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Satellite communication is a valuable option in regions having low population densities, where
mobile users do not have access to terrestrial communication systems. In this thesis, the design
considerations of multi-beam satellite CDMA systems are treated. In communication systems,
higher capacities can be obtained by efficiently using the available frequency spectrum. Satellite
systems can achieve the high spectrum efficiency by using multi-beams.

The first issue emphasized in this thesis is that of co-channel interference in multi-beam systems.
Similar to the terrestrial systems, in multi-beam satellite systems co-channel interference is
created by interfering users within the wanted user’s own cell as well as users in the other cells
using the same operational frequency. One possible way to decrease the co-channel interference
is to separate the co-channel cells by introducing bigger frequency reuse clusters, however this
reduces the spectral efficiency. The dependence of the co-channel interference on the spot-beam
contour is explained and it is shown that by appropriately choosing the cluster size and spot-beam
contour, a better system performance than the full frequency reuse can be obtained in satellite
CDMA systems. Hence the impact of cluster size on the capacity is carefully investigated.
Another important issue in applying the CDMA scheme is the problem of unequal received power
levels. The capacity of a CDMA system is maximized in uplink when all transmitted signals are
received at equal power to obtain the specified signal to interference power ratio. In view of the
fact that power control techniques cannot perfectly compensate for power fluctuations in mobile
communications channels, the capacity of the system is reduced. The performance of a multi-
beam satellite CDMA system using perfect and imperfect power control are caiculated and
compared. Probability density functions and cumulative distribution functions of user bit energy-
to-interference density ratios are obtained and used for system capacity calculations.
Additionally, the link margins and outage probability of systems are estimated for different
loadings and power control errors.
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A satellite is a specialized wireless receiver/transmitter that is launched by a rocket and placed to
an orbit around the earth. Satellite communication is the process of transmitting information by
utilizing the satellites around the world. In satellite communications the objective is to achieve
ever increasing ranges and capacities with the lowest possible cost. Massive quantity of new
satellite systems that have been implemented recently, or are to be implemented in the near future
such as ACeS for Asia, EAST for Africa, Thuraya for Middle East and Globalstar for worldwide

coverage [Lut00] demonstrate the importance of satellites in communications.

1.1 Problem Statement

Satellite communication systems have certain advantages as well as limitations compared to
terrestrial ones. One of the chief advantages of satellite system, perhaps the most significant one,
is to have large coverage area. Another advantage of satellite systems, compared to terrestrial
ones is that, satellite networks can be established in a relatively short time and has a flexible

architecture. Table I-1 enumerates comparisons of both communication systems.

Table 1-1 Comparison of terrestrial and satellite mobile radio systems




From the comparisons made, we can conclude that terrestrial mobile radio systems are cost
effective for limited areas with high user population and traffic density, whereas mobile satellite
systems are cost effective for large areas with low user population and limited traffic density.

In mobile communication systerns, the major restriction of having a large capacity is the limited
spectrum. In terrestrial communication systems, the same frequency channels are used many
times 1n different cells and this 1s termed frequency reuse. In satellite mobile radio systems, the
frequency reuse is accomplished by utilizing multi-beams. The coverage area is divided into
several regions, each of which is served by a different satellite spot-beam.

In multi-beam satellite systems, the reuse of radio channels, whose purpose is to increase the
spectrum efficiency of the system, is the cause of one of the main performance impairment. That
is, the multiple access interference (MAI). In order to successfully design any frequency reuse
systern, it is imperative to understand and analyze the effects of the MAI on the system
performance.

Another important issue that needs to be addressed in satellite communications is the power
control. Because of the length of the round trip propagation delay inherent on a satellite channel,
and inability of power control schemes to track out fast variations due to multi-path fading, one
has to include the power control error in the capacity calculations.

In satellite communications, it is possible to use frequency division multiple access (FDMA) or
time division multiple access (TDMA) schemes for multi-beam systems. However, they have
major disadvantages particularly from frequency reuse perspective. Furthermore TDMA scheme
requires high instantaneous power. Considering also that 3" Generation cellular systems are
employing code division multiple access (CDMA), the most promising multiple access technique
for multi-beam mobile satellite system is CDMA Hence in this thesis we will consider only

CDMA systems.



1.2 Thesis

In this thesis, the capacity of a satellite-based mobile communications system employing CDMA
technique is presented. GEO satellite system utilizing multi-beam antenna is described and the
system parameters that affect the system performance are explained.

The motivation behind this thesis is to investigate the interaction between the system design
parameters that are used in CDMA multi-beam satellite systems. The performance of a CDMA
system is mainly limited by two factors: MAI and power control accuracy.

The first issue that is considered is the MAL In a multi-beam satellite system or a multi-satellite
system with overlapping beams, the estimation of the MAI becomes much more complex. An
argument advocating that the interference coming from the mobile users in the adjacent cells are
much more critical for satellite systems than for terrestrial cellular systems will be justified.
Proper performance evaluation of the MAI requires information about satellite spot-beams: their
number, configuration, and the beam roll off characteristics. This raises issues such as frequency
assignment and frequency re-use between spot-beams and it becomes a more challenging problem
requiring detailed analysis.

The concept of other cell interference (OCI) will be introduced as a major system parameter
representing the MAI characteristic of the CDMA multi-beam satellite systems.

A detailed explanation will be provided regarding that one possible way to decrease the OCl is to
introduce bigger frequency reuse clusters. Using different operational frequencies in adjacent
cells reduces the MAI The trade off between the capacity gain due to decreased OCI and the
capacity loss due to reduced spectral efficiency will be presented and it will be shown that in
satellite CDMA systems better performance can be obtained by introducing frequency reuse
clusters rather than full frequency reuse.

In terrestrial communication systems, in addition to frequency reuse, one can decrease the MAI

by increasing the separation of cells. The idea behind this approach is the attenuation of the signal



power by a distance power law. However, in satellite systems, the isolation between the spot-
beams can be accomplished by increasing the spot-beam contour. Usually, the spot-beam contour
is defined by a 3 dB decrease of antenna gain. Higher beam isolation leading to less interference
can be achieved by choosing a larger gain decrease at spot-beam contour. The thesis will also
address that by selecting a larger gain decrease at spot-beam contour, one can increase the
capacity per beam. We will present that despite the increased capacity per beam, the overall
system capacity would decrease due to less spectral efficiency (e.g. representing the constant
serving area with fewer beams).

The second issue that is studied for system performance is Power Control Error (PCE). We will
explain the limitation of the imperfect power control (JPC) on the system capacity. We will give
the outage probability expression and system capacity degradation due to PCE. Furthermore, we
will evaluate the system link margin (LM), which gives an idea about the applicability of the

system,

1.3 Thesis Outline

Chapter 2 provides basic properties of a satellite multi beam system. An explanation of the earth-
satellite geometry, geometric relations between satellite and mobile users on earth will be
introduced. There will also be an introduction of spot-beam antenna gain characteristics used in
GEQ satellite. The radio links in satellite communications is defined. The concept of the
hexagonal radio cell pattern, cellular layout and frequency reuse policies are discussed. We
introduced the interference model and MAI calculation method. We conclude the chapter by
giving the satellite mobile channel characteristics.

In Chapter 3, theoretical capacity calculations of CDMA satellite systems are introduced. Firstly
we consider the capacity of single beam systems. By the introduction of the other cell interference
originated from other beams, we then calculate multiple beam system capacity. Further expansion

of capacity calculation for practical systems is assessed by taking into account the PCE. It will
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later be shown that a system capacity highly depends on the PCE. Finally outage probability
calculation of the system is given.

Simulation results are provided in Chapter 4. Initially, perfectly power controlled system
capacities are evaluated. In PPC, Single beam satellite system considered first. In multi beam
system capacity evaluations, systems with different parameters are then evaluated. The effects of
cellular layout, beam overlap value, frequency reuse and beam loading on satellite system
capacity are calculated. Another critical system parameter, satellite power requirement for PPC is
evaluated in this section as well.

After considering perfectly power controlled users, PCE is introduced to capacity calculations of
the system. The consequences of different PCEs on the system capacities are evaluated. We
conclude the section with outage probability calculations and excess link margin evaluations of
realistic systems.

In Chapter 5; summary, conclusion, contributions and recommendations for future work are

presented.



In this chapter, we will review the basic properties and definitions of the multi-beam mobile

satellite CDMA systems and present the system model that we will employ. We will indicate the
differences of satellite CDMA systems from terrestrial ones and identify the characteristics of the
multi-beam satellite CDMA system that we will use to evaluate the performance.

In order to have accurate performance evaluation of a communication system, it is vital to give all
the system structure details that affect the overall performance and capacity. In satellite multi-
beam communications, we can count several factors that influence the overall performance, e.g.,
satellite constellations, spot-beam antenna gain pattern, and multi-beam cellular layout.

The aim of this chapter 1s to give brief descriptions of the system parameters that we will use in

the system performance evaluation.

2.1 Satellite - Earth Geometry

This section deals with basic geometric relations between satellite and mobile user terminals on
earth. The geometry of a satellite and a user terminal on earth is illustrated in the Figure 2-1. We
will use this model to calculate the interference ievel the mobile users experience and capacity of
satellite systems. In this thesis, we will focus on a single Geostationary Satellite (GEO) with
multi-beam generation property instead of considering multiple-satellite constellations. One of
the important parameters of the system, the coverage area, is defined by geometric relations of the

satellite and earth with assumption of flat surface.



Satellite

user terminal

T

=nadir
{sub-satellite point)

Figure 2-1 Geometric relations between satellite and mobile user on earth

We can state the important geometric parameters in the definition of a satellite communication

system as follows:
e The elevation angle £ : Angle at which a user can see the satellite above the horizon,
e The nadir angle ¢ : Angle that gives the deflection of the user from nadir as seen from the
satellite,
o The earth central angle ¢ : The angle between the sub-satellite point and user
e The slant range 4 : the distance between the satellite and user terminal

e The satellite altitude 4 : the distance between the satellite and the nadir point

(]

R, : the radius of the earth
The coverage area or footprint of a satellite is defined as the area on the earth’s surface where

satellite is seen with an elevation angle £, greater than a given minimum elevation angle £ .



The threshold £, defines the border of the overall coverage area of the satellite. The minimum

elevation £ is an important parameter to determine the satellite channel accessibility. The
coverage area of a satellite as defined by geometry is a spherical cap on the earth’s surface, whose
contour is defined by minimum elevation angle. However, in this study, earth’s curvature will be
ignored and the coverage area will be determined relative to the antenna and cell cluster

properties on a flat surface.

2.2 System Model and Signal Propagation

In this section we discuss the general signal propagation behavior in the satellite communication
and the link definitions for mobile satellite networks. In view of the fact that system capacity
calculation methods differ relative to the links considered, it is important to give explicit

definitions of the links involved.

2.2.1 Radio Links in Satellite Communications

The radio links in satellite communications are illustrated in Figure 2-2.

mobile user

refurn Bnk

Y

A

Forward link

Mobileuser

Gateway

Figure 2-2 Link definitions for mobile satellite networks



The most critical link with regard to communication quality is the link between the mobile user
and satellite. Because, handbeld terminal antennas has lower gains than gateway stations and the
visibility of gateways are usually better than the mobile users. Common names for this link are
user link or service link. The link between the satellite and a fixed earth station is called the
feeder link. The feeder links operate at higher frequencies (e.g. 14/12 GHz) where there is plenty
of spectruim available. The mobile links typically operate in the L-band (e.g. 1.6 GHz).

Both links can be separated into an uplink and downlink. Finally, the series of one directional
links from the fixed earth station to the user is called the forward link, and the links in the
opposite direction constitute the retumn link.

In parametric performance evaluation and comparisons of satellite system, we will concentrate on
the mobile user-satellite link and assume that the system is mobile-link limited. The contribution
of the feeder link will be neglected.

In comparison of the mobile user uplink and downlink paths, we will concentrate on the system
capacity calculations for uplink. That is because, in the mobile user downlink, perfect
synchronization is possible when all users are synchronized at the gateway or satellite. One can
reduce MAI that mobile users experience by using orthogonal codes through synchronization.
Techniques for doing this include using Hadamard codes with perfectly synchronized users
[Lyo97]. The limited number of orthogonal Hadamard codes, generally, implies orthogonality can
be applied within a single beam but not between spot-beams. Therefore, in this case MAI in the
mobile user downlink is coming from the satellite beams serving to the users in adjacent beams
(inter-beam interference).

Contrary to the mobile user downlink, in the mobile user uplink, perfect synchronization of users
scattered over a wide area is difficult. Therefore, we will assume asynchronous user uplink. It is
no longer assumed that users are orthogonal within the considered beam. Consequently, MAI in

the uplink is caused by the users in the other beams as well as the users in the wanted beam (intra-



beam interference). The addition of the intra-beam interference to the already existing inter-beam

interference makes the system capacity mobile-user uplink limited.

2.2.2 Signal

In the capacity calculations of a CDMA system, received mobile user power levels have chief
importance [Kud92]. When the signal propagates between a satellite and a user terminal, the
signal attenuation due to free space loss is the main change observed on the received signal level.
Since the attenuation increases with distance it is especially severe in the satellite scenario.
Together with the antenna characteristics of the transmitter and receiver, we can calculate the
received signal power level at satellite, which is a very important parameter for system capacity
assessment.

Antennas are the interface between the radio link and the comrmunications hardware. They are
used as the start and end point of the radio link for transmission and reception. An isotropic
antenna radiates uniformly in all directions, i.e., uniformly into 47 solid angle of the sphere. If an

isotropic antenna operates with £ transmit power, its power flux density produced at distance

d can be found as;
¢ =B Wanm? 2.D
uni 471_‘12 .

A directional antenna focuses the power radiation, by using the reflector, into a solid angle less
than 4xn. Accordingly, only a limited part of the sphere is illuminated with a specified power flux

density, . The antenna gain is defined by the ratio of these flux densities.

G 4 2.2)
' ¢um‘ .

in linear form, where the index rrefers to a transmit antenna. The same concept of antenna gain
holds for directional receive antenna as well, which preferably receives power from a limited

range of directions.
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Antennas for handheld terminals typically limit the radiation and reception to the upper
hemisphere, and thus exhibit antenna gains of G=1 to 3dB [Lut00]. Antennas with a higher
directivity are required on board satellites which are shown in the following section.

The bore-sight of a directional antenna is the direction of maximum gain. The actual maximum

gain is proportional to the antenna area and it can be given in linear units as:

2
G = ”(%QJ (2.3)

Here, D is the diameter of the antenna aperture, A4 is the wavelength and 77 is the antenna

efficiency typically in the range of 0.55-0.65 [Mar98].

Figure 2-3 Radio link with directional antennas

Figure 2-3 shows a radio link with two directional antennas. From the power radiated by the
transmit antenna, the receiver antenna picks up an amount that depends on the power flux density
¢ at the receive antenna, on the reflector area A, and the efficiency 7, 0f the receive antenna.

With these characteristics, we can write the received signal power as:

FG,
47d?

P.=n,A¢=1,4, 2.4)

Substituting the termA, = 7D* /4 with equation (2.3) and taking the G, as the gain of the receive

antenna, we can find the received power as:

i1



__PGG, _PBGG,
ToGmA L

(2.5)

The variable L, is called the free space loss [Ska88]. It describes the decrease of received power
with increasing distance dbetween transmitter and receiver, due to the Spélﬁ«’:ﬂ dissipation of the
radiated power. In our simulations and calculations we will concentrate on the received mobile
user powers at the satellite in the mobile user uplink. It is assumed that power control is
implemented in mobile user uplink for controlling the received power level. However, power-
control is assumed to compensate only slowly-varying link variations such as those due to
antenna roll-off and path length. The effect of power control error on the system capacity due to

dynamic changes in the channel state is also considered.

2.3 Satellite Antennas

As we mentioned in the previous section, one of the key determinants of the satellite
communication system performance is the satellite antenna and its gain characteristic. Spatial
discrimination provided by satellite multi-beam antennas is very crucial in determining the
capacity of mobile satellite system. In this section, details of satellite spot-beams, their number

(cellular configuration) and the antenna gain characteristics are given for performance evaluation.

2.3.1 Spot-beam characteristics

A number of reasons can be given for using spot-beams in a satellite system. By using spot-
beams, high satellite antenna gain can be obtained for the link budget, especially in GEO satellite
systems, because spot-beams focus the transmitted power onto a much smaller area than the total
viewing area of the satellite.

Another advaniage of the spot-beam approach is that a frequency band can be reused in different
beams to improve the bandwidth efficiency of the system. The frequency reuse factor depends on

the multiple access scheme used.
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However, there are some disadvantages of using multi-beam antennas. The increased complexity
of satellite antenna, increased beam handovers (mainly for non-geostationary systems) and MAI
arising between beams using the same frequency can be listed as major drawbacks.

The physical size of the antenna (diameter) is one of the most essential determinants of spot-beam
gain pattern. It affects not only the power requirements for the satellite and the mobile terminal
but also determines the minimum spot-beam size on earth, where by convention it is defined as 3
dB beam width.

In multi-beam satellite systems, the coverage area of the satellite is bigger than the illumination
area of the spot-beam antenna; therefore the coverage area must be filled up with several spot-
beams. From a technological point of view, spot-beams can be produced by multi-feed reflector
antennas or phased-array antennas as indicated in [Lut00] and [Ven95]. In this thesis we will
concentrate on the characteristics of spot-beams. The spot-beam generation techniques of satellite
antennas are beyond of the scope of this thesis.

It will be assumed that satellite antennas are uniformly illuminated. The spot-beams in the
cellular layout on the coverage area are arranged according to a gain-overlap criterion (3dB). The

spot-beam gain is given by:

G ()= (L;(l@)z, where u= D E%g) (2.6)
where, J,(.} is the Bessel function of the first kind and first order, D is the antenna diameter, A is
the carrier wavelength, and & is the off-axis angle. The two-sided 3dB beam-width, 28, of
uniformly illuminated spoi-beam antennas is given by Maral [Mar98] as:

28,,, =(1/D)x58° (2.7
and for non-uniformly illuminated antennas, tapered-aperture antenna, the two sided beam-width

can be found by:

26,5 = (A4 D)x70° (2.8)
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A normalized' single spot-beam antenna gain pattern of a satellite operating at 1.6GHz and

antenna diameter of 20 m is shown in the Figure 2-4.
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Figare 2-4 Gain characteristic of a spot-beam with antenna diameter of 20m operating at 1.6 GHz
and the two-sided 3dB beam width is given by equation (1/D)x58°=0.54 deg

If we assume the antenna efficiency 77=0.6, operational frequency f,=1.6GHz and antenna
diameter D=20m, the maximum gain at the bore-sight direction can be calculated with equation

(2.3),G,,,, =48.3dB.

"Maximum value of the spot-beam antenna gain is set to 0dB.
3-D gain pattern of the same spot-beam antenna relative to angular offset is illustrated in Figure 2-5.

14



Spot-beam Gain (dB)

Angular offset {de
¢ (deg) K| AngularD offset (deg)

Figure 2-5 3-D Gain characteristic of a spot-beam with antenna diameter of 20m operating at 1.6
GHz and the two-sided 3dB beam width is 0.54 deg

The gain characteristic has a main lobe which falls off rapidly but it also has significant side
lobes. In the gain overlap spot-beam configurations, the side lobes fall on the adjacent beams,
which cause multiple access interference. In practice, antenna designers may taper the main Iobe
and/or side lobes to some extent but one can still expect the side lobes to be non-negligible.

Lutz [Lut97] uses another spot-beam antenna gain patitern, with non-uniform illumination, which

leads to attenuation at the reflector boundaries:
O EAONE
Gpor(6) =( 1\ +36( <A D (2.9)
’ 2u U
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where u =2.07123(sin6/sinf,y ),/ (u)}and J,(u) are the Bessel functions of the first kind of order 1
and 3,6 is the angular offset from the center of the beam and 6,5 is 3dB contour”,

If we call the former spot-beam antenna gain pattern as Gairn/ and Lutz’s spot-beam antenna gain
pattern as GainZ and plot them in a same graph, the differences between two gains can be

observed without difficulty as given in the Figure 2-6:
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Figure 2-6 Two different spot-beam antenna gain patterns with antenna diameter of 20m, operating
at 1.6 GHz. The two-sided 3dB beam width for Gainl can be found by equation (2.6) and for Gain2
eguation (2.9)

3dB decrease of antenna gain compared to maximum spot-beam antenna gain at the beam center.
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As can be noticed from the graph, the main lobe of Lutz’s gain pattern is bigger, whereas its side
lobes are significantly lower comparison to Gain!/. In performance evaluation of a multi-cell

satellite system, we will use the spot-beam gain pattern illustrated in Figure 2-4 and Figure 2-5.

2.4 The Cellular Conce

This thesis investigates a Geostationary (GEO) Satellite System using multi-beam antennas. That
means the service area of the satellite (the satellite footprint) is covered by many beams. In the
existing and planned satellite systems, the number of beams to cover the area equivalent to North
America is between 200 to 300. For representation of the service area in our calculations and
simulations, we utilized cellular (hexagonal) pattern that is used in the terrestrial systems. This
section shows the model to represent the satellite multi-beam cellular layout. The satellite
footprint model and approximations to the practical satellite system is particularly important for

the proper calculation of the system capacity.

2.4.1 Concept of the Hexagonal Radio Cell Pattern

For the illustration of service area of a spot-beam, the hexagon is used as an idealized radio cell
shape. In this section, ‘spot-beam’ and ‘cell’ terms denote the same concept, the area of a single
beam. As shown in Figure 2-7, the hexagon can be used to fill out the whole satellite coverage
area continuously without any overlapping of cells. Concerning the way in which to fill up a
satellite footprint with cells, a typical approach is to surround a central cell (the nadir cell) with

concentric rings of cells. In Figure 2-7, each ring of cells is illustrated with a different pattern.
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Figure 2-7 Satellite coverage area with rings of cells around the nadir cell

2.4.2 Cellular Layout, Frequency Reuse and MAI

In CDMA system, the same carrier frequency can be used in all spot-beams, since all signals are
distinguished by nearly orthogonal code sequences [Vit94]. We will investigate the effect of
MALI, i.e., interference caused by users using the same frequency, to the system capacity in the
mobile user uplink. In this section we wiil present the caiculation method of MAL In the mobile
user uplink, the interfering mobiles are those mobiles which radiate into the spot-beam of the
desired mobile. Since, interference calculation only depends upon the beam of the desired mobile;

it is transparent to the mobile’s position within the beam’.

3All the mobile users in the considered spot-beam experience the same interference.
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Viterbi [Vit94] defined an approach to relate the interference powers caused by the users in the
considered beam (intra-beam) and the interference power caused by the users in other beams
(inter-beam) of satellite footprint in the mobile user uplink. He related the received inter-beam
interference power to the intra-beam interference power and defined the Other-Cell-Interference

(OCD factor, /' ,by taking the ratio of these interference powers. We will use the same

methodology as Lutz’s [Lut97], where OCI factor in satellite systems with CDMA power
controlied uplink is calculated numerically for different orbits, clusters and antenna patterns.

In terrestrial CDMA systems the signal power decrease of the fourth power of distance is usually
accepted [Vit94]. However, in multi-beam satellite systems the OCI factor can be calculated by
considering the characteristic of the spot-beam antenna gain pattern, cellular layout of satellite
footprint, frequency reuse method in the system and spot-beam gain overlap value. A spot-beam
gain overlap value specifies the meeting points of the spot-beams in the footprint. For example, 3
dB gain overlap means, a spot-beam in the layout meets with its neighboring spot-beams at a
point where the gain of each spot-beam is 3 dB less than their maximum gain (at the center of a
spot-beam).

The OCI factor is a very important parameter in the evaluation of interference limited CDMA
system capacity. In the calculation of the OCI factor, we will use the geometry of the user with
respect to the satellite and the spot-beam antenna gain as given in Figure 2-8. This relative
geometry is applied to each user in each spot-beam of the layout to calculate its interference to
the wanted user in the mobile user uplink. Thet is because; the overall interference is the

composition of a number of individual interferers.
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Figure 2-8 Own and other-cell interference scenario in 2 multi-beam system

In the calculation of the OCI factor, we assumed uniformly distributed users in the satellite
coverage area. Although assuming uniform distribution of mobile users is not a realistic
hypothesis, we will use this model for the first simulation approximation of the system. More
realistic user distributions can be added for system performance evaluation in the future work.

Uniform sampling of a spot-beam is illustrated in Figure 2-9. The locations of active mobile
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users, whose numbers are less than the sampled positions, are randomly distributed over the

uniformly sampled spot-beam.
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Figure 2-9 Iiustration of the uniform sampling of a spot-beam. In the simulations conducted, spot-
beams are sampled at 1065 different points for uniform distribution and the active mobile users are
distributed randomly over the uniformly sampled points

By using the geometry illustrated in Figure 2-8, the OCI factor, £, can be estimated by calculating
the total interference power received from all other-cell interferers j using the same frequency
band, and dividing this estimate by the interference power received from interferers i within the
own cell. Assuming all transmitter antenna gains are same and have unity gain (G, =1), the OCI

factor can be found as:
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f___ Jje other celis Lj
- = 5] (2.10)

L.

ie own cell i

where G is the spot-beam antenna gain characteristic in the cellular layout, Z, and L, are link-
loss functions of user locations; &,,6, are the deflection angles of interfering user signals, relative
to center of a particular spot-beam and ‘¥, is the receive angle of interfering signal from other

spot-beam, relative to center of its own spot-beam. In the following calculations and computer
simulations, the own spot-beam is considered as in the center of the cellular configuration which
is in the nadir direction of the satellite. In the OCI factor calculations, the PPC of users relative to
their own spot-beam® is assumed. "N number of active users are randomly distributed over
uniformly sampled spot-beam. The PPC mechanism for each spot-beam of the cellular layout is

illustrated in Figure 2-10.

“The differences in signal attenuation and antenna gain are compensated, and received uplink power is
maintained constant e.g., £, at satellite.

22



Own spot beam
antenna gain

. attarn .
Int. spotbeam P .0 Int spot beam
antenna galn -~ G antenna gain
patiern : G(0)=Gmax patiern Received power

) at satellite
[y
i

.%fj_mﬂn_b

Perfect Power
Control
compansates the
power attenuation
in each spot
beam

i o e e

H'Deﬂecﬁon
Angle

- -3dB contour

%
.
X
3
4

7

SOLBOELN
X
o
4%

144
ol
5%

2
24
854823254

%
X
¥
¢
%
%
4
o
%
SO
Yol

3K
b4

o
58
5

3¢

X

%

3

%

>

%
X,

QR

2
R
5%
6.9
85252
R

50¢

\

Figure 2-10 Perfect power control mechanism of each spot-beam in mobile user uplink

With these assumptions the OCI factor can be found as:
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Among the system parameters affecting the OCI factor, we can count satellite footprint cellular
layout, spot-beam overlap value, frequency reuse method between adjacent spot-beams and beam
loadings in the satellite footprint.

Utmost importance should be given to the OCI factor and its calculation technique. That is
because; the OCI factor is the only difference between single spot-beam and multi-beam satellite
system capacity calculation methodology which will be defined and analyzed in Chapter 3.

In multi-beam satellite system performance simulations, we will calculate the OCI factor with
different system parameters and subsequently evaluate the syétem capacity with the calculated

OCI factor.

2.5 Mobile Fading Channel Characteristics

In a satellite system performance analysis, it is essential to have a solid knowledge of the specific
characteristics of satellite mobile channels. At frequencies allocated to land mobile satellite
systems, shadowing of the line of sight signal as well as multi-path propagation phenomenon can
severely impair the link availability. In this section, we will investigate satellite mobile channel
impairments and study satellite channel models used to simulate the satellite channel. The
channel impairments result into power control error (PCE), which will decrease system

performance as we will illustrate in chapter 4.

2.5.1 Satellite Mobile Channel Fadings

In satellite mobile radio systems, the received signal strength can generally be characterized
according to three divisions. In the small-scale division, i.e. spatial movements of the order of one
wavelength, the signal envelope typically has a Rayleigh or Rician distribution. In the medium-
scale division, i.e. spatial movements of the order of tens of wavelengths; average power typically

follows a lognormal distribution. In the large-scale division, i.e. spatial movements of the order of
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miles, the median average power level typically varies in some power-law model with path
length.

Large-scale signal variations can be characterized with idealized free-space model as we
mentioned in section 2.2. This model ignores the effects of the environment in a mobile channel.
In contrary to ideal free space model for most practical mobile channels, where signal
propagation takes place in the atmosphere and near the ground, the free space propagation model
is insufficient to describe the link characteristic. In mobile channels, we have to take into account
the small-scale and medium-scale divisions as well. The medium-scale signal variation is caused
by the fact that the transmitted signal might not reach the receiving antenna directly due to
obstacles blocking the line-of-sight path, in other words, it might be shadowed. For the small-
scale case, it is the superposition of signals coming from surroundings due to reflection,
diffraction, and scattering caused by buildings, trees, and other obstacles on the receiver, which is
known as multi-path propagation. A typical scenario for satellite mobile radio channel is shown

in Figure 2-11.
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Figure 2-131 Signal propagation in satellite communications

In this section we will investigate the change of strength of the received signal in small-scale (fast
fading) and medium-scale environment (slow fading). The reason for paying special attention to
fading characteristics of the mobile channel is the fact that all the mobile satellite channel models
are combination of slow and fast fadings. Therefore, the true representation of both fadings in a

commupication channel is particularly important.

2.5.1.1 Slow Fading (Shadowing)

In satellite communications, the particular structures (buildings, trees, etc.) along mobile to
satellite path cause signal power variations. Variations of the shadowing around the mean and
how severe the fading is depend on the environment. Some paths will suffer more; while others

will be less obstructed and have increased signal strength. It is critical to account for this variation
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in signal strength in order to predict the reliability and performance of any mobile satellite
system.

In literature, measurements have shown that signal power variation 1s satellite communication can
be represented by log-normal random variable, in other words normally distributed in dB
[Loo85], [Lut91]. If we want to express the shadowing in dB, we can represent the shadowing

component of the channel as

£ .
S(1)=101° (2.12)

where ¢ is a zero-mean normally distributed random variable (in dB) with standard deviation o,

{also in dB).The standard deviation of the shadowing distribution (in decibels) is known as the

location variability, O;. The location variability is a computed value from measurements and it

depends on frequency and environment; it is greatest in urban areas and smallest in open areas.

2.5.1.2 Fast Fading (Multi-path Fading)

Even tough we correctly estimate path loss and shadowing for particular locations in a mobile
satellite system, there is still significant variation in the received signal as the mobile moves over
small distances comparison to the shadowing correlation distance. This event is fast fading and
the signal variation is so rapid that it can only useful be predicted by statistical means.

We can count two types of fast fading. When the received signal is made up of multiple refiective
rays with a significant line-of-sight (non-faded) component, the envelope amplitude due to multi-
path fading has a Rician pdf, and is referred to as Rician fading or line-of-sight (LOS)
propagation. The non-faded component is called the specular component. As the amplitude of the
specular component approaches zero, the Rician pdf approaches a Rayleigh pdf and referred to as
Rayleigh fading or non-line-of-sight (NLOS) propagation.

In NLOS situations the Rayleigh distribution is a proper model to measure fading amplitude

statistics for mobile fading channels, which is called Rayleigh fading channels.
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In the LOS situation, the received signal is composed of a both random multi-path component
(e.g. Rayleigh case) and a coherent line-of-sight component which has essentially constant power.
The power of LOS (specular) component needs to be greater than the total multi-path power to
change the Rayleigh distribution to Rician distribution.

Until now we mentioned the signal distributions. Another important parameter in channel
characterization is how fast the signal changes. It is especially important in power controlled
systems where the PCE is mainly caused by the inability of power control algorithms tracking the
changes in the channel. So far, the Rayleigh and Rice fading statistics didn’t give any information
about how rapidly the signal level changes between different time intervals (second-order fading
statistics). Second-order statistics are concentrated on the distribution of the signal’s rate of
change, rather than with the signal itself.

Mobile user speed is one of the main factors that affect the accuracy of the power control
performance and in order to see the effects of the user speed change we need to consider the
correlation of the fast fading in satellite communication channel, which is a second-order statistic.
The spectrum of the received signal gives valuable information about the second-order statistics
of the channel. For example, the uncorrelated fast fading inspected so far, has a flat spectrum
(independent values), whereas the correlated fading has a very specific spectral shape. In order to
understand the shape of spectrum and how it comes out, we have to understand Doppler Effect
concept.

The Doppler Effect causes a change of the actual frequency of the received signal, as observed by
the mobile, by a factor proportional to the component of the mobile speed in the direction of the

wave. We can define the Doppler shift f,, as the change in the frequency and it can be found as

follows:

£ =—;:cosa=f0fz-cosa=fm cosa (2.13)
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where, v is the mobile user speed, f; is the operational frequency, ¢ is the speed of light and & is
the arrival angle of the incoming horizontal wave. In multi-path propagation example, waves
arrive with numerous directions, each of which then has its own associated Doppler Frequency.
The bandwidth of the received signal is therefore, spread compared to its transmitted bandwidth.
This phenomenon is called Doppler spread. The relative amplitudes and directions of each of the
incoming waves determine the exact shape of the resulting spectrum, which has a significant
effect on the second-order fading statistics of the mobile signal. In order to analyze these effects,
it is necessary to assume some realistic model of the statistics of the arrival angle of the multi-
paths. The arriving waves at the mobile are assumed to be equally likely to come from any
horizontal angle by Clark [CIr68]. This result is illustrated in the Figure 2-12 and called the

classical Doppler Spectrum.
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_ Figure 2-12 Deppler spectrum of a user with operational frequency f=1.6Ghz and user speed
v=50km/h which has 2 maximum Doppler frequency fm=74Hz
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The Doppler Spectrum illustrate in Figure 2-12 is used as a filter to correlate the independent
Rayleigh random variables. Applicability of this spectrum in satellite communications, since
Classical Doppler spectrum is normally used in terrestrial systems, is a major concern. It is stated
in {Lut91] that Classical Doppler filter is appropriate to model the fading in city environment and
a flat low-pass filter with a band-width of maximum Doppler frequency may be used for all types
of environment. However, Loo [Loo%91] used Classical Doppler spectrum for mobile satellite

communication as a shaping low-pass filter for all environments

2.5.2 Satellite Mobile Fading Channel Models

After investigating general characteristics of fading components of mobile channels, we will
concentrate on the satellite fading channel models in this section. Satellite communications
systems include shadowing as dynamic process, along with the fast fading and they use statistical
methods, for the physical descriptions of the channels.

In satellite communications, statistical models give an explicit representation of the channel
statistics in terms of parametric distributions, which are a mixture of Rice, Rayleigh and
lognormal components. These models utilize statistical theory to derive a reasonable analytical
form for the distribution of the narrowband fading signal and then use measurements to find
proper values of the parameters in the distribution. Assumption that the total narrowband fading
signal in mobile satellite environments can be decomposed into two parts is common in all
channel models. According to them narrowband channel is composed of a coherent part, usually
associated with the direct path between the satellite and the mobile, and a diffuse part arising
from a large number of multi-path components of differing phases. The magnitude of the diffuse
part is accepted to have a Rayleigh distribution.

The most basic model is the Rice distribution which supposes that both components of the signal
have stable mean power. Loo [Loo85], Corazza [Cor94] and Lutz [Lut91] have extended this

model to account for the changing conditions associated with attenuation and shadowing of both
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the coherent and diffuse components, which arise from mobile motion. A good fit to measured
distributions over a wide range of environment and operating conditions can be provided with the
condition of properly chosen parameters. In the following section we will concantrate on just one

model (The Lutz model) for channel characterization.

2.5.2.1 The Lutz Model

In this model, the statistics of LOS and N-LOS states are represented by two distinct states and it
is particularly appropriate for modeling channels in urban or suburban areas where there is a large
difference between shadowed and un-shadowed statistics. The LOS condition is represented by a
‘good’ state, and the non-line-of-sight condition by a ‘bad’ state. In the good state, the signal
amplitude is assumed to be Rice distributed, with a K factor which depends on the satellite
elevation angle and carrier frequency. In the bad state, the fading statistics of the signal amplitude
are assumed to be Rayleigh, but with a mean power which varies with a log-normal distribution

in time. The mean and standard deviation of shadowing varies within the NLOS situation.

2.6 Summary

In this chapter, the basic definitions and elements of a geostationary satellite mobile
communication system have been presented. The satellite and earth geometry, which
characterizes the communication link and defines the coverage area, has been explained. One of
the chief parameters of satellite communication that determines the system performance, satellite
antenna, is given.

The hexagonal cellular pattern for the representation of the satellite footprint is introduced. The
interference model and mobile user distribution in the hexagonal cellular layout relative to

satellite that will be used 1n simulations are made clear.
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Other Cell Interference, which is one of the key determinants in the capacity calculations of a
CDMA satellite multi-beam systems and which significantly differs from terrestrial CDMA
systems, is explained and the calculation method is stated.

General characteristics of mobile fading channels, different types of fadings (slow and fast
fading) and finally land mobile satellite channel models are discussed. It is stated that in order to
have a good representation of practical land mobile satellite link, time varying characteristics of

the channel fadings should be considered.
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This chapter examines the performance of satellite systems employing code division multiple
access (CDMA). The carrier-to-total interference power ratios of mobile users and their
probabilistic distributions are examined to assess the system capacity. Theoretical capacities of
both single-beam and multi-beam satellite mobile systems are presented for mobile user uplink.
An important problem in applying the CDMA scheme, unequal received power level at satellite
stays still and its effect on system capacity is also analyzed.

The chapter is organized as follows. Theoretical capacity estimations of perfectly power
controlled single beam and multi-beam systems are presented first. Application of theoretical
capacity evaluation formulas to a satellite system with particular parameters (i.e. numeric values)
is given for beiter concept clarity. Next, the effect of power control error on the system capacity
is introduced. Finally, the outage probability calculation method is presented for imperfectly
power controlled systems. The theoretical background of how to simulate the system with power

control error is given in this chapter as well.

3.1 System Capacity with Perfect Power Control (PPC)

The calculation geometry of the interference model, mobile user locations in a spot-beam with

respect to the satellite and the characteristics of the spot-beam antenna were shown in Chapter 2.
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In satellite system performance calculations, the hexagonal cellular layout consists of three or
four tiers' of surrounding spot-beams are considered and the mobile users in the cellular
configuration are assumed to be uniformly distributed.

In this section, we explain the capacity calculation methods in a multi-beam satellite CDMA

system with PPC, starting with the evaluation of a single beam capacity.

3.1.1 Single Beam Capacity

A system consisting of a single spot-beam with PPC means all mobile user uplink signals (mobile
user-to-satellite) are received at the satellite at the same power level (e.g. F,). If we assume N
uniformly distributed users in the considered spot-beam, satellite spot-beam antenna demodulator
processes a combination of received waveform containing the desired signal having power F,

and (N —1) interfering signals each has power F, as well. This assumption of the single beam

and uniformly distributed mobile users are illustrated in Figure 3-1.

'37 beam or 61-beam satellite footprint cellular layout.
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Figure 3-1 Mobile user and satellite geometry in a single-beam satellite system

With the assumption of N uniformly distributed mobile users in the considered beam, the desired
signal power to interference power ratio (SIR) for perfectly power controlled single spot-beam

system can be found as:

P 1

TR Py

3.0

Equation (3.1) ignores the background thermal noise power 7. The background thermal noise
power 77 in a channel operating in a bandwidth of W can be evaluated as follows:

n=NW (3.2)
where, N, is the one-sided thermal noise power spectral density. By combining equations (3.1)

and (3.2), we can evaluate the SINR of the single beam system as:
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5

SINR = ——nl
(N-1)F+7

(3.3)

The bit energy-to-interference power spectral density ratio is more important parameter for
consistent system operation. Its numerator is obtained by dividing the desired signal power by the
information bit rate R and the denominator by dividing the total interference power by the total
bandwidth, W which can be calculated as:

E, _ R /R __(BwW)/R _ wR
I, [N-DR+n)/W (N-DR+n (N-1)+n/P,

G4

where, PG = W/R is generally referred to as the processing gain E, //,, is the bit energy-to-total
interference density ratio of a mobile user within the considered spot-beam and N is the total
number of mobile users in the spot-beam. Equation 3.4 assumes that considered system is
synchronous and has flat spectrum. The processing gain is defined as the ratio of the chip rate to
the bit rate PG = R_/R, . The chip pulse shape is assumed to be ideally band-limited according to
the zero roll-off factor. Therefore, we can accept the the bandwidth of the CDMA carrier as

W =R, and processing gain as PG =W /R,. The calculation of processing gain as W/R, is a

reasonable assumption for asynchronous BPSK as long as it is a large value.

In a speech-oriented CDMA system, an important processing feature is stopping the transmission
or at least reducing its rate and power when the voice activity is absent. This type of
discontinuous transmission decreases the MAI received by each mobile user. Numerous
measurements on two way telephone conversations have established that voice is active only
about three-eighths of the time [Fra59]. Therefore, by using a voice activity detector to indicate
active times and turning off the transmitter we can reduce the MAI as well as conserve the
batteries of the hand held portable mobile terminals. We denote this factor as the voice activity
factor V . Given that, CDMA capacity is interference limited [Vit93], any decrease in the

interference converts itself directly into an increase in the system capacity.
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If we take into account the voice activity factor V, we can modify equation (3.4) to

E, _ W/R
C(N-1)V+7/R

7 (3.5)

tot

For a user communication link quality in a CDMA system, to satisfy the required standard,

E, /I, value of each mobile user should be greater than the required level of bit energy to

interference power spectral density ratio, £, /Treq - 8t the level of bit error performance required for

digital voice transmission. In most voice oriented systems, this implies a BER of 10 %or better

[Gil91]. Among the factors to be considered in establishing the requiredE, /1., level, we can

reg
count the channel amplitade fading characteristics, i.e. in different fading environments we need

different £, /I, values for the same BER performance, and the Forward Error Correcting (FEC)

coding scheme used. As an example for a CDMA system using quadri-phase shift keying (QPSK)

modulation with rate Y2 constraint length K=9 convolutional code, it isE, J1ey= 2.3 dB for

AWGN channel, 5.0 dB for urban environment and 2.6 dB for highway [Moh97].
It is reasonable to think that in CDMA satellite communications, the traffic capacity of the mobile
user uplink is maximized when all transmitted signals are received (e.g. at gateway or satellite) at

the minimum power necessary to achieve the specified SINR (orE, /1., ) level. That is because, if

req
a mobile user transmits excessive power, it increases the total interference level other users
experience. On the contrary, if a user transmits less power level than the system requires, its own
channel performance would be degraded due to higher BER in signal transmission. Therefore, it
is easy to see that with PPC, we can achieve the maximum user capacity for a single beam
system. With PPC all mobile users located at different locations within the same cell have the

sameE, /1, ,which is almost equal to the required bit energy to interference power density ratio,

Eh/lmt = Eb/]req :
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With the help of this information, if we try to find the maximum number of active users in a
single spot-beam with PPC, from equation (3.5}, we end up with,

-1 -1
Nmzﬁm[ﬁ_ﬂ}nm( (&) (&) 69
v \E B/ V(T Ny

reg

where, E, [N, is the per user bit energy to thermal noise power spectal density ratio and E, /]

req
is the required level of bit energy to interference power spectral density ratio at the level of bit
error performance required for digital voice transmission.

In order to understand the system capacity calculation method, attention should be paid to the
difference between the bit energy-to-thermal noise power spectral density,E, /N, and the bit
energy-to-total interference power spectral densityE, /1, . In a spread-spectrum system the total
noise power is determined by the sum of the thermal noise power N, and the MAIL The desired

bit error rate performance of the link is determined by E, /I, = E, [(N, + 1) or the ratio of the bit
energy to the total noise spectral density ratio.E, /N, takes into account just the thermal noise
power spectral density in the denominator, whereas E, /1, includes both interference and thermal
noise power spectral density in the calculation.

From equation (3.6), we notice that the capacity of a spot-beam increases as we increase E, /N,
per user. In order to observe the behavior of this performance increase numerically, we have to

specify the system parameters like E, /I, and the processing gain (W/R). We are assuming that

reg
2 future mobile satellite system will be as compatible with a terrestrial system as possible. For
that reason we choose the chip rate as 1.2288 Mc/s. In IS-95 the vocoder operates at 9.6 kbps. In
a future system the bit rate may be lower such as 4 kbps. Hence the processing gain defined as
Re/Rb is 307. Figure 3-2, illustrates the change of the maximum simultaneous mobile user uplink
capacity of a single spot-beam using asynchronous CDMA, relative to the per user bit energy to

thermal noise spectral density ratio, E, /N, with W/R=307 and the voice activity V=0.5.
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Figure 3-2 Maximum capacity of single beam satellite system using asynchronous CDMA relative to
E,/N, with E, /I = 2.3dB, 2.6dB, 5dB W/R =307 and V=0.5

req

As we can see from Figure 3-2, the system capacity is highly dependent on £, / I, which in

req ®

turn, depends on channel coding, data modulation and FEC coding scheme used.

3.1.1 Multiple Spot-beam Capacity

The only difference of multiple spot-beam satellite system capacity calculation from single spot-
beam calculation is taking into account the interference coming from other cells in the satellite
footprint. In this section, we will calculate the capacity of a single beam (nadir beam) of the
cellular layout, taking into account the other beams in the satellite footprint. The spot-beams are
arranged according to a gain-overlap criterion. At this point, we have to recall the calculation of
the MAI and the OCI factor in order to extend the equations (3.5) and (3.6) in a way to include

the other cells in the cellular layout as well. Interference model and calculation technique were
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described in Chapter 2. For convenience, we rewrite the OCI factor equation relating the intra and

inter-cell interferences (/,,., & I, ) already derived in Chapter 2.

J»

k=1 G(H ok

other—cells N G(“{f k)
)

j=1
= - 3.7)

o ]inter —
/ I

intra
In view of the fact that we consider N uniformly distributed mobile users per spot-beam and PPC,
intra-cell interference power ([, , interference caused by the users in its own spot-beam) would
be B, (N-1)(all mobile users in the spot-beam, not including the wanted used). Inter-cell
interference ([, ) calculation method is given in Chapter 2, relative to the geometry and set-up
considered for Geo-stationary satellite system.

By including the interference coming from the other spot-beams in the cellular layout, we can

calculate the SINR for multiple spot-beam satellite as:

P, B

SINR = =
Iimra +Iinter +77 (N"l)Pb +I‘mter +77

(3.8)

From equation (3.7), it is shown that inter-cell interference affecting a user in the nadir (central)

spot-beam of the cluster can be found by:

ather—cells N G(qu,k)
I .= ——
inter ; ; G(Hj,k) (3.9)

If we combine equation (3.9) and equation (3.2) (7= N,W) in the general capacity equation

(3.8), we have the overall signal power to interference power ratio as:

B

Other—cells N G :

i=] j=1

SINR =

(3.10)
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As we did in the single cell case, we can find the bit energy-to-interference power spectral density
ratio (E, /1,,, ) of mobile users, whose numerator is obtained by dividing the desired signal power

by the information bit rate R, and denominator by dividing the interference power by the total
bandwidth W as follows:

W/R

Other—cells N
vi(N-D+ Y Z-—————G(‘”m) i

=t =1 G(gim) 7

L

5 (3.1D)

fot

Contrary to the single-beam satellite systems, despite having PPC, E, /1, values of mobile users
in the considered beam have time varying characteristics due to variations of the mobile users in
the other beams in the cellular layout. The OCI factor calculation method illustrated in Chapter 2
is for the interfering users having particular locations in other spot-beams. However, the locations
of the interfering mobile users in adjacent spot-beams have time varying characteristics as

illustrated in Figure 3-3.

BEES

Figure 3-3 iustration of time-varying locations of mobile interferers in beams

Therefore, the OCI factor, which is dependent on interferer locations, changes relative to time as
well. The changing level of the interference coming from other beams in satellite footprint/,,. ,

+17

causes variations on the total interference level a mobile user experiences; [, =7 intra>

inter

which consequently changes the E, /I, level of mobile users in the considered beam.
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This time varying characteristic of the E, /], values of the mobile users is illustrated in Figure 3-
4 with a certain system parameters. For the illustration, we consider the multi-beam satellite
system with 37 beam cellular layout with 3 dB spot-beam overlap value with system parameters:

E,/N,=10dB, E, /I, =2.6 dB, W/R=307 and voice activity V=0.5.

reg
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Figure 3-4 Time varying characteristic of mobile user £, //, , values in the considered beam with the
system parameters E, /N, =10dB, E, /I, =2.6 dB, W/R=307 and V=0.5 in a 37 beam cellular layout

reg

Time varving nature of the total interference and therefore the OCI factor affects the maximum
active user capacity of the system. Figure 3-5 shows the time varying behavior of the OCI factor

with the same system parameters.

42



i H ] i [
) ) ] k] ) L}
£l 2 1 H L] 13
1] 1 1 2 9 3
2 % 1) 1 L) L]
09 eercancanaaaa dewemane e P . e emasen. -
H £ ¥ H 1] ]
13 13
: ; : ‘ . ‘
& ns ; ; : ; : :
&= X : : : : fomem e it =
[} 1 b [ ] i1 8
g 1] ) i 1} 1] L]
H
E 07 prebemmemmana- Semecanmnn U B S - R, —
. Ll
2 : : : : : :
u 2 1 4 L] 1] L]
E L] £ 3 1] 1 L]
= A, e | L S e mmemamann LI, pu
e 06 : : 2 H :
1 1] 9 £ 1 H
=
5 : : : : :
= 8 propoanccnnnna jemccsncnonn frmesncnnn (- P fuesamaanen. femmmme . -
52 : ; : : ' :
= ; : : : : '
m H
L= T . Jomwmanonane [ S deconmnenno. boonoseennasd e s omnnen .
o 04 : : : : :
m 1 1] L} £ L] L}
Z gl : : : ; ;
e ntreananeeens G mneeme .- [ S wommmoee .. baroonesans o . -
1] .
= N ) ; , : H
i
£ : : : : ; :
8 02 F-frecmmacncn frmcmemmnean [ A e e racnncano. msmcanenne el
1 ] ) ¥ 1) 1]
‘ : : : i ]
L} 3 ¥ 2 L 13
D‘i beobococnonnon demonmoacdon booommoneos decscnsccnan dovovannonad e -
4 1] L] 1 L] 8
% 2 L] ¥ 8 H
| L L t L] 1
0 ] i l i I
OCl factor

Figure 3-5 Time varying characteristic of the OCI factor with system parameters £, /N, =10dB,
E, / I, =2.6dB, W/R=307 and voice activity V=0.5 in a 37 beam cellular layout

reg

In the system capacity calculations, we will use the mean value® of the interference power. For
the inter-cell interference calculation, this corresponds approximately to the median value of the
OCI factor cdf. For multi-beam CDMA systems, we can find the expression relating the
maximum number of active users in a spot-beam of the cluster to other system parameters from

equation (3.11):

? Time average of the interference.
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(3.12)

As we see from equation (3.12), the maximum active user capacity of the system depends on the
average OCI factor f. In order to compare the difference in the capacities of multi-beam and
single beam systems and see the capacity reduction due to inter-cell interference, we show the
capacity of the nadir cell in the satellite foot-print relative to the bit energy to thermal noise ratio,
E, /N, in Figure 3-6. In this figure, the average OCI factor is considered as f =136, which can

be verified from Figure 3-5.

WiR=307, v=0.5 and =1.36
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Figure 3-6 Maximum capacity of the nadir beam in multiple cell satellite system relative to E, /N,
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If we compare the multi-beam capacity curve with the single beam one, we can notice the

capacity decrease of more than 50% percent due to inter-cell interference (e.g. f=1.36).

3.2 Syste

CDMA communication systems are aftractive from capacity point of view [LeeS1], [Gil90].
However, CDMA communication systems suffer from unequal received power levels at satellite
(or gateway) that degrades the capacity.

In a practical CDMA system, we cannot expect PPC. PCE is the result of power measurement
error as well as not being able to compensate the instantaneous variations due to finite
propagation delay in the power control process. An important feature of satellite communication
channels is the excessive length of the round trip propagation delay, which reduces the
effectiveness of the power control methods and makes PCE inevitable in capacity calculations for

satellite systems.

3.2.1 Effect of Imperfect Power Control

The limitation of the IPC on the reverse link capacity of a CDMA system was studied in many
papers e.g. [Kud93], [Pra93], [Tam97]. In addition to IPC, outage probability, defined as the
predetermined value of probability that the received mobile user SINR is less than the required
SINR [Koo00], is one of the most essential system parameters to be considered in system
implementation. The reverse link capacity of a system is usually limited by a prescribed upper
bound of outage probability. For the capacity calculations with PCE, we will
investigate E, /I, characteristics of the considered spot-beam mobile users, namely the
probability distribution function (pdf) and the cumulative distribution function (cdf) of user

E, /1, s in the own spot beam.
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In 2 communication link, when the power control is not perfect, the error is assumed to be log-
normally distributed with standard deviationo(in dB)[Gol94], which represents the PCE. The
effect of the PCE in the mobile user uplink can be studied by multiplying the perfectly power
controlied received user powers {(e.g.P,) by a log-normal random variable [Kud93], {Tam97].
Therefore, the received power for 2 mobile user P, becomes in this IPC case:

A
R, =FR10'° (3.13)

where, P, is the received power at satellite with PPC and 7is a zero-mean Gaussian random

variable with a standard deviation ¢, (in dB). When 0';,=0 dB, the case corresponds to PPC.

With the assumption that received power is log-normaily distributed, the pdf of the power level at

satellite can be expressed as:

—32
f(P)" 1 ex —[IOIngo(R)"lm()gm(P})] (3.14)
" \2zo, P 20,

with the mean received power P, for each mobile.
With this mobile user power level assumption, if we consider the reverse link with PCE and N
uniformly distributed users, the total interference power received at the satellite for the jth mobile

within the own spot-beam becomes:

1=V Alfusizﬂ 10% —————(w”' ) P 10%
. - 3.15
j ol 0 G(Hu) [ ( )

Tt should be noted that, in equation (3.15) the summation term includes all spot-beams, including
the own spot-beam (indicated as Oth spot-beam). In order to find total interference affecting
desired mobile user, we subtract the considered user’s own received power from total interference

summation on the right hand side of equation. Finally, this interference summation is scaled by

voice activity V.
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Therefore, SINR of each user in the own spot-beam can be found by dividing transmitted signal

power of the user by the total interference power affecting the link as shown below:

Yo;

P10
SINR = Afi=cells N 7_: G(Vf'j) 705 ) (3.16)
1% P10 2L pigio |+
B St g o

Since, both the transmit power of each user and the total interference affecting the transmit
channel are different, unlike the PPC case, SINR value of each user in the considered beam is
different.

Similar to the PPC case, we can define this ratio in terms of bit energy to total interference power

spectral density ratio as:

o
E, _ (W/R)10 10
1, All-cels N Yy G(V/ij) Yo, 3.17)

1010 L1100 [+ N,

; = oe)

As it can be seen in equation (3.17), similar toSINR, E, /I, , value of each user in its own spot-
beam is different from other users. In order for 2 mobile user to have a sufficient communication

link quality (e.g.BER<107), its E, /I, value has to satisfy the condition E, /I, 2 E, /I,,,, which

req ®

we will focus on in the next section as outage probability.

3.2.2 Qutage Probability Calculation

For any multi-user communication system, the measure of its economic value is not the
maximum number of users that can be served simultaneously, but the peak load that can be
supported with a given quality and service availability. In our system, we assume that a new user

is denied service, if itsE, /I, value cannot satisfy the required bit energy to interference power

spectral density ratioE, /1, . Therefore, we can define the outage probability as:

Pow =Pr{(Ey /1) < (/D)) (3.18)
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In order to compute the outage probability of the users in the system, one has to approximate the
distribution of interference, which is the sum of lognormal random variables. If & number of
mobile users are transmitting simultaneously in a spot-beam and if the power of each mobile is
controlled individually, then the total received interference power is the summation ofk

independent, identical and log-normally distributed random variables each denoted by F:

(3.19)

i=i
Fenton showed that [Fen60] the pdf of P, for k users is approximately log-normal with the

following logarithmic mean m, (k) and variance o2(k):

2
m,(k):ln(k)-%'m-é-%——%:ln(%e”2 +-k—k—1) (3.20)

1 k-1
(k)= ln(fl-c—e”z +T) (3.21)

Therefore, we can conclude that pdf of user SIR in a spot-beam would be the ratio of two log-
normal random variables, which is another log-normally distributed random variable:

7 < y=¢ e

SIR=107 /1010 =10 10 wim I, =101° (3.22)
where ¢ and ¥ —{ have Gaussian distributions.

From the system and interference model given in Chapter 2, the outage probability of the
considered spot-beam can be simulated by first generating a large set of points uniformly
distributed in the spot-beam and for each location of mobile, simulation is repe;ated to check if

itskE, [1,

{3

falls belowE, /1,,, . The outage probability can be derived numerically for the different

reqg *

locations using the equation

. 1<
Pout =th~,m—ZAk (3.23)
K k=1
where A, is an indicator function for each user in the spot-beam (for each k) A =1, if the
condition E, /1, S E,/I,,, is satisfied, else A,=0.
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3.4

ry

In this chapter, capacity calculations of the satellite multi-beam CDMA systems with PPC and
capacity reductions with PCE are explained theoretically.

Theoretical formulas for capacity calculation of perfectly power controlled single-beam satellite
CDMA system are derived first. With the introduction of the inter-cell interference and the OCI
factor, the capacity calculation formula is extended to multi-beam satellite case. The un-
availability of equal user power levels at satellite is considered next and PCE is introduced to the
capacity calculation formula. The considered spot-beam user’s E, /I, pdf is chosen to illustrate
the capacity reduction due to IPC and finally the calculation method of outage probability is

explained.
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In this Chapter, the performance of multi-beam satellite CDMA system described in Chapter 2
and Chapter 3 is analyzed with simulations. Mobile user uplink capacity, which limits the multi-
beam mobile satellite systems, is evaluated with different system parameters. In the simulations,
the geometrical relations with mobile users on earth and satellite, spot antenna characteristics of
the satellite and cellular layout properties of satellite footprint described in Chapter 2 are utilized.
Theoretical capacity formulas for different systems (e.g., single beam system, multi-beam system,
capacity with PCE), which are derived in Chapter 3, are employed for concluding results of
system performance.

The structure of this chapter is as follows: Initially, satellite system descriptions and reference
system parameters used in the simulations are given. Capacity assessment of the CDMA satellite
systems is presented for perfectly power controlled systems first and the consequence of PCE is
analyzed considered after. In perfectly power controlled satellite system section, we start
evaluating the capacity of single cell system in the beginning. The consideration of multiple
beams will introduce the OCI factor. We will concentrate on multiple beam systems and
investigate the effects of cellular layout, beam overlap value, spoi-beam loading and frequency
reuse policy of the systems on the OCI factor, consequently to the system capacity. With the
intention of having practical results, we will investigate the capacity performance of the system
with constant serving area. Power limitation on the satellite is considered next, and we conclude
section by calculating extra power required at satellite for PPC of the mobile users in the
considered spot-beam.

The effect of PCE and capacity reduction in the system due to IPC relative to PPC case is

considered subsequently. Evaluation of outage probability through simulation is presented in this
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section as well. Finally, we close the chapter by calculating the link margin of the systems

considered.

4.1 Syste arameters

In order to relate the theoretical capacity formulas obtained and geometrical relations presented in

the previous chapters to practical systems, a reference GEO satellite system is introduced here.

Table 4-1 Reference multi-beam satellite system for capacity calculations

Required bit -energy to -interference power | Eb/l.=2.6dB
spectral density ' -

Satellite type

In our system, required bit energy to interference power spectral density ratio is assumed to be

E, /I, =2.6dB, which is sufficient for satisfactory channel quality for a user in highway with

QPSK modulation and rate Y2 constraint length § convolutional coding strategy [Moh97].

The reference scenario assumes a uniform mobile user distribution on the coverage area, 50%
voice activity factor, frequency reuse in every spot-beam, 61 spot-beam cellular layout and 3 dB
beam overlap in satellite footprint. In the following sections, the parametric capacity comparisons
are made.

An important point worth mentioning is, in parametric capacity calculations the mean value of the
interference power is used. The time varying nature of the user signals is employed in order to

calculate the link margin of the system and system availability.
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4.2 fectly yste

In PPC systems, all mobile users’ signals in the considered spot-beam are assumed to be received
at the same power levels at the satellite. That means, all the attenuation loss difference, channel

power variations are assumed to be compensated without errors.

4.2.1 Single Beam Satellite Systems

We start the perfectly power controlled mobile user uplink system capacity calculations with
considering a single-beam satellite system. We will assume uniformly distributed users in the
considered beam. In PPC systems, each user bit energy-to-total interference power spectral

density ratio in the spot-beam is the same and it can be calculated as:

E, _ W/R
L, (N=-1)V+7/F

tot

4.1)

An equation giving an explicit relation between the number of mobile users served and the
system parameters might be more useful for the system capacity calculations and the simulation
result comparisons with the theoretical outcomes. If we solve the equation (4.1) for capacity (N),

we have the following equation for theoretical uplink capacity of a spot-beam for asynchronous

CDMA system:
-1 -1
I, E
Nmax=1+m e n/w =1+W/R E | |2 4.2
V \E, FR/R 4 Ireg No

As stated in Chapter 3, for the system communication link quality of a mobile user to satisfy the

necessary standard, E, /I, value of each mobile user should be greater thank, 1o sWhich is the

required level of bit energy to interference power spectral density ratio at the level of bit error
performance required for digital voice transmission. Our simulation technigue depends on the fact

that if this requirement is satisfied for each mobile user or not.
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In order to prove the accuracy of our simulation technique, we compare the capacity results of our
simulation with the theoretical resuits. The capacity calculation simulation steps for PPC case are
given as follows:
v Set the satellite system parameters (e.g. E,/I,, =2.6dB, V=05, E,/N,=10dB and
W/R=307).
v Uniformly sample each cell (e.g. 1000 samples per cell to represent uniform sampling).
v" Randomly assign the first mobile user in one of the locations of the spot-beam, N=1.

v Calculate E, /1, of the mobile user with equation (4.1) and compare it with E, / I,

v ¥(E,/I

ot 2E'b/lreq ) =>
2 Increase the number of users in the considered beam by one (e.g. . N=N+1),
= randormly assign the location of the new user

& yeturn {o step 4

Else => Assign the spot-beam capacity as N and exit the loop.

4.2.2 Multi-Beam Satellite Systems

The OCI factor is the only difference between the capacity assessments of single beam and multi-
beam satellite systems. The calculation method of the OCI factor was explained in detail in
Chapter 2 and the system capacity calculation method with the OCI factor was given in Chapter
3. In the simulation of multi-beam systems we calculate the capacity of the nadir beam with
considering other beams in the cellular lay-out. The overall system capacity can be calculated by
multiplication of the nadir beam capacity by the number of the spot-beams in the satellite
footprint.

As we saw in Chapter 3, the capacity of a single beam of the multi-beam system with uniformly
distributed mobile users in the cellular layout can be found by calculating the bit energy-to-total

interference power spectral density ratio (E, /1, ) as follows:
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E, W/R

i o Other—cells N Glw. \‘4 e
“ o woys (wm()L(ﬁlj
=i =l G(gmt) } 7
W/R _ W/R
Omgrcelis N G( vy, ) 5 4.3)
I\ i/ L VN=D(+ f)+(-1J
Vil =1 j=l G(gim} +(fg_) ]
(N-1) } n
where we denote the OCI factor as:
other—cells N G(\Pj,k)
fotne K ) (4.4)
Jinga (N-1)

As we did in the single spot-beam system, if we solve equation (4.3) for the number of active

mobile users supported simultaneously, we have the capacity per spot-beam for asynchronous

CDMA as follows:
-1 -1
I
N_, =1+ W/R | lrea  T/W =1+_M 5| _|E (4.5)
V(l+ )\ E, F/R V{i+f) Lreq N,

In the simulation of the multi-beam satellite CDMA system, except for the minor changes, we
will use the same steps described for the single beam case. We can state the minor changes as:
v Considering the overall cellular layout instead of a single beam for user distributions.
v Increasing the number of users in each beam of the cellular layout in simulation step
number 3, instead of increasing just in the considered spot—beam.

v Utilizing equation (4.3) in step number 4 for the comparison of E, /1, with E, /1, .

The OCI factor has the utmost importance in satellite multi-beam CDMA capacity calculations.
Therefore, in the following sections we will investigate the change of the OCI factor relative to
system parameters, which shows itself in capacity variations of the system. In order to observe
the performance difference of the systems with different parameters and to obtain a fair

comparison, we evaluated the satellite CDMA multi-beam system capacities for constant

54



coverage area. It will be shown that, the OCI factor in satellite systems is bigger than the typical
terrestrial CDMA systems, which is 0.44, with the power decrease of fourth power of distance.
[Vit94] For the parametric capacity comparisons, the effect of satellite cellular configuration,
spot-beam overlap value, frequency reuse in the satellite footprint and spot-beam loadings on the

OCI factor, are considered.

4.2.2.1 Effect of Cellular Layout on the Performance of Multi-Beam Satellite CDMA
System

In the interference model, we considered 7, 19, 37 and 61 spot-beam layouts with uniformly
distributed mobile users in the satellite footprint. We calculated the OCI factor with 3 dB spot-
beam gain overlap value. Figure 4-1, illustrates the cellular layout structure which is composed of
rings of cells around the nadir cell. Spot-beams in each ring are illustrated with different pattern
for clarity. For the simulation efficiency, we calculated the interferences of darker cells in Figure
4-1 and utilized the symmetry between the cells in the same ring relative to the nadir cell.

The number of adjacent spot-beams in the cellular layout included in the interference estimation
is an important parameter. It is altering the OCI factor and consequently the system capacity. If
we increase the number of the other spot-beams (rings of cells) included in the calculation, the
OCI factor affecting the nadir beam will increase as well. From the geometrical point of view, in
the mobile user uplink, the further the interfering spot-beam from the considered spot-beam, the
less its effect will be, due to larger offset angles of the interfering mobile signals .at wanted user’s
spot-beam, therefore causing less interference. As an example, the effect of an interfering mobile
in the spot-beam of the first ring is higher than the one in the second ring. We calculated the OCI

factor up to the spot-beams of 4% ring (e.g. 61 spot-beams satellite foot-print).
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Figure 4-1 Satellite footprint with ring of spot-beams

Intuitively, one expects the effect of increasing the number of beams to t;e more significant when
the number of beams is small, e.g., when increasing from four to seven beams. However, with a
large number of beams, one expects to asymptotically reach some limiting behavior. It appears
clear from the results presented in Table 4-2 that the 61-beam case is close to this limit. That is,
for more than 61 beams, the number of beams does not significantly affect the OCI factor and
therefore capacity per beam. However, the overall system capacity is the product of the number
of beams in the cellular layout and the capacity per beam calculated.

The change of the OCI factor, capacity per spot-beam and the overall capacity of satellite

footprint, relative to the ring of cells considered, are illustrated in Table 4-2.
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Table 4-2 The effect of the number of beams included in the estimation of the OCI factor with
satellite amtenna diameter D=20m, operational freguency fo=1.6 GHz , satellite aliitude h=36000km ,
3dB spot-beam overlap value and full freguency reuse

o TE o g

As seen in the table, the effect of the outer spot-beams is minimal on the 4% ring.
One might find it more suitable to show the contribution percentages of the rings of spot-beams in

the OCI factor value. Figure 4-2 illustrates the contributions of cell rings in a pie chart.

3%

5% 81%

12%

st ning celis
2nd ring tells
3rd ring cells
B 4thring cells

Figure 4-2 Contribution illustration of spot-beam rings in the OCI factor

In the parametric evaluations of the OCI factor (e.g., spot-beam overlap value, frequency reuse
policy) in the following sections, all the 61 spot-beams (4 rings of cells) of the satellite footprint

are considered in the simulations.
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4.2.2.2 Effect of Beam Overlap Value on the Performance of Multi-Beam Satellite
CDMA System

Another system parameter influencing the OCI factor is the spoi-beam contour. In order to
investigate the influence of spot-beam isolation, the gain decrease at spot-beam contour is
considered as variable. The variation of the spot-beam contour changes the shape of the antenna
gain of a spot-beam and therefore alters the amount of the OCL This is different from the
terrestrial case, where the signal attenuation is usually described a power law of distance.

In order to investigate the change of the OCI factor for different spot-beam contours {(e.g. -2dB, -
3dB,-4dB), we have to recall the antenna spot-beam gain characteristic and the meaning of the
spot-beam overlap value. The phrase of “Spot-beams in a cellular layout having 3dB gain
overlap” means 7that each spot-beam in the layout touches its neighbor spot-beams (at the edge of
spot-beam coverage) at a gain value which is 3 dB less than the gain value at the spot-beam

center. The spot-beam overlap concept is illustrated in 37 beam layout in Figure 4-3.
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Figure 4-3 Spot-beam overlap value illustration in 2 37 beams cellular layout

For the simulation of the system, we have to investigate the spot-beam gain pattern given in
Chapter 2 in Figure 2-4 and find the angular offset of the received signal from the center of the
spot-beam that corresponds to these (-2dB, -3dB,-4dB) spot-beam overlaps. Here, we give the

spot-beam gain characteristic for convenience in Figure 4-4.
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Figure 4-4 Satellite antenna spot-beam gain pattern with satellite antenna diameter D=20m and
operational frequency fo

If we magnify the upper-left part of Figure 4-4, we can easily see the angle values corresponding

to the wanted gain overlaps. Figure 4-5 shows the angular offset values clearly for certain antenna

gain values. These angular offset values will be used with the geometrical relations of the satellite

and earth to evaluate the coverage area of the spot-beam.
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Figure 4-5 Magnified angular offset values for different spot beam gain overlaps with antenna
diameter D=20m and operational frequency fo=1.6 GHz

By choosing a larger gain decrease at the spot-beam overlap contour, one can decrease the power
spilling out from a spot-beam, which causes less inter-cell interference to other beams. To
accomplish this, satellite antenna diameter has to be increased, or the number of spot beams must
be reduced for a constant service area, which affects the overall system capacity. Table 4-3
illustrates the change of the OCI factor and the spot-beam radius on earth relative to the spot-

beam overlap value.
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Table 4-3 The OCI factors for different spot-beam gain overlaps, with 63 cejl layout and full
frequency reuse

Figure 4-6 illustrates the effects of two concepts, the contribution of spot-beam rings in the
cellular layout and spot-beam overlap value, on the OCI factor together. As it can be seen from
the figure, as we increase the spot-beam isolation (i.e. higher gain decrease on spot-beam
contour) the OCI factor affecting the nadir beam decreases and the spot-beams on the first ring of

cells dominate the OCI factor.
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Figure 4-6 The effect of the spot-beam isolation and the number of spot-beams in the cellular layout
on the OCI factor in a system of 61 celf layout and full frequency reuse

As illustrated in Table 4-3, with the assumption of the constant cellular layout (e.g., 61 spot-
beams), as we increase the spot-beam isolation (decrease of antenna gain on spot-beam contour),
the radius of the spot-beam increases which ends up increased coverage area of the satellite. This
increasing area concept might cause wrong interpretations of the system performance.

The increase of a spot-beam area along with the lower gain overlap value between spot-beams is
illustrated in Figure 4-7 with the system of antenna diameter D=20m, transmission frequency

f=1.6GHz and GEO satellite at altitude h=36000km.
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Figure 4-7 Area (or radius) increase of a spot-beam along with lower spot-beam overlap. -4dB and -
3dB spot-beam overlaps are shown with GEO satellite (h=36000km). One-sided 3dB and 4dB beam-
widths are read from spet-beam sntenna pattern

In order to have a meaningful result from system performance simulations, we have to consider a
constant coverage area for the satellite system. With the aim of representing the constant area, we
are going to consider a coverage area consisting of 100 spot-beams overlapping on 3dB contour,

which is the most common overlap value in satellite systems [Lut97]. Therefore, we will
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normalize our calculation results relative to 3dB gain overlap. Consequently, the total area to be

covered can be represented as:

Area =100(7R3,5 ) (4.6)
Number of spot-beams of different overlap values can be calculated easily by eguating the
constant coverage area. 1he number of spot-beams having an overlap value X dB is illustrated as
follows:

2
Area =100{7R ;) =# g5 (MRZ 1) => #mwound[loo(ﬁ’i] } (4.7
XdB

In our capacity calculations for different spot-beam overlap values and constant coverage area we

will take the reference system parameters W/R=307,V=05,E, /I, =2.6dB and E,/N,=10dB,

req
repeated here for convenience. The effect of f will be analyzed in the overall capacity. With
assumption of reference system parameters in equation (4.5), the capacity per spot-beam can be

shown to be inversely proportional to the OCI factor:

N =14+-2762
1+f)

(4.8)

Table 4-4 illustrates the change of the spot-beam capacity and satellite footprint overall capacity
due to the altered OCI factor. As we see from Table 4-4, by using a larger overlap values, we
represent the constant area with less beams. Even though, increasing beam isolation is leading to
less OCI factor and increased capacity per spot-beam, the overall system capacity for constant

serving area decreasing due to representation of coverage area with fewer spot-beams.
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Table 4-4 The OCI factor and capacity calculation for a constant serving area for different spot-
beam overiap values

11408 1.2439
. -3.75dB | "'-'3.'7d3'  192km | 34 | 8 1 10854 10812

4.2.2.3 Effect of Frequency Reuse on the Performance of Multi-Beam Satellite
CDMA System

By keeping in mind the fact that the MAI in a multi-beam system is caused by all the spot-beams
in the satellite footprint, one might think that instead of using the same frequency in all the spot-
beams, introducing 3-Cell, 4-Cell or 7-Cell frequency reuse clusters may substantially reduce the
OCI factor and increase capacity. However, the capacity increase due to interference reduction
might not exceed the capacity loss due to reduced spectral efficiency. This is the question behind
our motivation to simulate different frequency reuse strategies for the satellite footprint.

In order to illustrate the OCI decrease in different frequency reuse schemes, we numerically
calculated the OCI factor in 3-Cell, 4-Cell and 7-Cell frequency reuse clusters with 61 spot-

beams satellite footprint and 3 dB spot-beam overlap.
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Figure 4-8 represents frequency reuse pattern of the 3-cell ‘frequency reuse cluster used to
calculate the OCI factor. Each pattern shows the different operational frequencies used in spot-
beams.

We expect a dramatic decrease of the OCI factor in the transition from full frequency reuse to 3-
Cell frequency reuse cluster. That is because, Table 4-2 shows that the first ring of the cells has
the biggest effect on the OCI factor, which is not included in the OCI factor calculation in 3-Cell
frequency reuse cluster.

In the 3-Cell frequency reuse system capacity evaluation, we have to take intc account the
reduced spectral efficiency and the new numerically calculated OCI factor. The calculated values

for per spot-beam and constant coverage area are illustrated in Table 4-5.

Mh-N
17
/7‘

-

as

Figure 4-8 3-Cell frequency re-use pattern on a 61 cell satellite footprint
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Table 4-5 The OCI factor and capacity of 3-Cell frequency reuse for constant coverage area

-0.75dB

For 4-Cell frequency reuse cluster used in the satellite footprint is given in Figure 4-9. In the
comparison of the results of 3-Cell cluster and 4-Cell cluster frequency reuse, we do not expect
spectacular decrease in the OCI factor. Because, the OCI factor decrease in 4-Cell cluster relative
to 3-Cell cluster comes from 2™ and 3™ ring of beams which have less influence in the OCI
factor. Similar to the 3-Cell frequency reuse system we will calculate the capacity together with
the decreased OCI factor and spectral efficiency. The calculated values for a constant coverage

area are illustrated in Table 4-6.
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Figure 4-9 4-Cell frequency re-use pattern on a 61 cell satellite footprint

Table 4-6 The OCI factor and capacity of 4-Cell frequency reuse for constant coverage area




The system for 7-Cell frequency reuse is almost the same as 3-Cell and 4-Cell cluster systems.
Nevertheless, the performance of 7-Cell system is poorer due to almost the same OCI factor
compared to 3 and 4-Cell systems and highly reduced spectral efficiency. 61-cell cellular layout

with 7-Cell frequency reuse is illustrated in Figure 4-10 and the values obtained from the

simulation are given in Table 4-7.

Table 4-7 The OCI factor and capacity of 7-cell frequency reuse for censtant coverage area

GRRY = e T pove

From Tables 4-5, 4-6 and 4-7 we see that in low beam isolations, where we have high OCI factor,

introducing 3-Cell or more frequency reuse reduces the interference in such a degree that it can
compensate the capacity loss due to using onme-third or less spectral efficiency compared to
spectral efficiency of full frequency reuse. But, as we increase the beam isolation, it begins not to

be sufficient enough to compensate.

70



08
3¢
5

2 atetel
Af

3%

34
teted

X
352

l‘li:

Figure 4-10 7-Cell frequency re-use pattern on a 61 cell satellite footprint

We can show the trend of capacity loss of 3, 4 and 7-Cell frequency reuse relative to full
frequency reuse in graph. We know that with the PPC of user terminals, the uplink capacity for
asynchronous CDMA system can be approximated as described in equation (4.5). With specified

system parameters, e.g. V=0.5, E, /I, =2.6 dB andE, /N,=10dB, the capacity of the system can

be calculated by just two variables like processing gain W/Rand OCI factor f. Therefore, for

CDMA with full frequency reuse, the capacity per beam can be represented as:

W/R
Ny_cay = /L. 4.9)
(1+ ficen)
In 3-Cell frequency reuse cluster, ’equation would be:
1 W/R
YA . (4.10)
el 3 {(1 + fS—Cell)}

and in 4-Cell frequency reuse cluster, we have the equation as follows:

71



i W/R
Ny cer z"l—"‘"—" 4.1%
g {(1‘5'f3~<:en)} )
and finally in 7-Cell frequency reuse cluster it is:
1 W/R
Noca =973 4.12
e 7{(“‘]‘3—{:&)} @12

The OCI factors for different systems (e.8., fi.con>fo.consJo.cen) @re calculated and presented in
Table 4-5, 4-6 and 4-7. If we plot the ratio of other system capacities (e.8., Nx_cons N cen»No.cen)
to cluster one system capacity (N, o) relative to the spot-beam overlap values, we can see the

point where the decrease of the OCI factor in 3,4 and 7-Cell cluster frequency reuse systems can
compensate the decrease of spectral efficiency caused by utilizing adjacent frequency reuse

clusters.
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Figure 4-11 Capacity ratios of the different systems relative to spot-beam overlap values with V=0.5,
E, / I =2.6dB and £, /N,=10dB
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As seen in the figure, Cluster-1 (full frequency reuse) system is superior at spot beam overlap

values of 1.50 dB and higher. If we plot the OCI factors of different frequency reuse schemes, we

can easily see the major factor affecting the capacity change. Figure 4-12 illustrates the change of

the OCI factor of systems relative the spot-beam overlap values. If we want to compare different

frequency reuse policies, it is obvious from graph that, at lower beam overlap values the decrease

in the OCI factor due to changing the frequency reuse (e.g., from full frequency reuse to 3-Cell

cluster frequency reuse) can compensate the spectral efficiency loss.

OC| Factor, {

Figure 4-12 The OCI factor of different frequency reuse systems relative to beam overlap values
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However, at higher beam overlap values, the change in OCI factor is relatively small and can not

pay off for the spectral efficiency loss. At beam overlap values higher than 1.5 dB, the OCI

factors of all frequency reuse systems having more than cluster 1, are almost egual. So, it is
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reasonable to use 3-Cell cluster frequency reuse in order prevent further capacity loss due to

diminished spectral efficiency.
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Figure 4-13 Capacity per beam and number of beams for a constant coverage area

Figure 4-13 illustrates both the capacity of the single beam with full frequency reuse and the
number of beams for constant serving area. For constant area representation we chose 100 beamns
with 3dB beam contour. As we can see from the graph as we decrease the spot-beam contours the
number of the beams is increasesing exponentially. Thefore, even though the capacity per beam is
decreasing as we decrease the spot-beam contor, the capacity of the overall system is increasing.
The capacity of the overall system can be easily found by multiplying the capacity per beam and

the number of the beams in the constant coverage area.
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4.2.2.4 Effect of Loading on the Performance of Multi-Beam Satellite CD]I
Syste

In this section, we will investigate the effect of the beam loading on the system performance.
Until this section, we considered that all the spot-beams in the cellular layout were fully loaded,
in other words they were being operated on the Amximum capacity that they can supply. In this
section, we change the loadings of surrounding spot-beams (other beams) and investigate its
effect on the performance of the nadir beam. It will be shown that with low loading values in
other spot-beams, one can obtain higher capacity in the considered beam due to reduced
interference coming from surrounding cells. In the simulations, we considered 75%, 50% and

25% loadings of other cells.

Table 4-8 The OCI factor and the capacity calculations of the reference system for a constant serving
area with different spot-beam loadings

If we compare the new capacity values calculated with the maximum capacity estimated when all

the spot-beams in cellular configuration are fully loaded, we can see from Table 4-8 that, 40%

capacity increases in the considered beam can be observed with the condition of 50% loading of
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other spot-beams and 3 dB overlap. This capacity increase can reach to 80% with 25% loading
case. The loading of spot-beams has superior importance in the link-margin and system reliability

calculations which will be analyzed in the following sections thoroughly.

4.2.3 Satellite Power Requirement for PPC

Until now we concentrated on the mobile user uplink capacity of the CDMA system, which limits
the overall system capacity. Unlike terrestrial cellular networks, in a mobile-satellite network,
transmissions are constrained by available satellite power. With PPC assumption, we presumed
that power variations in the user’s spot-beam are compensated with power control on both uplink
and downlinks. Here in this section, we will touch another critical issue in satellite
communication and we will calculate the extra power needed at satellite to be supplied to
uniformly distributed mobile users in a spot-beam area for perfectly power controlled systems.

In the calculation we are going to utilize satellite spot-beam gain equation, which determines the

power variation on the spot-beam coverage area:
Ji(u) 2 siné
G(8)= (—1———) ,withu=D T) (4.13)
u

We know that received power of the mobile user is decreasing as the mobile moves away from
the spot-beam center. The power decrease is given in equation (4.13), which varies relative to off-
axis angle,d (angular separation of received mobile signal from cell-center direction). If we
modify the equation (4.13) and change the variable from off-axis angle & to distance from spot-
beam center in km, r, utilizing the geometrical relations between these parameters from Figure 4-

7, we have the following equation.

G(r)= (M)z,wim u=D {MJ (4.14)

u A

where 7 is the distance from the spot-beam center and A=36000 km is the satellite altitude.G(r)

gives the power degradation caused by the spot-beam antenna pattern for a mobile user who is 7
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distance away from spot-beam center. In other words, the mobile user at a distance » km from
spot-beam center receives G(7) less power than a user at spot-beam center.

In order to calculate the extra power required at satellite for a spot-beam to keep all the users’
power same as if they are at the spot-beam center, we have to specify the power increase in the
mobile users’ signal relative to spot-beam gain decrease.

For the PPC case, the power required for a single user at a distance » km from the spot-beam

center can be found as:

1
G(r)

user

(4.15)

However, if we want to calculate the total power required for all users in the spot-beam, we have
to consider all of the users in the spot-beam area. Different types of user distributions can be
considered in the spot-beam area, but we will assume that mobile users are uniformly distributed
in the spot-beam coverage area. The total power required for a spot-beam of gain X dB decrease

on its contour can be evaluated by the integral given in equation (4.16)

b n{sin{atan[r/h]}} )’
Rysp Ryyp /1
= 2avdr = < \ 2 2rd
o “([G(r) e ! Jl:Dn{Sin{atan[r/h]}ﬂ " @10
! e
A

In order to have a meaningful representation and to find the extra power required for the PPC, we
have to normalize the value we calculated in equation (4.16). If there were not any power
degradations due to spot-beam antenna, the transmitted power levels for all users would be the
same regardless of their position. If we consider each user’s transmitted power as Fy=1watt, the
power required for the users uniformly distributed on the spot-beam area can be calculated as:

RXdB

j(lwatt)(Zm')dr = 7R 5
0

F

no—deg

@1
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If we name this power level as power with no-degradation, the extra power supplied from the
satellite for compensating the spot-beam antenna gain roll-off relative to no-degradation power

would be found by taking the ratio of this power levels as shown in equation (4.18):

= = J* 4 s 2ardr
P TRip g J{D ”(sin{atan[r/h]}ﬂ 4.18)
1 R e

v 2

A

Figure 4-14 illustrates the required power calculation method in a satellite spot-beam. Satellite
spot-beamn gain pattern is demonstrated by the graph in the upper part of the Figure 4-14. The
shadowed part of the spot-beam shown at the bottom part of Figure 4-14 illustrates the gain
decrease in the spot-beam area. As one moves away from the center of the beam, he will
experience more power degradation. The distance from the beam center is assumed to be positive

as we go to positive X axis and negative as we go to negative X axis.
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Figure 4-14 Calculation method of extra power required in PPC with satellite antenna diameter
D=20m, operational frequency fo=1.6 GHz and GEO satellite at h=36000 km altitude

We can observe the extra power required for a single spot-beam together with the user capacity

per spot-beam and the capacity of whole satellite footprint in Table 4-3. As we expected, the
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power required to keep all the uniformly distributed users at the same power level is increasing as
we increase the spot-beam isolation. The increase of the required power is slow due to the slow

gain decrease illustrated in the gain pattern in Figure 4-14.

Table 4-9 OCI factors of different spot-beam gain overlaps along with power reguirements for PPC

1 76965 |

4.3 Imperfectly Power Controlled Systems

The limitation of the IPC on the mobile user uplink capacity of a CDMA system and
representation of the mobile user powers at satellite with PCE is mentioned in Chapter 3. In this
section, we will investigate the effect of PCE on multi-beam satellite CDMA system performance
with simulations. In order to observe the effect of IPC, we will first assume that the users are
perfectly power controlled and find the maximum capacity of the nadir beam. This maximum
capacity is calculated when all the spot-beams in the cellular layout are fully loaded. After
finding the maximum user capacity of the nadir beam in satellite cellular configuration, in order

to investigate IPC of user powers in the spot-beam, we multiply the perfectly power controlled
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user powers (Pp), with predetermined PCE values, which are log-normally distributed random

variables with changing standard deviations,o,. The magnitude of PCE standard deviation

depends on the accuracy of power control process. We will indicate the capacity degradation due
to PCE, relative to the PPC capacity or maximum capacity. We will investigate the considered

spot-beam user’s E, /[, pdf and cdf’s to assess the capacity of system and to see the percentage

of the users satisfying the required communication link quality (e.g..E, //,,, 2 E, /] ,)

We can analyze the effect of the PCE on the reference system capacity in Figure 4-15. It shows

the cdf of 118 simultaneously active mobile users’E, /I,

ot

values in the considered spot-beam. An
expected result of PPC is obvious as shown in the figure. That is, all transmitted signal powers of
mobile users in the spot-beam are the same and received at satellite at the minimum power

needed to achieve the specified E, /I, =E, /I, =2.6dB. Therefore, cdf of all mobile

req

userE, /1, s in the considered spot-beam is just a unit step function at E, /], = 2.6dB.

toi
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reg

If we consider PCE,E, /1, values of each user in the spot-beam would be different (Equation
3.17 of Chapter 3). Consequently, the users within a spot-beam have a continuous cdf distribution
rather than just a unit step function for theirE, /I, cdf. Taking into account the PCE, we observe
that almost half of the users’ performance is degraded comparison to PPC, in other
wordsE, /1, S E, /I, . Increasing PCE standard deviation will cause further dispersion around
the optimumE, /1, value (2.6 dB with PPC), which means that some user’s performance is

degraded significantly.
As mentioned in Chapter 3 in equation (3.22) we can theoretically approximate the pdf of SINR

(orE, /1) of users in the considered spot-beam. In Figure 4-16, we show both analytically

obtained and simulated values of userg, /i, pdfs. As seen in Figure 4-16, simulated pdf values
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give good correlation with the analytical ones. Figure 4-15 and Figure 4-16 demonstrate that even

with small PCE, almost half of the user’s E, /1, is lower than the required value,E, /1, .
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Figure 4-17 Comparisons of different loadings with PCE=1dB with system of E, /N, =10dB, V=0.5,
W/R=307, E, /I,eq =2.6dB

In Figure 4-15 and Figure 4-16, initially we considered that the spot beams were fully loaded,
then, PCE applied to disperse user powers relative to predetermined PCE and finally the
performance of the system is observed. However, in real time systems, normally spot beams are
not used with the maximum capacity. Figure 4-17 investigates the effect of beam ioading on the
performance of multi-beam system. From Figure 4-17, we observe that, plots of pdf’s of user’s
E,/l,s in the nadir beam shift to right as we decrease the loading. That is because as we
decrease the number of users in a spot-beam, the interference power coming from all users of the
considered spot-beam as well as neighboring beams will decrease while keeping the same
transmission power for the wanted user. Therefore, the probability of active mobile users having a

satisfactory communication link is increasing with the decreasing value of spot-beam loading. For
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example, with a certain PCE, the system can supply a good communication link 9 out of 10 users
(90% percent) instead of 10 out of 20 (50% percent). One thing worth mentioning is that, in the
spot-bearn loading analysis on the OCI factor, we calculated the maximum attainable capacity of
the own spot-beam while lowering the loading in the adjacent spot-beams, but not in the
considered beam. However, in the capacity analysis with PCE, we decreased the loading in all the
spot-beams (including the nadir beam) and estimated the number of the users satisfying the
required system performance condition with PCE. The calculation of outage probability, defined

as the failing probability to achieveE, /I, , is done over the number of users already reduced

relative to full loading.

CDF & Eb/N with PCE=1dB
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Figure 4-18 Comparisons of different loadings with PCE=1dB with system of E, /N, = 10dB, V=0.5,
W/R=307, E, /I =26dB
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It is easier to see the outage probability of the system by analyzing the cdf curves instead of pdfs.

We show the cdf values of the reference system with different loadings. We can see from Fig.4-

19 that with the same system specifications, we can serve 82% of active mobile users (18%

outage probability) with 75% loading (approximately 88 active users) or support half of the

maximum capacity (59 active users, 50% loading) with outage probability 2%.

In order to see the effect of the thermal noise on the system capacity with PCE, we plotted the

system performances with constant PCE and varying SNR.
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Figure 4-19 Comparison of systems with different SNRs with full loading and PCE=1dB

Figure 4-19 shows that in satellite systems the capacity depends on the thermal noise. It shows

the performance of the same reference system with 100% beam loading and PCE=1dB. If system

operates with SNR=

10dB, 7,

out

=55%, but if you decrease the user SNR t0 7.5dB F,

ur

=80% and if
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you continue decreasing user SNR to 5 dB, P, reaches to 95%. So, we can conclude that system

performance is highly dependent on SNR.
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Figure 4-20 Effects of PCE and multiple cell interference on satellite system capacity

Figure 4-20 illustrates the effect of PCE on the system capacity as defined by outage probability.
It shows the capacity reduction in percentages, due to the PCE for both singie-beam and multi-
beam system. In Figure 4-20, the effect of the inter-beam interference is obvious (i.e,the effect of
OCTI factor). As an example, in the PPC case (e.g. PCE =0dB), the maximum capacity
decreased more than 50% when considering multiple beams instead of a single beam, which is

expected with the calculated OCI factor f =1.36.
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A link budget analysis forms the corner stone of the system design. Link budget analysis is
performed in order to analyze the effect of system parameters such as transmission power, spot-
beam loading and so on, in order to ensure that a given target Quality of Service (QoS) can be
achieved.

The mission specifies a value of mobile user’sE, /I, greater than or equal toE, /], during a
given percentage of the time. For example, 99% of the time means that the system guarantees the
99% service availability. As implied, in order to calculate the link budget of the system we have
to investigate the time variant behavior of the mobile user performance. We can define the excess
link margin (ELM) as the difference between the mobile user E, /I, value and the

tot

required E, /I, value for acceptable link performance:

LM reers (dB) = Ey [1,,, (dB) — E, [1,,, (dB) (4.19)
In this section we calculate the link margin of the multi-beam satellite CDMA system with
different loadings. Through link budget analysis, we will estimate the system capacity as well as
system availability defined as the percentage of time that the system can supply satisfactory
communication link quality. In the simulations, we used the reference satellite system parameters

with E, /1

regq

=2.6 dB. In the calculations we considered the users in the nadir beam. The capacity

values and loadings given are for the nadir bearn. We used the cdf curves as a tool to investigate
the system availability. The cdf curves derived indicates that the user E,/],, value changes in

time in the considered beam.
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First we will concentrate on perfectly power controlled systems. In a multi-beam satellite system
with PPC the E, /I, value variations of a mobile user in the considered beam in time with

for

different spot-beam loadings are given in Figure 4-21:
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Figure 4-21 User Eb/Itot cdf with different spot-beam loadings in PPC

As it can be seen from Figure 4-21, if we operate the satellite system with 100% loading
(maximum capacity, 118 active mobile users in the considered beam) in each spot beam, 60% of

the time, mobile user’sE, /1,

values would be less than E, /I =2.6 dB, which does not satisfy
the required BER=10". However, if we decrease the loading to 95% (112 active mobile users), in
PPC case, the system can supply a good communication link quality 95% of the ume. System
with 106 active users (90% loading) can serve all of its active mobile users all the time. From

Figure 4-21 we can calculate the ELM for the systems with different loadings and system

availabilities. For example, we want to calculate the ELM for 90% system availability (e.g.,
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system supplies an adequate service quality to its mobile users 90% of the time). Figure 4-21
shows that with 50% loading, 90% percent of the time userE, //,, value is bigger than 4.7dB.
This value decreases in 75% loading to 3.4dB. Therefore, with 50% loading (59 active mobile
users) we have, 4.7dB-2.6dB=2.1dB ELM, where as this value decreases o, 3.4dB-2.6dB=0.8dB
in 75% loading (88 active mobile users).

If we consider the PCE, the variations of userE, /1, , values increases. Figure 4-22 illustrates the

system operating with 0.5dB PCE.

Time variation of user Eb/litot for PCE=D.54B
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Figure 4-22 User Eb/Itot cdf with different spot-beam loadings in PCE=0.5dB

If we want to calculate the ELM for PCE=0.5 dB case with 50% system loading and 90% system
availability we have, 4.2dB-2.6dB=1.6dB ELM instead of 2.1dB ELM of PPC case. The increase

of signal power variations due to system PCE causes to a decrease in the ELM of the system.
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Time varigtion of user Eb/ltot for PCE=1dB
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Figure 4-23 User Eb/ltot cdf with different spot-beam loadings in PCE=14B

If we calculate the ELM again for PCE=1 dB case with 50% system loading and 90% system

0.9dB ELM.

availability we have, 3.5dB-2.6dB
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Time variation of user Eb/liot for PCE=1.5dB
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Figure 4-24 User Eb/Itot cdf with different spot-beam loadings in PCE=1.5dB

If we consider the system with PCE=1.5 dB, we do not have any ELM as illustrated in Figure 4-

24. That is to say, the system barely handles the 59 active mobile users (50% loading) with 90%

system availability and PCE=1.5dB.
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Time variation of user Ebfltot for PCE=2dB
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Figure 4-25 User Eb/ltot cdf with different spot-beam loadings in PCE=2dB

If we consider the system with PCE=2 dB, we see from Figure 4-25 that the system is not able to

support 59 active mobile users with 90% system availability. Figure 4-25 shows that in order to

serve 59 mobile users PCE=2dB, we have to decrease the system availability to 85% of time.

Finally, we consider the system with the same loading and different PCE values. Figure 4-26

illustrates the decrease in the ELM of the system relative to PCE and shows the ELM for 50%

loading.
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Time variation of user Eb/itot for %50 loading, 59 users
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Figure 4-26 User Eb/ltot cdf with different PCEs and %50 loading
4.4 Summary

In this section we compare the performances of the satellite systems in a number of scenarios.
These scenarios include varying the number of spot-beams, spot-beam loadings, spot-beam
overlap values and different frequency reuse clusters. Change of the OCI factér of the system
considered and its consequence on the overall system capacity are presented in Tables. The cdf
and pdf curves of active mobile users’E, /I, in the considered spot-beams are derived and
compared to find both the capacity and the ELM of the satellite system. All the simulations are

performed with MATLAB.

94



"The main idea of this thesis has been to understand the interaction between the system design
parameters that are used in CDMA multi-beam GEO satellite systems. The background
information about satellite communications and satellite system parameters that affect the
performance have been given in Chapter 2. Satellite-earth geometry, satellite radio links, the
hexagonal spot beam layout and frequency re-use concept between spot-beams have been
defined. The mobile user-satellite geometry for uplink MAI calculations has been introduced.

In Chapter 3, the details of the capacity calculations and theoretical formulas for different types of
systems (e.g., single beam, multi-beam, system with PCE) have been presented.

System simulation descriptions and comparisons of simulation results to theoretical ones have
been given in Chapter 4. Satellite systems having different spot-beam overlap values, cellular
layouts, frequency reuse policies and spot-beam loadings have been considered in performance
evaluations. In addition, the outage probability calculations and link margin calculations have

been performed for practical satellite systems.

5.2 Conclusions

In this thesis we have mainly dealt with two major design issues of multi-beam satellite systems.
One of these is the evaluation of the MAI for CDMA multi-beam satellite systems. We have
concentrated on the effects of the system design parameters on the OCI factor, since the OCI
factor perfectly represents the MAI characteristics of the multi-beam systems.
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The effect of cellular layout on the OCI factor has been analyzed first. As we take into account
more spot-beams in the satellite footprint, the OCI factor increases. From the geometrical point of
view, in the mobile user uplink, the further the interfering spot-beam from the considered spot-
beam, the less its effect will be, due to larger offset angles of the interfering mobile signals at
wanted user’s spot-beam, therefore causing less interference. The OCI factor has been calculated
up to the 4th ring of spot-beams, because the consideration of further spot-beams barely affects
the OCI factor.

It has been shown that introducing a 3-Cell cluster frequency reuse scheme substantially reduces
the OCI factor and improves the system capacity. Nevertheless, further increasing the frequency
reuse scheme (e.g., 4-Cell frequency reuse, 7-Cell frequency reuse etc.) does not decrease the
OCI as much as it does in the transition of full frequency reuse to 3-Cell frequency reuse scheme
and it causes system capacity loss due to reduced spectral efficiency.

Additionally, it has been demonstrated that the spot-beam contour is another key system
parameter that affects the OCI factor. Usually, the spot-beam contour is defined by a 3dB
decrease of spot-beam antenna gain. Higher beam isolation leading to less interference can be
achieved by choosing a larger gain decrease at spot-beam contour. Even though, superior spot-
beam isolation supplies an increased capacity per spof-beam, the overall system capacity for
constant serving area decreases due to representation of coverage area with fewer spot-beams
(less spectral efficiency).

The power requirement at satellite in PPC case for each cell has been evaluated and it has been
shown that more power is needed for highly isolated spot-beams (i.e., higher power decrease at
spot-beam contour).

The effect of adjacent beam loading on the OCI factor has also been investigated. It has been
shown that with low loading in other spot-beams in the cellular layout, one can obtain higher
capacity in the considered beam due to reduced inter-cell interference. We can see from Table 4-8
that, 40% capacity increases in the considered beam can be observed with the condition of 50%

96



loading of other spot-beams with 3 dB overlap. This capacity increase can reach to 80% with
25% loading.

The second design issue considered in this thesis is the consequence of the PCE on system
capacity. We have assessed the system capacity by evaluating the number of users satisfying the

required bit energy to total interference density ratioE, /I, . Capacity degradation has been

reg *
defined relative to the maximum attainable capacity calculated with 100% loading of each spot-

beam in the cellular layout. The simulations have indicated that, even introducing a slight PCE
(e.g. standard deviation 0.5dB) causes almost 50% capacity reduction, comparison to PPC case
(eg., E /I, < E,,/Imq ).

Finally, link budget analysis of the satellite systems with different loadings has been presented.
Excess link margin (ELM) is defined and calculated for satellite systems operating at different
PCEs. It has been shown that the increase of signal power variations due to system PCE causes to
a decrease in the ELM of the system. The ELM has also been evaluated and compared for
different bearmn loadings. It has been stated that higher ELM and system availability can be

obtained by decreasing spot-beam loadings.

5.3 Contributions

The main contributions of this thesis can be summarized as follows:

i. It has been shown that in satellite CDMA systems 3 Cell frequency reuse cluster gives better
performance than full frequency reuse by appropriately choosing system parameters. It has
been explained that the OCI factor decreases as frequency reuse cluster increases. The OCI
factor is calculated for different frequency reuse schemes and presented in Tables 4-3, 4-6
and 4-7. We have explained that in low beam isolations (e.g. smaller spot-beam contours),
where we have high OCI factor, introducing 3-Cell or more frequency reuse clusters reduces

the interference in such a degree that it can compensate the capacity loss due to reduced
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ii.

iil.

v.

spectral efficiency. However, as we increase the beam isolation, it is not sufficient enough to
compensate.
The reverse link capacity of COMA multi-beam satellite systems has been analyzed with PPC

and IPC. The considered spot-beam user £, /], values have been calculated and the beam

capacity has been assessed with the condition that users’E, /1, satisfies the requiredE, [/

reg ©

The probability density functions and cumulative density functions of user’ E, /I, have been

iot

used to analyze system performance. The system outage probability has been evaluated with
PPC and IPC schemes. Simulations have been performed to verify the analytical results. In all
cases, the outage probability is found to be very sensitive to the PCE. It has been explained
that the outage probability incx:eases as we increase the PCE. The investigation of loading
effect in satellite beams explicitly displays the tradeoff between system reliability and system
capacity. It has been illustrated in Figure 4-17 that as we increase the beam loadings, the
percentage of the users that the system can supply a good communication link quality
increases.

It has been shown that the OCI in satellite CDMA uplinks is much more critical than it is in
terrestrial cellular systems. It has been demonstrated that inter-cell interference is generally
independent of the number of spot-beams for greater than 61 spot-beams. It has been
illustrated in Figure 4-2 and Table 4-2 that 80% of the OCI is caused by the beams in the first
ring in the cellular layout and the effect of the beams further than the 4" ring is negligible.
Another parameter determining MAI, the edge of spot-beam coverage has also been
presented. It has been shown that higher beam isolation leading to less interference and
increased capacity per beam can be achieved by choosing a larger gain decrease at spot-beam
contour. The decrease in the OCI factor relative to the increase in the spot-beam contour is

given in Table 4-3 and 4-4. It has also been indicated that the increase in the spot-beam
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contour causes the increase in the spot-beam radius and the decrease in the spectral

efficiency.

v. The excess link margin of the system has been calculated and compared for different PCEs
and loadings. It has also been explained that in order to guarantee a target Quality of Service
{QoS), one has to decrease the mobile user capacity (loading) with increasing PCE.

5.4 Rec ndation for Future Work

The recommendations for future work are:

i.

it

iii.

iv.

Vi.

In this thesis the results are obtained assuming PPC and PCE. In order to have a realistic
capacity calculation we have to consider power control mechanisms. Simulation of power
control algorithms and calculated PCE values would increase the reliability of the capacity
calculations.

This study has illustrated that the return link capacity is very sensitive to adjacent beam
loadings and this issue has to be addressed considering different traffic distributions in the
cellular layout.

In the simulations, the earth’s curvature is neglected. This issue may be critical for some
satellite systems which consider serving the regions away from equator.

Other satellite systems, sharing the same frequency band, should be considered in the
interference calculations.

In this thesis we concentrated on capacity calculations in the mobile reverse link because of
the asynchronous uplink assumption. Quasi-synchronous schemes using spreading codes
which have a very low correlation over small timing offsets [Deg92] should be considered in
limiting the reverse link capacity calculations.

The ability of a CDMA system to reuse the entire frequency band again by utilizing the two
opposite senses of circular polarization (e.g. cross-polarization isolation) should be taken 1nto

account in the MAI attenuation.
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