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Abstract

This report delves into the field of robust mobile satellite communication by focusing on the
design and implementation of antenna array systems and beamforming techniques. The aim is
to understand the fundamental topics and technologies and outline their importance for robust
and mobile satellite communication. This includes an overview of SATCOM systems, antenna
design principles, beamforming and beemsteering techniques, and signal processing for various
array configurations, including linear, planar, and conformal(3D) arrays. Detailed discussions on
beamforming and beamsteering methodologies, such as null steering, MUSIC, and MVDR, are
presented, and also investigating analog, digital, and hybrid approaches. Methodologically, this
report combines extensive literature reviews with simulation studies and hardware
demonstrations. The simulations explore critical parameters, such as element spacing, phase
variations, and amplitude tapering, alongside performance metrics, such as MSE for DOA
estimation and beamwidth analysis. Hardware demonstrations validate these simulations,
showcasing practical implementations of null steering and MVDR techniques using the CN0566
material. The results from the simulations and hardware demonstration provide an analysis of
the different parameters and how they affect the performance within a satellite communications
system. The interpretation of these results addresses potential challenges and limitations, as
well as suggestions for improvements. The report concludes by summarizing the main
achievements and suggesting avenues for future research within the vast area of robust mobile
satellite communication.
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Popularvetenskaplig sammanfattning

Satellitkommunikation &r ett brett &mne som omfattar ett flertal av olika teknologier. Med
hilp av satellitkommunikation kan man idag sinda information 6ver ldnga avstind under en
vildigt kort tid, vilket utnyttjas inom allt frin TV och radio, militdra dndamal, och global
Internetuppkoppling.

Satellitkommunikation bestar av flera delsystem och teknologier med olika funktioner. Dessa
teknologier sisom antenndesign, konfigurering av antennarrayer, och signalbehandling an-
vénds tillsammans i ett kommunikationssystem for att uppritta och bibehélla en link mellan
anvindare pad marken och satelliter. Detta kan ske i flera former och med olika dndamaél, dar
varje anvandningsomrade har skilda kravspecifikationer och begrinsningar.

Denna rapporten undersoker omradet for robust mobil satellitkommunikation, med fokus pa
design och implementering av antennsystem och tekniker for lobstyrning. Mélet &r att forsta
de grundlidggande @mnena och teknologierna, samt att belysa deras betydelse for robust och
mobil satellitkommunikation. Rapporten innehdller en oversikt 6ver SATCOM-system, an-
tenndesignprinciper, lobformning och lobstyrningstekniker, samt signalbehandling for olika
arraykonfigurationer, inklusive linjéra, plana och konformala (3D) arrays. Detaljerade diskus-
sioner om metoder for lobformning och lobstyrning, sdsom nullstyrning, MUSIC och MVDR,
presenteras och undersoker bade analoga, digitala och hybrida tillvigagéngssiitt.

Metodologiskt kombinerar rapporten omfattande litteraturstudier med simuleringsstudier och
hardvarudemonstrationer. Simulationerna utforskar kritiska parametrar som elementavstand,
fasvariationer och amplitudavsmalning, tillsammans med prestandamatt som MSE for DOA-
estimering och lobbreddsanalys. Hirdvarudemonstrationer validerar dessa simulationer och
visar praktiska implementeringar av nullstyrning och MVDR-tekniker med hjélp av CN0566-
materialet.

Resultaten frin simulationerna och hirdvarudemonstrationerna ger en analys av de olika
parametrarna och hur de paverkar prestandan inom ett satellitkommunikationssystem. Tolknin-
gen av dessa resultat tar upp potentiella utmaningar och begriansningar, med forslag pa for-
bittringar. Rapporten avslutas med att sammanfatta de huvudsakliga resultaten och foresla
framtida forskningsomrdden inom det omfattande omradet for robust mobil satellitkommu-
nikation.
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List of Acronyms

SATCOM satellite communication

DOA direction-of-arrival

RF radio frequency

DOF degree-of-freedom

GEO geostationary

GSO geosynchronous

LEO low Earth orbit

MEQO medium Earth orbit

BUC block-up converter

LNB low noise block

ITU International Telecommunication Union
dB decibel

dBi decibel in relation to an isotropic antenna
TEM transverse electromagnetic

HPBW half-power beamwidth

ULA uniform linear array

UCA uniform circular array

URA uniform rectangular array

SNR signal-to-noise ratio

MUSIC multiple signal classification
MVDR minimum-variance distortion-response
EVD eigenvalue decomposition

DSP digital signal processing

ADC analog-to-digital converter

LNA Low-Noise Amplifier

MIMO multiple-input multiple-output
DPBF dual-polarization beamforming

MSE mean-square error



1 Introduction

1.1 Background
1.1.1 Robust Satellite Communication

SATCOM is a topic with various use cases ranging from consumers to businesses, research
institutes, governments and military applications. There are different types of satellites
for these applications, such as communication, Earth observation, navigation and weather.
Depending on the intended application, there are different classes of SATCOM. The entry-
level class is called Class C, which is accessible for educational or consumer purposes. The
higher-level class in the hierarchy is called Class B, which includes a wider range of functions,
bandwidths, and data rates for research and business applications. The highest and most robust
class is called Class A, which government agencies and the military mostly utilize. It has
the highest security and reliability, and is therefore useful for the communication of sensitive
information with a need for high accuracy. The intended use case and system requirements
must be clearly stated before deciding what type of class and satellite are required. With
a higher demand for robust communication, each system must be carefully engineered to
satisfy these demands with satisfactory performance. To provide robust communication,
the system must be able to suppress jamming or unauthorized manipulation of the signals,
efficiently detect and correct errors, efficiently use the bandwidth, and be flexible to changes
in the environment. This increases the strain on SATCOM components, which are ground
stations, satellite transponders, and antennas. SATCOM therefore needs to incorporate a wide
range of subtopics, such as signal processing, wireless communication, antenna design, RF
engineering, security, and encryption.

1.1.2 Beamforming and Beamsteering

The basic principle of beamforming and beamsteering is to increase the sensitivity of the
reception and transmission of wireless signals. This is an important factor in the construction
of energy-efficient systems that can maintain a wireless link between the transmitter and the
receiver when the range increases. It is achieved by manually or electronically coordinating
the steerable antennas in the desired direction of transmission or reception. This principle can
be implemented and optimized using different methods in the case of SATCOM. Different
beamforming and beamsteering algorithms are preferred depending on the environment, an-
tennas used, system specifications for frequencies and bandwidths, and the potential presence
of interference or jammers. The chosen method can then linked to an adaptive direction-
of-arrival (DOA) algorithm that predicts how the beam should be steered to maintain the
established link for mobile receivers or transmitters. The two subjects have been extensively
researched during the last decades, but there are still improvements and new methods in
development with the increased demand for SATCOM systems. Continuously advancing
these technologies today lead to increasing availability in frequency bands, data rates, and
ultimately users.



1.1.3 Antenna Design

To implement beamforming, a basic understanding of the antenna design is needed. There
are several different types of antennas with various design parameters that affect performance.
When designing an antenna element for SATCOM, it is crucial to consider the demands in the
form of frequency band, bandwidth, and distance. This imposes constraints on the size and
shape of the antenna element, antenna gain, radiation pattern, and directivity. Other important
factors for the design are the polarization used, the mechanical construction in the form of the
element spacing, and the impedance matching between the antenna element and voltage feed
for power efficiency. All of these parameters and the effect of each parameter on the overall
performance must be understood before designing the antenna.

1.1.4 Electronically Steerable Antennas

Using electronically steerable antennas, also called phased array antennas, allows for more
efficient and controlled beamforming and beamsteering compared to mechanically steerable
antennas. Phased array antennas consist of multiple elements placed in a predetermined
pattern. This means that instead of using a mechanically rotating antenna, the electronically
controlled phase shift between elements determines the direction. For a receiver, the phase
shift between the elements regulates the time at which a sample of the received signal from
each element should be added for interpretation. For a transmitter, it instead determines at
which time the signal should be transmitted from each element to achieve a beam in the
desired direction. This precise and efficient control is an important factor for creating a robust
link between a receiver and transmitter in a SATCOM system.

1.1.5 Digitized Systems

With the increasing demands of the different parts in a SATCOM system, a shift towards
digitizing the system earlier in the radio frequency (RF) chain has been made. This allows for
higher flexibility and increased degree-of-freedom (DOF):s however, it is made at a cost. Dig-
ital signal processing requires more computational power using sophisticated hardware, which
is both expensive and power-consuming. Finding solutions for efficient signal processing and
finding a balance of where to digitize the signals is an important subject of research.

1.2 Purpose and Scope

The purpose of this thesis is to investigate the underlying technologies of robust satellite
communication with secure and optimized performance. A map of the current landscape of
SATCOM will be created to understand the development trends in the industry are directed
towards. Another focus area of this study is to investigate the fundamental aspects of antenna
design, as this is a broad topic with various features to consider. Additionally, the fundamentals
of designing and utilizing antenna arrays of different shapes and sizes are explored. Finally,
this thesis will study methods for beamforming and beamsteering with supporting techniques
for DOA estimation and interference suppression. The scope is limited to studying the
receiving side of SATCOM and investigating methods for simultaneously handling multiple
satellite links.



1.3 Goals and Specifications

1.3.1 Simulation

Topic Goals and Specifications

Null Steering and Show the DOA estimation and radiation patterns for an 8-element

MUSIC uniform linear array (ULA), 4x8-element uniform rectangular
array (URA), and a 20x20-element URA for comparison

MVDR Show the DOA estimation and radiation patterns for the same
array setups as MUSIC. Evaluation of Mean Squared Error (MSE)
between estimated and actual DOA.

MSE Evaluation of Show the MSE between estimated and actual DOA for MUSIC

DOA Estimation and MVDR in each array setup

MSE Evaluation of Show the MSE between estimated and actual DOA for MUSIC and

DOA Estimation with
different snapshots

MVDR for an 8-element array with different amount of snapshots

Element Spacing

Show the radiation pattern differences for element spacings rang-
ing from O to _ for comparison

Amplitude Tapering Show radiation patterns for an 8-element ULA with different ta-
Variations pering techniques

Phase Variations Show radiation patterns with random phase variations
Beamwidth Show the beamwidths for an 8-element, 20-element, and a 100-

element ULA for comparison

1.3.2 Hardware Demonstration

Topic

Goals and Specifications

Null Steering

Radiation pattern for the hardware with one desired signal and
patterns with zero and one interferers at 10.5 GHz. Radiation
pattern for the hardware with two desired signals and patterns
with zero and one interferer at 10.5GHz. Attempting to create the
radiation pattern using the lowest number of snapshots.

MVDR

Radiation patterns for the hardware with one and two desired
signal at 10.5GHz.




2 Theory
2.1 SATCOM

2.1.1  System Overview

The communication system consists of a ground segment called an Earth station and a space
segment (satellite), as shown in Fig. 1. One of the advantages of SATCOM is that a satellite
can be utilized as an amplifying component in a link between two Earth stations, where the
distance demands wireless communication, as well as coupled with other satellites in a larger
network for global coverage [1]. Another advantage over communication on the ground is the
high adaptability to different use cases. However, the equipment needed for robust SATCOM
is expensive, but it performs well for limited frequency spectrum, interference, and difficult
environmental conditions. Therefore, it is vital to consider during the design a system for
communication. Other aspects that need deliberation depending on the application are coding,
modulation, bandwidth and link budget [1] [2].

§

Uplin| Satellite Downlink

N (7
Transmitting Receiving
Earth Station j Earth Station

Band Pass High Power | ‘ Band Pass Low Power Down
Modulator H Filter HUDCUHVEF\WH Amplfer | ‘ Filter Amplfer Convertor Demedulator Decoder

Figure 1: System overview of the SATCOM system taken from [1]

2.1.2 Satellites

A satellite is any small object that is in orbit of a larger body in space, not just an artificial
satellite that has been placed in different orbits around Earth. Satellites used for SATCOM
at a minimum consist of a robust housing for all the technology on board, antennas for
communication with the ground (passive component), transponders for receiving, amplifying
and re-transmitting signals (active component), a propulsion system, a power system usually
powered by solar panels and a multitude of sensors for the specific use case of the satellite.
These artificial satellites are used for various applications ranging from internet access to
broadcasting, telecommunication, and military communication. Artificial satellites can be
located in different orbits of Earth depending on the requirements of the system, with the most
common ones for SATCOM being in the geostationary (GEO) or geosynchronous (GSO)
orbits 36000 km away from Earth. The advantage of these orbits is that the satellites move
at the speed of Earth’s rotation, which makes them appear stationary when observed from
the ground. This eliminates the difficult task of establishing and maintaining a robust link to
satellites from the ground. Closer orbits such as low Earth orbit (LEO) and medium Earth
orbit (MEO) are also common for satellites but are not suited for SATCOM because of the
higher speed they travel at [3] [4].
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2.1.3 Earth Stations

Earth stations can be realized in various forms, where the demands of the applications
determine the design. The stations can be either fixed, portable, or completely mobile placed
on ground vehicles, naval vessels and even aircrafts. The earth station is commonly divided
into an outdoor unit where the antenna and the accompanying reflector are found, an indoor
unit where the control system is stored, and a cable system to interlink them. The basic
components of the system remain the same for different stations because they need to have the
same fundamental abilities, as shown in 1. The SATCOM modem is used for managing the
coding, modulation, decoding, and demodulation of information from an RF signal. Signal
amplifiers block-up converter (BUC) and low noise block (LNB) are used for transmission
and reception, together with filters and the reflector [5].

2.1.4 Link Budget

The link budget is a summary of all power gains and losses in a system. To establish a link
between, for example, two ground stations through a satellite, the system must be designed
to transmit sufficient power from one ground station to the satellite so that it can amplify and
send it to the next ground station for reception with sufficient receiving power. This is done by
examining all the power gains and subtracting the free-space propagation, cabling-, antenna-
and filter-losses. Because the receiving antenna has a specific sensitivity requirement when
receiving, the design needs to have a link margin to account for variations in the environment

[6].

2.1.5 Industry Standards

UN agency International Telecommunication Union (ITU) is responsible for managing, stan-
dardizing, and developing the global use of the radio spectrum. It also includes SATCOM, as
it issues recommendations surrounding the use of satellites in Earth’s orbit. One aspect that
the ITU controls is the bandwidth that can be used in different regions by different members.
In terms of SATCOM, the frequency bands called the C-band, X-band, Ku-band, and Ka-band
range from 4-40GHz are the standard frequency bands. Depending on whether the application
is for commercial, military, or communication purposes, different bands are preferred, or in
some cases, required [7].

2.1.6 Research & Development Trends

Future work in this area will evolve by utilizing higher frequency bandwidths as well as
satellites that have higher throughput rates to distribute the signals over a wider frequency
spectrum. Together with Al and machine learning support for higher resource management,
security, link modeling, adaption, etc., SATCOM is an area that is continuously developing

[8].
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2.2 Antenna Design
2.2.1 Definition

Antennas are bidirectional devices that can convert power to radiated electromagnetic waves
propagating through space but also reverse the waves back to power. Radiated waves typically
propagate in a spherical manner, but at large distances, the wavefront can be approximated as
plane waves, as shown in Fig. 2a. From the figure, it can also be inferred that the transmitter
is modelled as a voltage source delivering transmitter power through the impedance /g, while
the receiver receives a portion of the plane wave with a receive power over the impedance /..
It is a simple representation of how antennas function, but is still a useful depiction of what
happens. There are several types of antennas, such as wire, horn, loop, and patch antennas as
shown in Fig. 2b. They have a variety of characteristics and applications for antennas, such as
wireless communication, broadcasting, radar technology, and medical applications [9].

Spherical Plane wave
wave f

2z ] /
S22 O &
ﬁ\])—*’;l_\ / ) / = I " Wire Dipole Loop Wire Monopole
Transmit ' Receive
= 7%

antenna
Yagi-Uda Array Horn Microstrip Patch

f P &

Slot

anfenna

Corner Reflector  Parabolic Reflector
(Dish)

(@) (b)

Figure 2: Simple model of how an antenna radiate energy(a) taken from [6] and examples
different variations of antennas(b) taken from [10]

2.2.2 Directivity

Directivity is the measurement of the focusing ability of an antenna. The parameter is defined
as the ratio between the maximum radiation intensity in the main beam and the average
radiation level in all directions. It is a unitless measurement expressed in decibel (dB) on
a logarithmic scale because it is a comparison of the radiation levels. If the antenna has
identical radiation levels in all directions, it is called an isotropic antenna, which means that
the minimum directivity is 0dB. Therefore, it is a useful reference to compare with, where the
directivity of an antenna can be expressed as decibel in relation to an isotropic antenna (dBi)

[9].

12



2.2.3 Antenna Gain and Efficiency

The antenna gain is defined as the product of directivity and efficiency, because directivity is
only a function of the radiation pattern and does not account for losses in the antenna. An
ideal antenna would have zero losses, but imperfect metals and dielectrica results in dissipative
losses. Therefore, the efficiency of the antenna element is measured as the ratio of the radiated
power to the input power. When evaluating the antenna gain, the realized gain is of interest
because it compares the actual gain with the designed ideal gain. The parameter is necessary
to monitor and optimize the performance of an antenna because counteracts to power losses
need to be implemented if the realized gain is too low. Antenna gain is a unitless measurement
expressed in dB on a logarithmic scale [9].

2.2.4 Polarization

The polarization of transverse electromagnetic (TEM) waves sent from the antenna is an
important aspect to consider. A TEM wave is a where the electric and magnetic field are both
perpendicular to the propagation of the wave. TEM waves can either be linearly, elliptically
or circularly polarized. Depending on the use case scenario a specific polarization orientation
can be preferred, as they carry different behaviors for transmission, reception, and signal
processing [9].

2.2.5 Narrowband and Wideband Frequency Ranges

The design of an antenna must consider the frequency range for which it is intended to be used.
With a narrower bandwidth the design has to be made to have a low return loss for a frequency
range around the desired frequency [11]. For a wide bandwidth purpose, the antenna must be
able to operate for a broader range of frequencies. This places more constraints on the design,
as the antenna must have good impedance matching between the antenna and transmission
line for maximal power transfer to the antenna over the entire frequency range [12]. This is
a problem that has needed careful RF engineering for a long time and is still a subject of
research to improve antenna characteristics for a variety of frequencies.

2.2.6 Near and Far-Field Region Radiation

There are two different regions of interest for evaluating the radiation of an antenna element.
The Near-Field Region is defined within one wavelength of the antenna, where the electric and
magnetic fields vary with distance. Energy is stored in this region without radiating because
of the differences in the phase between the electric and magnetic fields. When the distance is
increased, the fields are synchronized and start to radiate energy, which is where the Far-Field
Region begins. The measured near-field energy, together with the known current supplied to
an antenna element, can be transformed to estimate the wave propagation. This transformation
can be performed because the electric and magnetic fields now spread as coherent wavefronts.
These regions are vital for accurate modeling of antenna design, as the Near-Field Region
energy can affect adjacent electrical components, whereas the radiated energy in the Far-Field
Region may be insufficient for a receiver to gather the intended information sent [ 13] [6].
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2.2.7 Radiation Intensity and Pattern

Radiation intensity is a mathematical expression of the level of radiant flux per angle unit. The
intensity is expressed in watts per steradian, where steradian is analogous to radian but used
for 3D-geometry and describes the surface of a cone shaped volume drawn from the center to
the edge of a sphere. This mathematical expression can be visualized by the radiation pattern
of an antenna in a practical manner. The pattern is plotted from the pattern function of the
intensity versus the angels \ (for the elevation plane) or g (for the azimuth plane) seen in
Fig. 3b, where the definition of the angles can be seen in Fig. 3a. These plots can then be
combined to show the 3D view as in Fig. 3b [9].

ELEVATION PATTERN AZIMUTH PATTERN

3D PATTERN

(a) (b)

Figure 3: Illustrations of how the azimuth and elevation planes are defined(a) taken from [14],
as well as how the radiation patterns are visualized(b) taken from [15]

The radiation pattern is a very important tool to utilize, as it can clearly show the sensitivity of
the antenna in different directions. The antenna design can be adjusted to fit the description of
the use case by accurately computing the radiation pattern and analyzing where and how the
beams are formed. While the radiation pattern in theory is useful, it is important to measure
the actual pattern after implementing adjustments to the antenna to confirm that it meets
expectations. Measuring the radiation pattern can be performed in either the Near- or Far-
Field Region. Measurements in the Far-Field Region are simpler and more developed because
the angular distribution of the electromagnetic field is more stable and predictable. If this
is not a viable option, a method for reconstructing the Far-Field Region from the amplitude-
phase distribution of the orthogonal electric and magnetic waves in the Near-Field Region
can be used. It requires a continual recalculation and study, but can be useful [16].

14



2.2.8 Beamwidth

Beamwidth, or half-power beamwidth (HPBW), describes the width of the main beam from
the point of maximum intensity to the level of -3 dB. Therefore, the beam width is expressed
as the angle \ or q depending on the plane in which the main lobe is located. In Fig. 4 the
pattern is cut in the elevation plane, which means that the BPBW is described by the width of
\ [6]. In the 3D-figure however it can be difficult to decipher the beamwidth, but in this case,
the beamwidth is defined by the azimuth and elevation angles. The beamwidth and directivity
are somewhat correlated, where a smaller beamwidth indicates higher directivity. However,
because the directivity includes the average radiation in all directions, the relation between
the two can only be approximated. This is still an effective way to understand the directivity
of an antenna [9].
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Figure 4: Figure of the HPWB-angles in 2D and 3D taken from [9]

2.2.9 Impedance Matching and S-Parameters

Another important aspect of antenna design is impedance matching (or tuning) between the
antenna element and transmission line to the rest of the system. As shown in Fig. 2a,
the simplified function of an antenna can be seen as a impedance load. In the case of a
transmitter, the voltage source aims to transfer power over the load to transmit that power.
This power is then transferred back to the load on the receiving side. By correctly matching
the impedance between the transmission line and antenna element, the delivered power can
be maximized, while the losses are minimized. When connecting multiple antennas in an
array, the impedance matching can improve the signal-to-noise ratio (SNR), amplitude errors,
and phase errors. The factors that must be considered when determining matching networks
are the complexity, implementation, adjustability, and operating bandwidth of the system[9].
The evaluation of the impedance match can be done by the S-parameters, which describes the
insertion and reflection losses in the transmission line. The aim is to have as low losses as
possible at the operating frequency [17].
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2.3 Antenna Array
2.3.1  Definition

An antenna array is a multiple-antenna element placed in a specific structure. With multi-
ple elements working together as one, they can achieve a higher gain and directivity with
added DOF to form the radiation pattern. Elements can be placed in different patterns with
different advantages and disadvantages for various purposes. The commonly used array con-
figurations are linear, rectangular, circular, and conformal. The use for antenna array ranges
from SATCOM to radar technologies and wireless communication, where it is an essential
component owing to its flexibility [6].

2.3.2 Element Spacing

The performance of an antenna array is directly correlated with how the elements are spaced
and the patterns they form. Directivity is usually the highest if the spacing is _ 2. When the
spacing is increased, the main beam narrows, but the unwanted effect of increased sidelobes
affects the performance of the array. Decreasing the element spacing widens the main beam,
which is an unwanted effect. These changes in element spacing lead to a lower directivity for
the radiation pattern, as the two parameters are somewhat correlated. The element spacing
must be designed according to the tradeoff between spacing, directivity, and beamwidth to
suit the specifications required for the array used in a system [18].

2.3.3 Array Factor

The array factor is an important factor in the evaluation of the antenna array performance.
It is a function that includes the array geometry, amplitude, and phase differences between
antenna elements. This factor describes the combined radiated fields from the elements of the
array as if it were a single antenna positioned at the origin of the array. This provides insight
into how each element affects the resulting radiation pattern and can be used to change the
amplitude or phase of a single element to create the desired behavior of the array [6].

2.3.4 Amplitude and Phase Excitation

The use of antenna elements to increase the performance requires the ability to control each
element. Phased antenna arrays add phase control to the already available amplitude control
for higher flexibility in creating the desired radiation patterns. If certain elements in the array
contribute to constructive interference in undesired directions for a uniform array (identical
element amplitude and phase), an algorithm that controls the phase of the antenna elements
can adjust the radiation pattern. Similarly, the amplitude can be managed for these elements
to accomplish positive interference in the main beam direction. A special technique for
manipulating the amplitude is called tapering, which essentially creates a new pattern by
suppressing the amplitude of certain elements. Examples of tapering techniques include
Taylor, Chebyshev, Hann, and Hamming. These are important characteristics to exploit for
antenna arrays, as they lead to increased DOF:s in the design [9] [6].
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2.3.5 Major and Grating Lobes

The main lobe/beam of the radiation pattern can be controlled by the array if the phase and
amplitude of each element are designed correctly. Grating lobes are beams closer to or equal to
the intensity level of the main beam, which allows higher levels of interference and affects the
performance of the system at a considerable level. Grating lobes make it difficult to separate
the desired signals of the main beam from the surrounding noise, as shown in Fig. 5. One
reason for this is that the element spacing is a multiple of the wavelength. Because the steering
angle must also be considered when suppressing the grating lobes, it leads to the rule of thumb
3<06 _ .1, B8=,B(44A8=6 0=6;4"". This rule of thumb creates a range of angles for the
steering angle smaller than the complete range of angles it could point to, because the grating
lobes will be too large when the steering angle is pointed outside of the smaller range. This
relation is especially useful for ULA:s but can be applied to other antenna arrays if it satisfies
the requirements. Unwanted constructive interference from antenna elements can also be a
source of the grating lobes. This is difficult to manage, but several methods for amplitude and
phase control can be implemented in the design to regulate grating lobes[6].
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Figure 5: Visualization of a grating lobe taken from [19]

2.3.6 Array Size and the Realization Problem

Array size is an important design factor in terms of the number of elements used. The
array can have higher directivity and gain with added elements, but with a restricted physical
area for use, this may not be possible. Because there must be sufficient spacing between
the elements to transmit or receive signals without correlation or mutual electrical coupling
between the elements, the elements cannot be too small or placed too close to each other [20].
With increased elements and amplitude control for the elements that contribute to destructive
interference, the array can have the same directivity in all directions. These aspects lead to an
optimization problem where different applications have different requirements for the antenna
array [21] [22].
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2.4 Linear Antenna Array
2.4.1 Definition

A linear array has antenna elements placed beside each other in a straight line. For an ULA,
the elements must be identical with equal spacing between each other. Thus, an incremental
phase shift between the elements can be easily implemented to form the direction of the main
lobe. If the array needs to have different attributes, the spacing or amplitude between elements
can be changed, resulting in a nonuniform linear array [6].

2.4.2 Array Factor for a Linear Array

The array factor for linear arrays is a combination of the array patterns for each element.
Because of its geometry, it can easily be summed up with the corresponding phase shift. This
is described by Eq. 1:

#
”\u — 49,,= 1",:3cos,\", @ (1)
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As shown in the equation, the function is dependent on the elevation angle \. The variable =
describes the location of the element, whereas the variable 3 describes the element spacing.
Finally, the variables V describe the added phase shift and : is the propagation constant.

2.4.3 Phase Control

If the main beam needs to be directed in a direction other than the broad or end-side, a phased
array can be used. Using this method, the phase difference between the antenna elements
can be changed to direct the beam over a wider range. This method requires slightly more
computation but is still easy to implement. This leads to the relationship shown in Eq. 2:

2c 3 B§=,\
q= 2)

Here, it can be deduced that the phase shift ( between the antenna elements is dependent
on the steering angle \. The phase shift is multiplied by the index of the element in an
array because the added time it takes for the received signals to reach each element must
be accounted for. The steering angle is assumed to be constrained to 0° \  180° but is
generally smaller than the ideal range owing to the grating lobes. [6].
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2.4.4 Broadside and End-Fire Array

In some applications, the direction of maximum radiation must be perpendicular to the antenna
array. In these cases, a broadside array is used, as the name suggests the direction. In this
direction, the elements should radiate at an angle \ = 90°. When the desired direction is on
the same axis as that of the linear arrayj, it is called an end-fire array. Depending on the point
at which the main beam is directed, this will lead to angles \ = 0° or \ = 180°. In Figures
6 and 7, a linear array with 10 elements is placed on the z-axis. It can be observed that the
directivity for the broadside array is higher than that for the end-fire because the main beam
is narrower. A larger element spacing increases the directivity and spatial resolution, but it
has to be done without forming grating lobes. This undesired side effect must be considered
when designing an antenna array for the broadside direction of the main lobes [6].
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Figure 6: Figure of the Broadside Array with 3 = _ 4 taken from [9]
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Figure 7: Figure of the End-Fire Array with 3 = _ 4 taken from [9]
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2.5 Planar Antenna Array
2.5.1 Definition

Applications that require control of the main beam in the elevation plane may instead use
planar arrays. These arrays can be executed in various shapes and elements. Planar antenna
arrays are a type of phased antenna array in which the elements can be controlled by increasing
or decreasing the phase and amplitude of single elements [23]. This cooperation between
antenna elements leads to improved directivity, beamwidth, and efficiency [6].

2.5.2 Array Factor and Phase Control for the Rectangular Array Pattern

The array factor for a URA is a combination of the equations for linear arrays placed next to
each other. It can be seen in Fig. 8, with the equation described in Eq. 3:

Z
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Figure 8: Illustration of the rectangular planar array structure taken from [9]
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As shown in the equation, the function is dependent on the angles \ and q. Parameters |-
and < establish the intensity of the rows and columns. The variables < and = describe
which row and column elements are placed, whereas variables 3; and 3y describe the element
spacing in each direction. Finally, the variables (g and Qy describe the added phase value
for each row and column respectively and : is the propagation constant. The phase control of

gc and Qy is performed in the same way as for linear arrays because the rectangular array
can be divided into linear subarrays [6].
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2.5.3 Array Factor for Circular Array Pattern

Another array antenna of interest is the uniform circular array (UCA), where antenna elements
are placed in a circular pattern. It can be seen in Fig. 9, with the equation for the array factor
described with Eq. 4:

X

Figure 9: Illustration of the circular planar array structure taken from [9]
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Similar to the array factor for the rectangular element pattern, the equation can be reduced to
a summation of the contribution from each element. The intensity is still specified for each
element with - and : is still the propagation constant. The radius of the circle is described by
0, and from Fig. 9 the variables \, g and g= can be derived. The final variable U= describes
the phase excitation required to point to the main beam in the desired direction. The phases
of the array elements can be calculated using Eq. 5 and the angles can be derived from Fig.
9. This shows the ease of use of the circular array when the elements are equally spaced

[6].

U-= :0sin\gcos,qo Q-" (5)
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2.6 3D(Conformal)-Antenna Array
2.6.1 Definition

The structure of the antenna array can also be done in 3D as well. Different geometries can
be used, but it is common to place elements on a curved surface. This can also be achieved
by placing smaller planar arrays on a non-planar surface or by simply placing the elements
on a 3D-structure. In Fig. 10, the challenges of placing the antennas on a non-planar surface
can be seen as they have different perpendicular directions. With 3D-antenna arrays a higher
flexibility in radiation patterns is attained and is therefore useful for SATCOM [6].

Corrected (original) direction

of radiation (corrected using
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a result of curvature) /__\

Single microstrip antenna

Figure 10: Illustration of the antenna radiation of an array placed on a non-planar surface
taken from [24]

2.6.2 The Radiation Pattern Problem

The problem with designing a radiation pattern is that there is no singular scalar solution
to the array factor. This stems from the fact that the arrays come in many variations of the
surfaces, element patterns, and polarization directions. Early research on this topic attempted
to simplify the problem by assuming isotropic or dipole elements for analysis of the array
factor. It evolved to compute the element pattern in a planar environment and then place the
elements on the curved surface. Today, with the help of powerful computers, the radiation
pattern can be iteratively shaped, and weights can be optimized to create the desired pattern.
It can be a computationally heavy operation, which is why you can sometimes be satisfied by
modeling the radiation pattern with simpler models for easier visualization [24].
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2.7 Beamforming and Beamsteering
2.7.1 Definition of Beamforming

Beamforming is a signal processing technique used to shape and focus the radiation pattern
of an antenna array in the desired direction to maximize SNR [25]. The goal is to enhance
signal strength while minimizing interference or noise from the environment surrounding the
antennas. This is achieved by controlling the phase and amplitude of single-antenna elements.
In Fig. 11a it can seen that by adding a time delay (which is the same as phase shift) between
the antenna elements, it will form a beam that is not directed at the mechanical boresight. The
desired steering angle \ as shown in Fig. 11b, can be used in Eq. 6 to calculate the phase
shift that needs to be applied to the antenna elements [19].
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Figure 11: Figures of how the phase shift is defined(a), and how it is calculated to form an
electronically controlled beam(b) taken from [19]

2.7.2 Definition of Beamsteering

Beamsteering is closely related to beamforming but is specifically focused on steering the
beam in specific directions. This concentrates on steering the beam rather than designing
the overall radiation pattern. Beamsteering is used for tracking, adjusting for changes in the
environment, and maintaining a communication link while being a power-efficient technique
[26]. Adaptive beamsteering is implemented in systems to improve detection, tracking, and
communication link performance when the environment changes. It can be implemented with
a cognitive radar to create a probabilistic model of the environment to utilize limited resources
more efficiently. This is done through real-time recalculation of the optimal way to steer the
beam for maximal performance [27].
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2.7.3 Fixed(Conventional) Beamforming

When the angles for transmitting or receiving signals and interfering signals do not change
over time, the weights of each element can be calculated and set. Fixed beamforming is the
simplest way to create a radiation pattern with a strong main lobe and minimal noise. However,
this is not a flexible beamforming method because it cannot adjust the weights for any type
of change. In real-world implementations, it is unlikely that noise or interference from the
surrounding environment is stationary, making this method a non-ideal solution [28].

2.7.4 Adaptive Beamforming

In contrast to fixed beamforming, adaptive beamforming continuously recalculates the weights
of the array elements to optimize the signal strength. This allows the flexibility required for
changes in SATCOM links owing to the motion of the satellite or interfering signals. One
important aspect of adaptive beamforming is the DOA estimation because the system must
know the location of the main beam before calculating the weights. The DOA estima-
tion must be able to determine the desired signals from noisy environments, which can be
computationally heavy. The performance can be increased by using machine learning and
probabilistic models for the environment to better predict the new direction of the main beam
[27] [28]. Several methods exist for adaptive beamforming, where Null Steering using the
multiple signal classification (MUSIC) algorithm for DOA estimation and minimum-variance
distortion-response (MVDR) is examined in more detail.

2.7.5 Assumptions for Beamforming

Because the real-world properties of the signal spectrum are very difficult to model properly,
some assumptions must be made to perform adaptive beamforming with a relatively high
performance. To distinguish the desired signal from environmental noise and interference, it
is assumed that the desired signal/signals are not included in the training data of the chosen
beamforming algorithm. This improves the initialization of the beamformer when the desired
signal is present. It is also assumed that the desired signal is a zero-mean quasi-stationary
(stationary stochastic properties for a short period) signal that is uncorrelated with noise and
interference. This assumption is made to make the mathematical model of the beamformer
easier to use. Similarly, it is assumed that the steering vectors for the desired and noise signals
are at least pairwise linearly independent, as this also makes the algebraic computation of the
covariance matrices more manageable [29]. In addition to what is mentioned, there are also
other assumptions made for different methods, one example being methods that can handle
received signals with added noise in the training data. Other important factors to consider are
whether the method requires prior information about the characteristics of the communication
link and how the surrounding environment changes.
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2.8 Null Steering and MUSIC

When calculating the weights for the antenna elements to create a main beam in the desired
direction, strong interference in the direction of the sidelobe can cause problems with the
communication link. Therefore, a null that suppresses the shape of the pattern can be placed
in that direction, effectively reducing the sensitivity of an antenna array for the interference.
To achieve this, an algorithm such as MUSIC can be used. MUSIC is an algorithm that is used
to find the DOA:s for multiple signals. This process is performed by calculating the covariance
matrix from the received signal, which is obtained by multiplying the received signal samples
by its complex conjugate. This algorithm then uses eigenvalue decomposition (EVD) of the
covariance matrix to separate the subspaces of the detected signals and the interferers needed
to decipher the DOA:s of the received signals. The derivation of the algorithm can be found
in Appendix A, where Eq. [24]is the estimation of the power spectrum used to find the DOA of
the present signals. By selecting the number of peaks equal to the number of signals present,
DOA can be estimated. When the angle spectrum %--=¢  has been computed and the DOA
estimation has been done, the nulls can be placed to suppress the radiation pattern in the areas
between the estimated DOA:s, hence the name Null Steering. As shown in Eq. 8, the next step
is to calculate the steering vector wa to compute the amplitude and phase for each element in
the array for the desired direction, as well as w= for the null. The steering vector w= is then
calculated with the null angle, and is then used in Eq. 9 to find the normalized response of
the desired pattern in the null direction. This is then used, as shown in Eq. 10 to remove the
response in the direction of the null.
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One thing to note with this procedure is that the steeering vector w3 for simplicity is shown for
an ULA. The difference is that the steering vector for an URA can produce the weights based
on the elevation angle as well as azimuth, while accounting for the row- and column-position
of each element. To function properly, the antenna array must have more elements than the
detected signals, with an element spacing equal to or below _ 2. Another limitation of this
algorithm is that it performs poorly for correlated signals. Adjustments could be made to
the algorithm to further improve the performance of the correlated signals, depending on the
nature of the environment and desired signal properties [30] [31].
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29 MVDR

Minimum-Distortion-Variance-Response is an adaptive beamforming technique used for cal-
culating DOA as well as the weights for the antenna elements. This is done while adjusting for
possible mismatches between the assumed characteristics of the desired signal and the actual
signal properties. The idea behind MVDR is to minimize the overall variance and, therefore,
the power response of the received signal, while still maintaining a fixed gain at 0dB. In
practice, this technique attenuates noise and interferers over the entire angle spectrum, which
is a favorable outcome for SATCOM. The weights that will be applied to the antenna elements
are calculated by Eq. 11. The covariance matrix R is calculated as mentioned earlier by mul-
tiplying the received signal sample matrix by its conjugate. The number of samples available
1S an important aspect to consider, as a larger sample size will require more computations,
but with the benefit of making better estimations of the covariance matrix. If DOA for the
desired signal is known, the steering vector a can be determined and used to calculate the
corresponding weights. However, if DOA is not accessible from prior information available,
an estimation must be made. In Eq. 12 the power response can be seen. The equation attempts
to determine the average power of the antenna array by multiplying the weights applied to the
received signals for each element. By simplifying this, the weights can be fractioned away,
and the power can be calculated using only the covariance matrix and steering vector. The
power response for different values of DOA:s can now be found by sweeping through the angle
spectrum. An estimation of DOA can now be performed by finding the peak of the spectrum
and then used for the steering vector in Eq. 12.
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An adaptive implementation can be performed by continually re-estimating the DOA and
finding new optimal weights. Depending on the system requirements and change in DOA,
different intervals can be used for recalculation. If the environment has many interferers and
noise, the algorithm may not be sufficient to properly suppress their effects on the performance.
Through an added optimization constraint for the sidelobes of the radiation pattern, it can
accurately estimate the DOA and simultaneously suppress noise. This noise suppression
generally assumes that the noise is white and is distributed evenly over all frequencies.
However, because the MVDR algorithm operates in the frequency domain, it can also handle
colored noise. When colored noise has an uneven distribution in power density over the
operating frequency band, an accurate covariance matrix estimation from the algorithm is
required. This can be achieved by diagonal loading of the covariance matrix, also called
regularization, where a small value is added to all the elements on the diagonal in the matrix
to improve robustness [32] [33] [29].
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2.10 Analog, Digital and Hybrid Beamforming
2.10.1 Analog Beamforming

The analog beamforming works as follows. The received signal samples from each antenna
element in an array are weighted and summed into one beam before conversion to a digital
representation. This is performed in a single RF-chain, as shown on the left in Fig. 12. When
transmitting a signal from an array, this process is reversed. The reason this is called analog
beamforming is because the weighting and combining of the elements, is performed by analog
phase shifters and amplifiers. The advantages of this technique are the simplicity and control
of a single beam. However, the complex and impractical implementation of the hardware
required to split and reroute signals from each antenna element limits the possibility of creating
multiple beams. Another problem with analog beamforming is the calibration when using
analog components. Issues with non-linear components, time-drift for aging components
and mutual coupling can lead to phase and amplitude errors. This can be counteracted by
continual self-calibration and adaptive algorithms to adjust the phase and amplitude within a
system, which will improve performance [34] [35].

2.10.2 Digital Beamforming

From the name digital beamforming, it can be concluded that the process is performed in the
digital domain. For areceiver, this can be achieved by digitizing the received analog signal and
then combining the data in the digital domain. This must be done individually for each antenna
element, which means that each element in an array needs a separate RF-chain, as shown on
the right in Fig. 12. This allows for a higher number of DOF:s for controlling multiple beams,
where the typical limitation is set at one beam per channel/antenna element. Advantages
with this technique is that it allows for higher flexibility in the number of beams, adaptive
nulling, calibration, and a broader dynamic range of signal levels. The disadvantages of digital
beamforming are the complexity and component costs because of the increased number of
RF-chains. This leads to an power optimization problem, as a larger array requires more
computations that draws more power [34] [36].
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Figure 12: Illustration of analog(left) and digital(right) beamforming taken from [34]
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2.10.3 Hybrid Beamforming

Hybrid beamforming combines the advantages of analog and digital beamforming. This is
achieved by connecting a small number of RF-chains to multiple antenna elements instead
of implementing one chain each. This produces subarrays within the larger antenna array
that can perform analog beamforming. The number of subarrays and elements within the
subarray can be designed depending on the application, which allows for greater flexibility.
The benefits of digital and analog beamforming can be exploited in this way, simplifying the
digital signal processing while still attaining flexibility for the system. One effective way to
do it can be by using the analog phase shifters for controlling the phase, and the use digital
signal processing (DSP) to increase the performance for multiple datastreams [34] [36].
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Figure 13: Illustration of hybrid beamforming with two subarrays taken from [34]

2.10.4 Signal Processing

When a signal is received or transmitted, it must be managed properly. This is called signal
processing because the signal is changed to be structured to ensure a reliable transfer of
information. This can be performed both analogously and digitally, but a digital solution is
preferred, even if it is computationally heavier and has limitations. This is because system
requirements require a cost-effective and flexible solution. The signals are quantized by
an analog-to-digital converter (ADC) to obtain digital representations of the analog signals.
Where the implementation of DSP is made can be seen in the figures Fig. 12 and Fig. 13,
but depending on the type of beamforming technique, the use will be different. Examples of
DSP include filtering, energy and signal detection, modulation, coding, error detection and
correlation, and noise cancellation [2] [34].
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2.10.5 Filtering

After the received signal is amplified by a Low-Noise Amplifier (LNA), filtering is an impor-
tant aspect of signal processing because it aims to determine the relevant frequency bandwidth
and discard the rest of the spectrum. If the receiver needs to cover a larger bandwidth or multi-
ple bandwideths, it is preferred to do this with DSP. This is because of the flexibility of digitally
manipulating the signals within the bandwidth, compared with the analogous method, which
requires designed hardware for every specific frequency range of interest. Another aspect
of filtering is the rejection of interference at other operating frequencies and sophisticated
antennas can combine these characteristics for a compact and efficient solution [37] [2].

2.10.6 Energy and Signal Detection

With energy detection, the system can scan the selected frequency spectrum and select the
desired signals. This is a fast and efficient way to obtain the desired signal when the bandwidth
is large. This is performed in the frequency spectrum, where the energy levels are compared to
a predefined threshold. Energy detection must be designed carefully in the presence of noise
or interfering channels. Using energy detection, the signals of interest can be singled out in
the frequency spectrum with a higher accuracy. This detection can be used for beamsteering to
improve the sensitivity of the received signals and improve the interpretation of the information
[38] [2] [39].

2.10.7 Modulation, Coding and Error Detection

Modulation and coding choices are made based on the trade-offs between the required signal
power, bandwidth, and data rate. The modulation can change the form of the signal by for
example changing frequency, amplitude, and phase. This is done by a specific modulation
scheme at the transmitter, and then demodulated by the receiver. A coding method can be
added to the transmitted information to enhance the robustness of the communication link.
The coding scheme is decoded at the receiver through DSP, which can detect whether one
or several bits have been improperly read. The incorrect bits are then corrected and the
information can now be used with higher confidence. Several techniques are used for both
coding and error detection, and the most suitable methods are selected for each use case
scenario [2].

2.10.8 Noise Cancellation

Noise cancellation is implemented to make the system resilient to noise from the environment
as well as self-interference. Noise can be modeled using a Gaussian distribution, called white
noise, or colored noise with different power densities for different frequencies. Therefore,
environmental noise needs to be studied when investigating the system, depending on where
and how itis used for SATCOM. Environmental noise can originate from sources ranging from
the sun and cosmic noise to man-made noise, such as high-voltage lines. Self-interference is
particularly important when using a wideband front-end because it allows a wider range of
frequencies to interfere [9] [2] [37].
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2.11  Beamforming Development Trends
2.11.1 Introduction

With the higher demands and complexity of SATCOM, beamforming techniques must evolve.
This technology continues to improve by optimizing known techniques and tuning them for
new applications. Beamforming methods are able to use fewer snapshots and can be used
for small and wideband applications, increasing the use case scenarios and possibilities. A
recent development has been the Starlink satellite constellation placed in LEO orbit, already
providing internet services across the world. Three different beamforming techniques are
mentioned here, which are valuable in solving the various challenges in SATCOM.

2.11.2 Massive MIMO Arrays

With increasing sizes of planar antenna arrays, multiple RF-chains can be utilized to establish
a higher number of channels for transmitting and receiving. If the system is able to handle
multiple channels, it must have multiple-input multiple-output (MIMO) capabilities. By im-
plementing the Hybrid Beamforming technique together with a sophisticated and compressed
beamforming algorithm, such as the Kaczmarz algorithm, several subarrays with the same
RF-chain can be controlled independently. To enable the use of several channels, the design
must be carefully designed to avoid self-interference between the subarrays created. Affecting
the complexity of the system, it can still be advantageous in terms of flexibility and system
performance when using multiple RF-chains for MIMO arrays [40] [41].

2.11.3 Dual-Polarization Beamforming (DPBF)

dual-polarization beamforming (DPBF) is a newer method of optimizing the power efficiency
when beamforming. In contrast to other beamforming techniques, such as MUSIC or MVDR,
which are focused on phase and amplitude tapering, DPBF only requires phase tapering.
Wider beams can be created without reducing the output power by creating two separate
radiation patterns for each orthogonal polarization. This leads to a more efficient method of
utilizing the power required for the antenna array with better performance. By creating two
different radiation patterns, the array can transmit and receive signals in the same direction
and simultaneously, suggesting higher data rates and improved coverage [42].

2.11.4 Adaptive Null Widening Beamforming

For the cases where the noise or interferers are correlated and colored, meaning they have a
spatial correlation and frequency-dependent power distribution, the regular adaptive beam-
forming techniques will suffer. Using the Adaptive Null Widening technique, a broader null
can be placed to increase the chance of suppressing interference during the updating time. The
algorithm can produce wide and deep nulls while simultaneously being robust to mismatches
in the steering vectors [43].
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3 Methods and Material

3.1 Methodology

The chosen method for conducting this thesis is shown in Fig. 14. It was structured around
obtaining the required foundation and then implementing it in the software and hardware with

matching results.
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Figure 14: Figure of the process

3.1.1 Literature Study

The first phase of this study contains a literature review of the fundamental topics for
SATCOM. A systematic review of previous work performed in this area was conducted
to understand the subject, with a focus on mapping the landscape, as shown in Fig. 14.

The first phase consisted of a qualitative review of academic texts on antenna design, as
it is the fundamental part of an SATCOM system. This was done by simultaneously assessing
published articles on specific parameters to deepen the understanding.

The second phase consisted of reviewing previous studies conducted by implementing various
beamforming and beamsteering techniques for different array configurations. By comprehend-
ing which system requirements and setups decide what use case scenarios are available, the
techniques that are well-documented and proven where chosen.



3.1.2 Simulation

All of the simulations to create the results was made in with the MATLAB software. The
toolboxes "Phased Array System Toolbox", "Antenna Toolbox", and "Signal Processing Tool-
box" available in MATLAB was used. By creating wavefronts to be received by an antenna
array with a set of samples, the covariance matrix could be calculated and used for the DOA
estimation and weight calculation with Null Steering and MVDR. The code produced to
accomplish this included built-in functions when needed, but the main part of the code was
written to fit the specific scenarios investigated to meet the requirements of the Goals and
Specifications.

3.2 Experimental hardware
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Figure 15: Picture of the hardware(a) and schematics of the hardware(b) taken from [19]

* Rasberry Pi: The microcontroller controlling the entire circuit is a Rasberry Pi con-
nected to a PlutoSDR for digitizing and signal processing of incoming signals. The
software interface is controlled by Linux IO and has the possibility of cross-platform
applications such as MATLAB, Python and GNURadio [69].

* PlutoSDR: An SDR platform developed by Analog Devices. It has a bandwidth of
325MHz-3.8GHz, which together with the complex mixer is sufficient for this project
[69].

* Beamforming Chip: The integrated lobe control chip is called ADAR1000 and is
a 4-channel chip operating in the 8-16GHz bandwidth. It has a 360° range with an
angular resolution of 2.8°. It is capable of saving up to 121 preset angles for lobe
control and communicates through SPI. It has over 31dB of gain for received signals,
with a resolution of 0.5dB. Since the array consists of 8 elements, two of these chips are
needed to control 4 rows each and is an implementation of hybrid beamforming [69].

* Patch Antenna Array: The antenna array is a 4x8-matrix of antenna elements with
a frequency bandwidth of 10-10.5GHz. Each column is interlinked, which means that
the array is viewed as an 8-element ULA [69].
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4 Resulis

4.1 Simulations
4.1.1 Null Steering and MUSIC

Azimuth Cut (elevation angle = 0.0°)
0

60 -60

90 -90

120 -120

150 -150
180

Directivity (dBi), Broadside at 0.00 °

Figure 16: Radiation pattern for an 8-element ULA with one desired signal at 0°
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Figure 17: Radiation pattern for an 8-element ULA with one desired signal at 0° and one null
placed at 22°
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Figure 18: Radiation pattern for an 8-element ULA with one desired signal at 0° and one null
placed at 22° and another at -60°
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Figure 19: Radiation pattern for an 8-element ULA with two desired signals at 30° and -30°
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Figure 20: Radiation pattern for an 8-element ULA with two desired signals at 30° and -30°,
with a null placed at 0°
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Figure 21: Radiation pattern for an 8x4-element URA with one desired signal at 0°
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Figure 22: Radiation pattern for an 8x4-element URA with one desired signal at 0° azimuth
and 0° elevation and one null placed at 50° and 0° elevation
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Figure 23: Radiation pattern for an 8x4-element URA with one desired signal at 0° and one
null placed at 20° and another at -60°
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Figure 24: Radiation pattern for an 8x4-element URA with two desired signals at 30° and
-30°
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Figure 25: Radiation pattern for an 8x4-element URA with two desired signals at 30° and
-30°, with a null placed at 58°
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Figure 26: Radiation pattern for an 20x20-element URA with one desired signal at 0°
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Figure 27: Radiation pattern for an 20x20-element URA with one desired signal at 0° and
one null placed at 8°
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Figure 28: Radiation pattern for an 20x20-element URA with one desired signal at 8° and
one null placed at -15°
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Figure 29: Radiation pattern for an 20x20-element URA with two desired signals at 30° and
-30°
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Figure 30: Radiation pattern for an 20x20-element URA with two desired signals at 30° and
-30°, with a null placed at 0°

4.1.2 MVDR
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Figure 31: Radiation pattern for an 8-element ULA with one desired signal at 0°
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Figure 32: Radiation pattern for an 8-element ULA with two desired signals at 30° and -30°

Azimuth Cut (elevation angle = 0.0°)
0

30

60 -60

90 -90

120 -120

150 -150
180

Directivity (dBi), Broadside at 0.00 °

Figure 33: Radiation pattern for an 8x4-element URA with one desired signal at 0°
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Figure 34: Radiation pattern for an 8x4-element URA with two desired signals at 30° and
-30°
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Figure 35: Radiation pattern for an 20x20-element URA with one desired signal at 0°
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Figure 36: Radiation pattern for an 20x20-element URA with two desired signals at 30° and
-30°

4.1.3 MSE for DOA Estimation
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Figure 37: Average of 1000 simulation of the MSE for DOA Estimation of an 8-element ULA
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MSE for an 20-element ULA
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Figure 38: Average of 1000 simulation of the MSE for DOA Estimation of an 20-element
ULA
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Figure 39: Average of 1000 simulation of the MSE for DOA Estimation of an 100-element
ULA
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4.1.4 MSE for DOA Estimation with different amount of Snapshots

MSE for 8-element ULA with 1 snapshots
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Figure 40: Average of 1000 simulation of the MSE for DOA Estimation of an 20-element
ULA with one sample/snapshot

MSE for 8-element ULA with 10 snapshots
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Figure 41: Average of 1000 simulation of the MSE for DOA Estimation of an 20-element
ULA with 10 sample/snapshot
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MSE for 8-element ULA with 50 snapshots
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Figure 42: Average of 1000 simulation of the MSE for DOA Estimation of an 20-element
ULA with 50 sample/snapshot

MSE for 8-element ULA with 100 snapshots
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Figure 43: Average of 1000 simulation of the MSE for DOA Estimation of an 20-element
ULA with 100 sample/snapshot

46



4.1.5 Element Spacing
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Figure 44: Radiation pattern for an 8-element ULA with the element spacing of 0.3%_
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Figure 45: Radiation pattern for an 8-element ULA with the element spacing of 0.5%_
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Figure 46: Radiation pattern for an 8-element ULA with the element spacing of 0.7*_
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Figure 47: Radiation pattern for an 8-element ULA with the element spacing of _
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4.1.6 Amplitude Tapering
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Figure 48: Hamming window
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Figure 49: Chebyshev window with 30dB attenuation
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Figure 50: Hann window
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Figure 51: Taylor window with 30dB attenuation and nbar-value of 4
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4.1.7 Phase Variations
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Figure 52: Radiation pattern for an 8-element ULA with the phase error of +/-1 degree
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Figure 53: Radiation pattern for an 8-element ULA with the phase error of +/-5 degree
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Figure 54: Radiation pattern for an 8-element ULA with the phase error of +/-10 degree

4.1.8 Beamwidth
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Figure 55: Figure of the beamwidth for different ULA:s
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4.2 Hardware Demonstration
4.2.1 Null Steering

0 -10 -20 30 40 -s50dB

Figure 56: Power spectrum pattern for the Phaser with one signal at 0°
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Figure 57: Power spectrum pattern for the Phaser with one signal at 0° and a null placed at
22°
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Figure 58: Power spectrum pattern for the Phaser with one signal at 30° and another at -30°
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Figure 59: Power spectrum pattern for the Phaser with one signal at 30° and another at -30°
with a null placed at 0°
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422 MVDR
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Figure 60: Power spectrum pattern for the Phaser with one signal at 0°
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Figure 61: Power spectrum pattern for the Phaser with one signal at 30° and another at -30°
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5 Discussion

5.1 Simulations
5.1.1  Null Steering and MUSIC

When comparing the radiation patterns between the different array setups, it can be clearly
seen that the size of the sidelobes decreases. The general trend is that the main beam de-
creases in width, as can be seen when comparing the beamwidths of the 8x4-element and
20x20-element URA. However, when comparing the radiation pattern between the 8-element
ULA and the 8x4-element URA, it can be seen that the beamwidth actually increases. This
effect could stem from the fact that the beam for the 8x4-element URA has a beam pattern
that includes the elevation angle as well, which an ULA cannot do. This may cause a widened
main beam, as an increase in elements by a factor of four is not enough to sharpen the main
beam.

Another trend that can be observed when comparing the radiation patterns between the
different setups is that the increased number of elements can increase the discernible differ-
ence between the two main beams. This effect is clearly visible when comparing the radiation
patterns for the two desired signals of the 8-element ULA and the 8x4-element URA. The
level of the grating lobes for the different arrays is still approximately -7dB, but the gain
of the main beams increases by approximately 5dB for the URA. Together with the fact
that the sidelobes have sharpened in the case of the URA, the main beams can be produced
with greater clarity. This trend is even more discernible when looking at the 20%20-element
URA, as the main beams have a higher gain and sharper grating lobes than the pattern for
the 8x4-element URA. This effect is the result of increasing the number of elements to the
extent that the array can be divided into subarrays with different pointing directions and a
sufficient number of elements. Theoretically, an increase in the number of elements leads to
an increase in the number of desired pointing directions for different communication links.
The problem is to determine the optimized number of elements required to steer the main
beams in different directions without interfering with one another, as the beamwidth increases
with a lower number of antenna elements available to steer in a given direction.

The third effect that can be studied from these radiation patterns is the null steering. When
placing the nulls in the direction if the sidelobes it can be seen that the resulting radiation
pattern gets altered, which is visible when comparing Fig. 16, Fig. 17, and Fig. 18. By
suppressing one sidelobe, the overall response does not seem to decrease in area, but instead
changes the shape to account for the suppressed lobe. This effect could occur because the
phase shift between the antenna elements creates positive interference in unwanted directions.
Therefore, even if the relative amplitude between the elements is altered to decrease the re-
sponse in the direction of the nulls while maintaining the main beam, the radiation pattern
still has the same area. This could be the result of a simulation conducted in MATLAB
with perfect conditions and not at all possible to implement in reality. This could also be
derived from the fact that the nulls are perfectly suppressed by -40dB, which may not always
be possible.
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5.1.2 MVDR

When looking at the radiation patterns for the different array setups with MVDR implemented
for beamforming, it can be observed that the main beam sharpens while still attenuating the
sidelobes. However, when comparing the radiation patterns of one and two desired signals,
it appears that the attenuation of the sidelobes increases. This is particularly true for URA:s
because there appear to be fewer and smaller sidelobes when there are two desired signals.
This could be the consequence of the fact that the main beams increase in width, holding more
of the response and therefore attenuating the level of the sidelobes. The higher beamwidth
suggests that more power is required, which is in line with theory. However, this will also
decrease directivity and may have implications for real-life implementations.

It can also be seen that the radiation pattern does not appear to be produced uniformly
around the boresigth of the arrays (at 0°). Comparing the radiation patterns to those created
with Null Steering, they differ significantly in some cases. The theoretical difference lies in
the fact that MVDR uses the covariance matrix produced from the received signal samples
to calculate the weights. This will in turn produce different radiation patterns for different
environments, as the algorithm aims to create the main beam with attenuation of the response
in all other directions as best as possible. This could generate difficulties when implementing
a beamformer with MVDR, particularly in a noisy environment, and if there are interferers in
known directions that need to be attenuated. However, there are tools to improve the algorithm
to be more robust by diagonal loading for example. Increasing the number of elements in
the array, if possible, would also boost performance, as the patterns clearly show that larger
arrays can produce sharper beams.

5.1.3 MSE for DOA Estimation

To evaluate how accurately an algorithm can correctly predict the DOA of a signal, averaging
the results over multiple tests at the same SNR is an explicit way to do so. The test results
are shown in Fig. 37, Fig. 38, and Fig. 39. It can clearly be seen that the MUSIC algorithm
outperforms MVDR for ULA:s with relatively few elements, but when the number increases,
they perform almost identically.

The reason that MUSIC performs better than MVDR could be the differences in comput-
ing the power spectrum. MVDR merely computes the power spectrum deriving out of the
response of the covariance matrix in different steering directions, seen in Eq. 12. However,
the MUSIC algorithm only computes the power spectrum of the noise after removing the
eigenvectors from the covariance matrix that are most likely to contain the DOA for the
signal. Therefore, this computation of the power spectrum will not have a response in the
estimated DOA, as the desired signal and noise in that direction have been removed. This
leads to a lower value of the response in that direction and because Eq. [24] shows that the
response is inverted, there should appear a peak in that direction.
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5.1.4 MSE for DOA Estimation with different amount of snapshots

In the same manner as mean-square error (MSE) can be used to evaluate the DOA estimation
of different array setups, it can also be used to evaluate the performance for different numbers
of snapshots/samples. It can clearly be seen that the overall performance of both algorithms
improves by increasing the sample size.

It can also be seen that MVDR performs better than MUSIC when 50 snapshots or more
are used for this 8-element ULA. This could be because, as the number of snapshots in-
creases, the covariance matrix more accurately describes the correlation between the received
samples of the different elements. This could also be the effect of a lower dependence on
the number of snapshots received and a greater emphasis on EVD for MUSIC, which could
lead to a slower increase in performance as the number of snapshots increases. Regardless,
the amount of snapshots greatly depend on the actual sample time and sample rate of the
system, and should be considered carefully before choosing the appropriate DOA estimation
technique.

5.1.5 Element Spacing

One aspect of designing antenna arrays is element spacing, which is generally set to 0.5* .
This is not a strict requirement but rather a deliberate choice between creating a radiation
pattern with a sharp main beam and low sidelobes. This can be clearly observed in Fig. 44,
Fig. 45, Fig. 46, and Fig. 47, that by increasing the element spacing the main beam gets
sharper. However, it can also be observed that the sidelobes become increasingly larger until
the point of becoming a grating lobe with the same gain as the main beam. This creates a
problem when implementing a high element spacing, as the antenna array will be susceptible
to interference and noise. On the other hand, an element spacing lower than 0.5* _ will create
a main beam that could be wider than desired and, in that way, become susceptible to the
same problems as the case of an element spacing that is too wide. For some cases, it may be
advantageous to not use an element spacing of 0.5*% _, for example, when using a beamformer
in a wideband frequency range system, as the receiver must be optimized to create a good
radiation pattern for different operating frequencies. Therefore, the benefits of a sharper main
beam in contrast to higher sidelobe levels must be designed accordingly.

5.1.6 Amplitude Tapering

As previously mentioned, the amplitude of each element can be adjusted to alter the radiation
pattern. In Fig. 48, Fig. 49, Fig. 50, and Fig. 51 it shown how the pattern can be changed
with these different tapering techniques applied on weights calculated by a steering vector.
As can be seen, depending on the technique used, the main beamwidth and level of sidelobes
will differ. This calls for deliberate consideration when applying one of these techniques to
the specifications of a system for real-life applications as here is a need to weigh the effects
these techniques on the beamwidth, the required gain, and the number of sidelobes. The
added feature of deciding the level of attenuation in the cases of the Taylor and Chebyshev
window can make these preferable, as a lower attenuation will cause the main beam to be
sharper.
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5.1.7 Phase Variations

Computing and implementing the phase shifts between the antenna elements are very sensi-
tive, as slight errors can cause significant changes in the radiation pattern. It is shown in Fig.
52, Fig. 53, and Fig. 54 what happens when errors in correct phase shift between elements
occur. Itis clearly seen that an increase in errors in degrees distorts the radiation pattern on a
greater scale.

Manufacturing errors can occur when the physical size of the array and antenna elements
is small, and the placement is not executed within a reasonable tolerance. This, in turn,
becomes a problem in the computation, where the software assumes that the element position
is equal and calculates the weights from that assumption. It can then end up looking as shown
in Fig. 52, which may not be a problem if other errors does not occur.

When the angular resolution is insufficient for the use of the system, it can cause even
larger errors in the radiation pattern. This stems from the fact that the calculated phase shifts
will get quantized to the closest value according to the angle resolution. An angle resolution
of approximately 5° can cause the radiation pattern to appear as shown in Fig. 53. This will
also require consideration when designing a system, as the angle resolution could limit the
use case of the real-life implementation of a beamformer.

Calibration errors can cause the biggest problem in computing the correct phase shifts. Fig.
54 shows what could happen if there are a random error of +/- 10°, which can be seen causing
huge distortions and a radiation pattern containing high sidelobes. Therefore, the calibration
algorithm must be tuned to the implemented system and preferably used within a repeated
time interval to ensure that the resulting radiation pattern has a favorable appearance.

5.1.8 Beamwidth

The beamwidth of the main beam for different steering angles is an important aspect to be
considered when deciding the placement of an antenna array. As shown in Fig. 55 it is never
constant, and it also has a cutoff point where the main beam grows to large. This happens when
the antenna array is no longer able to contain the beamwidth small without the "pull" from
the positive interference towards the end of the array i.e. +-90°. That is why the beamwidth
also decreases as the steering angle increases past the cutoff, as the "pulling" effect does not
stretch the main beam to the same extent when the steering angle is closer to +-90°.

A trend that can be discerned in Fig. 55 is that the beamwidth decreases as the amount
of elements in the array increases. This can be derived from the figures showing the radiation
patterns for an 8-element ULA compared to 4x8-element and 20x20-element URA:s. This
indicates that increased elements in the array can contribute to sharper beams with higher
can and lower sidelobes, but at the cost of complexity, as discussed before. Figures similar
to Fig. 55 can therefore be used to decide the size of the array, but also the placement and
application of the array as some use cases may require a larger span of angles for transmission
or reception.
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5.2 Hardware Demonstration
5.2.1 Null Steering

A comparison of the results in Fig. 56, Fig. 57, Fig. 58, and Fig. 59 from the hardware
demonstration to their theoretical counterparts in Fig. 16, 17, 19, and 20, their similarities
can be seen. Of course, one of the main differences is the gain achieved, but the figures from
the demo are not perfectly symmetrical either. These differences arise from the problems
discussed earlier, as this implementation has limitations due to the angle resolution of 2.8°
and perhaps imperfect calibration and manufacturing.

One thing to note is that the results from the hardware only include the null steering part,
without the DOA estimation made by MUSIC. This is because there is no real signal received
by the phase able to use for creating the covariance matrix.

Another difference to note is that the placement of nulls cannot attenuate the response by
the same amount in the hardware demo, as in the theoretical simulation. This has also been
discussed earlier, as there is a limit to the extent to which the nulls can actually be suppressed.
The acceptable result is shown in Fig. 56 where the response in the null direction is suppressed
by approximately -15dB. The null steering in 59 shows an attenuation of approximately -8dB,
which can be the result of simultaneously controlling two main beams, and therefore has fewer
resources to suppress the null response further.

5.2.2 MVDR

As for MUSIC, a comparison of the results in Fig. 60 and Fig. 61 from the hardware
demonstration to their theoretical counterparts in Fig. 31 and 32, their similarities can be
seen. The radiation patterns are not symmetrical for the implementation of MVDR, but the
overall pattern is satisfactory.

One notable aspect of the radiation pattern is that the level of gain is higher for the im-
plementation of MVDR than for MUSIC. This can be the cause of the fundamentals of
MVDR, maximizing the gain while suppressing the overall response in the other directions.
This is of course an important factor to examine in detail when designing the system, as the
receiver needs to have sufficient receiving power to meet the link budget for a SATCOM-link.

Notably, the actual steering angle appears to be slightly offset when there are two desired
main beams. This is consistent for both MUSIC and MVDR, which could be the result of
computational errors. This error seems to introduce a scaling factor that leads to a higher
deviation from the intended steering angle as the angle increases. A proper mapping of this
deviation over the whole angle range and introducing a variable to counteract this deviation
could be a solution, but has not been implemented at this point.
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6 Conclusions

6.0.1 Simulations

The topic of SATCOM has been explored, including a few of the underlying technologies. As
a SATCOM system needs careful consideration in the antenna design, antenna array config-
uration, choosing of beamforming, and beamsteering techniques, the importance of different
aspects within these topics has been investigated. It can be derived from the results and
discussions that parameters such as amplitude tapering, phase shift tapering, element spacing,
array configuration, amount of snapshots, and the chosen beamforming and beamsteering
techniques are all intertwined. My conclusion is that by clearly defining the operating speci-
fications for a SATCOM system and then designing the system following these requirements,
a robust and mobile SATCOM link can be established and maintained.

6.0.2 Hardware Demonstration

The hardware demonstration showcases some of the issues with implementing the theoretical
work into real-life systems. Issues with calibration between elements, manufacturing errors
and lower angle resolution results in radiation patterns that does not perform ideally. The
limitations in the Null Steering and MVDR algorithms also implies that there are a limitations
in the available hardware. But, with the limited resources of the hardware my conclusion is
that it performs well enough to understand how the different parameters in array configuration
and beamforming techniques are intertwined.

6.0.3 Future Work

I would suggest that the future work on the topic robust mobile satellite communication
should focus on investigating the difference in performance of antenna arrays placed on
different mobile vehicles, as well as the implementation of encryption or modulation used in
the communication link to increase the robustness. Another focus of the future work should
also be developments in software, where the SATCOM system could be evaluated as a whole
instead of only the receiver. Another suggestion would be to aquire an analog beamformer and
a digital beamformer to investigate the benefits of the separate systems, and compare them to
each other to possibly merge them with a designed hybrid beamformer in the end.
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7 Appendix

Firstly, an approximation of the received signal for an arbitrary antenna array is made in
Eq.13. The varying functions D;,(” and Qs,0” models the fluctuations in time and phase at
center frequency 5y, which accounts the differences in time between the elements.

By, (" = Dy, 0"4°%2C%0- 00l for g=1 2 3 (13)

As shown in Eq. 14 and Eq. 15, the received signal can be approximated to a time-delayed
signal depending on ¢. This variable signifies the amount of time-delay that occurs between
elements, which can be interpreted as the phase shift between elements as well.

Dy, 0" Dg,0 9" and Qs,0" .0 Q7 (14)

) BB,,C gn BS,,C”4 92C5og (15)

The sampled version for an array of size M of the received signal is shown in Eq. 16. Here
g-,\s" is the propagation delay for the kth sensor of ith wavefront, 0- ,\;” is the steering vector
at frequency b for the antenna element, d is the number of sources present, and =- (" is
the noise at the kth sensor element. This can be rewritten into vector-form as shown in Eq.
17.

G.,0"= 0.-,\¢"Bs,0 0:,\8"",=:,0" where :=12 " (16)
§=1

3
X,,C” = a,,\g"Bg,,C” > n,,C” Whel‘e a,,\8” = 08,,\8"4 2¢ 509:"\8” (17)
=1

Thereafter a couple of approximations are made to simplify the DOA estimation. The number
of sources has to be less than the elements in the array, the sources are uncorrelated zero mean
stationary processes leading to Eq. 18, and the noise is a stationary zero mean complex white
Gaussian noise process leading to Eq. [I9] These assumptions will result in the resulting
MxM covariance matrix for the received samples to be Eq. [20]

Ry = E»SS . =diag, F? F; (18)
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-=FE»nn . = fZZIM M (19)

R; = Evxx . = ARA , Fly m (20)

The signal covariance matrix ”g has the size NXN, where N = d. This means that there will
be N-M eigenvectors and eigenvalues corresponding to the sources in the covariance matrix.
The remaining eigenvectors has to be orthogonal to the vectors corresponding to the sources,
as the assumption about uncorrelated signals and noise has to hold. This is shown in Eq. 21]
where < is an eigenvector with a eigenvalue of zero.

Riqm =SAS qm=0 D> dm SAS qmu=0 D> S qum=0 ©3))

In any real-life scenario, the signal covariance matrix ”g would not be available. This leads
to an the need for an approximation of this matrix from the received covariance matrix ”g.
With the EVD, the covariance matrix can be rewritten as Eq. The matrix Q includes
all the eigenvectors, which will be divided into Qg and Q-. Eq. shows what the result
would be if the eigenvector q< corresponded to any eigenvalue for the covariance matrix.
Since the eigenvalue would be zero for a vector without any signal, the eigenvalues can be
sorted in order of size. Then the eigenvectors of the covariance matrix corresponding to the
higher eigenvalues could be assumed to include a source, and removed from the covariance
matrix. The resulting matrix would then become Q- and used in Eq. to calculate the
MUSIC spectrum. Since the vectors corresponding to the DOA of the sources has been
removed, the spectrum will have peaks in those directions and the estimation of the DOA can
be made.

1. F? 0 0
0 ,,F 0
R =Q Q (22)
0 0 T
Rsqm = _Qm ) Reqm = Rsqm » L qm = »_< » fznqm (23)
1
%..*( N\ Q= 24)

S\ g” Q=Q-S,\ ¢”
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