
tions we describe the system model for the simulation
setup, the features and functions of the WinProp and IlmProp,
the definition of an office environment scenario, and the geo-
metrical modeling of the indoor environment. In Section II-F
we analyze the measurements to acquire information on the
temporal variations of the channel. Then, in Section III, we
employ the concept of geometrical channel modeling to study
the performance of receive antennas. In particular, multi-an-
tenna configurations with different polarizations of the indi-
vidual receive antenna components and different gain patterns
are studied. Section III studies the spatial correlation between
antennas, the signal availability in the room, and the influence
of the user interaction on the signal availability. Moreover,
coupling effects between closely spaced antenna elements are
taken into account. The analysis is performed for different ele-
vation angles of the incident satellite signals. The conclusions
are drawn in Section IV.

II. SATELLITE-TO-INDOOR CHANNEL MODEL

A. System Model for Simulation Setup

A left hand circularly polarized satellite signal from a single
satellite transmit antenna with carrier frequency 2.0 GHz is re-

Fig. 1. Block diagram of our analysis.

ceived by a stationary multiple antenna receiver using Max-
imum Ratio Combining (MRC) in a closed room. The EIRP is
assumed to be 48 dBW from the satellite. This reference point
allows to scale the results to other satellite EIRPs. The signals
undergo frequency flat fading and there is no interference. The
elevation angle of 40 is representative for GEostationary Orbit
(GEO) satellites in Europe, whereas the 70 is more representa-
tive for High Elliptical Orbit (HEO) satellites. Therefore, satel-
lite broadcasting with elevation angles of 40 , 50 , 60 , and 70
are studied.

Fig. 1 shows the satellite-to-indoor channel modeling frame-
work and the spatio-temporal availability analysis. The descrip-
tion of the satellite-to-indoor scenario as well as the calcula-
tion of the corresponding path parameters are obtained by a
ray-tracing simulation tool WinProp [18]. The obtained path pa-
rameters are used as input to a geometry-based propagation sim-
ulation tool IlmProp [19] to obtain the channel coefficients for
different receive antenna patterns and receiver schemes at all po-
sitions in the spatial grid defined within the room. Finally, the
temporal variation that models a man movement is included. It
is assumed that the person is moving in the vicinity of the re-
ceiver without blocking the possible Line-Of-Sight (LOS) path.
This simplified approach is required as a thorough modeling of
the effects of a human body on the field distribution inside the
room would be unfeasible by a ray-tracing simulation tool due
to the computational complexity. Therefore, we take into ac-
count the temporal variation of the received power caused by
the presence of a person by analyzing measurements described
in [6], [7]. The described modeling process is used to predict
the satellite-to-indoor channel coefficients for different receiver
schemes and elevations and to compare their performance by
means of the CDFs of the fade depth, i.e. the resulting link
availability.

In the following sections we describe each element of the
flowchart in more detail.

B. The Ray Tracing Engine WinProp

An indoor database was generated with the WinProp [18]. It
uses a full 3D vector data base to describe the scenario. Furni-
ture as well as other objects such as desks and cupboards can be
modeled with planar elements that have an arbitrary number of

Authorized licensed use limited to: TU Ilmenau. Downloaded on July 13,2010 at 06:47:43 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 2. Office layout (1-chair; 2-desk; 3-closet; 4-window; 5-door; 6-wall).

corners and individual material properties. Doors and windows
can be created as subdivisions inside walls. The proposed office
scenario consists of a closed room (of size 5.6 m 6.4 m
3 m) with windows towards the satellite, doors, and some furni-
ture such as tables, closets, and chairs, as shown in Fig. 2. The
penetration losses of the window, brick walls, and the concrete
ceiling are 1.7 dB, 11.9 dB, and 17.3 dB, respectively. The struc-
ture and material properties corresponding to the office layout
in Fig. 2 are described in [20].

The satellite-to-indoor path parameters are calculated by
using 3D ray tracing in WinProp. For the propagation paths,
transmission, reflection, and diffraction are taken into account.
WinProp has already been validated with the help of measure-
ments in [21]–[23].

C. Geometry-Based Channel Modeling

To model the receive antenna setup, the IlmProp [19], a flex-
ible geometry-based propagation simulation tool for wireless
communications, is used. After the satellite-to-indoor scenario
is defined and modeled by the WinProp, the path strength and
spatial information of each path are further processed as scat-
terer-related parameters. Each path is characterized by the posi-
tions of the points of interaction and by complex reflection coef-
ficients which determine the attenuation. Thereby, the IlmProp
uses information of all incident rays described by amplitude,
phase, and two polarization components from all spatial angles
for every considered location of the receiver.

For our scenario, the WinProp is used to obtain the informa-
tion on the incoming signal components with a resolution of
8 cm in the room. For each point, the IlmProp uses this infor-
mation to produce the channel impulse responses in a window
of size ( denotes the wavelength) by using a Uniform
Rectangular Array (URA) of size 16 16, resulting in 256 sub-
channels.

All these parameters are input into the IlmProp and weighted
with a receive antenna patterns defined by gain and polarization.
This gives us the flexibility to apply various receive antenna
patterns and array configurations at different positions in order
to study receive diversity and performance improvements.

We have chosen a set consisting of both theoretical as well as
measured satellite receive antennas for our study. The following
theoretical receiver antennas are studied:

• vertically polarized dipoles (denoted as ‘V’),
• horizontally polarized dipoles (denoted as ‘H’),

Fig. 3. (a) Measured vertically polarized antenna ‘W’; (b) antenna array used
for the measurement of the coupling effects.

Fig. 4. Theoretical antenna radiation patterns: (a) vertically/horizontally polar-
ized dipole; (b) circularly polarized antenna.

Fig. 5. Radiation patterns of realistic antennas for the reception of satellite sig-
nals: (a) vertically polarized antenna for satellites at approximately 40 eleva-
tion; (b) circularly polarized antenna.

• and circularly polarized antennas (denoted as ‘C’).
Additionally we use measured receive antennas for the reception
of satellite signals that are

• vertically (denoted as ‘W’)
• and circularly (denoted as ‘Z’)

polarized. Finally, the measured beampatterns of circularly po-
larized antennas that include the coupling effects between an-
tenna elements (denoted as ‘CO’) are considered. The distance
between adjacent elements is 0.5 wavelengths. Fig. 3 depicts
one measured vertically polarized antenna ‘W’ and the antenna
array used for the measurement of the coupling effects. The cou-
pling effect changes the beampattern of single circularly polar-
ized antenna, as shown in Fig. 6. ‘CO max’ and ‘CO min’ denote
the circular antennas mentioned above having their beampat-
tern maximum and minimum in the LOS direction, respectively.
The direction of the beampattern maximum and minimum of an-
tennas with the coupling effect depends on the relative position
of adjacent elements. The measured satellite antennas are used
for the satellite broadcasting measurements at Fraunhofer IIS.
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Fig. 6. Radiation pattern of circularly polarized antenna with coupling effect:
the distance between identical antenna elements is 0.5 wavelengths.

The 3D radiation patterns of the considered antennas are
shown in Figs. 4–6. The radiation patterns of theoretical ver-
tically and horizontally dipole are the same, only the antenna
polarization differs. Their directivity (D) is given by [24]

(1)

where is the coelevation angle in the spherical co-
ordinates (measured from the z-axis). For the impinging signal
elevations higher than 60 , the radiation pattern of the
dipole has values lower than 25% of its maximum. As the cir-
cularly polarized antenna (‘C’) we use a Huygens source [24].
There is a slightly change of the directivity at elevations higher
than 40 .

The measured vertically polarized antenna has a very narrow
radiation pattern with a peak at 40 elevation. It is used for
the signal reception from the geostationary satellites in Europe,
where the satellite elevation lies in the range between 33 and
45 . The measured circularly polarized antenna (‘Z’) has its
directivity maximum at an elevation of 90 which slowly de-
creases as the elevation decreases.

The 3D integral of the radiation patterns is equal to for all
studied antennas, i.e.,

(2)

where the integral is calculated over the solid angle on the
entire surface of the unit sphere . This allows a fair per-
formance comparison between receiver schemes consisting of
different lossless antennas. The receiver has a Uniform Linear
Array (ULA) with various combinations of the antennas speci-
fied above. Antenna arrays consisting of one, two, and four an-
tenna elements are considered at the receiver. The array names
provide information about their elements, e.g., ‘Z-Z’ is an ULA
of two ‘Z’ antenna elements, ‘4-Z’ is an ULA of four ‘Z’ antenna
elements, etc. The MRC is performed at the receiver assuming
perfect instantaneous channel state information.

D. Polarization and Different Antenna Configurations

As a result of the reflection or diffraction by objects in the in-
door environment, the transmitted signal often arrives at the re-
ceiver with more than one path (multipath propagation). When
the reflecting objects are oriented such that they are not aligned
with the polarization plane of the incident wave, the reflected
wave will experience a polarization shift. Random diffraction
also changes the polarization of the waves. Since the total signal
at the receiver is a sum of all the multipath signals, the resulting

Fig. 7. CDF of the root mean square delay spread in the NLOS area.

TABLE I
ROOT MEAN SQUARE DELAY SPREAD VALUES CORRESPONDING TO

10%, 50%, AND 90% OF THE CDF

field strength is comprised of these multipath waves with virtu-
ally random polarizations.

From references [8] and [9] it can be concluded that in
the satellite-to-indoor scenario the electromagnetic field is
diffuse and the circular polarization is not preserved under
Non-Line-Of-Sight (NLOS) conditions. Therefore, in the Ilm-
Prop simulation, a random polarization state is given to each
path, with the exception of the LOS, which is set to Left Hand
Circular Polarization (LHCP). In the following discussion, we
focus our attention on the effect of the multipath propagation.
The area close to the window includes a strong LOS component
and therefore provides a sufficient link margin. Nevertheless,
the diffuse property of the NLOS field provides room for the
improvements in reception quality by using low-cost antennas
and receive diversity schemes which will be discussed in the
following section.

E. Frequency Selectivity of Studied Channels

Fig. 7 depicts the CDF of the root mean square delay spread
in the critical area, with respect to frequency selectivity,

namely the NLOS area of the studied scenario. Table I shows the
root mean square delay spread values that correspond to 10%,
50%, and 90% of the CDF.

The coherence bandwidth is usually calculated as

(3)

[25], [26] where is commonly used in literature to com-
pute the median values , which in our case gives a co-
herence bandwidth in the NLOS area equal to 35 MHz. The co-
herence bandwidth in the LOS area is larger than in the NLOS
area. Similar results have been obtained in indoor environments
in [16], where wide band broadcasting measurements were per-
formed in the frequency range between 470 MHz and 862 MHz.
There, the coherence bandwidth was found to be in range be-
tween 10 MHz and 50 MHz. The satellite broadcasting links
have bandwidths of up to a few MHz, e.g., the XM Radio
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Fig. 8. PDF of the difference between the received power from Afristar satellite
with and without person moving (no LOS signal blockage.) Satellite signal is
right hand circularly polarized.

downlink satellite bandwidth is 1.886 MHz. Since
we deal in our study with flat fading channels. Therefore, in the
following we consider flat fading.

F. Temporal Variation of the Satellite Link

When the satellite receiver position and transmit EIRP are
fixed, the received signal strength varies on the small scale only
due to the movement of the objects in the vicinity of the receiver:
some propagation paths disappear while others appear, leading
to either destructive or constructive superposition. Such varia-
tions of the received power may be caused by:

• A person moving between the satellite and the receive an-
tenna: the LOS channel component is blocked.

• A person moving in the vicinity of the receive antenna,
without blocking the possible LOS between the satellite
and the receiver.

• Movements of the objects such as trees or cars between the
satellite and the receiver.

It is reported in [6] that the movement of a tree blocking the
satellite signal increases the standard deviation of the signal in
time by 0.8 dB and that the body blocking the incoming signal
increases the attenuation by additional 7–13 dB. We have ana-
lyzed the MAESTRO measurements [6] of the right hand circu-
larly polarized signal from the Afristar satellite with and without
person movement around the receiver in a NLOS indoor envi-
ronment which was similar to the NLOS area in the scenario
defined in Fig. 2. The only difference is the building penetra-
tion loss that is a bit lower with mean 9.8 dB. The person
movement, without blocking the incoming signal, increases the
received signal variance in all available data sets. The standard
deviation increases in the range from 0.7 dB up to 1.5 dB, de-
pending on the environment. We have also analyzed the Proba-
bility Density Function (PDF) of the difference between the re-
ceived power in measurements with and without person move-
ment. This PDF is well approximated by the PDF of a truncated
normal distribution with zero mean and standard deviation in
the range from 0.7 dB up to 1.5 dB, depending on the environ-
ment. In Fig. 8, the PDF of the measurement difference and the
fitted truncated normal distribution are shown. The latter has
zero mean, a standard deviation of 0.9 dB, and a truncation at

2.3 dB.
Here we assume that the temporal changes due to man shad-

owing are so slow that they cannot be compensated by practical

Fig. 9. Average received power in dBW simulated by WinProp.

values of time interleaving. The temporal variation due to man
shadowing has been included in the simulation for each studied
receiver antenna scheme in the following manner:

• The WinProp and IlmProp simulation tools are used to pre-
dict the received powers at spatial positions with a
resolution of 8 cm defined with values of and coordi-
nates in the coordinate system shown in Fig. 9. The grid
consists of approximately 5625 spatial pixels.

• For each spatial pixel , the IlmProp uses path infor-
mation to produce 256 subchannels per spatial pixel, which
are gathered in a vector .

• A vector containing 256 values from the truncated normal
PDF with zero mean, standard deviation of 0.9 dB, and
truncation at 2.3 dB has been drawn.

• For each spatial pixel , where the received signal
power has been predicted, the values of the vector are
added to the vector such that the vector of the total
received power is obtained. For different spatial po-
sitions different vectors are drawn.

• The received signal powers obtained by collecting vectors
for all positions form a set of received signal

powers that is used to calculate the CDF curves.

G. Signal Availability

The carrier-to-noise ratio at the receiver, denoted by , is
defined as the difference between the received signal power
and the received noise power , i.e.,

(4)

The value of the fade depth FD is estimated as the difference
between a reference carrier-to-noise ratio and the
carrier-to-noise ratio at the receiver , i.e.,

(5)

where refers to a position outside of the room in a
pure LOS regime. The link margin is defined as the differ-
ence between the LOS carrier-to-noise ratio and the
minimum carrier-to-noise ratio needed for good re-
ception of the signal, i.e.,

(6)
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When the fade depth is higher than the link margin we say that
the communication link is not available, otherwise it is avail-
able. For the comparison of the availability, we choose a link
margin of 15 dB. This value is typical for existing mobile broad-
casting system using a high power satellite [6].

III. PERFORMANCE COMPARISON OF DIFFERENT

RECEIVE ANTENNA SCHEMES

In this section we present the results of our study for different
receive antenna arrays. First, based on the averaged received
power, we identify three representative areas in the room. Then
we study the spatial correlation and availability for different el-
evations in order to identify the most promising receive array
structure. Based on the simulation results, at the end of this sec-
tion we discuss the influence of the windows and user interac-
tion on the system availability.

A. Ray Tracing Results for Vertical Dipole

The indoor scenario described in Section II-B is used to eval-
uate the field strength coverage. The satellite antenna is simulated
by a left hand circularly polarized omni-directional antenna set
far enough from the room to obtain approximately planar wave-
fronts. Fig. 9 shows the predicted received signal power by one
vertically polarized dipole antenna in the room for a satellite ele-
vation of 40 and an azimuth of 45 with a resolution of 8 cm
at a height of 1 meter above the floor. The prediction is done by
WinProp. With respect to the received signal power, three areas
denoted as , , and in the room can be distinguished:

• The area is dominated by the LOS channel component
impinging directly through the window. The fade depth is
low and exhibits a very low spatial variation. Therefore, a
very high availability is achieved in the area .

• The area is characterized by rays impinging after pen-
etration through the walls. The received power is signifi-
cantly lower than in the area , while the spatial variation
of the signal power is higher.

• In the area the signal power arrives after penetration
through the wall or window followed by some reflections
and diffractions. The received power is lower, while the
spatial variation of the signal power is higher than in areas

and .

B. Spatial Correlation of Multi-Antenna Configurations

First we study the spatial correlation of the received signals at
different antennas. The complex correlation coefficient between
adjacent antennas is an important metric since it gives an indica-
tion on the achievable diversity gain and the antenna array gain.
Low values of the correlation coefficient lead to a high diversity
gain and a low array gain, and high values lead to a high array
gain and a low diversity gain [10], [27]. The complex correlation
coefficient of two complex channels and is defined as:

(7)

where denotes the expectation operator, and , ob-
tained from IlmProp simulations, are the complex channels of

Fig. 10. Averaged spatial correlation coefficient as a function of the distance (in
wavelengths) between adjacent antenna elements for different receive antenna
schemes in the areas � and �. The satellite elevation is 40 .

the first and second antenna, respectively, and denotes com-
plex conjugation. The averaged spatial correlation coefficients
between different antenna types are depicted in Fig. 10 as a func-
tion of the adjacent antenna distance (in wavelengths) within the
area and within the area for the satellite elevation of 40 .
For the coupled antennas, only the correlation coefficient for
a distance of 0.5 wavelengths is available: we only have mea-
sured radiation patterns of coupled antennas for that distance be-
tween antenna elements. These correlations are indicated with
two distinct points in Fig. 10. Since the coupling influence is
higher for smaller antenna distances between adjacent antenna
elements [28], for larger distances the correlation coefficient be-
tween ‘CO’ antennas should approach the correlation coefficient
between two measured circularly polarized antennas ‘Z-Z’.

Signal reception in the area is dominated by the LOS
channel component and therefore almost constant, as shown in
Fig. 9. Thus the correlation coefficients within the area have
very high values for all antenna combinations. The correlation
coefficients in the area drop only slowly with the increase of
the distance between antennas for all antenna configurations.
In contrast, the channel in the area has a high variance in
the spatial domain and therefore the corresponding correlation
coefficients are smaller than in the area . In the area , the
correlation coefficient between two circularly polarized closely
spaced antennas (‘C-C’, ‘CO-CO’, or ‘Z-Z’) is larger than for
two vertically or two horizontally polarized dipoles with the
same spatial separation. The correlation coefficient between one
vertically and one horizontally polarized dipole within area is
very small for all antenna distances. Therefore, the combination
of vertically and horizontally polarized antennas (‘V-H’ and
‘V-H-V-H’) is particularly interesting for our study: a pair of
vertically and horizontally polarized antennas can be mounted
almost at the same position while having the high diversity gain
needed to achieve high availabilities. Thereby, the physical size
of the receive antenna array can be reduced. These conclusions
have a strong impact on the performance of antenna arrays with
respect to availability, as seen in Section III-C. Due to these
correlation properties, and due to the known result that the
diversity gain increases at higher availabilities [10], for the ob-
served scenario where the availability within the whole room is
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MILOJEVIĆ et al.: IMPACT OF THE RECEIVE ANTENNA ARRAYS ON SPATIO-TEMPORAL AVAILABILITY 177

Fig. 11. Averaged spatial correlation coefficient as a function of the distance
between adjacent antenna elements for different receive antenna schemes in the
areas � and �. The satellite elevation is 70 .

Fig. 12. Cumulative distribution function of the fade depth for one antenna re-
ceiver schemes. The satellite elevation is 40 . The performance of the horizon-
tally polarized dipole ‘H’ is the same as of the vertically polarized dipole ‘V’.

studied, at lower CDF values of the fade depth (corresponding
to the partial availability in the LOS area and non-availability
outside of LOS area) the array gain is dominant, while at higher
CDF values of the fade depth (corresponding to the partial
availability in the areas and and availability equal to 1 in
the LOS area ) the diversity gain is dominant. As a result,
the array structures with low correlation coefficients have a
tendency to perform well in NLOS room areas when high
availabilities are observed. Since correlation coefficients of all
array structures are high in the LOS areas, the difference in
performance in the area is governed by the antenna gains.

The spatial correlation coefficients between different antenna
types within the area and within the area for a satellite eleva-
tion of 70 are shown in Fig. 11. The correlation coefficients be-
tween two horizontally (‘H-H’), two vertically (‘V-V’, ‘W-W’),
and two circularly polarized antennas (‘C-C’, ‘CO-CO’) de-
crease in the area for 70 satellite elevation if compared to
the correlation coefficient values for 40 elevation. This has an
impact on the availability results discussed in Section III-C.

Fig. 13. Cumulative distribution function of the fade depth for two antenna
receiver schemes. The satellite elevation is 40 .

Fig. 14. Cumulative distribution function of the fade depth for four antenna
receiver schemes. The satellite elevation is 40 .

C. Signal Availability for Different Receive Antenna
Configurations

In this section we compare the availability for different re-
ceive antenna schemes with respect to the CDF of the fade depth,
defined in Section II-G. We study a receive performance for the
room depicted in Fig. 2. The room is oriented toward the satel-
lite, i.e., there is a LOS between the satellite and the window.

The CDF of the fade depth within the whole room for one,
two, and four receive antennas is shown in Figs. 12–14, respec-
tively. For comparison we show the performance of a receiver
with one vertically polarized antenna in all three figures. In ad-
dition, figures with the zoomed low and high region of the CDF
for all studied one, two, and four receive antennas are shown in
Figs. 15 and 16, respectively. The obtained CDF curve for verti-
cally polarized dipole depicted in Fig. 12 matches well the CDF
curve calculated based on the measurement data obtained with
a vertically polarized omni-directional antenna reported in [6].

For the study of satellite link availability, the distance be-
tween adjacent antenna elements is set to half of the wave-
length . The CDF of the fade depth allows us to estimate the
availability for the defined scenario and the chosen link margin
(represented by a blue vertical line in Figs. 13 and 14). The
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Fig. 15. Zoom of the low CDF region for 40 elevation.

Fig. 16. Zoom of the high CDF region for 40 elevation. The legend is the
same as in Fig. 15.

value of the CDF of the fade depth at the intersection point of
the link margin and the CDF curve determines the availability.
The arrangements of circularly polarized antennas (‘4-CO max’,
‘4-Z’, ‘4-C’, and ‘4-CO min’) offer the best availability in the
area (corresponds to the low CDF region in Fig. 14) since
they have the same polarization as the transmitted signal and
high gain values at an elevation of 40 . Furthermore, the sig-
nals between two or more circularly polarized antennas of the
same type are highly correlated, introducing an additional array
gain at low values of the CDF of the fade depth. The ‘4-W’
array shows a good performance in area due to its high ra-
diation pattern values at 40 elevation and the high correla-
tion coefficient. The results from Fig. 14 indicate that the cou-
pling effect can both improve and worsen the performance de-
pending on the antenna positions and the direction of arrival
of the LOS component. The coupling influence is higher for
smaller antenna distances between adjacent antenna elements.
Therefore, in satellite-to-indoor broadcasting a link margin in-
crease is needed to compensate the possible coupling effect if
the receiver consists of multiple closely spaced antennas. For
very low distances between adjacent antenna elements (lower
than half of a wavelength) the other option to compensate cou-
pling is to perform the decoupling at the receiver, as described

TABLE II
ELEVATION 40 : REQUIRED LINK MARGINS FOR

10%, 50%, AND 90% AVAILABILITIES

in [28]. Such a decoupling network performs well only for chan-
nels with low bandwidths (on the order of a few percents of the
used carrier frequency). At medium availability values (around
50%) the ‘4-W’ and ‘4-CO max’ arrays show the best perfor-
mance. In high availability regimes in Fig. 16 the best perfor-
mance is achieved with the use of the V-H-V-H array due to its
low correlation coefficient and the fact that the diversity gain
increases with higher availabilities. At an availability of 99%,
it has a 3 dB gain over the ‘4-V’ and ‘4-C’ array, a 6 dB gain
over ‘4-CO max’, and a 7 dB gain over the ‘C-C’ scheme. For
the reference link margin of 15 dB (represented with blue ver-
tical lines in Figs. 13 and 14), the highest availability of 68%
is achieved with the ‘4-W’ array, while the ‘4-CO max’, ‘4-CO
min’, and ‘4-C’ antenna configurations have availabilities in the
range between 52% and 64%. The performance of the measured
circularly polarized antenna beampattern fits well with the per-
formance of the theory based circularly polarized antenna beam-
pattern. The impact of the coupling effect is lower for higher
availabilities, since in the NLOS area the rays impinge at the
receiver from all directions. For the performance of the two an-
tennas receiver schemes depicted in Fig. 13 very similar conclu-
sions can be drawn as for the four antennas receiver schemes.
Table II shows link margins for different receivers and a satellite
elevation of 40 needed to achieve 10%, 50%, and 90% avail-
ability (denoted with in Table II).

As a conclusion, the combination of vertically and horizon-
tally polarized antennas shows the best performance at higher
availabilities. In Fig. 17 the probability density function of the
difference between the received powers at one vertically and one
horizontally polarized antenna outside the LOS area in the room
is shown. It can be observed that the two powers differ signif-
icantly quite often. This translates into a high spatial diversity,
which is exploited by the MRC scheme. When the signals from
vertically and horizontally polarized receive antennas are com-
bined in the MRC combiner, most of the deep fades are avoided,
resulting in an significantly increased availability.
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Fig. 17. Probability density function of the difference between the received
power at one vertically and one horizontally polarized antenna placed at the
same position. The figure corresponds to the received power differences outside
the LOS area of the room.

Fig. 18. Availability as a function of the position for the ‘V-H’ receive antenna
scheme (referred to the office layout in Fig. 2).

For convenience, Table II provides numerical values of the
required link margin for different values of the availability and
different antenna configurations. Here we assume that the an-
tennas are static.In case of the mobile receiver, the interleaving
and the error correction will lead to higher values of the avail-
ability in all antenna configurations, reducing the difference be-
tween them. This is due to the fact that the interleaver cap-
tures the temporal diversity for any receive antenna scheme. In
that case, the diversity gain of multiple receive antennas over
single receive antenna is reduced since the diversity order of a
single receive antenna is increased by the diversity order of the
used interleaver. On the other hand, if temporal diversity is not
captured, the improvement of multiple antenna receivers over a
single antenna receiver is due to the exploitation of spatial di-
versity and, when available, of polarization diversity.

In Fig. 18 we show the availability in space for the defined
indoor scenario in Fig. 2 and a ‘V-H’ receive antenna scheme
for a link margin of 20 dB. The availability for each pixel has
been computed by considering 256 points within a window of
size . It can be concluded that the availability is equal to

Fig. 19. Cumulative distribution function of the fade depth for two antenna
receiver schemes. The satellite elevation is 70 .

Fig. 20. Cumulative distribution function of the fade depth for four antenna
receiver schemes. The satellite elevation is 70 .

1 in the LOS region of the room, while it is quite random in the
NLOS region. At a frequency range of 2 GHz, even very small
movements of objects in the observed area can lead to significant
changes of the phase of the incoming signal components, and
thus to a significant change in the received signal power. The
availability in the NLOS area is slightly higher to the left of the
room since the upper window is larger than the right window and
most signal energy enters the room through it (see also Fig. 9).
The averaged availability within the area equals 100%, within
the area 59%, and within the area .
Obviously, the best place to put the receiver is just behind the
windows, anywhere within the area .

The CDF of the fade depth within the whole room for 70
elevation for the two and four antennas schemes is shown in
Figs. 19 and 20, respectively. The size of the area decreases at
higher elevations. Thus, for an elevation of 70 the fast increase
of the CDF for lower values of the fade depth is significantly re-
duced when compared to 40 elevation results. The correlation
coefficients between two horizontally (‘H-H’), two vertically
(‘V-V’, ‘W-W’), and two circularly polarized antennas (‘C-C’,
‘CO-CO’) decrease in the area for 70 satellite elevation if
compared to the correlation coefficient values for 40 elevation.
As a result, the diversity gain difference between ‘V-H-V-H’
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TABLE III
ELEVATION 70 : REQUIRED LINK MARGINS FOR

10%, 50%, AND 90% AVAILABILITIES

and other antenna configurations with the same number of el-
ements in middle and high areas of the corresponding CDF of
the fade depth is reduced in comparison to the case of 40 ele-
vation. The radiation pattern of all circularly polarized antennas
(‘4-CO max’, ‘4-CO min’, ‘4-C’, and ‘4-Z’) at an elevation of
70 is higher than the radiation patterns of vertically or hori-
zontally polarized antennas. Furthermore, the diversity gain of
‘V-H-V-H’ is only slightly higher than the diversity gain of the
other four antenna schemes at 70 elevation. Due to these two
results the antenna arrays consisting of circularly polarized an-
tennas (‘4-CO max’, ‘4-CO min’, ‘4-C’, and ‘4-Z’) outperform
the other antenna arrays with an equal number of antenna el-
ements at higher elevations for all observed availabilities. Be-
cause of the narrow radiation pattern pointing to elevations close
to 40 , the arrays consisting of ‘W’ elements show a poor perfor-
mance at higher elevations. Similar conclusions as for the four
antennas receiver schemes can be drawn for the performance of
two antennas receiver schemes shown in Fig. 19. Table III shows
the link margins for different receivers and a satellite elevation
of required to achieve 10%, 50%, and 90% availability.

At a satellite elevation of 60 the CDFs of the fade depth are
similar as for the 70 satellite elevation. Only the part of the
CDF curve corresponding to the LOS part of the room is slightly
different due to the change of the LOS area size.

The discussed indoor scenario is characterized by a LOS con-
nection between the windows and the satellite. To study the
changes for scenarios where there is no LOS connection be-
tween the windows and the satellite, or no windows at all, we
predict the received power in a room without windows. The av-
eraged predicted received power difference for the indoor sce-
nario of Fig. 2 with and without windows, where the receiver
has one vertically polarized antenna, is depicted in Fig. 21. The
assumed elevation is 40 . The area from Fig. 9 vanishes in
a room without windows: it is transformed into area and ex-
hibits significantly lower received power, on the order of 10 dB
(depending on the window and wall materials). In contrast, in

Fig. 21. Averaged received power difference in a room with and without win-
dows, both with the LOS to the satellite.

Fig. 22. Difference of the CDFs of the fade depth in rooms with and without
windows.

the area there is no significant difference with respect to the
averaged received power (up to 2.5 dB difference). Thus, the re-
moval of the windows decreases significantly the availability for
link margins lower than 15 dB, while at very high link margins
this decrease is almost negligible. Therefore, if the system target
availability is very high (e.g., 99%) the existence of the win-
dows is of a rather small significance for the performance. This
can be seen in Fig. 22 where we compare the CDF of the fade
depth for schemes in an identical room with and without win-
dows in the satellite LOS. For the sake of readability we show
the comparison only for two representative receive schemes: the
‘V-H-V-H’ and the “4 CO max” schemes. At low CDF values,
the difference for the “4 CO max” and ‘V-H-V-H’ is 11.4 dB
and 8 dB, respectively. At very high CDF values, the difference
is up to 2 dB for both schemes. This difference of approximately
2dB holds for all studied receive antenna schemes.

D. User Interaction

There are three STRAIGHTFORWARD ways to increase the
system availability: 1) increase of the number of antenna ele-
ments, 2) considering the possibility that the user is willing to
test the reception at different positions, and 3) a combination of
the first two approaches. Let us assume that the user is willing
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Fig. 23. Availability as a function of number of tested positions: the best case
scenario where user knows where the reception is the best (areas � and �).

Fig. 24. Availability as a function of number of tested positions: the worst case
scenario where the user tests receiver only in the NLOS region (area �).

to change the position of the receiver in order to improve the
signal quality. We can distinguish two cases:

• The best case scenario: the user has some knowledge on
signal propagation and therefore tests the receiver at ran-
domly chosen positions within the areas or , where the
highest received signal power is expected.

• The worst case scenario: the user tests reception only
within the area at randomly chosen positions.

In Figs. 23 and 24 we show the availability for the best and worse
cases, respectively, for representative receive antenna configura-
tions with 1, 2, and 4 antenna elements as a function of number
of randomly tested antenna positions . The following proce-
dure is performed for every studied receiver antenna setup and
every , where . The availability is estimated
based on 1 000 000 randomly generated receiver position com-
binations, denoted as trial sets. Let us denote the counter of trial
sets that result in availability by , such that at the estima-
tion start. If the predicted received power at at least one tested
position within one trial set is higher than the minimum power
required for the good reception, the counter is increased by
one. After 1 000 000 trial sets the availability is estimated as

. The assumed link margin during all trial tests
is 15 dB. In the best case scenario, the availability approaches

TABLE IV
ELEVATION 40 : REQUIRED NUMBER OF TRIALS TO

ACHIEVE 10%, 50%, AND 90% AVAILABILITIES

Fig. 25. Region of high values of the CDFs of the fade depth with and without
temporal variation of the channel. The assumed standard deviation of temporal
variation is 0.9 dB.

1 after only a few trials if the two or four receive antenna setup
is employed. An availability of 50% in the NLOS areas can be
achieved with the use of four antenna ‘4-W’ scheme, ‘4-C’ or
‘W-W’ tested at two positions, ‘V-H-V-H’ and ‘4-V’ schemes
tested at three positions or ‘V-H’ tested at nine positions. With
the use of a single circularly polarized antenna ‘C’ or a single
vertically polarized antenna ‘V’ the 50% availability cannot be
achieved even after 10 trials. If one wants to achieve a very high
availability in NLOS regions, the additional receive antennas are
of great significance. In Table IV we summarize the required av-
eraged number of trials at different positions within 1) areas
and , and 2) area to achieve 10%, 50%, and 90% availability.

E. Influence of Temporal Variation on Signal Availability

The temporal variation of the received power due to man
shadowing presented in Section II-F is included in all presented
results. This section assesses quantitatively the influence of a
pure temporal variation on the signal availability by comparing
the CDF curves of the fade depth with and without included tem-
poral variation (see block diagram in Fig. 1). The comparison of
the results shows that at 50% availability, man shadowing has
almost no influence (not depicted in form of figure due to over-
lapping values). Fig. 25 shows the region of high CDF values
of the fade depth with and without temporal variation for one
vertical dipole receiver and the four antennas receiver scheme
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‘V-H-V-H’. At high availabilities the link margin should be in-
creased by up to 0.5 dB for one vertical antenna receivers to
neglect the influence of the temporal variation on availability.
When a four antenna receiver ‘V-H-V-H’ is considered, this
value drops to 0.1 dB, due to the diversity.

IV. CONCLUSIONS

This contribution presents the results of a study on the spatio-
temporal availability in satellite-to-indoor broadcasting. Several
uniform linear antenna array receivers with various polarimetric
radiation patterns and coupling effects are compared for dif-
ferent satellite elevation angles to estimate the spatial and po-
larization diversity gain at the receiver. The study is carried out
with a 3D ray tracing engine and a geometry-based channel
modeling tool. The results show that significant improvements
can be achieved by properly chosen receiver antenna arrays.
Additional antennas placed at the receiver reduce the spatio-
temporal variability of the channel, and therefore improve the
system performance. The best performance in the LOS areas is
achieved by multiple circularly polarized receive antennas; they
outperform the arrays consisting of the same number of ver-
tically and/or horizontally polarized dipoles by approximately
10 dB for the discussed scenarios. The gap is reduced to ap-
proximately 3 dB when the vertically polarized antennas are
designed for the specific system elevation angle of the satellite.
In the NLOS areas, a combination of horizontally and vertically
polarized antennas is a good candidate due to the low correlation
coefficient between them, especially when very high availabil-
ities are considered. At an availability of 99% the combination
of horizontally and vertically polarized dipoles outperforms all
other antenna receiver schemes by more than 3 dB. The antenna
coupling effect can both increase or decrease the system per-
formance, depending on the distance between adjacent antenna
elements and the orientation of the receive antenna array. In gen-
eral, antenna coupling effects should be handled by increasing
the required link margin or by performing the decoupling at the
receiver. The performance in rooms with and without windows
is compared for a LOS connection to the satellite: the windows
cause a significant performance difference in the LOS area of
the room (in the order of 10 dB) while outside of it the impact
is not significant (a difference of up to 2.5 dB is noticed). Once
good reception is found, its quality can be improved with less
user intervention by using multiple-antenna receivers compared
to single antenna systems. The temporal changes due to a person
movement in the vicinity of the receiver can be modeled by the
PDF of a truncated normal distribution with zero mean and stan-
dard deviation on the order of 1 dB. Its influence grows with an
increase of the target availability. Our simulations have shown
that the temporal changes due to a person movement are signif-
icant only at high availabilities and are on the order of 0.5 dB
for a one antenna receiver and in the order of 0.1 dB for a four
antennas receiver.
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