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Abstract

Satellite based communication and the utilization of wideband frequency spectrum are essential
to military, aerospace communication and navigation. It will also enhance the terrestrial
communication to meet the required coverage, quality and data rate. So its implementation is
inevitable in the near/future Ethiopian communication engineering advancement. Satellite
tracking is one of the important issue in fulfilling the complete satellite based communication.
The challenges in tracking methods such as, the need to rotate large dish antenna with the aid of
Programmable Logic Controller, its applicability to only single target and drawbacks related
with pointing accuracy are some of them.

This thesis investigates both adaptive phased array antenna within microwave frequency
spectrum and satellite constellation theories to verify the ability of phased array antenna in
tracking multiple targets by using single Tracking, Telemetry Commanding and Monitoring
station at the sub-satellite point. The thesis also presents adaptive signal processing algorithms
to demonstrate their tracking capability of two satellites' directional beacons.

In this thesis, Matlab software has been used to simulate adaptive signal processing. The
analysis of the satellites” constellation using the six orbital element sets and the directional
beacon signal from two satellites in the Line of Sight direction is performed. The where about
of the satellites are extracted from the beacon signal angle of arrival. It is then used by the
steering vector to point the maxima towards the targets and the nulls towards the interferer.
The error vector is generated by the difference between the reference signal and the array
output and used to derive the weight control block. The simulation is within Ka and C — band
frequency spectrum, which is performed by implementing various numbers of elements and
spacing. Based on the simulation result, we have concluded that the optimum elemental
spacing in microwave frequency spectrum is 0.51 at a cost of 20 times more elements than that
was simulated for 10 elements. Generally, by controlling the inter element spacing and array

number; it is possible to track multiple moving satellites.

Keywords: Adaptive phased antenna, Steering vector, Error vector, Satellite Constellation and

Six orbital element sets.
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AU [SATELLITE TRACKING MICROWAVE PHASED ARRAY ANTENNA. |

Chapter One

Introduction

1.1 Motivation and Background

By the authors’ opinion, the future of Ethiopian technological advancement in the fields of
Telecommunication, navigation and surveillance, deep space interplanetary exploration,
regional as well as national security will deal inevitably with the utilization of wideband
frequency spectrum and satellite based communication. In addition, the classical or the older
satellite based navigation and communication are employed with less integrated technology

and poor performance [1].

Poor performances such as beam pointing error due to wind vibration, system
deterioration in rotating large dish antenna and its applicability to single target tracking are

some of them.

Adaptive phased array antenna is an antenna array which is aided by digital signal
processor. The digital signal processor controls the transmitted and received directional signals.
In this thesis, linear antenna array lattice, the DSP, the ADC, the RF and IF processing hardware
have been taken in to account. Given the controlling parameters in these hardware that, their

effect on the performance measuring metrics has direct as well as indirect influences.

The term adaptive is given for phased array antenna, such that the weighting applied on
each channel is not at the time of initial antenna system design. The weighting process rather
adapts to the signal environment. The adaptive control of the signal shall be performed on the
received data rather than on signal beam space by using DSP. The DSP includes two

fundamental blocks called the AOA estimator and the digital adaptive beam former.
1.2 Statement of the Problem

In the past, a single space craft was sufficient to perform most of the space mission.

However, a single space craft cannot fulfill most of the space mission objectives [32]. One way

By Eyob Habte, Advisor: Dr. Murad R. AAU, AAiT, SECE Page 1



AU [SATELLITE TRACKING MICROWAVE PHASED ARRAY ANTENNA. |

to fulfill the mission objective is through the use of a series or a number of satellites on the same

or different orbital paths and it is known as Satellite Constellation.

There are different constellation theories, which are applicable for different space mission
objective. In the past, satellite constellation concept has been proposed for broad range of uses.
Initially, starting from navigation and positioning (GPS and GLONASS), Satellite constellation
theory [32] spines out in to Telecommunication (Iridium, Global star, Teledesic and Inmarsat

etc.).

Taking both adaptive phased array antenna and satellite constellation theories into
account; can the theories in these fields be investigated in parallel for multiple moving signal
source tracking? Can the adaptive DSP performance measuring metrics be evaluated using the
two theories’ concept? Can the adaptive phased array antenna be tested in tracking two targets
at polar orbit? What are the effect of SVE, WVE and variation in input SINR on the antenna
array Gain (G)? If the above research questions are answered, can phased array antenna be

applied for multiple targets tracking?
1.3 General Objective

The main objective of the thesis is to study the adaptive phased array antenna and satellite
constellation theories. Next to that, investigating if satellite constellation and adaptive phased
antenna be analyzed and applied to multiple beacon signal sources tracking which are moving

on their orbits. In addition, it includes the following points.

1. Study the performance of adaptive beamforming algorithms such as LMS, SMI or DMI,
RLS, LS — CMA, based on (beam steering, nullifying, computational complexity and
convergence) for linear array geometry.

2. Investigating the output SINR and the signal processor gain with respect to weighting
vector error (WVE) and steering vector error (SVE) for linear array configuration.

3. Investigating/study the beam pointing accuracy of the adaptive phased array antenna

for linear array geometry.
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1.4 Specific Objectives

1. Investigating adaptive beamforming for two specific constellations i.e. for Walker star
and Delta.

2. Investigating the effects of varying antenna element number and inter — element spacing
on the performance of signal processor in tracking the directional beacon signals which
are transmitted from two target satellites using linear array configuration within
microwave frequency spectrum.

3. Investigating how to adjust the effect of antenna array number and spacing within the
operating microwave frequency spectrum.

1.5 Methodology

The methods which we follow to achieve the aim and objectives of this research are illustrated

as follows.

1.

Reading books, Journal Papers, Conference Papers, Proceedings, Reviews and Articles
which are related to Satellite Tracking, Adaptive Beamforming, Digital Signal
Processing, Satellite Constellation Theory and implementation method. Reading
simulation toolbox documentation and any research papers which are related to the
topics.

System Mathematical Modeling: Mathematical formulation of the AOA of the signals in
LOS direction from two target satellites.

Simulation: Simulation of uniform linear array and adaptive phased array antenna
beamforming algorithms for two targets satellite constellation.

Analysis and interpretation of the simulation result which is obtained by simulating two
targets beacon of the Iridium and Global star satellites. Comparing the tracking
performance of the adaptive beamforming algorithm based on main beam steering

toward the direction of the targets and placing deep nulls toward the interferer.
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1.6 Research tools and equipment

Matlab phased array antenna tool box and Microsoft office software on Intel(R) ™ i3-3240

processor with Windows 7 service pack 1 operating system have been used.
1.7 Contribution of the thesis

This thesis contributes to the field of navigation and communication through the
investigation of both satellite constellation theory and the adaptive antenna’s multiple moving
beacon sources tracking. In such a way that the two theories have been analyzed through a
mathematical modeling and then the phased array antenna tracking analysis has been
simulated through adaptive beamforming algorithms to measure their performance in tracking

multiple targets” beacon which are transmitted from two target satellites on same orbital path.
1.7.1 Specific contribution of the thesis:

* It has verified the ability of phased array antenna, which is operating within microwave
frequency spectrum and located at the sub - satellite point in tracking multiple targets.
* It provides an easy and smart method of satellite tracking by a reduced cost through the

use of adaptive signal processing.
1.8 Literature review

Many research papers and articles have been published regarding adaptive phased array
antenna, satellite constellation and tracking theory. The literatures reviewed in this thesis are
categorized specifically those of which are related with adaptive antenna array signal

processing and satellite constellation theory.

[1], [2], [3], [4] present the basic model of determining the AOA of the incoming signal's
from a certain direction. [2], [3], [4], [5], [6], [7] present antenna array beam forming and
adaptive beam forming algorithms which are used currently in array signal processing. [10]
discusses the self-steering capability of adaptive antenna array and demonstrates its ability to
track Satellite as it moves across the sky. It has further been summarized that in satellite

communication system adaptive antenna array main beam can be steered to track the desired
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signal by using LMS algorithm [3], [9], [10], and this has performed by changing the number of

element and changing the main beam steering angle.

[1], [11], [12] review a number of tracking systems in satellite communication. [1] presents
the past 25 years tracking methods which have been employed in satellite communication
systems to sensing error in amplitude and phase; among these two of error sensing methods are
prevalent. They may be described as monopulse and step tracking. In monopulse [1], [13], [14]
the received wave front from the target satellite processed and the error is sensed to derive the

pointing information to track the target satellite.

The reviews by Hawkin [1] summarized that by sensing higher order wave front both in
amplitude and phase an error sensing less than 0.005° can be achieved using monopulse
tracking method [13], [14]. Unfortunately, the monopulse technique relies on at least two
channel coherent receivers [1] for its operation and to process the received higher order wave
front and this incurs additional mass and expense. This factor can be absorbed in terms of
ground station operation but presents a penalty in terms of space craft consideration; as a result
a monopulse ground station system reduces the effective communication payload on the space

segment.

[1], [11] and [12] presents about the step track method, in the case of step track a relatively
simple non coherent receiver is employed and it is cheaper to implement than the monopulse
system. While the performance of the communication link is sacrificed a minimum signal to
noise ratio of 30 dB is required for satisfactory operation of the step track as compared to the
monopulse system which is 15 dB. As the error detection system is not “real — time” the system

suffers from the dynamic lag.

In the early eighties electronic beam squint tracking method had emerged and it appeared
to overcome the problem associated with the early tracking systems [1]. The tracking accuracy
and the dynamic performance are comparable with the monopulse tracking method and
relatively cheap to implement as it require only single channel receiver which yields simple

system.
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In this thesis as we have surveyed in the literature, the tracking system has employed dish
antenna and also the system has been used for single target tracking. In addition, the error in

amplitude and phase has attained to a minimum value of 0.005° .

This thesis has investigated the tracking ability of adaptive phased antenna and
contributed to the satellite tracking method. In such a way that it demonstrates the ability of
phased array antenna in tracking multiple target satellites at polar orbit. The simulation result
obtained, using the adaptive signal algorithms shows the optimal elemental spacing is 0.5A at a

cost of 20 times more element than that was simulated for 10 elements.
1.9 Assumption made in the thesis

1. The target satellites are equipped with space borne adaptive antenna.

2. Array element coupling and Doppler shift are assumed to be suppressed.

3. The ground and the space borne antenna initially locked at time t = t, using a reference
signal.

4. The effect of the signal propagation from space borne antenna to the ground antenna is a
pure time delayed.

5. The signals are propagated in the line of sight direction.

6. The ground station, where the adaptive phased array antenna to be deployed in, is
assumed to be located exactly at the sub satellite point of the target. The target orbit of
inclination is approximated to polar. As a result the longitude of the satellites and the
ground station are assumed to be equal at any instant t. The orbital planes of the target
satellites are perpendicular to equatorial plane. The orbital planes can be considered as

XZ or YZ plane in Cartesian coordinate.
1.10 Thesis Overview

Chapter one presents the motivation and background, the general and specific objectives,
methodology and the literature reviewed by the thesis. Moreover, assumptions taken by the

thesis and the thesis contribution have been also discussed.
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Chapter two covers a brief explanation about the fundamental parameters, definitions and
standard terms used in antenna theory which are defined by IEEE standard and other

literatures.

In Chapter three fundamental to antenna array theory, terminologies used in an antenna
array and the fundamental types of antenna array have been defined and discussed. Adaptive
antenna historical background, rectangular array signal modeling, rectangular array steering
vector and weighting, introduction to two dimensional LMS algorithm, measuring metrics and

terminologies used in adaptive signal processing have been also discussed.

Chapter four presents satellite constellation theory and the ground station TTC and M
mathematical modeling where the adaptive phased array antenna to be deployed in. The
chapter presents the derivation of AOA equation of the signals from the i*" satellites. The
analysis of satellite tracking in conjunction with adaptive signal processing have been discussed

and simulated for two targets on the same orbital path.

Chapter five presents and discusses the two target tracking simulation results, which is
performed by simulating uniform linear antenna array for 16 different element number and
spacing combinations within Ka and C — band operating frequency spectrum. Chapter Six
summarized and concluded the thesis and finally it presents the recommendations for future

work.
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Chapter Two

Fundamental Parameters of Antenna

2.1 Introduction

IEEE’s standard definitions for terms (IEEE Std 145 — 1983) defines antennas or aerials as
”a means of radiating or transmitting and/or receiving Electromagnetic or radio waves.” There
are different types of antennas such as wire antennas, aperture antennas, micro strip patch
antennas, reflector antennas and lens antennas. The history of antennas [9] dates back to James
Clerk Maxwell who had unified the theory of Electricity and Magnetism, and described their
relationship through the famous equation called Maxwell’s equations. Maxwell had also
showed that light was Electromagnetic waves, and both light and electromagnetic waves travels
by the same speed of wave disturbance. In 1886 professor Henrich Rudolph Hertz had
discovered a spark of electromagnetic waves, whose wavelength was 4 meters, between two
half wave transmitting dipoles and detected its presence around a loop and it was the first
wireless electromagnetic system. In 1901 Marconi had demonstrated signal transmission over
large distance; he had sent the first transatlantic signals from Poldhu, Cornwell, England to St.
John new found Land. From Marconi’s’ inception up to 1940s; prior to the second World War
antenna elements were wire type (long wire, dipoles, Helices, Rhombus and fans). From 1960s
up to 1990s major advances in antennas technology were made; during 1960s advanced
evolution on an antenna technology had maximized the bandwidths to 40:1. Early in 1970s
micro strip patch antennas was introduced and it was antennas advancement for a millimeter
waves; today antenna can easily be integrated with passive and active microwave circuits to
form a monolithic type. The basic antenna parameters which are defined below are derived

from the IEEE standard definitions of terms for antennas (IEEE std 145 - 1983).
2.2 Radiation Pattern

Radiation pattern of an antenna [3], [9] is defined as “the mathematical or graphical
representation of the radiation properties of an antenna as a function of angular space

coordinates. Some of these radiation properties include Radiation Power flux, Radiation Power
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density, Radiation Intensity, Electric or Magnetic field strength, Directivity, Phase or
Polarization.” The received electric or magnetic field of an antenna at distance of constant
radius is called amplitude field pattern, whereas the angular distribution of the radiation power
density over a surface of constant radius is called Power field pattern. In other words the field
pattern of an antenna is defined as the plot or representation of the magnitude of either the
electric field or magnetic field as a function of angular space coordinate [3], [9] and by similar
explanation power pattern of an antenna is the plot or representation of the square of either the
electric or magnetic field as a function of angular space coordinate. Amplitude field pattern and
power pattern are usually normalized by their maximum value and are called normalized field or
power pattern, respectively. Logarithmic scale usually called decibels (dB) used, which is used to

scale those parts of the pattern which have very small values.
2.2.1 Radiation Pattern Lobes

Different parts of the antenna pattern are called lobes. Lobes can be major or main lobe,

minor, side and back lobes.
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Figure (2.1) Azimuth cut line plot of Major,Minor, and side lobes in rectangular coordinate [3].
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Main lobe

Null

180

Figure (2.2) Azimuth cut polar plot of Major,Minor, and side lobes in polar coordinate [3].

2.3 Antenna regions

The space surounded by an antenna is known as antenna regions. There are three different
antenna regions [3], [9], the reactive near field region, the radiating near field region and the far
field region. The physical surrounding of antenna wherein the the electromagnetic wave power
and energy half of the physical length the antenna can be defined as the physical antennas
region. The reactive near field region is defined as “that part of antennas region which
predominately consists of the reactive energy.” The reactive energy does not radiated and it can

be described as the energy stored on the imaginary part of the antenna terminal impedance.

That part of the antenna region, whrer it is between the reactive near field and the far field
region is said to be radiating near field or the fresnel region. Similarly, that part of the antennas
region beyond the radiating near field region is called the far field region. The energy within the
far field region is independent of the distance from the antenna and it is also refered as the

frauhnofer region [9].
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2.4 Power density

Electromagnetic wave is used to transport information from one point to another in a
wireless as well as in guided medium [9]. It is naturally evident that electromagnetic wave
contains energy and power. The quantity to express the energy associated with the
electromagnetic wave is through the use of the vector cross product between the electric field
vector with the magnetic field vector [3], [9]. This quantity is defined as the poynting vector or
radiation power density. The average power radiated by the antenna over a closed surface can
be obtained by integrating the normal component of the instantneous average real power
density over entire radiation surface. It is obvious that the power density associated with the
imaginary part is the reactive or stored energy [9]. The power density associated with

electromagnetic field in the far field is purely real and refered to as radiation power density.
2.5 Power Intensity

In order to describe power intensity a spherical geometry term called sterdian or one unit
of solid angle has to be defined. One sterdian is the spherical angular meaured value of
spherical area of % where r is the sphere radius. Since the total spherical area is 47r? then there
are 4m sterdian in a closed sphere. Having in mind the solid angle, power intensity in a given
direction is defined as “ power radiated from the antenna per unit solid angle.” Since the observation
is made on large sphere of constant radius which is extending to the far field then radiation
intensity at the far field is simply defined by multiplying the average real power density by the

square of the distance and it is the far field antenna’s parameter.
2.6 Directivity

Isotrophic, omnidirectional and directional radiators are usually described along with
directivity of antenna [9] and defined as follows. A hypothetical loseless antenna which radiates
the electromagnetic wave equally in all direction is termed as Isotrophic. It is not exist in
practice but it is used as a reference to measure the directivity of others radiator. Whereas
directional radiator is defined as a directional antenna which can transmit and receive the

electromagnetic wave in certain direction. Its directivity is usually greater than unity. The term
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is usually defined for antennas whose directivity is more than the directivity of dipole wire
antenna, which is used commoly as a reference for directivity meaurement. Omni directional
radiator can be defined as “a special case of directional antennawhich radiates the
electromagnetic wave in either azimuth or elevation plane omnidirectionaly but not on both

plane.”

The authors of the 1973 IEEE’s standard definitions of Terms for antennas uses Directivity
gain of antenna rather than Directivity of antenna. But the authors of the 1983 IEEE’s standard
definitions of Terms for antennas revised the term directivity gain. Having in mind the revised
term and the three radiators, the directivity of antenna [3], [9] defined as the “ratio of radiation
intensity in a given direction to radiation intensity averaged over all direction.” Directivity is a unitless
antenna parameter. The average radiation intensity is the power radiated divided by 4m. If the

direction of intensity is not given then the direction of the maximum intensity is used.

For antenna with orthogonal polarization componets, there is a directivity called partial
directivity [9] and defined as ”part of radiation intensity to the given polarization component
divided by the radiation intensity averaged over all direction.” The total directivity includes

both of the directivity of the two orthogonal polarization components.
2.7 Antenna Gain

Antenna gain is a modification of antenna directivity so as to include the effects of
antenna eficiency or another term usually defined along with directivity. It is the measurment
of the antenna directivity in terms of its efficiency [3], [9] and it separately takes into account
the antenna input power along with its radiation efficiency so as to compare with the radiated
power. Antenna gain for antenna arrays can be defined as the ratio of output SINR of the array

to the input SINR [2].
2.8 Plane waves

E - plane of the electromagnetic wave is defined as the plane containing the electric field

vector and the direction of the maximum power radiation, on the other hand the H — plane is
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defined as the plane containing the magnetic field vector and the direction of the maximum

power radiation.
2.9 Beamwidth

The beamwidth of the antenna pattern is defined as the angular separation between two
identical points on the opposite sides of the antenna pattern maximum [9]. There are a number
of beamwidth on antenna pattern, it can be Half power beam width (HPBW) which is defined
by IEEE ” in the plane containing the direction of the maximum of the beam, the angular separation
between two points in which the radiation intensity is half of the maximum.” There is also a
beamwidth called First Null Beamwidth (FNBW) or approximately twice of the HPBW [3], [9],
which is the angular separation between the first nulls of the antenna pattern maximum. The
beam width is an important figure of merit and it is used as a trade of between the antenna
pattern beamwidth and the side lobe level. When the beam width of the main lobe decreases
then the beamwidth of the side lobe increases and vice versa [9]. The resolution capablity of an
antenna to separate two sources is half of the first null beamwidth.Two adjcent sources or

targets separated by angular distance equal or greater than half of the FNBW can be resolved.
2.10 Bandwidth

The bandwidth of an antenna is defined as the “range of frequency within which the
performance of the antenna with respect to some specified characterstics cofirmed to some
standard [9].” In other words it can be defined as the range of frequency between either sides of
the center frequency (resonant frequency for dipole antenna) wherein some characterstics of the
antenna (antenna terminal impedance, pattern, phase or polarization, side lobe level, gain,

beam, and beam efficiency) remain constant [3],[9].

2.11 Polarization

“”

The polarization of antenna in a given direction is defined as “ the polarization of the
electromagnetic wave transmitted by the antenna.” If the direction is not specified then the

polarization of the antenna is taken as the polarization of the maximum gain.”
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2.12 Antenna boresight

Antenna boresight is defined as the physical aiming direction of the antenna, or it can be

defined as the direction of the maximum gain or the centeral axis of the main lobe [3], [9].
2.13 Reciprocity

Antenna can radiate or transmit power in prefered direction, similarly antenna can receive

power in the same direction, this priciple is known as “reciprocity.”

2.14 Friis equation

Harald Friis devised a formula which relates the powers radiated and received by two
distance antenna and this famous equation relates the power received and transmitted by a
satellite transmitter with the ground station antenna system, and it includes the signal

attenuation model due to atmospheric layer, rain and other enviromental conditions.

2
P, =P,G,G, —>

r 47I(d)2 (2 - 1)
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Chapter Three

Fundamentals of Antenna Array

3.1 Introduction

Specific antenna radiation pattern requirements cannot be achieved by a single antenna
element alone, because single antenna element has wide radiation pattern and low directivity.
To increase the directivity of single antenna element it is usually necessary to increase the
electrical size of the antenna and increasing the electrical size of the antenna accompanied by
increasing the associated mechanical problems. One way of increasing the directivity is
achieved through an aggregation of a multiple clones of this single radiating element in a

particular geometric lattice called Antenna Array.

Antenna array can be defined in its geometrical lattice in space; antenna array can be
defined from a simple two element linear array up to a complex geometrical lattice such as

circular, spherical, hexagonal and cylindrical type.
3.2 Fundamental Parameters of Antenna Arrays

Antenna array in a particular geometrical configuration has different parameters such as
element number, element spacing, its geometrical configuration in space, its freedom to put the

maxima and the null to the preferred direction, the input SINR, the output SINR and its gain.
3.3 Linear array

An arrangement of antenna in a straight line is defined as linear array; the simplest
number of antenna element in linear array is two. Linear array is important since it helps to
have an insight to analyze even a large number of array elements and it can be linear or

nonlinear.
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3.4 Rectangular array

An antenna array element arranged in two dimensional Cartesian coordinate is called
rectangular array [9]. In such lattice the element spacing, element number and the array factor is

defined in the respective two coordinate directions.
3.5 Array factor

In antenna array theory, steering vector can be defined as propagation vector and the sum
of the steering vector in the array system is called array factor [2], [3], [9]. In a rectangular array

the array factor is along the x and the y axis direction.
3.6 Array freedom and array weighting

The gain and phase applied to the signal derived from antenna element can be considered
as a complex quantity and it is called the weighting applied to the antenna array element. For a
single antenna element, the weighting applied to the antenna element will not vary the antenna
pattern and parameter as we require; but for two element array the weight of one element can
vary with respect to the other, so that the pattern can be varied to desired direction; that is the
pattern maxima to one place and the null to the other place. For L element antenna array, the
antenna pattern can be placed at L — 1 different position; which is implemented by changing the
weight applied to the single element with respect to the other; therefore, we call the flexibility of

the antenna array to place the pattern at L- 1 place array freedom [2].
3.7 Array weighting

The weighting technique [2], [3], [9] which is applied on the antenna array can be used for
specific antenna array design purpose. For example, array weighting such as Binomial, Black

man, kaisser — Bessel, Hamming and Gaussian.
3.8 Shading

Array shading in antenna is defined as a technique which is applied in the antenna
radiation pattern so as to suppress the side lobe level to a certain defined amount which is

measured in logarithmic scale, so that the desired radiation pattern amplified to a certain
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amount. In phased array antenna there are different kind of shading such as Taylor, Chebyshev,

Hann, Kaiser and Hamming.
3.9 Optimal Antenna

The noise component, in a communication system which is operating in an environment
at which both the signal and the interferer works at the same carrier frequency, cannot be
removed by filtering. In such a case the noise component can be optimally reduced by
maximizing the signal to interference plus noise ratio such a communication system devised

antenna called optimal antenna [2].
3.10 Adaptive Antenna

The name adaptive antenna is given for a phased antenna array such that the weighting
process of the antenna element is not performed at the time of design rather the weighting
process is performed dynamically on the time of signal processing and such a communication

system employed an antenna array called adaptive antenna [2].

The historical background of adaptive antenna dates back to Van Atta [3] who has
theorized the principles of operation of retro directive antenna which is used to retransmit
signal in the direction of reception and it can be viewed as a reflector antenna by using phased
antenna array concept. The advancement of the retro directive antenna through the use of
closed loop system had stepped the antenna array research forward to the current advancement
level ie.; the phased — locked — loop (PLL) improves the self — phasing ability of the retro
directive antenna system. Adaptive side lobe canceller (SLC) which was proposed by Howells
in the retro directive antenna system improves the interference nulling ability so that it stepped
the research in the adaptive antenna forward, there by SLC maximized signal — to — interference

ratio (SNR).

By using the generalized side lobe canceler which was applied to maximize the SNR,
Apple Baum developed an algorithm which is governing the adaptive interference cancellation
and known as Howells Apple Baum algorithm, at the same time Widrow developed least mean

Square algorithm (LMS), both the Howell - Apple Baum and Widrow’s algorithm converges to
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the optimum wiener solution. The convergence of the algorithm depends on the eigen value

spread of the signal correlation matrix.

The involvement of adaptive algorithm in the phased locked closed loop system which
had been researched and devised by Widrow and Apple Baum comprised not only the antenna
array but also a signal processing unit. This signal processing unit is used to retro direct the
transmitted signal towards the signal source, and includes sampling and digitizing, signal auto
correlation sequence operation on the received digitized data. So that the generated array
correlation matrix of the received signal, the estimated array weight using the statistical signal
processing final output are applied to adaptive beam forming so as to manipulate signal source

tracking.
3.10.1 Rectangular Array Lattice

In two dimensional array, the number of antenna elements are M and N, and spacing d,
and d, in X and Y axis respectively as shown in Figure 3.1. Having taken into account
rectangular array lattice, spatial array’s digital signal processing always needs to define the
following: signal model, media of propagation, constitute antenna elemental model, assumed

signal bandwidth, effects of propagation in the modeled media.
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Figure (3.1) Rectangular array coordinate system models [14].

Which are the corresponding parametric digital signal processing terminology to the
rectangular array lattice given that the initial hypothetical assumption towards a formulation of

a mathematical equation that shall be applied to multiple moving signal source tracking.
3.10.1.1 Signal Model

The incident directional signals coming from a moving source located at the farthest
distance from the antenna array can be considered as a plane wave, and the propagation media
between the K™ source and the antenna array modeled as homogenous non dispersive, and the

antenna array element modeled as distortion free omnidirectional.
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Figure (3.2) signal model in rectangular array [14].

If it is so then the effect of propagation from the source to antenna array is purely time
delayed. Consider a rectangular Cartesian coordinate system in Figure (3.2) at which the
antenna array element located at the origin taken as a time reference element. Having in mind
the reference element at the origin, the time required by the plane wave front coming from the
K source to the (M, N)®* element is given by.

TNy * V(Oer, Paz)
c

Tunth Ber, Paz) = seconds (3 — 1)
Where r(y y) is the radial distance measured from the (M, N)t*  element located on the
array to the moving signal source, v(8¢;, §g) is the unit vector in the direction of r y) and c is

the speed of electromagnetic wave disturbance. The signal induced on the array element by the

K" source can be modeled using the following complex notation.

x(t) = my(t)el2zmed 3 -2
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Where my (t) is the modulating signal of the K** source which is modeled as a complex
low pass process with zero mean, stationary process with variance of the signal source power
and f; is the carrier microwave carrier frequency assigned for satellite communication. The

signal induced on the (M, N)** element delayed by Tomnyth (0,1, dgz) seconds before it arrives on

the reference element at the origin of the array coordinate and it is given by [14], [2], [4].

o = moo ol P TCata))

The signal from the source is assumed narrowband and the antenna array size is smaller

enough so that the modulating signal in the propagation time which is during ty; nyth (8er, $az)

seconds remain undistorted, i.e. m (t) = my (t + Tovnyth (CHE cl)az)).

The signal induced on the arbitrary element on the array shown in the Figure. (3.2) let it be

on the element indexed (m = 1)and (n = k) is given by the following general equation [14],

(2], [4]-

(jZT[fC <t + Taath (eel,¢a2)>+2n(dl_k) ((sin Gel))(cos(q)az(t)— tan‘l((ll(__ll))))>

x(t) = my(t)e B-4

Where 8., is the array physical elevation angle towards the targets to be tacked, ¢,,(t) is
the instantaneous azimuth angular displacement of the sources signal which are coming from
the target satellites and we can say the main beam is pointing towards the target at angle
of (B¢;, gz ) where (90° — 6,) is the slant range angle and ¢,,(t) is the instantaneous true
angular pointing direction of the antenna towards the target satellite beacon signal source. And

the distance d,  is given by

, d 2 a, 2
dip = (l_l)T + (k_l)T (3 -5
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3.10.1.2 Two dimensional steering vectors

The total induced signal matrix of the rectangular array X(t) due the K" sources will look like.

X® =[ XO, XM®2), -, XK ] (B -106)
Where X(t) i is M by N induced signal matrix for the k** source which is impinged at the two

dimensional direction (8,;, 4, ) on the rectangular array. Now let us assume the signal induced
by single source alone on the arrays shown in Figure (3.2) therefore the steering matrix due to

single signal source located in the far field from the antenna array is given as follows [14], [2],

[4]-

X© = m (t)e<j21'tfc (t + ‘E(M’N)th(eel,¢az)>+2ﬂ(d1'k) ((sin Gel))(cos(q)az(t)— tan‘l((]l(__ll))))>
- k

my. ® ejZch (t + Tyt (eel:d)az)) ejzﬁ(dlyk) ((sin eel))(COS(¢az (- tan‘l((]l(__ll))))

j2mfe (t + Tomnth (eel'q)az))

mk(t)e S(eel:q)az) (3 - 7)

Where S, k(eel' d)az) — e]'21't(d1,k) ((sin Gel))(cos(q)az(t)— tan-i((ll‘_‘li))))

Where the two dimensional steering vector is given by the general formula in Eq. (3 - 8)
and the first, second and the M, N column steering vector components of the two dimensional

steering vector is given by Eq. (3-9), Eq. (3-10) and Eq. (3 - 11) respectively.

S(Oer, Paz) = [Sma(Oct Pazar), Sm2(Bet, Pazai) » v Sun(Oer Pazar)) | 3 -198)
1
j2m(da,q) ((sinBep))(cos(daz (1))
Sm1(0er, G1i) = € ) (3 -9

oJ2m(dn1) (i 8e))(cos(bar(6)))
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-1
j2m(dzz2) ((sin Gel))(cos(cbaz(t)— tan~ 10D

ef27T(d1,2) (Gsin eel))(cos(q;az(t)_ tan-l(m‘l))) .|
) i

|
|
l

Smz(Be Prx) = | = (3 - 10)
o 12m(@2) ((sin 8)) (cos(@az ()~ tan*G=F)) |
[ ,i2n(dsn) (Gsin6en)(cos(@az ()~ tan =) ]

SM'N(eel,d)Lk) _ eerr(dz’N) ((Sineel))(cf)S(QJaz(t)tan‘l((r:l'll))))! (3 ~ 11)

le j2n(dm ) ((sin Gel))(cos(d)az(t)— tan‘l(gl__ll))))J

3.10.1.3 Two dimensional weight matrix

In two dimensional arrays processing the beam former output is obtained by multiplying

each element induced signal of the array by its elemental weight wy,, and then summed

together.

W= [W1,1 W21 - Wpmg1 Wiz Wpp Wyz2 Wiy Won - Wypy]H (3 - 12)

Therefore, the beam former output y(t) for single signal source X(t) is given by the

weighted sum of each array element induced signal and is given by [2], [4], [14].

N M
j2mfe (t+ T th (Gez.d)l,k))
y(®) = Z Z Wi | me(te (MN) S(Ber, b1k ) (3 - 13)

Then the beam former output due to k directional moving sources is the individual sum of

the beam former output for the corresponding arrived signals in the direction of (8;, ¢;) and is

given by the following equation.

K
v = ) wi® 3 - 14
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For a rectangular planar array lattice of M by N elements, d, and d, inter — element
spacing along the x and y axes, the two dimensional adaptive LMS algorithm [16] is described
as follows. The error signal between the array output and the estimated output at the k™
discrete time instant is given.

N M

e = Y0 = D" Winn(%mn () 3 - 15)
0

n=0m=
Then the least mean square error will be derived by squaring the norm of the above equation

eq.(3 — 15).

2

N M
YO = > D Winn(0xmn ()

n=0 m=0

le(|? = (3 - 16)

*

N M N M
(91 = (y(k) - w;*nnaoxmn(k)) (y(k) - w;;m(k)xmn(k)>

n=0 m=0 n=0 m=0

N M N M
0O =1 YOOI = > xiun(9 y0) Winn () = > D" sy (0y" (Wi (0

n=0 m=0 n=0 m=0

+ (B0 Zho ZN T Kun () Wann ()5 ()W () ) (3-17)

The gradient of the least mean square error is obtained by partial derivative of the mean

square error Eq. (3 — 17 ) with respect to elemental weight and it is given by [2], [14], [16].

9 Elle()?]

w9 = —2 E[e(k) x*(kK)] (3 — 18a)

EaE[le(k)lz]

Wmn(k + 1) = Wmn(k) - 2 ann(k)
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Wmn(k + 1) = wp, (k) + E[e(k) x*(k)] (3 — 18b)

Substituting Eq. (3 — 15) in to Eq. (3 — 18a) then adaptive weight at the discrete instant

(k + 1) is given by the following equation.

M

N
van(k + 1) = Wmn(k) + H(Y(k) X*(k) - Z Wmn(k)xmn(k)X*(k)) (3 - 19)
n=0 0

m=

The gradient of the least mean square error is then used in the entire reference signal
based adaptive algorithm [3], [16] that is the LMS, SMI and RLS in order to calculate the
minimum least mean square error between the reference and the array output which in turn
used to calculate the adaptive optimal weight in the direction of signal of interest from the

target satellite.
3.10.1.4 Phased Array Power output

Define the array correlation matrix R which includes the summation of the array
correlation matrix due to the desired target signals, undesired target signal which can be
considered as unwanted interferer and the array correlation matrix due to the background and
electronics noise. The output power of the array at any time t is obtained by the magnitude

square of the array beam former output y(t) which is given by Eq. (4 — 14).
P() = Iy®I*
PO = ly®y" @I
P(t) = [wHX(©OX* (t) w| (3 — 20)
Since the signal is modeled as zero mean stationary process then taking the expectation of
the instantaneous power output P(t) of the array will give us the mean output power of the
array which includes the power output due to the desired target signals, unwanted target

interference and power output due to the electronics and background noise which is generated

on the phased array antenna system.

Pw) = wHlRw 3 -121)
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The mean output power of the array is given by Eq. (4 — 21) clearly shows that the
performance of the array can be measured in terms of the weighting method and it is

application dependent.

Output power due to K moving sources, the undesired interference and the total noise is given

by the following mean output power equation, respectively.

P(w) = wHRiw (3 — 22)
P(w) = wlRjw (3 — 23)
Py(w) = wHRyw (3 — 24)

3.10.1.5 Signal to interference plus noise Ratio (SINR)

Ps(w) _
SINR et (3 — 25)
WHRSSW
SINR = (3 — 26)

wHR; w + wHRy w
3.10.1.6 Performance measurement indices

Performance indices to measure the effect of error on the array system include array gain,
measure the depth of the deep null, interference rejection capability, measure of change of the
side lobe level and bias on the estimation of the angle of arrival of the signal. Array gain in

antenna is defined as the ratio of the output SINR to the input SINR [2]
3.10.1.7 Weighting vector error (WVE)

Array weights [2] are calculated using an ideal assumption and it is stored in the memory.
Array weighting is implemented using amplifier and phase shifter to vary the amplitude and
the phase of the elements respectively. The theoretical performance of an array system is
measured by assuming the error free — weights; however the actual system performance
measure is dependent on the actual array weight implemented on. Having this facts in mind,
the difference in the actual and theoretical system performance is arise due to errors caused at
different point on the array systems; starting from the assumption of the plane wave arrival at

the array, imperfect knowledge of the element position and characteristics, steering vector and
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reference signal error in calculating the weight, quantization error in converting the analog
weight to digital form, error during implementation which is caused by variation in

components.

The effect of random weight fluctuation is reduction in the array gain [2]. The reduction in array
gain is very much dependent on the number of elements in the array system and the error free

gain.

For an array with large number of elements the effect of random weight fluctuation cause
the array gain to unity, which implies the output SINR is equal to the input SINR, as a result no

array gain is obtained.

It is assumed that the estimated weight W is different from the optimal weight by the
additive random error component and the random weight fluctuation I' can be modeled as M

by N matrix with the following statistical properties.

W= Wop + T (3—27)

E[] = 0 forij = 0,1 (3—-28)

2 . .
1 — o5, fori,m # n,j _
3.10.1.7.1 Output signal power
P(w) = WHR, W = PwhS SHw (3 -30)

Substituting Eq. (3 —27) in to Eq. (3 —30) the output signal power is given by eq. (3 —31)

Pi(w) = PwhS,SHW = Py(wop + T)"SoSH (wop+ T) (3 —31)

3.10.1.7.2 Output interference plus Noise power

Py(w) = WHRyyW = P,wissiw (3-132)
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Substituting Eq. (3 — 27) in to Eq. (3 — 32) the Output interference plus Noise power is given
by Eq. (8 — 33) below.

Py(W) = Py(wop + T)"SySH(Wep+ T) (3 - 33)

3.10.1.7.3 Output SINR
The ratio of eq. (3 — 31) to eq. (3 — 33) and given by eq. (3 — 34) below.

H
Ps (Wop+ T') SoSg (Wop+ T')

SINR = m
Py (Wop+ T') SnSH (Wep+ T)

(3—34)

3.10.1.7.4 Array gain (G)

Dividing Eq. (3 — 34) by the input SINR gives us the gain (G) of the phased array antenna.

3.10.1.8 Steering vector error

Steering vector may be erroneous due to factors such as imperfect knowledge of the
element position and due to finite word size arithmetic, it is assumed that each components of
the estimated steering vector S different from Sy by the additive random error component and it

can be modeled as follows [2].
S =S, + T (3-135)

E[lj] = Ofori = 0,1,

. o2, fori#j
I ] = { ", fors = (3 —36)

3.10.1.8.1 Output signal power

= PwisS S w (3-137)
Substituting eq. (3 — 35) intoeq. (3 — 37) the output signal power is given by eq. (3 — 38)

P(w)= P,wl(S,+ T')(S,+ I'fw (3—-38)
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3.10.1.8.2 Output interference plus Noise power
Py(w) = wiRyw
— —H
= PywiS S w
= PNywH(S;+ T)(S+ TNfw (3-39)
3.10.1.8.3 Output SINR
PwH(S,+ T)(S,+ TYHwW

SNR = 3—-40
PIN WH(SI + T )(SI + T )H w ( )

3.10.1.8.4 Array gain(G)

G is obtained by dividing both sides of the output SINR in Eq. (3 — 40) by input SINR.
3.11 Angle of Arrival Estimation

Adaptive antenna estimates the direction of arrival of the incoming wave front based on
the statistical operation on the induced signals; the two known approaches so as to determine
the angle of arrival (AOA) of the signals arrived from a certain directions are based on spectral

estimation and the eigen structure of the corresponding superposed induced signal.

The methods of angle of arrival estimation [2], [3], [11], [18], [19] which is based on
spectral estimation techniques are Bartlet AOA Estimation, Capon AOA estimation, linear
prediction AOA estimation, Maximum Entropy AOA Estimation, PHD AOA estimation.
Multiple Signal Classification (MUSIC) and Estimation of Signal Parameters via Rotation
Invariance (ESPRIT) are the two AOA estimation techniques which are based on the eigen

structure of the incoming superposed signal.
3.11.1 Spectral Estimation

The goal of spectral estimation or angle of arrival (AOA) estimation is to define a function
that gives the angle of arrival of the wave front which is coming from the moving target beacon
sources at some discrete time snap shot k which is based on the maxima and angular dependent

and independent variable.
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3.11.1.1 Bartlett AOA Estimation

It is a spatial version of averaged periodogram [3] and it can simply be considered as
spatial finite Fourier transform of all signals arrived on the antenna array; equivalently the
periodogram can be considered as adding all array factors for each angle of arrival and then

finding the absolute value squared.

Pg(8) = S"(8)Ryy S(6) (3—-41)
3.11.1.2 Capon AOA Estimation

It is known as Minimum Variance distortion less response (MVDR) and it is a maximum
likelihood estimate of signal power coming from one direction and considering all other sources
as an interferer [3]. The goal is to maximize the SINR while passing signal of interest
undistorted in phase and amplitude. The maximized SINR is accomplished by a set of array

weights which is given by the weight vector.

W = R;«S(6) 3 42)
T STORLIS®)
1
Pe® = SToRLIs@) G149

3.11.1.3 Linear Prediction (LP) AOA Estimation

The goal of LP is to minimize the prediction error [3] between the output of the m®™

h

sensor and the actual output of the array. The m™weights to minimize the mean squared

prediction error are given by the weight vector components.

Ry Up
Wy, = ——— 3—44
" ulRzdupy ( )
R lu,)?
Ppm (0) = m (3 —45)

2
[uf R S(0)|
3.11.1.4 Maximum Entropy AOA Estimation

Maximum Entropy AOA estimation is also called Autoregressive Method [3]. It defines a

function that maximizes the entropy; the pseudo spectrum is given by.
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1

Pugj (6) = SH@)C, Chal, (3 — 46)

Where C; is the jt column of the inverse of array correlation matrix (Rg).

3.11.1.5 PHD AOA Estimation

The PHD performs the pseudo spectrum estimation based on the minimum mean squared
error of the array output under the constraint such that the norm of the weight vector is unity
[3]. The constraint to the unity weight vector is achieved by choosing the smaller eigen vector of
the array correlation matrix which is corresponds to smallest eigen value. It minimizes the MSE
and is given by eq.(3 — 47).

1

oo © = TsT@) e

(3 —47)

Where e, is the signal subspace eigen vector corresponds to the smallest eigen value, 8 is the

instantaneous arrival angle of the signal.
3.11.1.6 Minimum Norm (MN) AOA Estimation

The MN spectral estimation [3] is based on solving optimization problem for calculating

the array weight vector such that the following is set [2], [3].

UL ExExTU, T
|SH(0)EnEx U, |

Pun (6) = (3-48)

Where 6 the angle of arrival of signal, U; is is the first column of the M by M Cartesian matrix,

and En is the noise subspace eigen vector matrix which is given by [2], [3].

Ey =[E1 E; - Ey_p] (3—49)

Where M is the number of element, then normalizing the pseudo spectrum expression above

will give us the following spectral estimation equation [2], [3].
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1
|SH(®)ENEN"U, |

Pun (8) = (3-50)

3.11.2 Eigen structure AOA Estimation

The AOA Estimation method which is categorized in the eigen structure [2], utilizes the
following properties of the array correlation matrix (1) the space spanned by the eigen vectors
can be separated into signal sub space and noise sub space (2) the signal sub space is orthogonal

to the space spanned by the noise eigen vector.
3.11.2.1 Multiple Signal Classification (MUSIC)

Music AOA estimation promises to provide the number signals, angles of arrival and the
strengths of the wave front [2]. If there are D signals arrived from D targets there are D signal
eigen vector subspace; therefore. The noise eigen vector subspace Ex is M by (M-D) matrix such
that it is orthogonal to the array steering vector. Using the orthogonality between the noise
eigen vector subspace and the array steering vector then pseudo spectrum is given by eq.
(3—-51).

1
SH(0)ENEN"S(0)|

Pyusic(6) = | (3-751)

3.11.2.2 Root Multiple Signal Classification (Root MUSIC)

Root MUSIC [3] implies that the MUSIC algorithm is reduced to find the root of the
denominator of the MUSIC pseudo spectrum in Eq. (3 — 51). Such that a matrix C = EyEx" and
the polynomial D(z) is the simplified sum equation which includes the product of the array

steering vector by its Harmitian and the matrix C.

Prootmusic(0) = ISE)CS(O)] (3-52)

Where C = EyEy"
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1
Prootmusic(0) = D) | (3-753)

The roots of D(z) whose norm has unity value are the exact zeros of D(z). The angle of arrival of
the signal from the targets can be estimated by comparing roots: Z; = |Z;| 7kdsin®) and Zz;

—|7,| (@ra@D)

|Z;| ~ikdsin(®) — |7.| (arg(z)

Then estimated angle of arrival from the targets are given by Eq. (3 — 54)

o 1
Gi = —Sln 1(Wg(zl)) (3—54-)

3.11.2.3 Constrained MUSIC

The constrained MUSIC [2] uses the direction of arrival of known source in order to
estimate the angle of arrival of the unknown sources, in such AOA estimation the signal
information of the known source is removed and used to determine the AOA of the unknown

sources.
3.11.2.4 Beam - Space MUSIC

In previous section the data received by the antenna array element is simply received and
directly processed by MUSIC algorithm but in the beam — space MUSIC the signal received by
the antenna array element first processed by adaptive algorithm before it is taken and processed

by MUSIC algorithm [2].
3.11.2.5 Estimation of Signal Parameter via Rotational Invariance Technique

ESPRIT exploits the rotational invariance of the signal subspace which is created by two
arrays with translational invariance structure. ESPRIT is based on two arrays of identical
structure called Doublets [3]; the arrays can be separate or composed of one large arrays and it
is important to note that the arrays are displaced translationally not rotationally. The signal
induced on the sub - arrays which are related translationally will be analyzed as follows. The

row vector ¢ is the phase shift between the doublets at each angle of arrival therefore for the
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two targets there are two arrival angles which is D = 2 and the phase shift is given in eq.

(3 —59).
x1(k) = $1(8) m;(k) + n(k) (3-55)
x5 (k) = S2(0) m;(k) + n(k) (3-56)
o8- B b oo
S,(0) = ®S,(0) (3 —58)
o = [ efidsind glicsinos] (3-59)

Ri1 = E[x; (K) x; (0M] and Ry, = E [x, (K) x, (K)1]
Correlation matrix Ry; and R,, are M by D with D signal eigen vectors each.

3.11.2.6 Closest AOA Estimation

This method employed to determine AOA in the selected source sector, CLOSEST AOA
Estimation [2] is a generalization of the Minimum Norm method, and it is based up on element
spacing rather than beam spacing and can be considered as an alternative to Beam — space
MUSIC. The array weight is searched in noise sub space such that the steering vector which is

CLOSEST to the direction of arrival of the signal is selected from the sector under consideration.
3.12 Beamforming

In signal processing, beamforming [3] can be broadly classified as conventional and digital
beam forming, the conventional beamforming method is a simple technique by which the
received signal is weighed and summed up together so as to generate the array output and it is
also known as fixed weight beam forming. Digital beam forming rather involves a complex
signal processor in order to manipulate the weighting process and the required parameter

under specific application and it is known as Adaptive beamforming.

Digital beamforming ranges its application in mobile base station, in bio — medical, sonar
and currently the older radar systems are also shifted to implement the digital beamforming

techniques. Having in mind this; adaptive beamforming [2], [3], [11], [16], [20], [21], [22] is one
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of the techniques in digital beamforming categories such that the signal received by the antenna

array processed statistically so as to form the beam on the received signal rather than on space.

In adaptive antenna, pattern is controlled by using an adaptive algorithm based up on a
certain criteria, the criteria might be maximizing signal to interference plus noise ratio,
minimizing variance, minimizing the mean square error, steering the pattern towards signal of
interest, putting the nulls of the antenna towards the interferer or signal of not interest and

tracking moving signal sources.

Therefore, adaptive beamforming in satellite tracking involves receiving a beacon signal
from a certain angular direction, while the arrival angles contain the where about information
of the satellite in its orbital path; the AOA and the parameter which determine the where about
of the satellite is derived from the initial satellite’s constellation information and the
instantaneous orbital — element of the satellite in space; therefore, adaptive beamforming in this
thesis performs the beam on the data which is modeled by the six orbital element which will be

discussed in the next chapter.
3.12.1 Fixed Beamforming

In fixed beamforming, the processor response (w!lsg) in the direction of desired signal
acquires value of unity so that the SINR will be maximized by putting the nulls in the direction

of the interferer.
3.12.1.1 Maximum SINR

In fixed beamforming, the criteria to maximize SINR is performed by taking the derivative of
the SINR equation in eq.(3 — 26) with respect to the weight w and then equate to zero

substituting the evaluated weight vector into eq.(3 — 26) for maximum SINR value [2], [3].

( wHR i w )
d(SINR(w)) "\ wHR;w + wHRyw/ _ 0
dw B dw B
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3.12.1.2 Minimum Variance

The minimum variance solution is the minimum variance distortion less response [3]; In
MVDR the signal is remains undistorted after multiplication by the array weight vector. Here
traditional array configuration block diagram in Figure (3.3) is considered and the mean of the

unwanted signal is zero and the goal is to minimize the noise variance.

The array output:

y = wilsym+ whu (3—-160)
and putting the constrain wf s, = 1,
y = m + wlu (3—-61)

@ﬁ
)

Figure (3.3) Conventional beamformer block diagram [3].

3.12.1.3 The mean and variance of the array output

Since the mean of the unwanted signal is zero that was initially assumed, then the mean of MV

is the expected value of the array output, and given by.

Y = Em + wlu] =m (3-162)

The variance of the array output is given by such that [2], [3].
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HRII w

(c2) = [|m + WHu|2] =Y > (3-163)

The modified cost function is the linear combination of the variance and the constraint

Hp-1

](w)=WR+W+ A(1— whsy ) (3 — 64)

The gradient of the modified cost function is given by Eq. (3 — 65) and then the minimum
of the gradient vector points out the weight vector to the minimum variance solution [3] and the

minimum variance weight vector is given by Eq. (3 — 66).

V,J(w) = wRil = S, (3 — 65)
way = T (3~ 66)
A= % Since wHsy, =1, Wyy = %
A= (3 - 67)

Substituting the Lagrange multiplier in Eq.(3 — 67) in to the minimum variance weight
vector Eq. (3 — 66) then the weighting vector will be looked like below and it is unconstraint
optimal beamformer weight vector.

Ral]i So

_ 3—68
55{ Rud so ( )

Wmy =

3.12.1.4 The maximum likelihood (ML)

The unknown desired signal x; and the unwanted noise with zero mean, Gaussian
distributed in which the mean of the noise is controlled by the desired signal and then
traditional array configuration in Figure (3.3) is considered. The input vector signal X given by

X = som + n, and the maximum likelihood method estimates the desired signal by
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manipulating the pdf of the joint distribution of the input vector X and the desired signal and

it given by p (*/x,) in Eq. (3 — 69)

(Ge=som Y REA((x~som )
p(*/x,) =~ (3-69)
(o7)

3.12.1.5 The log - likelihood of the joint pdf

L(x) = C ((x — som )f R;,ll((x — Som ))) , Cis a constant and the partial derivative of L(x)

with respect to the estimated signal s is given by.

oL 9(G—som Y Rgk((x-som)))
am - am =0 (B-70)
— Rl’_lrji S0
x = sh Ran So
_ Ruisg 3_ 71
WML = s6 Rus So ( )

3.12.1.6 The minimum mean squared error (MMSE)

The adaptive control system array configuration in Figure 3.4 is considered for the
evaluation of the optimum weight vector. Here desired signal can be used as a reference signal
or signal which is highly correlated with the desired signal can also be taken, but if the reference

signal is the desired then the MSE cannot be considered.
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Figure (3.4) Beamforming with weight control and without weight control [4].

The output error is defined as: e = |d — w! x|, then the mean - squared error is
le]> = |[d— wH x|2 =d? — 2wlrgg + wiR,w = | (w) (3-72)

This function is called a cost function or sometimes performance surface, and it is a quadratic
function of weight vector on M — dimensional space. The minimum of the MSE or the quadratic

surface is found by the gradient of the cost function in Eq. (3 — 72).
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The Minimum of the performance surface changes as the AOA of the input vector changes and
there by the array weight vector is updated for MSE between the desired signal and the

reference signal.
Vw] (W) = 2RyxWnmsg — 2 TI'xq 3-=73)
RyxWMsg —Txa = 0
Wpmse = Riiryq, sinced=m
Wumsg = MRyzx (3—74)
3.12.2 Adaptive Beamforming
The maximum SIR, maximum likelihood (ML) and the minimum variance (MV) methods

are devised for fixed angle of arrival emitter such that the optimum array weight will not need
to be adjusted by the receiver signal processor to adjust the continuous changing
electromagnetic environment. If the angles of arrival of the incoming signals changing
continuously then the receiver signal processor need to adjust or recalculate the optimum
weight vector to adapt the changing electromagnetic environment, so that the signal processor

need to devise an optimization method to continuously recalculating and adjusting the weight

vector.
3.12.2.1 1D Least Mean square (LMS)

LMS is a quadratic performance surface based adaptive beamforming algorithm by using
the gradient of the cost function; the performance surface is a quadratic function of the array
weights and it is in the shape of the elliptical parabolic with one minima and a method to find

the minimum is through the use of the gradient of the mean squared error.
e(k) = [d(k) — wH (K)x(1)] (3-75)
The mean squared error function is given by:
2 H 2
le(0I? = | (d00) — wh (x|

The expected value of MSE:
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Elle(01? 1 = E[| (400 — wH (9x(0)|']
W) = B[R — 2wH (0 x(9 d) + w (09x0x" (0 (]
= D = 2wH (g0 + WH (R (K) WK)
Removing the independent variable
Jw) = D—2wlrg+ wiRyw (3-76)

The gradient of the cost or quadratic performance surface is given by

V(W) = 21yq — 2WRyy B=177)

Wopt = R;)} Ixd (3-178)

The optimum weight vector solution is predicted based on our knowledge of all signal
statistics but actually we don’t know the exact statistics of all signal so that the array correlation
matrix and the signal correlation vector is estimated by taking the time average of all sample at
some observation interval time of K, therefore the instantaneous array correlation matrix and

signal correlation vector are given as follows.

K
1
K1) = 2 ) x09x () = Ry(K) (3-79)
1 K
a0 = ) x09d" (9 ~ 1) (3-80)
k=1

The assumption for the above adaptive beamforming analysis is based on the known or
exact statistics of the signal. But the exact statistics is approximated through the use of time
average snapshot of the array correlation matrix and the signal vector as give in Eq. (3 — 79)and

Eq. (3 — 80).

Employing an iterative technique called method of steepest descent to approximate the

gradient of the array weight quadratic performance surface, the direction of steepest descent is
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opposite to the direction of the gradient vector. The steepest descent can be approximated in

terms of weight using least mean square (LMS).
wk +1) = wk) — 5 p* T J(w) (3 —81)
Substituting the instantaneous array correlation matrix and signal correlation vector Eq.

(3—=79)and Eq.(3—80) on to the gradient Eq. (3 —77) and then to Eq. (3 —81) next

adaptive weight is given by

Wik +1) = Wl ~ 21 (21— 2WRys ()

wk +1) = wk) — p(x@d" &) - w x@xH ()

= w(k) + puxH(k) (d k) — wh x(k))

= w() +ux( (") (3 - 82)

The convergence time t; = ; and smaller step size p; makes the adaptation so slower

1
2wy
that the signal processor will not track the time varying angle of arrival of the signal; in the
same way larger step size makes the adaptation to overshot, such that the adaptation may

oscillate above and below the optimum value.

Therefore, the step size u has to be chosen in the interval (1 < p; < }\;), where A ;4 is the
max

largest eigen value of the array correlation matrix and it is selected approximately using trace of

the array correlation matrix.
3.12.2.2 2D Adaptive signal processing

Adaptive algorithm can be classified into blind and non - blind type where the non —
blind adaptive algorithm require a reference signal for adaptive weight control of the antenna
array, algorithm such as LMS, SMI or DMI and RLS can be categorized in the non - blind type
where as in the blind adaptive algorithm such as LS — CMA there is not a requirement for

reference signal.
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Figure (3.5) 2 dimensional array with adaptive weight control block [5], [14].

3.12.2.2.1 2D Least mean square (LMS)

Two dimensional weight adaptation which was given by eq. (3.19) in the previous section.

M

N
Wik + 1) = wypn(k) + u(y(k) ORI wmn(loxmn(k)x*(k))
n=0 0

m=
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Figure (3.6) 2 dimensional array with 2D LMS adaptive weight control block [5]. [14].

3.12.2.2.2 2D Sample Matrix Inversion (SMI)

This method is also called direct matrix inversion [3] in such method of adaptive beam
forming, the array correlation matrix and the signal vectors are approximated by time average
snap shot of the sample; this method is used in order to avoid the LMS adaptive algorithm
drawbacks of slower adaptation, which mean LMS requires more than half the period of the
incoming wave front for adaptation. The SMI is faster than LMS [3] and it is a method based on

block processing and has a drawback of matrix inverse error.
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Figure (3.7) 2 dimensional array with 2D SMI adaptive weight control block [5], [14].

3.12.2.2.3 2D Recursive Least Square (RLS)

This method devises a factor called forgetting factor (0 < ¥~ < 1) to ignore the earlier
data samples performed through the process of adaptation of the electromagnetic environment.
It has better performance when the eigen value spread is very large and if the forgetting factor

is set to 1 then the RLS algorithm will return to LMS [3].
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Figure (3.8) 2 dimensional array with 2D RLS adaptive weight control block [5], [14].
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Chapter Four

Satellite Tracking and Constellation Theory

4.1 Introduction

The satellite constellation pattern theory [11], [12], [24] dates back to Clarke, in which by
using geo-synchronous constellation pattern a complete equatorial coverage of the entire earth
have been achieved using three satellites, which was proposed by Clarke. The simplest and the
earliest class of satellite constellation was the geosynchronous constellation which was applied for

most of communication and weather.

Due to the nature of geosynchronous orbit and increasing the number of satellites
utilizing this orbit; another satellite constellation pattern has been studied. A constellation
pattern which is based on orbital inclination and elliptical orbit has been studied and called a
Tundra satellite constellation. The most known symmetric and regular class of satellite
constellation called the Walker satellite constellation; after the great contribution of ].G Walker
[25]. Walker has used three satellite constellation parameters the total number of satellites, the
number of total orbital planes, and the phasing rule which are used to specify and systematize
satellite coverage. The two known Walker’s constellations are the Star and Delta. The Satellite
constellation at orbital inclination close to 90° i.e., polar orbit constellation pattern and used by
Iridium is called walker star. Another walker type of constellation called the Rosetta
constellation which provides best global coverage using multiple satellites above the ground
station. Most of the satellite constellation pattern theory which was discussed above have been
analyzed based on Earth — Centered — Inertial frame, but new satellite constellation theory
called Flower constellation have been proposed in Texas university, the Flower constellation
unlike the previous constellation it creates a repeating ground track using Planet — Centered —

planet — fixed rotating reference frame.
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4.2 Two bodies motion system Model

The two bodies are defined as the Earth — Satellite relative motion [25], [26], [27]; in orbital
science, System model is required to specify the orbital motion of the satellite. For bodies in
space two — body’s motion can completely describe the orbital motion of the body to a fair
degree of accuracy, having this fact in mind; orbital elements are defined as the parameters
which are used to describe the basics of two — bodies motion of the orbiting body. The classical
orbital element (C¢) sets used Earth — Centered — inertial frame and six parameters to completely
describe the orbit of the body in space, and these six parameters are shown in Table. (4.1);
orbiting satellites in space governed by using the Cq sets [25], [26], and these sets are grouped as
parameters which describe the orbit size (a [major axis], e [eccentricity]) and orbital plane
orientation (i[inclination], (ARight ascension ascending node], wlargument of perigee], nltrue
anomaly]). The six orbital elements define the where about of the target and each ‘" satellite in

the constellation has its own Cg sets.
4.3 Ground Station Model

In satellite communication, the space segment and the ground segment plays a vital role
so as to fulfill the complete satellite communication as well as navigation service requirement.
Therefore, the adaptive phased array system which is hypothesized to be deployed in the Earth
station (TTC and M), which is aimed initially to track multiple beacon sources, needs to

consider different measurement geometries.
4.3.1 Geometric distance of bodies in the tracking system Model

1. The distance between the i*" satellite and the ground station as illustrated in Figure.4.1

is called the slant range Rg; (t) and itis given by eq. (4 - 1) [11].

Rsi () =[R2 + ry®? — 2Rer(® cosm@®)  (4-1)
Since 0,; = 0 then y =1 (t) is the central angle at the Earth center, R, is radius of the

Earth and r;(t) is the orbital radius of the i" satellite and given by eq. (4 - 3) and they

are shown in Figure (4.1).
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2.

10.

The azimuth and elevation angle, collectively called the look angle (6., $,,). The look
angle is defined as the angular coordinate by which the ground station (GS) antenna
pointed to communicate with the satellite. The azimuth ¢,;; is the angle by which the
ground station disk pointed to the horizon, and the elevation angle 8,;; [11] is the angle
at which the antenna bore sight axis must be rotated up to lock on to the i*" satellite

[11], [12].

R,
(cosLGSicosAi - m)
i/(l — cos?(Lgs ;) cos?(4y))

G is defined as the location point of the ground station on the earth surface as illustrated

-1

0o = tan (4-2)

in Figure (4.1).

S is the position of the satellite on the space as illustrated in Figure (4.1).

The geometric locations of the Earth which are exactly perpendicular to the satellite
position are called the sub satellite point.

Lgsi is the latitude of the ground station and it is positive for earth station located in
north of the equator and negative for ground station located in south of the equator and
used in eq. (4-2) to calculate the elevation angle towards the i*"satellite.

LsaTi is the latitude of the i*"satellite and used in eq. (4-2) to calculate the elevation angle
towards the i‘"satellite.

A; is the difference in longitude between the ground station and the i*"satellite, used in
eq. (4-2) to calculate the elevation angle towards the i*"satellite.

Note the assumption in this thesis, i.e. the location of the ground station is exactly on to
the sub satellite point such that the longitude of G and S are equal at any instant and n;
(t) = v ; meaning the central angle is assumed equivalent to the true anomaly of the
satellite; which is in turn used to derive the azimuth angle of arrival of the beacon signal
from the target satellite i.e. ny;(t).

rg; is the orbital radius of the " satellite from the center of the earth as illustrated in
Figure (4.1) and it is given by eq. (4 - 3) [11], [12], [25].

a(l — e?)
(1 + e cosn;(t))

rsi() = (4-3)
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Figure (4.1) Earth station and satellite orbital path at elevation angle 8,; = 0°[11], [12].

4.4 Tracking Analysis (TTC and M station exactly at sub - satellite point)

Assume the ground station adaptive phased array antenna bore sight is pointed in the
direction of 8,; = 0° which was given by the elevation angle formula of the i*"satellite in its
orbit; and it was stated in eq. (4 — 2). Consider linear array for this case analysis and assume it
is deployed at G in Figure (4.1) [11], [12]. Therefore, substituting (L csi — L sati) = A ;= 0 in to eq. (4

- 2) yields the elevation angle towards the i*"satellite zero degree [11].
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(cos Lgsicoslh; — f—:l)

-1 — 00

i/(l — cos?(Lgs;) cos?(4;)) -

0,; =tan

Since the beam is steered on XZ Cartesian plane then the azimuth angle of arrival of the incident
signal from the (" satellite to the (TTC and M station) in the line of sight direction
is Pz (t)/Myi(t); and it is shown in Figure (4.1).The derived AOA by using the true anomaly of

the i"'satellite is given by eq. (4 - 4).

ri () * sinm; (t)]

Nui(t) = dazi (D) = Sin_l[ R (D)

(4-4)

&Y 1-e?)sinE; (t)

cos B, (D () and is given in eq. (4 — 11a)

Where n; (t) = Cot[

By Substituting Rg; (t) and rg(t) from eq. (4 — 1) and eq.(4 — 3) into eq. (4 — 4) then the
azimuth angle of arrival (AOA) of the beacon signal from the i'" satellite is given by the

following expression [25], [28].

nui(t) = d)uzi(t) = Sln_l Zj - = (4 - 4)

a(1 - e2) ? _ a(1 - e2) .
(Rg * ((1 + e cos(ni(t)))> 2Re((1 + e cos(ni(t)))> COS(nL(t)))

Wherey = n;(t)
4.4.1 AOA initially att = t,

Satellites which are deployed at lower earth orbit need to move at a certain angular speed.
Therefore, when they rotate on their orbit, the TTC and M station antenna array tracks their
beacon, so that they can be commanded and monitored as they are found on their orbital

rotation.

In this thesis, the time instant t = to is assumed to be the time instant at which the space borne

tracking antenna sends the first beacon to the TTC and M station.

Since at t = ty we are assuming that the satellite is exactly at the perigee altitude then the true
anomaly or the central angle is equal to 0° i.e.y = m; () = 0° Which implies the azimuth

angle of arrival (AOA) of the beacon signal from the i*" satellite in the line of sight direction at
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t = to is zero. The substitution of the true anomaly value n; (t,) = 0° into eq. (4 — 4) yields 0°

azimuth angle of arrival (AOA) [25], [28].

a(l — e?) .
((1 + ecos(O")))*Sln(Oo)

2 a(l — e?) z a(l — e?)
j<Ré S o)) BN (e () ecos(oo)))“’s“’o))

Nui(to) = dazi(te) = sin™! =0° (4-5)

4.4.2 AOA for t #t,

h satellite

At any instant, the dynamical angle of arrival (AOA) of the beacon signal from the if
is given by the summation of the value in eq. (4 — 5) and the value at that instant and given by

the eq. (4 — 6).

a(l — e?) . i
<(1 + ecos(ni(t)))> sin(n; (1))

2
z a(l — e?) _ a(l — e?)
(R% + <(1 F—— (ni (t)))) 2R, <(1 + e cos (ni (t))))CoS (T]i (D))

4.5 Investigation of the Models

rlui(t) = ¢azi(t) = nui(to) + Sin_1 (4' - 6)

In the previous section, the true anomaly 7;(t) which was used to compute the
instantaneous signal AOA describes the satellite orbital angular location with respect to the
earth center. First let us now investigate the satellites location based on the spherical geometry.
Assume the equatorial orbital plane, whose radius is extended to a far field region and the

azimuth plane of the satellite tracking adaptive phased array antenna are parallel.

Having the two parallel planes assumption, it is evident that the observation site

antenna’s bore sight elevation angle is given by eq. (4 - 2) above [11], [12].

Since the true anomaly of the moving satellite is changed with time and hence the adaptive
phased array antenna’s azimuth angle has also changed adaptively with time. While the
adaptive phased array antenna angle of elevation remain constant. Second, let us consider the
signal analysis along with the satellite location based on the spherical geometry as it is stated
above. Assume K complex signals with their equivalent source mean power p; from K different

directional moving sources intercepted by M by N rectangular array.
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The array steering vector for each of the arrived signals in (8¢, ¢,,i) direction forms the entire

antenna system steering matrix S(6¢}, ,,) and we call this the array manifold [3].

Therefore, the total continuous time induced signal due to the K different directional
sources is X(t) and the corresponding continuous time array output is Y(t), the discrete output

is Y(K).

Therefore, the induced K signals are represented by X(t) = [ (Xl(t)), (Xz(t)), T (Xk(t))].
If the angle of arrival (AOA) of each signal at time t = t, is designated as (8ey;, $azi (to)) then

at t # to the angle of arrival (AOA) will be given as in eq. (4 — 7).
t 0(BeliPazi (V)
(eeli' (I)azi (t)) = (eeli' q)azi (to)) + fto%dt (4 - 7)

Where ftto w dt is the infinitesimal angle of arrival (AOA) of the beacon; which is the

target satellite dynamical angular location relative to the ground station; where the reference
frame is not the Earth center rather the reference frame is the TTC and M station. Therefore, the

array steering matrix to the i*"beacon at t # to is given by eq. (4 - 8).

ta ee i» Yazi
Si(eJ(b(t)) = S<(eeli'¢azi (to)) +f ( ! qa)t (t)) dt) (4-198)

to

Since the target signal sources are located on the same orbital inclination then the signal
impinging angles in the elevation are constant and the array system steering vector due to

i*"beacon source will be expressed as follows.
Si(0, Pazi (1)) = [ Su1 (8, 1k(®) . Smz2 (8. k(®) . . Sun(O0(®)]  4-9)

4.5.1 Premise #1 to compute the signal AOA from the satellite.
Based on the transdecental equation which relates the eccentricity anomaly with the mean

anomaly as it is given by eq. (4 - 10) then the true anomaly of a satellite on its orbit is given by

n,(® = cotg; (©).

By taking the transdecental equation in eq. (4 - 10) into account, let us assume the ground
station adaptive antennas’” main beam bore sight is pointing to the satellite through the slant

range in the line of sight direction.
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Now consider the orbital parameters of the i satellite in Table (4.1) below. M; (t) is the mean

anomaly of the "

satellite, it is the angular location of the satellite which is obtained by
considering circular orbital path as a reference and is called Mean anomaly. E;(t) is the
eccentricity anomaly and given by eq. (4 — 10), which is a transdecental equation that relates

eccentricity anomaly with the mean anomaly.

h satellite is

Based on the above facts, the derivation of the true anomaly/n; (t) of the it
illustrated mathematically as follows and it helps us to derive the line of sight angle from

ground station to the target [25], [29], [28].

E;(t) = M;(t)+e sinE; (t) =19
‘ Y1=e?)sinE; ()
Sincen; (t) = cot [%
B 2[(1—e?)sinE; (t)
Let gi(t) = cosE; (t)—(e)
thenn; () = cotg; (1) (4 - 1la)

—1 Isi*sinm; ()

Since n; (t) = sin
Si

given by eq. (4 — 4) and substituting eq. (4 — 11a) into eq. (4 - 4)
for n, (t) then the AOA of the beacon in the line of sight direction is given by eq. (4 — 11b)

rsi * sin[ cot g; ()]
Rs;i

1

N ® = sin” = dan(® (4 11b)

4.5.2 Premise # 2 to estimate the adaptive weight of the array.

Consider the intercepted signals Xg,¢ 1 (t) and Xg,¢ 2(t) from source 1 and 2 which are intercepted
in two directions (eell'd)azl (t)), (eelz,q)azz (t)) respectively. Having the previous signal and
antenna array mathematical models, such as the antenna array element separation d, and d,
in X and Y axis, arrival angle (8¢5, dazi (1)), with the corresponding operating microwave

frequency f and wave length A in mind. Then the total induced electrical signal at the M by N

antenna array due to the two satellites” is X(t) and it is given by eq. (4 -12) so the optimal

weight, estimated at some discrete time is given be eq. (4 —13).

X() = Xsatl(t) + XsatZ(t) (4-12)
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wope = (XCOX (1) X(9 £ (4-13)
4.6 Tracking Test

Using the investigation in the above sections, let us consider more than one satellite on the same
orbital plane. Since Satellites” constellation on Figure (4.2) illustrates that they are at different
angular position in their orbital plane. So different beacon signals arrived at different AOA,
which are computed by the AOA equation in Eq. (4 —6) and the arrived signals from the
satellites induce an electrical signal on the ground station adaptive antenna. Thereby the
adaptive antenna signal processor used the received signal information so as to form the beams

towards the target satellites.

Figure (4.2) satellites constellations Model on their orbital plane [11], [12], [24].
Consider two target satellites on the same orbital plane as shown in Figure (4.2) with signal
AOA constraint ¢,,, (t)- daz1(t) >= FNBW of the major lobe; and with their Cy sets in Table
(4.1). The time varying steering vector which are tracking the beacon signals from sat_1 and sat_

2 are given by eq. (4 — 14) and eq. (4 — 15) respectively as it is stated in eq. (4 - 9).

By Eyob Habte, Advisor: Dr. Murad R. AAU, AAiT, SECE Page 55



AU [SATELLITE TRACKING MICROWAVE PHASED ARRAY ANTENNA. |

Table (4.1) Two target satellites” six orbital element with the azimuths AOA for each.

Target | Major axis | RAAN | eccentricity | Inclination | M; ()| E; (t) | i (t) | Pazi (£) | Argument

of perigee
sat 1 |a o)) e [ My ()] E; (8) | 91 () | Paz1 (©) )
sat 2 |a 2 e [ M, ()| E; (t) | g2 () | Pazz (¥ )
Where

1. ais the major axis length given in eq. (4-3) and a(argument of perigee/angular measured
value of the target from its perigee altitude), i(orbital inclination of the target), and e(
eccentricity of the target satellite orbit)

2. M; (t) is the mean angular measured value of the i*"satellite and it is given in eq. (4-10)

3. E;(t) is the Eccentrity anomaly or the angular measured of the i*"satellite at eccentricity
e and it is given eq. (4-10). RAAN is Q[Right ascension ascending node]

4. ¢z (t) is the AOA of the signal from i" satellite and it is given in eq. (4- 11b)

Targetl: $;(6, a1 (£))= [ Sw1 (6, 01(®) . Swz (6. 1k(®) , -~ Sun (0. 0x(®)] 4—14)

Target2: $5(6, ¢azz ()= [Swm1 (0, 61x(®) , Sz (0. 01x(®) . . Sun(8,0(®)]| (4—15)

S(6,0(1)) = [51(8,haz1 () ), S2(8,Puzz (O))] (4 —16)

Wopr = (XGOXH (0) XQOr(0 and X(® = Xeae1 () + Xsaez®

wk +1) = w(k) + ux(k) (e*(k)) 4-17)

Then the beamformer for the two targets and the corresponding AOA estimator have
made the functional DSP to steer the multiple beams in the targets line of sight directions.
Taking the performance measure in AWGN channel the power output, the output SINR and the
beam pointing error have been measured using MATLAB. The performance comparison of the

adaptive beamforming algorithms based on (interferer nulling capacity, beam pointing accuracy

and the computational convergence) have been measured and investigated.

In the next chapter, the beacon signal tracking simulation of the phased array antenna, by using
the reference signal r(k), and by taking the Iridium and Global star satellites constellation and

downlink signal characteristics as a test input data has been performed.
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Chapter Five
Simulation Results

5.1 Introduction

In this chapter, antenna array parameters (element spacing and number) and adaptive
beamforming algorithms (such as LMS, RLS, SMI, LSCMA) have been simulated for two
satellite constellation systems at C and Ka band microwave frequency spectrum. The simulation
has been performed in order to investigate the beamforming and steering ability, interference

nulling and beacon signal tracking capability of the respective adaptive algorithms.

In this thesis, we take uniform linear array with different element number and spacing
located at the TTC and M of the ground station, which is located exactly at the sub-satellite

point. Since the array is at the sub satellite point then (8 = 0°).

In the simulation, we have tested the multiple beacon signals tracking ability of the
adaptive beamforming algorithms such that the phased array antenna signal processor adjusts
the weight of the array element by using a reference signal which is operating on the satellites’

downlink microwave frequency spectrum.

In the middle of the simulation, the effect of varying element spacing and array number to
optimize with the operating microwave frequency spectrum are investigated by taking walker

star and delta satellite constellation.
5.2 Simulation Case-1(Iridium Satellite system)

In this case, before the simulation, the numerical analysis to compute the AOA of two Iridium
Satellites have been performed. The computed AOA results have been used in the simulation.
By using the Iridium satellite constellation and operating frequency, which are given in the
summary Table (5.1) together with the computed AOA; then the tracking antenna array for 16
different element number and spacing combination has configured and used to perform the

simulation.
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This combined data have been used to investigate LMS, SMI, RLS and LS - CMA adaptive
beamforming algorithms. The simulation results such as the phased array output SINR and

beam pointing errors have also been tabulated in the comparision tables Table 5.7 and 5.8.

The Interference nulling and beacon tracking performance of LMS beamformer at
19.5GHz for different AOA from two target Iridium satellites and one interferer have been
shown in the Part A of the simulation. The simulation has been performed for 16 different

element number and spacing combination as it is shown in comparison Table 5.8.

Similarly, the tracking performances of SMI adaptive beamformig algorithm are shown in the
Part B of the simulation. The simulation has been performed for 16 different element number

and spacing combination as it is shown in comparison Table 5.7.

The simulation result of the RLS adaptive beamformer are also shown in the Part C of the
simulation. That of the LS - CMA are shown in Part D of the simulation. The simulation has
performed for 16 different element number and spacing combination and they are shown in the
comparison Table 5.8 and Table 5.7 for RLS and LS - CMA. The performance evaluation of each
algorithm has been simulated for 10, 75, 150 and 200 elements uniform linear array with

elemental spacing of 0.54, 22, 8 A and 16 A.

The Simulation result in part I and part II show the adaptive weight convergence of LMS and

RLS beamformers.
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Table (5.1) Summary of key characteristics of Iridium satellites system used in simulation.

Characteristics value or comments

Orbital Altitude 780 Km at LEO

Orbital geometry polar orbit 84.6° inclination
Constellation Walker Star

Number of orbits 6

Number of satellites per orbit 11

Total Number of satellites 66 with spare

No beams per satellite (Phased Array Antenna) 48 at L - Band

Gateway downlinks 19.4-19.6 GHz

Gateway uplinks 29.1-29.3 GHz

Inter satellite links Ka —band 23.0 - 23.4 GHz adjacent satellites
Modulation QPSK

5.2.1 Targets Tracking Flow chart

The tracking flow chart, which is shown in Figure (5.1) below, describes the pictorial
representation of the steps and set of rules in solving two target satellite beacons tracking. In the
flow chart, the process of tracking two target satellites is begun by accepting the satellite

constellation information and the satellite downlink signal characteristics.

After that, each processing block such as calculating the slant range of the target, calculating
the central angle/true anomaly, calculating the actual line of sight signal AOA towards the (TTC

and M station) have been shown.

The Last conditional block checks the carrier frequency if it is either within Ka/C-band. Then the
tracking process continues; and the error signal vector is generated by the difference of the

reference signal and the array output. This error signal vector is used to derive the adaptive
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weight control block so as to point the maxima towards the targets and the nulls towards the
interferer. In such a way that the ground adaptive phased array antenna continuously tracks the

two satellites by repeating the closed loop process.

It should be noted that, since the target tracking was started by inputting the satellites’
constellation and signal characteristics information then the array output contains both the
constellation and the where about information of the targets. Therefore, the error vector which
is generated by taking the difference between the reference signal and the array output is the
amount by which the amplitude and phase of the array element weight deviated from their

optimal excitation; to point the maxima in the look directions.
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Figure (5.1) Two target tracking simulation flowchart.
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Is the carrier in
Ka/C band.

Set the Adaptive
beam pattern on the

Lock to the Estimate the Optimum

targets weight using Adaptive

Algorithm

Continued from Figure. (5.1)
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5.2.2 Two Iridium satellites orbital element numerical analysis to compute the AOA.

Table 5.2 Orbital element value of the first and second satellite with the computed AOA at 3 different instant.

Target | Major Eccentricity | Inclination M; (to) E; (o) g1 (to) Paz1 (to)
axis(km)

Sat_1 7158 0.0029 84.4° 0° 0° 0 0°

Target | Major Eccentricity | Inclination M, (to) E;(to) | 82(to) Paz2 (to)
axis(Km)

Sat 2 | 7158 0.0029 84.4° 9.9995° 10° 0.1768 62.3751

Target | Major Eccentricity | Inclination M; (t;) Eq (t1) g1 (t1) Paz1 (t1)
axis(km)

Sat_1 | 7158 0.0029 84.4°. 4.9997° 5° 10.0877 40.4397°

Target | Major Eccentricity | Inclination M; (t2) Eq (t2) g1 (t2) $az1 (t2)
axis(km)

Sat_1 7158 0.0029 84.4° —4.9997 -5 —0.0877 | —40.4397

Target | Major Eccentricity Inclination M (t1) E; (t) g2 (t1) Pazz (t1)
axis(Km)

Sat_2 7158 0.0029 84.4° 14.9992° 15 0.26 74.45

Target | Major axis | Eccentricity Inclination M; (t2) E; (t2) g2 (t2) Pazz (t2)
(Km)

Sat_2 7158 0.0029 84.4° —14.9992° —15° —0.2688 | —74.4551°
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A. LMS adaptive algorithm simulation result.

Table (5.3) Iridium satellite tracking by LMS adaptive beamformer performance summary.

Performance No. Element | spacing Output Null(dB) | Error Error:
SINR(dB)
Best 150 052 75.5 -73.03 0.0329 0.02
200 052 75.2 -50.4 0.06 0.07
150 162 93.33 -90.45 0.045 0.02
200 22 72.2 -69.37 0.08 0.03
worst 10 0.52 2.9 -0.074 0.01 0.01

By using LMS adaptive beamformer, the best array configurations to track two Iridium
satellites at Ka — band Microwave spectrum are the 150 by 0.5A and 200 by 0.5A. This

performance criterion considers the physical space and the total number of element in the array.

The first array configuration i.e.150 by 0.5 2, as it is shown in Figure (5.2) yields array
output SINR of 75.5dB and it nulls the interferer at a level of -73.03dB. This array configuration
has a beam pointing accuracy of 0.0329 towards the first satellite and 0.02 towards the second

satellite.

Similarly, the second array configuration i.e. 200 by 0.5, as it is shown in Figure (5.3)
yields array output SINR of 75.2dB and nulls the interferer at a level of -50.4dB. This array
configuration has a beam pointing accuracy of 0.06 and 0.07 towards the first and the second

satellite respectively.

The third array configuration i.e.150 by 16 4, as it is shown in Figure (5.4) yields array
output SINR of 93.33dB and it nulls the interferer at a level of -90.45dB. This array configuration
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has a beam pointing accuracy of 0.045 towards the first satellite and 0.02 towards the second

satellite.

Array configuration such as 10 by 16 4, 75 by 2 A, 150 by 22, 150 by 8 A, 20 by 16 A, 75 by
162, 10 by 8 A and 200 by 8A are also the optimal arrangement which can be used to track two
Iridium satellites at 16.5GHz.

The worst case array configuration, by LMS adaptive beamformer to track two iridium
satellites at 19.5GHz is the 10 by 0.5 A which yields array output SINR of 2.9dB and its nulling

level is almost -0.074dB which is unacceptable and it is shown in Figure (5.5).

One of the important fact, we have discovered in the simulation is that, two Iridium
satellite tracking by using LMS adaptive beamformer has not array power wastage through
grating lobes at 19.5GHz provided that the 16 different element number and spacing

combination considered in this thesis.

r
1 L Sy B
g ¥ X745 X: -0.04563
o Y:1
X.-74.47 X. 0.03295 Y 09847
Y:0.9371 Y:0.9366 \ \
0.8 0.8
- 0.6 _ 06
m w"
< <
0.4 0.4
0.2 0.2 R
X 7444 X: 40.26
Y:0.0002231 ) Y: 0.005829
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Figure (5.2) LMS 150 by 0.5(A) two targets tracking at
19.5GHz.

Figure (5.3) LMS 200 by 0.5(A) two targets tracking at
19.5GHz.
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Figure (5.4) LMS 150 by 16(A) two targets tracking at
19.5GHz.
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Figure (5.6) LMS 150 by 8(A) two targets tracking at
19.5GHz.
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Figure (5.5) LMS 10 by 0.5(A) two targets tracking at

19.5GHz.
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Figure (5.7) LMS 200 by 16(A) two targets tracking at
19.5GHz.
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Figure (5.8) LMS 150 by 16(A) two targets tracking at Figure (5.9) LMS 200 by 8(A) two targets tracking at
19.5GHz.. 19.5GHz.
B. SMI adaptive algorithm simulation result.
Table (5.4) Iridium satellite tracking by SMI adaptive beamformer performance summary.
Performance | No. Element | Spacing(m) | Output Null(dB) | Errorl Error2
SINR(dB)
Best 10 16 A 44.5 -41.9 0.045 0.02
75 161 40.2 -38.4 0.04 0.005
Optimal 75 81 41.99 -40.53 0.045 0.02
75 N 714 -69.3 0.03 0.01
Worst 200 82 0.094 -8.4 0.01 0.005
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By using SMI adaptive beamformer, the best array configurations to track two Iridium
satellites at Ka — band Microwave spectrum are the 10 by 16 A and 75 by 16 A . This performance
criteria considers the beamformed in the target direction and the number of elements in the

array.

The first best array configuration i.e.10 by 16 2, yields array output SINR of 44.5dB and it
nulls the interferer at a level of -41.9dB. This array configuration has a beam pointing accuracy

of 0.045 towards the first satellite and 0.02 towards the second satellite.

The optimal array configuration i.e.75 by 8 A and 75 by 22 yield array output SINR of
41.9dB and 71.4dB, respectively; which can be used to track two Iridium satellites at 16.5GHz by

SMI adaptive beamformer.

The worst case array configuration by SMI adaptive beamformer to track two Iridium
satellites at 19.5GHz is the 200 by 8 A; which yields array output SINR of 0.094dB and its nulling

level is almost -8.4dB which is unacceptable.

One of the important fact, we have realized in the simulation is that, two Iridium satellite
tracking by using SMI adaptive beamformer has shown poor performance as the number of

elements increased.

Array configuration such as 10 by 16 A, 200 by 0.52, 10 by 0.54, 75 by 24, 75 by 16 A and 10 by
8 A are also the optimal arrangement which can be used to track two Iridium satellites at

16.5GHz.
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Figure (5.10) SMI 10 by 16(A) two targets tracking at Figure (5.11) SMI 200 by 0.5(A) two targets tracking at
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Figure (5.14) SMI 75 by 16(A) two targets tracking at
19.5GHz.

Figure (5.15) SMI 10 by 8(A) two targets tracking at
19.5GHz.

C. RLS adaptive algorithm simulation result.

Table (5.5) Iridium satellite tracking by RLS adaptive beamformer performance summary.

Performance No. Element | spacing Output Null (dB) | Errorl Error2
SINR(dB)
Best 10 16 A 44.55 -41.9 0.045 0.02
10 821 49 -46.74 1 0.02
75 161 48 -47.95 0.04 0.08
worst 150 161 1.7 5.3 0.05 0.05
200 22 0.16 -1.3 0.04 0.005
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In the case of RLS adaptive beamformer, we have discovered that array configurations 10
by 16, 10 by 8 A and 75 by 16 A are the best array configuration to track the two Iridium
satellites. The first array configuration, which is 10 by 16 A yields array output SINR of 44.5 dB
with the highest nulling capacity of -41.9dB. The beams pointing error of this array

configuration are 0.045 and 0.02 towards the first and the second Iridium satellites, respectively.

The 10 by 8A and 75 by 16 A array configuration are also the best and yield array output
SINR of 49dB and 48dB respectively. Similarly, the 10 by 8 A yields array output SINR of 49dB
with the nulling level at -46.74dB. The beam pointing errors of this array configuration are 1 and

0.02 towards the first and the second satellites, respectively.

The 75 by 16 A array configuration yields array output SINR of 48dB with a nulling level at
-47.95dB and the beams pointing errors of this array configuration are 0.04 and 0.08 towards the

first and the second target satellites, respectively.

The second array configuration which results the worst performance, has an array output
SINR of 1.7dB with a nulling level at -5.35dB. This array configuration has beams pointing error

of 0.05 towards the two satellites.

The worst array configurations in the case of RLS beamformer are 200 by 2 A and 150 by 16 A.
The 200 by 2 A array configuration yields array output SINR of 0.16dB. This has nulling level at -
1.3dB; with beams pointing errors of 0.04 and 0.005 towards the first and the second satellites,

respectively.
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Figure (5.18) RLS 75 by 2(A) two targets tracking at
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Figure (5.19) RLS 10 by 2(A) two targets tracking at

19.5GHz.
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19.5GHz.

19.5GHz.

1
v
X: 7441
Y: 09491
0.8
X: -0.04563
Y:0.6021
0.6 l\\
0.4
X: 7441
Y: 02429
-
0.2
0
90 -60 -30 0 30 60 0
AOA (deg)

Figure (5.23) RLS 150 by 0.5(A) two targets tracking at
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D.LS - Constant Modulus adaptive algorithm simulation result.

Table (5.6) Iridium satellite tracking by LSCMA adaptive beamformer performance summary.

Performance | No. Element | spacing | Output Null1(dB) | Null2(dB) | Error: | Error:
SINR(dB)
Best 200 22 62.9 -90.4 -60 0.007 | 0.04
150 22 55.8 -60 -53.9 0.03 0.02
150 161|532 -73.9 -50.4 0.01 0.019
Worst 10 052 |32 -6.19 -7.7 0.01 0.005
10 22 0.95 -10.4 -0.08 0.03 0.02

In the case of LS - CMA adaptive beamforming simulation, the following array
configurations are the best and optimal. First, the 200 by 2 A array configuration yields a deep
null values at -90.45dB and -60dB as it is show in Figure (5.31). The array output SINR of this
configuration is 62.9dB with a beam pointing errors of 0.007 and 0.04 towards the first and the

second satellite as it is shown in Figure (5.31).

The second best array configuration is 150 by 2 A, which yields array output SINR of
55.8dB by nulling the two interferers at -60dB and -53.9dB level. This array configuration has a
beam pointing errors of 0.03 and 0.02 towards the first and the second satellite as it is shown in

Figure (5.26).

The third best array configuration is the 150 by 16 A, which yields 53.27dB array output
SINR by nullifying the two interferers at a level of -73.9dB and -50.4dB.This array configuration
has a beam pointing errors of 0.01 and 0.019 towards the first and the second satellites as it is

shown in Figure (5.30).
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The fourth best array configuration is the 75 by 16 A which yields 51.65db array output
SINR and it nullifies the two interferers at level of -53.9db and -50.4db.This array configuration
has a beam pointing error of 0.04 and 0.02 towards the first and the second satellites as it is

shown in Figure (5.29).

The fifth best array configuration is the 200 by 8 A and it yields array output SINR of
50.7dB and it nullifies the two interferers at a level of -47.9 and -61.9dB. This array configuration

has a beam pointing errors of 0.04 and 0.03 towards the first and the second satellites.

In LS — CMA adaptive beamformer, the 10 by 0.5A and the 10 by 2A array configuration
are the two worst array configurations; such that they yield array output SINR of 3.2dB and

0.95dB respectively.

X:-0.04563 —
Y1

f il 2
I \\ . I
T AL I

\ [ ;009895 02 ,\ [
" \ X:-40 X:0.05114

| | AN

X 7442
Y:0.9845

IAF, |
—
\\

IAF |
o
=

I

—
—

L - ¥:0003057 | [ |/ Y:0.005805
E)g() 60 30 0 20 60 X: 7425 Om/\/\l’ VEV vy I/ o
AOA (d Y:0.03716 90 60 -30 0 30 60 20
(deg) AOA (deg)
Figure (5.24) LSCMA 10 by ~ 16(A) two targets tracking at Figure (5.25) LSCMA 75 by~ 8(A) two targets tracking at
19.5GHz. 19.5GHz.
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Adaptive beamformer comparison (SMI with RLS and LMS with LS - CMA)

The green shaded records in Table (5.7) show us that, SMI and RLS have the maximum
output SINR of 63.1dB and 60.dB respectively. As we have seen in the record, when the number
of elements increased in the array system then the performance SMI and RLS algorithms have

degraded.

The minimum SINR which is recorded by SMI is -0.094dB and that of the RLS is 0.16dB.
Generally, the overall performance of RLS and SMI are better provided that minimum no.

element.
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Table (5.7) comparison SMI with RLS

Array configuration SMI RLS
Interferer Beam pointing | Array output | Interferer Beam pointing Accuracy Array output

Accuracy power power

No. Spacing Nulling(dB) | Error; | Error, (0°) | SINR(dB) Nulling(dB) | Error; (0% Error, (0 | SINR(dB)
Element (0°) %)

10 | 16() -41.9382 | 0.045 | 0.02 | 44.5083 -41.9382 | 0.045 |0.02 | 44.5534
75 | 8 -40.5374 | 0.009 | 0.01 | 41.9960 -6.0729 0.009 0.01 4.3595
150 2(0) -6.7448 | 0.01 |0.03 7.0807 -2.1916 0.01 0.04 3.2941
200 0.5(0) -21.9382 [0.01 [0.03 23.8738 -3.4785 0.045 0.01 2.5585
10 0.5(0) -38.0618 | 0.009 | 0.05 36.5252 -60 0.02 0.02 58.4936
75 20 -69.3704 | 0.03 |0.01 | 71.4111 -15.9176 0.009 0.02 12.1913
150 8(A) -11.8692 | 0.02 |0.01 3.3387 -5.3521 0.01 0.04 5.0672
200 16(0) 209151 [0.01 |0.01 14.7522 -13.9794 0.01 0.07 8.5830
10 20 -61.5144 |0.04 |0.02 | 60.3140 -64.4370 | 0.009 | 1.04 | 63.1341
75 16(0) -38.4164 | 0.04 | 0.005 40.2426 -47.9588 | 0.04 | 0.08 | 48.1128
150 16(0) -27.9588 | 0.001 | 0.01 23.6840 -5.3521 | 0.05 | 0.05 | 1.7679
200 2(0) -18.4164 | 0.045 | 0.03 15.6920 -1.3100 | 0.04 | 0.005 | 0.1659
10 | 8 -46.0206 |0.02 | 0.04 | 48.6603 | -46.7448 |1 | 0.02 | 49.0054
75 | 05 -61.2096 | 0.04 | 0.02 | 60.1311 -12.0412 0.03 0.04 8.7557
150 0.5(0) -8.4962 | 0.025 | 0.005 10.5810 ‘ -12.3958 0.04 0.04 13.4081
200 8(\) -8.4043 | 0.01 | 0.005 -0.0943 -6.5580 0.04 0.01 5.5759
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Table 5.8 comparison LMS with LS - CMA

Array configuration LMS LS-CMA
Interferer Beam pointing Accuracy Array Interferer -1 Interferer -2 | Beam pointing Accuracy | Array
output nulling(dB) nulling(dB) output
No. element spacing Nulling(dB) Error, (0° | Error, (0°) power Error, (0°) | Error, (0°) power
SINR(dB) SINR(dB)
10 16(A) -12.5491 0.0051 0.0083 15.4721 -36.4782 -30.4576 0.04 0.01 32.3685
75 8(A) -51.8999 0.02 0.01 54.7347 -46.0206 -50.4576 0.01 0.03 44,5102
150 2 -72.3129 0.06 0.07 75.2359 -60 -53.9794 0.03 0.02 55.8894
200 0.5() -44.7314 0.0456 0.08 47.6549 -50.4576 -40 0.03 0.02 42.3733
10 0.5() -0.0741 0.010 0.01 2.9533 -6.1961 -7.7443 0.01 0.005 3.2008
75 20 -57.0774 0.01 0.005 59.2272 -50.4576 -50.4576 0.03 0.02 49.5007
150 8(A) -66.1961 0.03 0.01 68.9875 -60 -50.4576 0.01 0.01 52.7476
200 16(A) -33.5805 0.039 0.4 36.3280 -33.9794 -70.4576 0.009 0.01 36.6360
10 2(0) -12.0412 0.02 0.01 11.5802 -10.4576 -0.0873 0.03 0.02 0.9524
75 16(A) -60 0.00308 0.02 62.7476 -53.9794 -50.4576 0.04 0.02 51.6538
150 16(A) -90.4576 0.045 0.02 93.3376 -73.9794 -50.4576 0.01 0.019 53.2736
200 2(0) -69.3704 0.08 0.03 72.2934 -90.4576 -60 0.0078 0.04 62.9191
10 8() -43.6091 0.04 0.05 45.8343 -24.4370 -5.6799 0.009 0.01 7.5950
75 0.5(4) -6.4114 0.009 0.03 8.1038 -18.4164 -9.8970 0.01 0.025 9.0831
150 0.5(4) -73.0339 0.0329 0.02 75.5068 -47.9588 -33.9794 0.04 0.02 34.9652
200 8(A) -45.8486 0.045 0.01 48.8111 -47.9588 -61.9382 0.04 0.03 50.7857
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As we have seen in the comparison Table 5.8, the maximum output SINR of LMS is
93.33dB and its deep nulling point is at a level of -90dB. It also attains a minimum beam
pointing error of 0.005. Similarly, the maximum output SINR of LSCMA is 62.9dB and its deep

nulling point is at a level -70.45dB. It also attains the minimum beam pointing error of 0.005.

Generally, the overall signal tracking, interferers nulling and the beam pointing accuracy
of LMS and LSCMA adaptive algorithms are comparable; and we have concluded that these
two algorithms are the best, so they can be applied for multiple satellite tracking within

Microwave frequency spectrum.

5.2.3 Weighting convergence of the adaptive algorithms

I. LMS adaptive beamformer element weight convergence.

In the simulation of two Iridium satellites tracking, the array element weighting

convergence, by using LMS adaptive beamformer has presented below.

The adaptive weight convergence simulation of the LMS adaptive beamformer, has been
simulated to five of the array elements. The Mean square error vs. Iteration. No and the weigh
magnitudes of the five array elements vs. the No. Iteration have been shown on every pair of

the following figures.

Every pair figures represent a particular array configuration corresponding to the element
number and spacing. The iteration is simulated by starting from initial value of 1 up to the final
value of 100, where the mean square error iteratively tries to converge based on the array

configuration and the induced signal characteristics.

The normalized array factor is plotted based on the final mean square error value. If the
mean square error and the elements weight convergence then the performance of the LMS

beamformer will be maximized.

Each array configuration which was analyzed and compared before in the part A has its
own specific weighting convergence behavior as it is illustrated below. The worst case scenario

which we have discovered before has its own effect on the weighting process.
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The best array configuration in LMS such as 150 by 0.5 A has shown its best weighting
convergence in Figure 5-33. Similarly, the 150 by 2A and 150 by 8 A array configuration show its

best performance correspondingly.

The LMS adaptive weight and mean square error simulation qualitative result of the two
Iridium satellite tracking are summarized in Table (5.9).The worst array configuration which we
have discovered before has also revealed its poor performance. The weighting convergence and
the mean square error simulation of the array configuration such as 10 by 0.5 A as it is shown in
Figure 5.37, has mean square error value of 0.76 at the 96t iteration, whereas the magnitude of

the element’s weigh oscillate and have not been converged.
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Table (5.9) Summary of MSE vs. array configuration by LMS beamformer to track two Iridium satellites

Performance No. Element spacing Iteration MSE
Best 150 16 A 18 to 96 0.002to 1.4 * 10"
150 0.5A 20to 96 0.0016 to 5.6*10"
Optimal 200 0.521 15 to 95 0.1t0 6.6*10™*
10 16 A 19 to 97 0.0003 to 1.25*10™*
75 22 16 to 96 0.004 to 3.5*10°
Worst 10 0.52 98 0.769
10 2 97 0.68
75 0.5A 98 0.42

II. RLS array element weighting convergence

Two Iridium satellite tracking, array element weighting convergence by RLS adaptive
beamformer has presented below, and illustrated in the following figures. The weighting
process is simulated to the maximum number of element in the array. The best array
configuration of RLS beamformer such as the 75 by 16, 10 by 82 and 10 by 2 A have also

revealed their best performance in the weighting process.

It is necessary to note that, in the below figures, the weighting convergence behavior has
harmonized with the result presented on the performance investigation of the adaptive
beamformer. For example, the array configuration i.e. the 75 by 16 A in Figure 5.42 has the best

performance and the beamformer has array output SINR of 48dB within the iteration interval of
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(9% — 49%). The summary of two satellite tracking, weighting convergence by RLS adaptive

algorithm has presented in Table (5.10) below.

Table (5.10) Summary of array configuration vs. elements weight by RLS to track two Iridium satellites

Performance | No. Element spacing Iteration weight

Best 10 2 9to 49 0.09-0.11
10 821 14 to 49 0.06 - 0.085
75 16 A 9to 49 0.06 - 0.08

Optimal 10 16 15 to 50 0.018 — 0.006
10 052 10 to 45 0.05-2.08
75 2 1to 10 0 - diverged

Not practical | 75 054 1to15 0 - diverged
75 821 1to15 0 - diverged

Not practical | 150 22 1to 10 0 - diverged
150 8A 1to15 0 - diverged
150 16 A 1 to 49 0 - diverged
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5 T T T T T T T T T T T T T T U T
4 //X: 10 b |
|, v:3207 |
e
e =
o -_— 000000000 0 0 ey
o i .g’ p
3 3
1k ( 1
2F ] X 14 X: 49
Y:0.06013 Y:0.08566 -
3 r r r r r r r I I 1
r r r r r r r

0 5 10 15 2 25 30 35 40 45 50
No. lteration

5 20 25 30 3B 40 45 50
No.lteration

Figure [5.41] RLS weight vs. Iteration.no (left). | Weight| vs. iteration.no (right) at 19.5GHz by 10 element and 8(A).
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Figure [5.44] RLS weight vs. Iteration.no (left). | Weight| vs. iteration.no (right) at 19.5GHz by 10 element and 0.5(A).

1.3 Simulation Case-2 (Global Star Satellite System)

In the second case of the simulation, the numerical analysis to compute the AOA of two Global
Star Satellites have been performed. Then computed the AOA result have been used in the
simulation. By using the Global Star satellite constellation and operating frequency data, which
are given in the summary Table (5.11) with the computed AOA data, then the input data such
as downlink beacon signal characteristics and tracking antenna array has configured and used

to perform the simulation to investigate LMS and LS — CMA, respectively.

The Interference nulling and beacon tracking performance of LMS at 5GHz for different
AOA from two target Global Star satellites and one interferer have been shown in the Part A of
the simulation. Similarly, of the LS - CMA are shown in the Part B of the simulation. Finally, the
comparison of LMS with LS - CMA based on interferer nulling level (dB), beam pointing

accuracy towards the targets and the array output SINR have been shown in Table (5.17).
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Table (5.13) Summary of key characteristics of Global star satellites system used in simulation

Characteristics value or comments
Orbital Altitude 1,401 km at LEO

Orbital geometry 52° inclination
Constellation Walker Delta

Number of orbits 6

Number of satellites per orbit 8

Coverage latitude and longitude

Total Number of satellites

No. Beams per satellite (Phased array antenna)
Gateway downlinks

Gateway uplinks

latitude up to about 70°

48

48 at L — band, Earth to Space
5 GHz

7 GHz
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5.3.1 Two Global Star satellites orbital element and computed the AOA.

Table 5.14 Orbital element value of the first and second satellite with the computed AOA at 3 different instant.

Target Major axis | eccentricity | Inclination M, (ty) E, (ty) | g1 (to) Gz (o)
(km)

Sat_1 7779 0.0003 520 0° 0° 0 0°

Target Major axis | eccentricity | Inclination M, (ty) E, (ty) | g2 (to) Pz (to)
(Km)

Sat_2 7779 0.0003 520 9.9999° 10° 0.1764 | 46.5309°

Target Major axis | eccentricity | Inclination M, (ty) Ei(ty) | g1(t) Paz1 (t1)
(Km)

Sat_1 7779 0.0003 520 5.0000° 50 0.0875 | 26.3454°

Target Major eccentricity | Inclination M, (t,) E, (ty) | g1(t2) Paz (t2)
axis(Km)

Sat_1 7779 0.0003 520 —4.9997° —50 | —0.087§ —40.4397°

Target Major axis | eccentricity | Inclination M, (t;) E,(ty) | g92(t1) Dazz (1)
(Km)

Sat_2 7779 0.0003 520 14.9999° | 15° 0.2680 | 60.6186°

Target Major axis | eccentricity | Inclination M, (t,) E,(ty) | g2(tz) Pz ()
Km)

Sat_2 7779 0.0003 520 —14.9999° | —15° | —0.2680 | —60.6186°
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A. LMS adaptive algorithm simulation result.

Table (5.15) Global Star satellite tracking by LMS adaptive beamformer performance summary

Performance | No. Element | spacing | Output Null(dB) | Error: Error:
SINR(dB)

Best 150 22 56.9 -53.9 0.003 0.003
200 22 53.3 -50.4 0.01 0.03

Optimal 150 8A 48.8 -46 0.00 0.01
10 8 44.1 -41.9 0.03 0.003
75 0.5A 43.9 -41.9 0.03 0.01
75 16 A 43.2 -40.9 0.004 0.09

Worst 10 0.5 3.6 -1.01 0.04 0.02

Worst with 10 16 A -33.9794 36.5082 0.07 1.1

a grating 200 16 A -40 39.2942 0.03 0.00

fobes 75 16 A -40.9151 43.2033 0.004 0.09
150 16 A -40 42.5691 0.02 0.03

By using LMS adaptive beamformer, the best array configuration to track two Global Star
satellites at C — band Microwave spectrum are the 150 by 2 A and 200 by 2 A.The first best array
configuration i.e.150 by 2 A, as it is shown in Figure (5.45) yields array output SINR of 56.9dB
and it nulls the interferer at a level of -53.9dB. This array configuration has a beam pointing

accuracy of 0.003 towards the two satellites.

Similarly, the second best array configuration i.e. 200 by 2 2, as it is shown in Figure (5.46)

yields array output SINR of 53.3dB and nulls the interfere at a level of -50.45dB. This array
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configuration has a beam pointing accuracy of 0.01 and 0.003 towards the first and the second

satellite respectively.

The optimal array configuration i.e.150 by 8 A, as it is shown in Figure (5.47) yields array
output SINR of 48.8dB and it nulls the interferer at a level of -46dB. This array configuration has
a beam pointing accuracy of 0.00 towards the first satellite and 0.001 towards the second

satellite.

Array configurations such as 10 by 8 A, 75 by 0.52, 75 by 16 A and 150 by 16 A are also the

optimal arrangement which can be used to track two Global Star satellites at 5GHz.

The worst case array configuration, by LMS adaptive beamformer, to track two Global star
satellites at 5GHz is the 10 by 0.5 A; which yields array output SINR of 3.6dB and its nulling
level is almost -1.01dB which is an acceptable. Similarly, the array configurations such as 10 by
162, 200 by 16 A, 75 by 16 A and 150 by 16 A have poor performance since they have wasted the

useful power through their grating lobes.
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Figure (5.46) LMS two signals 200 by  2(A).at 5 GHz.
Figure (5.45) LMS two signals 150 by 2(A) at 5 GHz.
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Figure (5.49) LMS two signals 75 by 0.5(A) at 5 GHz. Figure (5.50) LMS two signals 75 by 16(A) at 5 GHz.

B. LS - CMA adaptive algorithm

By using LSCMA adaptive beamformer, the best array configuration to track two Global
Star satellites at C — band Microwave spectrum are the 200 by 22, 75 by 2 and 75 by 8 A.The
first best array configuration i.e.200 by 22 , as it is shown in Figure (5.51) yields array output
SINR of 60.3dB and it nulls the interferers at a level of -60.9dB and -60dB. This array
configuration has a beam pointing accuracies of 0.00 towards the first satellite and 0.01 towards

the second satellite.

Similarly, the second best array configuration i.e. 75 by 24, yield array output SINR of
55.9dB and nulls the interferes at a level of -53.9dB and -60dB. This array configuration has a

beam pointing accuracy of 0.04 and 0.005 towards the first and the second satellite, respectively.

The optimal array configuration i.e.150 by 0.5 A, yields array output SINR of 49.7dB and it
nulls the interferers at a level of -47.9dB and -60dB. This array configuration has a beam
pointing accuracy of 0.03 towards the first satellite and 0.02 towards the second satellite. Array
configuration such as 200 by 8 A is also the optimal arrangement which can be used to track two

Global star satellites at 5GHz by using LSCMA adaptive beamformer.
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The worst case array configuration, by LSCMA adaptive beamformer to track two Global
star satellites at 5GHz are the 75 by 10X, 75by 0.54, 10 by 0.5A and 10 by 2 A which yield array
output SINR of 25.4dB, 20.5dB, 20.45dB and 20.4dB respectively. The results which are shown
in Figure (5.53), Figure (5.54) and (Figure 5.55) have poor performance since they have wasted

the useful power through their grating lobes.

Table (5.16) Global star satellite tracking by LSCMA adaptive beamformer performance summary

Performance | No. spacing | Output Null1(dB) | Null2(dB) | Error: | Error.
Element SINR(dB)

Best 200 22 60.3 -60.9 -60 0.00 0.01
75 2 55.9 -53.9 -60 0.04 0.05
75 82 55.8 -60 -53.9 0.03 0.06

Optimal 150 052 49.7 -47.9 -60 0.03 0.02
200 8A 48.07 -46 -60 0.04 0.02

Worst 75 10 254 -23 -40 0.03 0.04
10 0521 20.5 -20 -24 0.01 0.01
75 052 20.45 -40 -20.9 0.02 0.01
10 2 204 -46 -33.9 0.03 0.09
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Figure (5.52) LSCMA two signals 150 by 8(A) at 5 GHz.
Figure (5.51) LSCMA two signals 75 by 8(A) at 5 GHz.
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Table 5.17 Comparison LMS with LS — CMA for Global star satellites AOA

Array Configuration LMS LS-CMA
Interferer Beam pointing | Array Interferer Interferer Beam pointing Array output
Accuracy output Accuracy power
No. element Spacing Nulling(dB) Error; Error, power nulling(dB) | Nulling(dB) Errory Error, | SINR(dB)
SINR(dB)
10 16(A) -33.9794 0.07 1.1 36.5082 | -26.0206 ‘ -18.4164 ‘ 0.04 ‘ 0.03 ‘ 20.4230
75 8(\) -31.7005 0.03 |0.00 34.4467 | -60 | -53.9794 | 0.03 | 0.06 | 55.8017
150 2(0) 539794 | 0.003 |0.003 |[56.9024 | -30.4576 | -60 0.0009 | 0.03 33.3758
200 \ 0.5(0) \ -33.9794 \ 0.01 \ 0.04 \ 36.6832 | -44.4370 -30.4576 0.03 0.01 31.8976
10 0.5(0) -1.0122 | 004 |0.02 | 3.6698  -20 -24.4370 | 0.01 0.01 20.5322
75 ] 200 ] -37.7211 \ 0.04 \ 0.06 \ 40.6441 | -53.9794 | -60 0.04 0.05 55.9772
150 8() -46.0206 ‘ 0.00 ‘ 0.01 ‘ 48.8120 | -41.9382 | -43.0980 | 0.01 0.01 42.3045
200 16(A) -40 0.03 0.00 39.2942 | -40.9151 |-50.4576 | 0.03 0.00 39.7133
10 2(0) -24.4370 0.02 0.01 25.5794 | -46.0206 |-33.9794 | 0.03 0.09 36.3275
75 16(A) -40.9151 0.004 | 0.09 43.2033 |-23.0980 | -40 0.03 0.04 25.4429
150 16(A) -40 0.02 0.03 42.5691 |-50.4576 | -40 0.00 0.00 42.1448
200 2(0) -50.4576 0.01 0.03 53.3367 | -60.9151 | -60 0.00 0.01 60.3024
10 8(A) -40 0.04 0.01 42.7476 | -40 -33.9794 | 0.04 0.00 35.9337
75 0.5(A) -41.9382 0.03 0.01 43.9363 | -26.0206 | -18.4164 | 0.02 0.01 20.4551
150 0.5(A) -33.9794 0.02 0.00 36.0746 | -60 -53.9794 | 0.03 0.02 49.7907
200 8(L) -41.9382 0.03 0.003 441112 | -30.4576 | -60 0.04 0.02 48.0748
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Chapter Six
Conclusion and recommendation for future work

6.1 Summary

In this thesis, a detail investigation of adaptive phased antenna and satellite constellation
theories have been performed. In the adaptive phased antenna section, the two essential
functional blocks of the digital signal processor which are the AOA estimator and the adaptive
beamformer along with their adaptive beamforming algorithms have been used to track two

satellites” signals within Ka and C — band microwave frequency spectrum.

In the section of satellite constellation, the ground TTC and M station mathematical modeling,
by taking a polar satellite orbit into account, and along with the assumption that regards the
deployment of the tracking adaptive phased antenna exactly at the sub — satellite point have
been performed. This TTC and M mathematical modeling is used in order to derive a formula
which is used to compute the AOA of the signals from two target satellites’ in the LoS

directions.

In the simulation, we have used the computed AOA from two target satellites along with the 16
different array element number and spacing combination as an input. This combined data have
been used to simulate two target satellites” signals tracking by single TTC and M station located
at the sub — satellite point. Then the simulation result of the 16 different array configurations for
LMS, SMI, RLS and LS - CMA adaptive algorithms within microwave frequency spectrum have

been performed.

Finally, the signal tracking performance, interferer nulling ability, the phased array output
SINR and beampointing accuracy towards the targets of each adaptive beamformer have been
presented and used as a conclusion to verify the ability of phased array antenna in tracking

multiple moving satellites by single TTC and M station.
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6.2 Conclusion

Based on the mathematical modeling analysis in Chapter four; the angle of arrival of the
beacon signals in the line of sight direction, which are coming from the target satellites have
been computed. In addition the observation on the simulation result shows us that the number
of element and spacing in the antenna array have effects on the pattern formed by the adaptive

algorithms.

In addition, from the simulation result of case 1, we have concluded that the tracking
performance of the phased array system depends on antenna element number and spacing.
That is to operate at 16.5GHz or Ka — band microwave spectrum the maximum antenna spacing
is about sixteen times the wave length given that the antenna element is held at minimum value
of 10. Whereas to make the antenna element spacing to half of the wavelength then the number
of antenna element should be increased to a maximum of 20 times more elements than that of

the phased array system which is simulated for larger spacing.

At C - band frequency spectrum, which is the downlink operating band of the global star
satellite, the adaptive phase array antenna, by controlling its element number and spacing and
by using LMS and LSCMA adaptive beamformer can track two Global Star satellites, and its

performance has been shown in the simulation result of the previous section.

In addition, from the simulation result of case 2, we have concluded that, the tracking
performance of the phased array system depends on the element number and spacing just like
Case 1. Generally, in adaptive phased array antenna by controlling the inter element spacing
and array number, it is also possible to track multiple moving Global Star Satellites which are

working within microwave frequency spectrum like C —band.

As a general conclusion for the two cases, in adaptive phased array antenna by controlling
the inter element spacing and array number, it is possible to track multiple moving satellites

which are working within microwave frequency spectrum like C — band and Ka - band.
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6.3 Recommendations for future Work

In this thesis, the initial condition to verify the adaptive tracking capability of the phased
array antenna is performed by assuming the ground station is exactly located on the sub
satellite point. That means the antenna bore sight elevation angle is zero or the satellites orbital
inclination i = 90°, therefore for future work the research can be further investigated by setting
the elevation angle at some angular constant value 6,; # 0° or orbital inclination i # 90°. In
such a case the array lattice and the adaptive signal processing algorithm will become two

dimensional.

In addition, the initial assumption in this thesis has been set by suppressing the Doppler
shift and array coupling effect. So that the research can also be further investigated by taking

the Doppler shift and array element coupling effects into account.

The analytical and simulation result analysis of the beam pointing accuracy of the phased
array system have not been performed. So the research can be further investigated by proposing
a solution to increase the pointing accuracy of the antenna array system. Generally, the research
can be broadened by considering different wireless communication parameters in the uplink

and downlink channels.

6.4 Recommendations

Satellite tracking method in the present and earlier time involves rotating large dish antenna
towards the target. This method of tracking is prone to errors, which is induced from wind
vibration and system deterioration. It is also applicable to only single target tracking. Therefore,
as it is verified in this thesis adaptive phased array antenna, which involves the AOA estimator
and the adaptive beamformer can easily track multiple moving satellites on non -

geosynchronous orbit.

Therefore, we recommend to replace large dish antenna by the adaptive phased array antenna

system as an effective method of multiple satellites/spacecraft tracking.
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