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Abstract

The increasing demand for accurate positioning solutions for highly-automated driving and
safety-critical applications motivates the use of array-based satellite navigation receivers
that feature better performance, due to the enhanced diversity gain and the potential
beamforming capability. The need for improving the robustness of navigation receivers
against sources of signal distortion such as multipath propagation, atmospheric impact,
jamming, and spoofing violations requests to extend the receiver to exploit polarization and
frequency diversities. The resulting design is challenged by the significant rise in hardware
and software complexity. This complexity increases even more with the trend to
miniaturize the navigation receiver, to ease the integration in vehicles or mobile systems,
because mutual coupling rises between the radiating elements of the receiver, and
deteriorates their radiation efficiencies and polarization purities, and hence degrades the
system robustness. In this thesis, a compact dual-band dual-polarized array-based
navigation receiver that uses array diversity, frequency diversity, and polarization diversity
is studied and designed, to provide robustness against the different types of distortions. The
main contributions of the presented work include the design of the dual-band dual-polarized
patch antenna element, the design of the compact antenna array, the study of the cross-
polarization sources in patch antennas, the analysis of the mutual coupling impact on
radiation efficiency and polarization purity of radiating elements, and the mitigation of both
impacts using eigenmode-based decoupling and matching networks. Furthermore, the work
also involves the integration of the antenna system with an RF-IF front-end, developed in
cooperation with IMMS GmbH, for power amplification, filtering, and down-converting.
The dissertation covers also the integration with an array-based digital receiver, developed
in cooperation with RWTH Aachen University and the German Aerospace Center (DLR),
to implement data acquisition, direction-of-arrival estimation, beamforming, and anti-
jamming algorithms. The feasibility of both the array diversity and the polarization
diversity was confirmed in automotive-related field measurements, particularly for
elevations below 40° and 60°, respectively; i.e., at directions far from the main beam
direction of the even mode of the array (at zenith), and where the impact of multipath
propagation on strength and polarization of the signal reaches sufficient levels to disturb
the receiver. Measurements proved the receiver robustness against jamming-to-signal ratios
up to 85 dB, outperforming several state-of-the-art receivers described in literature.
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Kurzdarstellung

Die steigende Nachfrage nach prézisen Positionierlsungen fiir hochautomatisiertes Fahren
und sicherheitskritische Anwendungen fiihrt zu der Verwendung von Array-basierten
Satellitennavigationsempféngern, die aufgrund des verbesserten Diversity-Gewinns und
der potentiellen Strahlformungsfahigkeit eine bessere Leistung aufweisen. Die
Notwendigkeit, die Robustheit von Navigationsempfiangern gegeniiber Quellen von
Signalstorungen, wie Mehrwegempfang, atmosphérische, sowie Jamming- und Spoofing-
Storungen, zu verbessern, verlangt, den Empfanger weiter auszubauen, um beispielsweise
Polarisations- und Frequenz-Diversity auszunutzen. Das hieraus resultierende Design ist
durch eine signifikante Zunahme der Hardware- und Softwarekomplexitét gekennzeichnet.
Diese Komplexitdt steigt noch mit dem Trend, den Navigationsempfianger zu
miniaturisieren, um die Integration in Fahrzeugen oder mobilen Systemen zu erleichtern.
Da die gegenseitige Verkopplung zwischen den Antennenelementen eines kompakten
Antennen- Arrays steigt, verschlechtert sich deren Strahlungseffizienz und
Polarisationsreinheit und damit die Systemrobustheit. In dieser Arbeit wird ein kompaktes,
dualbandiges und dualpolarisiertes Antennenarray fiir einen Navigationsempfanger
untersucht, schaltungstechnisch entworfen und aufgebaut, womit Array-, Frequenz-, und
Polarisations-Diversity ermoglicht wird. Dies fiihrt zu einer signifikant verbesserten
Robustheit gegeniiber den bereits oben angesprochenen Storungen. Die Hauptbeitrige der
vorgestellten Arbeit umfassen das Design des dualbandigen und dualpolarisierten
Patchantennenelements, das Design des kompakten Antennenarrays, das Studium der
Kreuzpolarisationsquellen in Patchantennen, die Analyse des Einflusses der gegenseitigen
Kopplung auf die Strahlungseffizienz und Polarisationsreinheit strahlender Elemente, und
die Abschwichung beider Auswirkungen unter Verwendung von eigenmodebasierten
Entkopplungs- und Anpassungsnetzwerken. Dariliber hinaus beinhaltet die Arbeit die
Integration des Antennensystems in ein HF- Frontend, das in Kooperation mit der IMMS
GmbH entwickelt wurde. Dieses dem Antennenarray nachgeschaltete Frontend ist zur
Leistungsverstarkung, Filterung und Signalkonvertierung der Satellitensignale
erforderlich. Die Dissertation umfasst auch die Integration mit einem Array-basierten
digitalen Empfanger, der in Zusammenarbeit mit der RWTH Aachen Universitit und dem
Deutschen Zentrum fiir Luft- und Raumfahrt (DLR) entwickelt wurde, in dem neben der
Datenerfassung, auch die Richtungsschitzung, das Beamforming und die Anti-Jamming-
Algorithmen implementiert wurden. Die Machbarkeit sowohl der Array-Diversity als auch
der Polarisations-Diversity wurde in Automotive-related Feldmessungen bestitigt,
insbesondere fiir Elevationswinkel unter 40° bzw. 60°, h. in Richtungen, die von der
Hauptstrahlrichtung des Even-Modus der Array (im Zenit) weit entfernt sind, und wo der
Einfluss des Mehrwegempfangs gegeniiber dem Nutzsignals ausreichend hohe Pegel
erreicht, um den Empfénger zu stdren. Die Messungen bestétigten die Robustheit des
Empfingers gegeniiber Stor- Nutzsignalverhdltnissen von bis zu 85 dB und iibertrafen
damit mehrere in der Literatur beschriebene ,,State-of-the-Art” Empfanger.
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Chapter 1:

Introduction

The robustness of global navigation satellite systems (GNSS) against external interferers
or distortions is a critical parameter that defines the capability of these systems to provide
location, velocity, and time information with sufficient application-based accuracy and
reliability, in the presence of the interferers. This is of high importance for real-time and
safety-critical applications such as highly-automated driving, unmanned aerial vehicles,
and autonomous maneuvering, where consistent, precise and real-time navigation data are
prerequisite to avoid collision and ensure traffic safety.

However, the operation of many of the classical GNSS receivers available in the market
depends on a single radiating element, usually a patch antenna, with simple hardware or
software solutions dedicated to enhance the receiver robustness against potential sources
of signal distortions. Hence, the reliability of these receivers might not be sufficient for the
afore-mentioned applications. Therefore, improving the receiver robustness against
different types of signal distortions has become an important research field for forthcoming
satellite-based navigation receivers, especially in automotive industry [1-7].

Besides the common natural phenomena that adversely affect the performance of GNSS
receivers, such as the multipath propagation and the atmospheric impact, jamming has
become a growing threat, considering the availability of cheap commercial jamming
devices that can block the service of classical receivers [1, 8]. Such types of interruptions
raised the need to use adaptive multi-element antenna arrays, to replace the single element
at the receive side. Antenna arrays empower the receiver with the ability to implement beam
steering algorithms, e.g., to desensitize the radiation pattern at the directions of interferers
or jammers [9-15].

Moreover, dual-polarized antennas provide the GNSS receiver with full polarization
degrees-of-freedom, to compensate for the impact of multipath propagation on the signal
polarization [7, 8, 16, 17]. Additionally, the dual polarization increases the number of
degrees-of-freedom for the anti-jamming and null steering algorithms [18, 14, 19, 20]. It is
proven in this work that dual polarization also increases the maximum jamming-to-signal
ratio (JSR) that can be overcome by the anti-jamming GNSS receiver (JSR-tolerance).
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Furthermore, dual- or multi-band GNSS receivers have been developed to improve the
positioning accuracy and enhance the receiver robustness against atmospheric effects on
the wave propagation [21-23].

In summary, growing efforts have been undertaken to design new generations of robust
GNSS receivers that use antenna arrays (gain and spatial diversities), with polarization
diversity, and frequency diversity, in addition to dedicated array signal processing
techniques, to enable compensation for the atmospheric and multipath impacts on the wave
propagation, and to maximize the received power at directions of the wanted signals and
null it at directions of unwanted interferers.

This work describes the design, testing and evaluation of a robust dual-band and dual-
polarized array-based global satellite navigation receiver, which has been developed under
the project name “compact satellite receiver systems for robust navigation applications
KOSERNA”, in cooperation between the afore-mentioned partners TU Ilmenau, DLR,
IMMS GmbH, RWTH Aachen, and Antennentechnik Bad Blankenburg GmbH.

The project is a continuation of previous projects where array-based, but single-polarized,
satellite navigation receivers were developed by some partners of this project, namely the
dual-band “Galileo Antenna Demonstrator GALANT [24]” developed by DLR, and the
single-band “Compact Adaptive Terminal Antenna for Interference-Free Satellite
Navigation KOMPASSION [25]” developed by DLR, TU Ilmenau, RWTH Aachen, and
IMMS GmbH.

The new receiver, presented in Fig. 1.1, incorporates a four-element dual-band dual-
polarized compact antenna array, connected to two eigenmode-based decoupling and
matching networks (DMN) [4, 69, 76], to improve the radiation efficiency and cross-
polarization discrimination degraded by mutual coupling. The resulting eigenmodes of the
array are carried to a calibration circuit, and then fed to an RF-IF front-end for power
amplification, frequency filtering, and RF-IF down-converting. Finally, the signals are
carried to a digital receiver empowered with array-based algorithms to perform data
acquisition, direction-of-arrival estimation, beamforming, and anti-jamming.

The antenna with its decoupling and matching networks and its calibration circuit were
developed by TU llmenau. The front-end was developed by TU Ilmenau and IMMS GmbH.
The digital receiver was developed in cooperation between RWTH Aachen, DLR, and TU
Ilmenau. The robustness of the receiver, with its enhanced array and polarization
diversities, were tested against different automotive-related multipath and jamming
scenarios, in measurement campaigns run by all partners.

My responsibilities in this work included the antenna array, the decoupling and matching
circuits, the calibration circuits, the integration and performance testing of the RF-IF
circuits, the integration with the digital receiver, the setup and the performing of the



measurement campaigns in cooperation with the other partners, the analysis of the results,
and evaluation of the system.

m The antenna array

48 - 9 8 dual-band RF ports
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3434 ... J 16 IF signals
[ Digital receiver ]

Figure 1.1: A block diagram of the proposed array-based dual-band dual-polarized GNSS
receiver, showing the main components and the signal flow.

The automotive-related field measurements proved the usability of the higher-order right-
hand circular-polarized (RHCP) eigenmodes of the array for receiving the navigation
signals, particularly at low elevations, where the higher order modes have larger gain than
the even mode (below 40° for the designed antenna array), and thus to extend the coverage
angle of the receiver.

Measurements proved also the usability of the higher-order left-hand circular-polarized
(LHCP) modes, particularly the odd modes, to receive the navigation signals at elevations
below 60°, and thus to compensate for the polarization distortion caused by the multipath
propagation. This, eventually, helps to improve the tracking quality, and hence the
positioning accuracy of the receiver. It helps also to improve the anti-jamming robustness
level of the receiver.

Measurements helped also to decide which left-hand modes should be selected for practical
dual-polarized receiver, where limited number of RF channels can be processed, to reduce
the system complexity and costs.

These results confirm the usability of dual-band dual-polarized antenna arrays to extend
the scan-angle of GNSS receivers, improve their positioning accuracy, and enhance their
robustness against polarization distortions and jamming interferers.
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Comparisons found that the developed receiver outperforms several state-of-the-are anti-
jamming receivers described in literature, particularly in the anti-jamming robustness level
[3, 6, 26-28].

Analyses, to highlight the influence of each part of the analog and digital stages, found that
all parts of the receiver are relevant to achieve improved robustness, since each stage of the
system highly depends on the others. While array-based anti-jamming signal processing is
essential to exploit the array and polarization diversities, a well decoupled and matched
antenna array, with optimized array and polarization diversities, is a prerequisite for such a
system. Additionally, a proper RF-IF front-end with low noise figure, gain control, and
probably the possibility of online calibration, is necessary for the efficient integration of
the receiver.

The motivation for the proposed design, together with the state-of-the-art are covered in
Chapter 2.

The design of the single dual-band dual-polarized GNSS radiating element, with special
focus on the polarization characteristics, is covered in Chapter 3.

Chapter 4 is dedicated to study the performance of radiating elements in compact antenna
arrays, with focus on the impact of mutual coupling on the polarization purity of patch
antenna elements.

Chapter 5 describes the receiver construction in detail, with focus on the hardware part of
the receiver. The chapter combines the design and layout of the circuits, the circuit-level
measurements, and eventually the system integration.

Chapter 6 is devoted to the automotive-related system performance evaluation of the
receiver, with focus on the robustness against jamming sources, and the feasibility of array
diversity and polarization diversity.

The conclusions and main findings of this thesis are finally presented in Chapter 7.
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Chapter 2:

Motivation for Robust Satellite
Navigation Systems

2.1 Global navigation satellite systems (GNSS)

Acquiring the basic geographical knowledge of the surrounding area, and the possible
navigation paths towards resources, or other points of interest, played always a significant
role in the history of human civilization.

Global Satellite Navigation Systems are used, nowadays, to fulfill this demand and provide
users with the ability to calculate their position, velocity, and time. Advanced GNSS
receivers can provide more information such as attitude. GNSS systems may work
independently or integrate with other sensors (e.g., inertial measurement units) to improve
accuracy and reliability.

A GNSS system, illustrated in Fig. 2.1, is a satellite-based broadcasting system, where
satellites orbiting the earth broadcast dedicated L-band RHCP signals with navigation data
and ranging codes. The navigation data of each signal contain the position, velocity, and
clock bias of the related satellite, while the ranging codes are Pseudo-Random Noise (PRN)
sequences that allow the receiver to calculate the travel time of the signal. The travel time
and navigation information, if received from at least three satellites, should allow the
receiver to calculate its relative position. However, due to the time ambiguity, four satellites
are needed to find the position, time, and subsequently velocity information [29, 30, 31].

Several GNSS systems were deployed over the years to respond to the inevitable reliance
on this service in wide variety of applications including transport, aviation, automotive,
mapping, farming, disaster management, etc. These systems include GPS, GLONASS,
Galileo, BeiDou, etc [32, 33].
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Figure 2.1: Basic illustration of a GNSS system, depicting the GNSS receiver, several
GNSS satellites, and the main components of a GNSS signal.

2.2 Sources of signal distortion

With the low receive power at GNSS receivers (typically around -130 dBm), and the small
gain of their antennas (typically around 3 dB to 6 dB at the main direction for the widely
used patch antennas), these devices are vulnerable to several kinds of distortions that either
directly affect the receivers themselves or distort the propagating navigation signals,
resulting in positioning errors and decreased reliability, which limits the possibility of using
these receivers for automotive or safety-of-life applications.

In addition to possible unintentional interferers from systems working close to the GNSS
frequencies, sources of distortion include intentional jamming and spoofing devices,
atmospheric impact, and multipath propagation, as illustrated in Fig. 2.2.

Figure 2.2: Illustration of a GNSS receiver in operation, with possible sources of
distortions that may affect the receiver or the navigation signals.
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These sources are to be covered in detail in the following paragraphs. The solutions to
mitigate the influence of these sources of distortion are discussed thereafter.

2.2.1 Propagation effects (multipath and atmosphere)

Multipath propagation has a strong influence on the performance of GNSS receivers,
especially in urban environments. Shadowing may block or limit the service. Reflections
attenuate the strength of the reflected signal. The longer traveled-paths add delays, which
affect the positioning accuracy. Moreover, instances of the signal coming through different
paths add to each other destructively or constructively, resulting in fast fading which
influences the stability of the receiver [7, 17, 34-37].

Furthermore, reflected instances of the signal may change their polarization from the
nominal right hand circular polarization to the unwanted left hand circular polarization
depending on the impinging angle as described in [7, 16, 38]. This phenomenon results in
a received signal with stronger LHCP component at the receiver side, which introduces a
polarization mismatch with the RHCP receiver.

Additionally, the atmospheric layers could have notable influence on the GNSS signal at
certain frequency bands, depending on the weather condition and the direction of arrival of
the signal [21, 22, 35, 39].

2.2.2 Intended signal modifications (jamming and spoofing)

One kind of intentional in-band interference is usually referred to as jamming. The jammer,
usually, transmits high-power signals at the GNSS frequencies to prevent receivers in the
area from operation. One of the most famous types of jammers is the personal privacy
device (PPD), which is widely available on the market. The PPD, in the name of protecting
the privacy of users from being detected, usually affects a wide area around the user, due
to its high power, preventing other users from accessing the service. PPDs, mostly, transmit
their signals from low elevations (0° to 15°), either from static or moving devices [1, 8,
40-42].

Despite the noise-like properties of the GNSS signal which make them robust against
distortions 20 dB higher than the signal level [26], they fail against greater distortion levels,
which can easily be reached by commercial jamming sources, if they were at suitable
distances. A jammer, 100 meters away from the receiver, for example, needs a transmit
power of only -14 dBm to reach a receive power level of -100 dBm at the receiver and jam
it with a jamming-it-signal ratio of about 10 dB, assuming a free space loss of about 76 dB
at the operation frequency of 1.575 GHz, and a receiver gain of only -10 dB at the low
elevation direction of the jammer.



Spoofing is another kind of intentional interference, where the interferer transmits GNSS-
like signals with information of artificial satellites, in order to deceive the receiver to
calculate wrong positions [5, 43, 44]. Like jammers, spoofers usually transmit from low
elevations, and can be static or dynamic.

2.3 Array-based robust satellite navigation receivers

Increasing efforts have been carried out in the last years to enhance the robustness of GNSS
receivers against the aforementioned kinds of distortions. Proposed solutions mainly use
antenna arrays and array-based signal processing techniques to compensate for the
atmospheric and multipath propagation effects, and to improve the immunity from jamming
and spoofing [2, 3, 6, 9-12].

In addition to the spatial diversity achieved by using multi-element antenna arrays, some
receivers benefit from either frequency diversity, using multi-band radiating elements, or
polarization diversity, using dual-polarized elements [14, 18-23].

In the thesis, in order to acquire all possible degrees-of-freedom, a GNSS receiver that
exploits antenna arrays, frequency diversity, and polarization diversity is investigated,
designed, and evaluated. Motivations for the use of such a diversity receiver are explained
in detail in the following paragraphs.

Being influenced by automotive prerequisite for compactness, the thesis focuses on the
design of “compact” antenna arrays, and the impact of the increasing mutual coupling on
the array eigenefficiencies, and on the cross-polarization discrimination of the radiating
elements, and how to mitigate that.

2.3.1 Antenna arrays

The need for global service coverage, with the limited number of available satellites, and
the requirement of providing low dilution of precision (DOP), forced to distribute the
GNSS satellites around the earth so that they appear at various elevations and azimuths in
the sky-view of a user GNSS receiver. This distribution restricts the usability of the single-
element planar microstrip antennas if their radiation patterns were directed to the zenith
with poor radiation efficiency and polarization purity at low elevations, which is very
common.

This challenge can be partially overcome using radiating elements with patterns of wider
beams, at the cost of reducing the gain, increasing the fabrication complexity, and probably
influencing the compactness of the device. However, a multi-element planar antenna array
empowers the receiver with more degrees-of-freedom, and therefore features higher
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diversity gain and enables implementing of advanced array signal processing techniques
such as adaptive linear beamforming [2, 9-12, 45-47].

With adaptive beamforming, the receiver may either simply excite the even mode of the
array (where all radiating elements are excited with the same amplitude and phase) to
enhance its gain at the zenith and achieve better signal-to-noise ratio, to ensure better
navigation accuracy, or excite a superposition of its radiation eigenmodes [4, 69, 76], in
order to acquire navigation data from satellites at different directions [9-12]. This spatial
diversity empowers the receiver with the capability to compensate for the impact of
multipath propagation and track satellites at elevations down to 10° [48].

Moreover, array-based receivers can estimate the direction of arrival (DoA) of possible
sources of interference, such as jammers or spoofers, and use beamforming to desensitize
the radiation patterns at those directions [4, 9, 38]. Such a process, usually referred to as
null-steering [13, 15, 49, 50], plays a pivotal role to improve the robustness of the receiver
against unwanted interferers.

2.3.2 Dual-polarized Antennas

Classical GNSS receivers use RHCP antenna to cope with the polarization of the GNSS
signal. However, multipath propagation changes the polarization purity of the signals,
introducing larger LHCP components at the receiver, which results in polarization
mismatching, and hence power loss [7, 8, 16, 17]. This phenomenon gives rise to the use
of dual-polarized antennas, to enable receiving both the RHCP and LHCP signals.

Moreover, single-polarized RHCP planar antenna arrays suffer from degraded cross-
polarization discrimination at lower elevations, due to mutual coupling, as studied in detail
in chapter 4. This enables the arrays to, partially, receive the LHCP components. However,
their LHCP patterns show poor efficiencies. Optimal reception of the signal with minimum
polarization mismatch can only be achieved by acquiring the two polarization degrees-of-
freedom, using dual-polarized antennas.

Furthermore, dual-polarized antennas enhance the robustness against jamming sources [ 14,
18-20]. Having a linear-polarized jamming source, null-steering algorithms that steer only
the RHCP patterns can help to eliminate the influence of the jamming signal if a pure RHCP
receiver is used. Unfortunately, jamming signal arrive usually from low-elevations where
the receiving planar antennas have notable LHCP gains, e.g., at elevations below 10°,
where the LHCP radiation modes of a patch antenna array can be comparable to the RHCP
ones. This allows for the LHCP components of the linear-polarized jamming signal to jam
the receiver. This challenge emphasizes the need for dual-polarized antennas to empower
beamforming algorithms with both polarization degrees-of-freedom. It is shown in this
work that dual-polarized antennas help to enhance the robustness of the designed receiver
against jamming sources by about 10 dB to 15 dB at elevation of 10°.



Additionally, the increasing mutual coupling in compact RHCP antenna array degrades the
polarization purity of the higher-order radiative modes, resulting in stronger LHCP
components [51, 52]. This detrimental effect decreases the polarization diversity of the
antenna array. However, the impact on the receiver performance can be reduced by
receiving both polarizations using dual-polarized antenna elements [48].

2.3.3 Multi-band antennas

GNSS systems provide the navigation service on several frequency bands. Receivers that
operate on two or more frequency bands allow for duplicating the navigation date, which
results, with proper Kalman-filtering, in improved positioning accuracy, and enhanced
robustness against frequency-dependent atmospheric and multipath propagation influences
[21-23].

The additional resources help also to accelerate the resolving of ambiguities, and then to
speed up the receiver lock time, which can be critical for real-time applications such as
mobility [39].

2.4 State of the art

While GNSS systems have been developed since a few decades, systems robust against
jamming, spoofing, and multipath propagation have been under increasing focus only in
the last fifteen years, to serve in applications where reliable and robust navigation data are
essential, such as in safety-of-life and automotive.

The global automotive supplier Ningbo Joyson Electronic Corp states that there are four
core competencies in the research & development areas of automotive industry [53]:

- Navigation & driver assistance.

- Tuner & multimedia (Infotainment).
- Connectivity

- Telematics & data services

As confirmed by the list, the development of navigation and driver-assistance systems
stands as an essential item of the recent and future research fields in automotive. Hence,
Tierl companies such as Bosch, Magna, Delphi, and Continental are putting increasing
effort, nowadays, on the design of new Lidar-based, radar-based and satellite-based driver-
assistance systems, in addition to ultrasonic sensors, cameras, and odometry sensors [54,
55], to enable cross talk, collision avoidance, and to even fulfill the increasing interest in
fully-automated driving by OEM companies such as Volkswagen, Daimler, and even non-
OEM companies such as Google. Figure 2.3 shows a photo of the fully-automated google
car under test, from the google self-driving car project “Waymo” [56].
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While the development of advanced driver-assistance systems involves many fields of
research in hardware and software, the development of satellite-based navigation systems
focuses more on improving the navigation accuracy through signal processing techniques,
and not through array-based receivers. One major reason for that is the trend to make all
sensors in the car as compact as possible to reduce the cost and ease the integration with
the numerous electronic and mechanic devices in the vehicle. The reliability of GNSS
receivers is usually improved through integration with inertial measurement units (IMU) in
inertial navigation systems (INS) [57, 58].

Figure 2.3: A photo of the google fully-automated car, from the google self-driving car
project “Waymo” [56].

In general, while multi-band receivers are increasingly used, array-based receivers and
dual-polarized receivers are still not common on the market, and therefore, services such
as robustness against jamming and multipath propagation are usually not provided, which
makes this area of research quite promising for exploration.

Regarding the robustness against jamming, commercial single-element GNSS receivers
usually provide a JSR-tolerance of only 20 dB or less [26]. Array-based GNSS receivers,
described in literature, do not usually exploit all possible degrees-of-freedom such as
adaptive beamforming, frequency diversity, polarization diversity, etc. Furthermore, many
receiver systems do not provide adaptive gain-control of the front-end or on-line calibration
of'the RF signals. Hence, they provide a JSR-tolerance between 25 dB and 60 dB depending
on the used techniques [3, 6, 26-28].

This thesis and the related project “KOSERNA” are part of the research in this field. The
team of the project was part of a former project “KOMPASSION”, where a single-band
single-polarized array-based anti-jamming GNSS receiver was designed and equipped



with adaptive beamforming and null-steering technique to achieve a JSR-tolerance of about
55 dB, which was increased to about 70 dB later, using front-end gain-control.

In the project “KOSERNA”, we design a dual-band dual-polarized array-based receiver
that involves the features of “KOMPASSION” in addition to polarization diversity,
adaptive beamforming, front-end gain control, and RF gain calibration. Results at the
end of this thesis reveal that the developed system outperforms several state-of-the-art
systems, with a JSR-tolerance of about 85 dB. The receiver, due to the polarization
diversity, partially compensates for the multipath propagation impact, and therefore
features improved performance at low elevation directions, as well, i.e., far from the
direction of the main beam of the antenna pattern, where the antenna features poor
performance, while the multipath propagation, on the contrary, has stronger influence.

The following chapters describe the theoretical and practical challenges towards the full
design of the receiver, and end with the system performance evaluation under automotive-
related scenarios. The design of the antenna array, and the enhancement of its
eigenefficiencies and the cross-polarization discrimination of its radiating elements, in
order to improve the receiver robustness, are the main focus of the thesis. This includes the
studying of the influence of mutual coupling on polarization purity of the radiating
elements, and proving the feasibility of the decoupling and matching networks not only to
enhance the array eigenefficiencies, but also to improve the polarization purity of the
antenna elements. It also includes proving the feasibility of both the array and polarization
diversities to enhance the robustness level of the receiver, to outperform element-based
receivers or array-based single-polarized ones. The thesis also involves the integration
between the antenna system and the RF-IF front-end, and the role the front-end plays in
defining the anti-jamming robustness level of the system. Moreover, the thesis describes
all the parts of the GNSS receiver, including the digital receiver.



Design and Testing of Compact Dual-band Dual-polarized Robust Satellite Navigation
Antenna Arrays




Chapter 3:

Design of Dual-band Dual-polarized
GNSS Single Antenna Elements

3.1 GNSS antenna design

3.1.1 Application requirements

Design of the single radiating element plays a key role in the development process of GNSS
receivers. This importance increases in the case of dual-band dual-polarized robust GNSS
receivers, since the radiation properties of the antenna at each frequency band and at each
polarization determine the diversity gain of the receiver, and hence its level of robustness.
This applies for both element-based [14, 18], and array-based receivers [19, 20].

Therefore, in addition to the focus on the classical antenna design parameters such as the
operation frequency, the bandwidth, the gain pattern, and the co-polarization, the design of
a radiating element made for dual-polarized GNSS receivers must put a strong focus on the
cross-polarization discrimination of the antenna. This focus should not only cover the high
elevations, where the classical approach that focuses on the gain at these elevations results
usually in a good cross-polarization discrimination (XPD), but it should also cover the low
elevations, since enhancing the polarization purity of the antenna, and thus the polarization
diversity of the receiver, improves its robustness against multipath propagation, and
subsequently extends the coverage angle of the receiver.

However, in comparison to the classical single-band single-polarized antenna, the
prerequisite of dual-band and dual-polarization functionality increases the complexity of
the element design, which rises the need to find compromises between the performance
demands, the physical limitations, and the challenges of manufacturing technologies.
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3.1.2 Antenna type

Due to technical, manufactural, and commercial reasons, most of the recent applications
that require GNSS receivers prefer compact lightweight printed-circuit-based receivers
with ease of fabrication and system integration. To fulfill these requirements, antenna
designers may use planar printed patch, dipole, or monopole antennas. Patch antennas,
however, are preferred for GNSS systems to enable the excitation of the right hand circular
polarization, either directly by truncating the patch surface, or by exciting its vertical and
horizontal polarizations with 90° phase shift. Patch antennas are also preferred for their
miniaturized sizes, especially if high dielectric materials were used as substrates. Moreover,
patch antennas are preferred for multi-band antenna systems, since it is possible to
manipulate their surfaces to excite several bands, which avoids the need for extra space to
deploy several single-band antennas.

3.1.3 Design approaches

A single patch antenna operates, in the nominal case, at a single frequency band. However,
dual- or multi-band patch antennas were developed since early stages. Dual-band patch
antennas, in particular, can be classified according to the implementation design into two
main types; the multi-layer design, where the antenna is designed using several metallic
layers to resonate at every frequency [59-61], and the single layer design, where the patch
surface is manipulated to change the surface current distribution in order to excite several
radiation modes at different frequencies [62-65].

The dual-polarization functionality is achieved, usually, using two feeding ports to excite
two different radiation modes with orthogonal polarizations. The ports feed the patches at
optimized positions to provide the best possible matching level at both frequency bands,
and to excite the relevant orthogonal polarizations with minor cross-polarization coupling.
More details about the design are to be mentioned in the following sections.

3.2 Multi-layer patch antenna element

In this approach, the dual-band antenna is designed using two patch layers, where a small
patch is stacked over a larger one, which is stacked, in turn, over a ground layer, and a
dielectric material is used between the three layers, as depicted in Fig. 3.1. This structure
provides two cavities, resulting in resonating at two frequency bands. The lower band can
be determined, mainly, by tuning the dimensions of the larger patch, and the higher band is
achieved, mainly, by tuning the smaller one. However, each of the two patches influences
the operation at the two bands, and hence both must be tuned jointly to achieve the
resonance at both bands.



A single port capacitive feeding is used to excite the two patches at their different
frequency bands, resulting in dual-band radiation with the same linear polarization. A
similar feeding port is placed along the orthogonal principal axis to excite the patches with
the orthogonal linear polarization.

Eventually, a dual-band dual polarized antenna is achieved. A design of such an antenna
model was accomplished by our project-partners in the Institut fiir Kommunikation und
Navigation (IKN) at DLR, using the Rogers 3010 material [66] as the dielectric substrate.
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Figure 3.1: Top-view and cross-sectional view of a multi-layer dual-band dual-polarized
antenna element

The single element design together with an array design are presented in detail in [66, 67],
while the integration of the antenna with the front-end of a GNSS receiver is presented in
[68, 69].

The antenna had a thickness of 8 mm, which was difficult to be manufactured in the
available printed circuit board (PCB) manufacturing industry in Germany and Europe,
where, for reasons of financial feasibility, industry focuses on establishing production lines
for PCBs thinner than 5 mm. Therefore, the layers had to be printed separately, and then
stacked manually in the lab. Thus, it was difficult, with such a fabrication complexity, to
propose the antenna for massive production, and therefore it was decided to go for the
single-layer approach.
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3.3 Single-layer patch antenna element

3.3.1 Antenna design

As mentioned before, a single-layer patch antenna may resonate at two frequency bands
only if its surface current distribution was modified to excite more radiation modes at
different frequencies. This, equivalently, means that the antenna surface must be re-
designed to provide acceptable input matching and radiation efficiencies at both frequency
bands-of-interest. This can be achieved by making slots inside the patch as described in
[63].

However, it was found in [63] that, due to the geometrical limitations of the slots and the
patch surface, which determine the upper and lower resonance frequencies, the ratio of the
two operation frequencies of a slot-loaded patch antenna cannot drop below 1.6. This
design limitation creates a major challenge for GNSS receivers, where the commercial
operation bands are between the GPS L5/Galileo E5a-band centered at 1176.45 MHz and
the GPS L1/Galileo E1-band centered at 1575.42 MHz, which leads to a ratio of 1.34.

The 1.6 frequency ratio can be reduced using more slots in asymmetric designs [64].
However, this works only for single-polarized antennas. The need to excite two radiation
modes with orthogonal polarizations and identical gain patterns forces the design to retain
symmetry, and thus restricts the way how slots can be added.

In order to get rid of the limitation of adding slots, more spatial degrees-of-freedom can be
brought by attaching stubs at the outer sides of the patch. This was found to help to
overcome the ratio problem, without influencing the symmetry. A dual-band circularly-
polarized patch antenna that uses a single square patch with four T-stubs arranged at the
four edges was proposed in [65]. However, the antenna operated at frequency bands
centered at 1.531 GHz and 3.050 GHz, which results in a frequency ratio of 1.9 > 1.6.

The stub-loaded antenna was re-designed in [70], to address the GPS L1- and L2-bands,
centered at 1176.45 MHz and 1227.6 MHz respectively, with a frequency ratio of 1.284.
However, the dual-band antenna was single-polarized with asymmetric shapes and
positions of the T-stubs, in order reduce the axial ratio at the two frequencies.

The idea of stub-loaded patch antennas was successfully employed in this work, for
operation at the two L1- and L5-bands, with a symmetric design that excites two orthogonal
polarizations, as illustrated in Fig. 3.2. Two feeding ports were used to allow for the
excitation of two orthogonal linear polarizations, namely vertical and horizontal. The
positions of the two ports were selected based on electromagnetic full-wave simulations of
the field distribution within the patch, such as to minimize the cross-polarization coupling.

The RHCP and LHCP polarizations were excited by feeding the two antenna ports using a
quasi-lumped coupler with a 90° phase shift.



The organic laminate Rogers 3010, was used to limit the geometrical dimensions of the
antenna to about 3 cm x 3 cm, attributed to its high dielectric constant of 10.2. The material
was also selected for its low dissipation factor of tand = 0.0022, and its excellent
dimensional and dielectric constant stability with temperature between -50 and 150 °C [71].
Two substrate layers of an individual thickness of 2.54 mm were stacked over each other,
using a 0.1 mm adhesive layer of Rogers 4450F [72], to enhance the radiation efficiency
and the bandwidth of the antenna. This results in an antenna of 5.18 mm thickness, or 5.215
mm thickness if the thickness of the metallic surfaces was counted, which is almost at the
upper limit recommended for mass production by the printed circuit board industry in
Europe.

Adding the adhesive material, with 3.52 permittivity, was found to reduce the equivalent
permittivity of the substrate from 10.2 to around 9.8, resulting in shifting the two resonance
frequencies of the antenna by about 32 MHz at the L1-band and 24 MHz at the L5-band.
The antenna was retuned in the numerical full-wave simulations, to compensate for this
impact. The design and the simulations were performed using the frequency solver of CST
Microwave Studio [73].
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Figure 3.2: Top-view (upper panel) and side-view (lower panel) of the single-layer dual-
band dual-polarized stub-loaded patch antenna element, with material composition and
geometrical dimensions as shown
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3.3.2 Manufacturing challenges

Numerical simulations of the stub-loaded patch antenna found that the resonance
frequencies, radiation efficiencies, and polarization purity, at both bands, were strongly
sensitive to the dimensions of the stubs, the dimensions of their feed lines, and the gaps
between the stubs and the patch edges. Therefore, in order to reduce the influence of the
fabrication tolerance of 100 um, the design was optimized while keeping all dimensions
greater than five times the fabrication tolerance, i.e., 500 um.

The complexity of this optimization process was overcome using the CST built-in genetic
algorithm, which is a global optimization method suitable for problems with large number
of parameters. The algorithm searches for the global solution of the problem following the
principles of the process of natural selection [74, 75]. The optimization parameters of the
algorithm were the antenna dimensions, while the main targets were:

- Dual-band operation with a reflection coefficient below -10 dB at both bands.
- A bandwidth larger than 4 MHz at the L1-band and 20 MHz at the L5-band.

- Polarization purity with XPD larger than 10 dB over the entire upper sphere.
- Areleased gain larger than 2 dB at both bands.

First manufactured designs showed downward frequency shifts of about 30 MHz from the
L1-band and L5-band, mainly because of the difference between the nominal and actual
values of the dielectric constant of the Rogers 3010 substrate. The actual dielectric constant
was recomputed, based on the frequency shift, and was found to be 10.8 instead of the
nominal value of 10.2. The antenna was redesigned based on the new value of the dielectric
constant (basically, all dimensions of the patch layer where miniaturized by the ratio ¥10.2
/ N10.8 = 0.97). S-parameter measurements of the corrected design showed a very good
frequency response, as seen in Fig. 3.3.

3.4 Single-layer antenna measurements

3.4.1 Frequency response

Antenna measurement results of the final design proved the antenna resonance at both
bands-of-interest, with a reflection coefficient of about -15 dB at the L1-band and -12 dB
at the L5-band, as depicted in Fig. 3.3. The same performance was measured for both
polarizations.

Measurements of antennas from different fabrications showed very good reproducibility,
with a frequency deviation of about 1.5 MHz and a maximum frequency shift of about 3
MHz. This shift is quite acceptable for GNSS application as it is still below half the
bandwidth of the antenna, which is about 6 MHz at the L1-band and 25 MHz at the L5-



band. The reproducibility can be improved through more accurate manufacturing of the
patch layer.
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Figure 3.3: Reflection coefficient vs. frequency, measured at a single port of the dual-
band dual-polarized antenna element. The other port shows similar measurements.

Due to the sophisticated geometry, simulations and measurements show that the antenna
has an additional resonance at 1.5 GHz, which is not wanted by the design specifications.
However, this resonance is associated with the mode TM,,, which is orthogonal to the
dominant mode TM,, that resonates at the L.1- and L5-bands, and therefore it has minimal
effect on the receiver operation at these two bands. Moreover, this mode has a radiation
pattern of two beams, with a null at zenith, which is not desired by the classical GNSS
antennas, and therefore it was not feasible to retune the antenna to use this mode in a multi-
band GNSS receiver. Furthermore, the mode suffers from a radiation efficiency below 10%,
which makes it not practical for a multi-mode antenna system too. Therefore, this mode is
to be filtered out in the GNSS receiver by the antenna matching networks, and the front-
end RF filters.

3.4.2 Radiation pattern

The realized-gain patterns were measured for each polarization in the anechoic chamber.
Measurements confirmed that each of the gain patterns at L1- and L5-bands has one lobe
directed at zenith, as expected from theory and numerical simulations, and as depicted in
the normalized 6-cuts illustrated in Fig. 3.4. The maximum measured realized gain was
about 2.5 dBi at the L1-band and 4 dBi at the L5-band. The patterns were almost constant
versus azimuth, with changes below 0.2 dB due to fabrication and measurement tolerances.

As noticed, the maximum measured realized gain values are far from the expected values
of a single-band patch antenna (5 to 7 dBi). Small part of this limitation is due to the
difficulty of achieving 50 Q feed matching at the two closely-spaced frequency bands
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simultaneously. An input impedance Z; of about 30 Q at the L1-band and 45 Q and L5-
band was achieved, which results in a reflection coefficient I' of 0.25 and 0.05, or a
reflection loss RL of 0.28 dB and 0.01 dB, respectively, as can be calculated from:

r=t1"% 3.1
- Zl _ ZO ( . )
RL = —10.log,,(1 = T?), (3.2)

where the characteristic impedance Z, = 50 Q.

The main reason for this limitation is attributed, in fact, to the stubs, which change the
surface current distribution of the original single-band patch antenna, in order to force the
patch to resonate at two frequencies, resulting in a radiation efficiency smaller at each band
than the original radiation efficiency of the single-band patch antenna. Electromagnetic
full-wave simulations found that the designed stub-loaded patch shows a radiation
efficiency 2 to 4 dB below that of the single-band patch antenna designed with the same
material at either L1- or L5-bands.

realized gain (dBi)

Figure 3.4: 0-cut of the measured realized-gain patterns, at zero azimuth, at a single port
for the L1-band (red-dotted curve) and the L5-band (blue-solid curve). The other port
shows similar measurements. The two patterns are almost constant versus azimuth, with
changes below 0.2 dB.

Comparable results were also found in the case of the multi-layer dual-band antennas were
a realized gain between 2 and 4 dBi was achieved.

The 3-dB beam-width amounts to about 75° at the L1-band, and to 90° at the L5-band. The
10-dB matching bandwidth extends over 4 MHz at the L1-band, and over 13 MHz at the
L5-band. The bandwidth related to 3 dB below the maximum realized-gain is about 6 MHz
at the L1-band and 25 MHz at the L5-band, which is quite sufficient for GNSS receivers,



were nominal bandwidths should be around 4 MHz at the L1-band and 20 MHz at the L5-
band.

3.4.3 Cross-polarized coupling

Coupling between two ports describes the excitation of some energy at one port if the other
port is fed. Quantitatively, it is represented by the scattering parameter S;,, where | S;,|?
tells the ratio of the power received at the coupled-port No. 1 to the original power radiated
by the coupling-port No. 2.

If the two ports have different polarizations, then coupling is referred to as cross-
polarization coupling. In dual-polarized antennas, cross-polarization coupling reduces the
polarization purity of the antenna, and hence its polarization diversity.

In the designed antenna, to reduce the coupling level between the two feeding ports P;
and P,, each port was positioned along the axis where the electrical field excited by the
other port, between the patch surface and the ground, has zero strength. This is illustrated
in Fig. 3.5, which shows a cross-section in the oxy-plane (parallel to the patch surface) of
the strength of the electrical field E ; excited by the port P;, which is placed along the oy-
axis. The other port P, is placed along the ox-axis, where El has zero strength. In the same
way, P, is placed along the oy-axis where the electrical field E », excited by the port P,, has
zero strength. The exact positions of P; and P, were optimized along the orthogonal oy-
and ox-axes, respectively, to ensure the best possible matching at both frequency bands.

¥/m (log)

e-field (f=1.57542) [1] (peak)

Cutplane normal: 0,0, 1
Cutplane position: 0
Component: Normal
Orientation: Outside
2D Maximum [V/m]: 366.9e+03
Frequency: 1.57542
Phase: 0

Figure 3.5: A cross section of the strength of the electrical field El excited by the feeding
port P;, between the patch surface and the ground. The feeding port P, is placed on the

. -
ox-axis, where E; has zero strength.
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Figure 3.6: Measured cross-polarization coupling (S-parameter measurements) between
the two orthogonal-polarized radiation modes exited by the feeding ports P; and P,.

A cross-polarization coupling of only -17 dB at the L5-band, and -24 dB at the L1-band
was achieved, as depicted in Fig. 3.6.

Even though, it tells nothing about the direction dependency, cross-polarized coupling is
easy to be measured, and therefore is used as a first indication of the antenna quality
regarding polarization.

3.4.4 Cross-polarization discrimination

Differently from the cross-polarization coupling, which is simply | S;,|? between two
feeding ports of different polarizations, the cross-polarization discrimination describes the
ratio between the co- and cross-polarized radiated power density of the same feeding port,
as a function of direction (azimuth and elevation), and defined by:

|E.o(r,6, <p)|2
- 2’
|Ecross (1,0, 0))|

XPD(6,¢) = (3.3)

where E,, (7,6, ) and E,oss(r, 0, 9) are the co- and cross-polarized electrical fields,
respectively, r stands for the distance from the antenna, 8 stands for the co-elevation, and
¢ for azimuth.

The designed antenna element features a cross-polarization discrimination of better than 15
dB for the two bands over the entire upper half-space, at all azimuth angles. Fig. 3.7 shows
a O-cut of the XPD pattern at the worst case, the L5-band, based on numerical simulations.



The XPD for L1-band is 2 to 4 dB larger. This high discrimination level confirms the
orthogonality between the two excited polarizations, and hence the suitability of the
antenna for dual-polarized applications.
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Figure 3.7: 8-cut of the cross-polarization discrimination of the single element, at zero
azimuth, at the L5-band, based on numerical simulations.

3.5 Summary

A dual-band dual-polarized patch antenna was designed and fabricated for satellite
navigation systems. The design employed a stub-loaded single-layer patch design. S-
parameter and far field measurements confirmed the proper operation of the antenna at both
bands-of-interest. The suitability of the design for dual-polarized applications was proven
with a cross-polarization discrimination of better than 15 dB over the entire upper half-
space, and a cross-polarization coupling below -17 dB at both band. In conclusion, the
design was proven suitable for a miniaturized dual-band dual-polarized radiating element
for robust and reliable GNSS receivers. The antenna design and the relevant measurement
results were published in [51].
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Chapter 4:

Compact Antenna Arrays, and
Impact of Mutual Coupling on
Polarization Purity

4.1 Motivation for, and definition of, compact antenna arrays

As mentioned in chapter 2, satellite navigation receiver that features robustness against
jamming and spoofing must use arrays of radiating elements to exploit their beamforming
capability to null directions of the interfere sources.

However, robust satellite navigation receivers intended to be used for applications such as
highly-automated vehicles, unmanned quadcopters, or secure smartphones, are mostly
installed in platforms where there is limited space for the receiver, due to the installation of
many antenna systems and sensors to serve various kinds of applications such as radar-
based safety systems, ultrasonic sensors, cameras, infotainment antennas, WIFI antennas,
etc.

This space limitation gives rise to need to use receiver solutions that depend on compact
antenna arrays integrated with compact RF circuits. While this approach is affordable in
the above-mentioned applications, for the sake of complexity and cost, it is still not
common in personal satellite navigation receivers, commercial smartphones, or smart hand-
watches.

Electrically, an antenna array is considered compact if the electrical distance between the
radiating elements is smaller than half the free-space wavelength at the operation
frequency. For such antenna arrays, a strong mutual-element coupling arises between the
radiating elements, resulting in drawbacks such as:

Reduced radiation eigenefficiencies, and hence signal-to-noise ratio [76-79].
- Decreased spatial diversity [80].
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Smaller direction-finding resolution [81-84].

- Shifted frequency responses, narrower frequency bandwidths, and increased sensitivity
to dissipative losses [85]

- Disturbed polarization purity [52, 51], etc.

This chapter covers the topic of mutual coupling in compact antenna arrays, and its
influence on the array radiation parameters, with special focus on the impact on polarization
purity. The study focuses on patch antenna arrays, the common antenna type for GNSS

receivers.
4.2 Mutual-element coupling in patch antenna arrays

4.2.1 Sources of mutual coupling

Mutual coupling between radiating elements has been studied in literature since more than
three decades [86-89]. Coupling can be excited by various sources depending on the
antenna type, and the array structure. The dominant sources of coupling in patch antenna
arrays are mainly classified into three types, surface-wave coupling, nearfield coupling, and
far field coupling, as illustrated in Fig. 4.1.
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Figure 4.1: Dominating sources of mutual coupling in compact patch antenna array

Surface-wave coupling:

In this type of coupling, surface waves are guided by the substrate and the ground plane,
and travel between the radiating elements with a radiation variation of 1//r, where r is the
element spacing [89-93].

Due to its sources, this coupling is more pronounced for substrates of dielectric constants
much higher than that of the air. It also increases with the effective electrical
thickness h/4,, where h is the substrate thicknesses, 5= 4o/y€, is the effective



wavelength, A, is the free-space wavelength, and €, is the dielectric constant of the
substrate. Therefore, literature usually neglects the surface-wave coupling for very thin
patch antennas [87, 91]. Authors in [91], for example, suggest that this source of coupling
becomes notable when the effective electrical thickness reaches or exceeds 5%.

Regarding the proposed GNSS receiver, as described in chapter 3, the attitude towards
miniaturized antenna elements demands an antenna design that has a high dielectric
constant of 10.8 to allow for small patch dimensions, and relatively a large substrate
thickness of 5.18 mm, which makes an effective electrical thickness of 11%, to improve
the radiation efficiency. Therefore, the influence of this source of coupling cannot be
ignored for these antennas.

Nearfield coupling:

This coupling is caused by the reactive energy stored in nearfield between the radiating
antenna elements. In some literature, as in [90], it is referred to, as a higher-order wave
coupling. The field of this type of coupling decays by 1/r? or faster outside the radiating
element. L.e., it diminishes by 12 dB or higher when the element distance is doubled [94].
Nevertheless, this is still not enough to ignore this source of coupling for compact arrays,
where element distances are below half the free-space wavelength. This source of coupling
is relatively strong in the antenna array designed in this work, since the element distance is
about one quarter of the free-space wavelength at the L.1-band, and even one fifth of the
free-space wavelength at the L5-band.

Far field coupling:

Since the coupling and the coupled antennas have two metallic surfaces with different
potentials, an electrical field will be excited between them as well. This field will be
responsible for carrying some energy between the antennas. Since the field will also radiate
in the far field, this type of coupling is referred to as far field coupling by some literature
[90, 94, 95], even though the antennas are in the nearfield of each other. Fields of this
source of coupling propagate in the free space with a radiation variation of 1/r [90, 94].
This means that they diminish by only 6 dB when the element distance is doubled. Hence,
as with the other sources of coupling, far field coupling also cannot be ignored for compact
antenna arrays.

Other sources:

Coupling may happen due to other sources such as leaky waves. However, these waves
diminish exponentially, and thus their impact is negligible, compared to the other sources.

Summary

As mentioned, the different sources of mutual coupling have different radial variations.
While leaky waves diminish exponentially with a radiation variation of e™", nearfield
coupling diminishes at a slower rate with radiation variation of 1/r2, far field coupling
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diminishes with a radiation variation of 1/r, and surface-wave coupling diminishes with a

radiation variation of only 1/+/7.

Therefore, for all sources of coupling, the strength of the coupled fields depends on the
distance between the radiating elements, in addition to other parameters. Because of its
smaller radial variation, surface wave coupling is more dominant for large element
distances, where nearfield and far field coupling fields diminish faster. However, this does
not apply to compact antenna arrays where, due to the small element distance, nearfield and
far field coupling fields are comparable to, or can be even stronger than, the surface-wave
fields.

4.2.2 Influence of mutual coupling on radiation eigenefficiencies

The impact of mutual coupling on radiation efficiencies of antenna elements in compact
antenna arrays has been intensively studied in literature [3, 49, 67, 69, 76, 80, 96, 97]. A
comprehensive numerical analysis, described in [76], confirmed that mutual coupling
increases for smaller element spacing values, as well as for larger number of radiating
elements in the array. Consequently, it was shown by [77, 79, 80, 98, 99], that mutual
coupling reduces the eigenefficiencies of the array, especially for the higher-order
eigenmodes. This, eventually, decreases the beamforming degrees-of-freedom, and thus
limits the diversity gain of the antenna.

However, literature focused on the influence of mutual coupling on the co-polarized
radiation efficiency, considering mostly single-polarized antenna applications. The
influence of mutual coupling on cross-polarized radiating fields, and hence on polarization
purity of radiating elements had been rarely under investigation.

The following section describes how polarization purity changes in compact patch antenna
arrays. The study starts by explaining how the single patch antenna element radiates, with
focus on how cross-polarization is excited. The analysis expands to describe how mutual
coupling arises in compact arrays, and how it affects the co- and cross-polarized radiating
fields. Subsequently, it describes how coupling affects polarization purity of the radiating
elements. The cross-polarization discrimination XPD is used as a figure-of-merit for
determining the polarization purity.

4.3 Polarization purity of the single patch antenna element

4.3.1 Modelling of the problem

The distribution of the electrical field in a patch antenna depends on many parameters so
that the extraction of its exact analytical description becomes too difficult. However,
following the approach of the perturbation theory, the problem can be reformulated by



introducing some approximations, and thus, solutions that match with real measurements
can be achieved [100].

Two widely accepted models, used to describe how patch antennas work are the
transmission-line model, and the cavity model [90]. While both models give good physical
insights, the cavity model provides insight into the radiation pattern, which is found to be
comparable to the measured patterns, and therefore it is commonly used in literature.

In the cavity model, the patch antenna is modeled as a cavity bound by two electric
conductors, which are the patch metallic surface above the substrate and the ground below
it, and surrounded by four perfect magnetic walls, which represent the sides of the dielectric
material [90].

The cavity model is also used to describe how mutual coupling arises [87, 88, 101 - 103],
even though Balanis in [90] sees that it is difficult for both the cavity and the transmission
line models to model coupling. This thesis uses the cavity model as well, as a basis for
describing how cross-polarization radiation rises.

4.3.2 Fundamental mode in rectangular patch antennas

As described in detail in [90], applying a signal, resonating at the operation frequency, at
the matched feeding point of a rectangular patch antenna, results in a charge distribution at
both the bottom surface of the patch and the upper surface of the ground, as illustrated in
Fig. 4.2.

W72 W/2 Feeding point
Z| - = =sgEn = S = (xg 0, h)
Y op| "3 TNl - e
X A T : = 1 = <
S S i
f + i - N {/ ). -
4 + £ Patch e +
Dielectric N i + I + ] 1 v Iz 3
material NG

Dielectric boundaries > -
Modelled as Magnetic walls

50 Q Coax cable
+, - : electrical charges

Figure 4.2. A simplified illustration for a snapshot of the charge distribution on the
electric conducting surfaces, resulting from exciting the patch antenna at the matching
feeding point, with a signal at the relevant operation frequency.

According to the Gauss' Law which describes how the electric field behaves around electric
charges:
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V.E = (4.1)
where V is the divergence operator, E is the electrical field, pv 1s the electric charge density,
and &, is the permittivity of the medium, an attractive mechanism rises between the
opposite charges of the two surfaces, and a repulsive mechanism rises between the similar
charges of each surface, which pushes them to the opposite edges of the surface.
Considering a substrate thickness that is too small compared to the patch width, the
electrical fields that arise between the opposite charges become strong enough to keep the
charge concentration higher at the bottom side of the patch and the upper side of the ground.
These electrical fields, directed along the z-direction, dominate within the cavity, and form
the TM* modes.

Solving the homogeneous wave equation of the vector potential by applying the boundary
conditions, it is found in [90] that the vector potential within the cavity can be written as:

Az = Ay cos(Kyx) cos(Kyy) cos(K,z), (4.2)

where Ay, is the amplitude coefficient of the mode TMg,,p, and the wavenumbers K,

K,, and K, satisfy:

X /1 [ ,ym I R AL (4 )
y ;1 W ) ) Ly Ly e ( . )
/19 h ’ P ( ’ )

where A, is the effective wavelength, L,W are the length and width of the patch,
respectively, and h is the height of the substrate.

Hence, a mode TMppp can be excited within the cavity if its dimensions L, W, h are equal
to half the effective wavelength multiplied by the integer numbers m, n, and p, respectively.

Following the configuration presented in Fig. 4.2, due to the half-wavelength patch
antenna, the electrical field between the patch and the ground forms sinusoidal standing
waves along the x-direction, with m=1, while it stays constant along the y- and z-directions.
Therefore, it forms the radiation mode TMg,,, = TMZg, which is illustrated in Fig. 4.3.

4.3.3 Sources of cross-polarization in the single patch antenna element

The dominant TM%,, mode results in a radiated electrical field, with a linear polarization,
along the x-direction, in the far field. This linear polarization is referred to as the co-



polarized radiating field. However, due to various sources, orthogonal electrical field,
usually with smaller strength, is also radiated. This field is referred to as the cross-polarized
field. The following study will find the possible sources for the cross-polarized radiation.
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Figure 4.3: Electrical field mode TM7,, for rectangular microstrip patch antenna. The
field between the patch and the ground forms a sinusoidal standing wave along the x-
direction, while it stays constant along the y- and z-directions

A- Contribution of the dominant radiation mode

As mentioned, in the classical case where L > W > h, the dominant mode in the patch
antenna is TM7y,. This mode results in the charge distribution shown in Fig. 4.2.
Subsequently, an electrical field will be excited between the edges of the patch and the
ground. Top-view of the patch antenna with x- and y-components of the fringing fields in
the nearfield is illustrated in Fig. 4.4. Fields here are computed on an xy-plane at A/50
distance from the antenna surface.

In this case, since the charges along the opposite short edges of the patch are 180° out-of-
phase, due to the 4,/2 length of the patch, the x-components of the fringing fields excited
between the ground and the short edges share the same phase, and thus add constructively,
resulting, in the far field, in a radiating electrical field with linear polarization along the x-
direction, and maximum strength along the z-direction, i.e., resulting in the classical single-
beam co-polarized electrical field radiated by classic patch antennas. Nearfield distribution
of this field is depicted in Fig. 4.5, which shows the two lobes of maximum strength along
the two short edges.
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