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Editor’s Foreword

Mobile communication has become an important and for many of us an indis-
pensable part of our society. The pure voice transmission is now accompanied
by the data transmission, which enables new application possibilities for mobile
equipment. The most important technology drivers in mobile communication
include an enhancement of the available data rate or the channel capacity of
the mobile communication system as well as extensive network coverage. A
recent application of mobile communication is the vision of autonomous dri-
ving, which inevitably requires a stable and secure vehicular network. Since
the bandwidth available for this purpose is severely limited, the most important
option left for increasing the data rate (or the channel capacity) as well as the
network coverage, that has recently become the focus of research and industry,
is the concept of multiple-antenna systems. The classical diversity-systems will
soon be replaced by MIMO (Multiple-Input-Multiple-Output) systems, which
specifically employ the multipath characteristics of the radio channel for increa-
sing the channel capacity. In a MIMO system, multiple bitstreams are spatially
separated and independently transmitted by means of sub-channels, which en-
hances the overall channel capacity. The maximum channel capacity of a MIMO
system is crucially dependent on an optimum antenna configuration at the trans-
mitter and receiver end. As MIMO uses the multipath characteristics of the radio
channel, an optimum-capacity antenna configuration should be adapted to the
multipath radio channel. In contrast with classical systems, in which an antenna
is developed on the basis of a given radiation pattern, a method is required, in
which the antenna systems for the specified radio channels can be optimized in
terms of channel capacity. That is where the work of Dr.-Ing. Jerzy Kowalewski
starts.

In his dissertation, Jerzy Kowalewski has developed important scientific princi-
ples for capacity enhancement by pattern-reconfigurable multiple antenna sys-
tems in vehicular applications. He developed a novel method to find capaci-
ty maximizing radiation patterns for pattern-reconfigurable multiple antenna
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Editor’s Foreword

systems based on extensive channel simulations. He successfully verified his
method by measurements in an urban environment. Dr. Kowalewski designed
and realized several pattern-reconfigurable multiple antenna systems based on
the design goals, that were he determined from his new method. Based on
these antenna systems, he was able to demonstrate in his measurement campai-
gns a substantial capacity gain at a lower system complexity compared to the
state-of-the-art antenna systems. His new antenna systems show a very good
performance and provide a better form factor than the state-of-the-art antennas,
which is very important in vehicular applications. Additionally, in cooperation
with the University of Vienna, he was able to show that his antennas can be
integrated into a cavity in carbon fiber, thus being completely hidden inside the
roof.

Dr. Jerzy Kowalewski has demonstrated how to design a reconfigurable antenna
for maximum capacity in a given radio channel. I am sure that his work rep-
resents an important innovation to the state-of-the-art. I am sure that his novel
measurement methods will draw much attention and find many users worldwide.
For Dr. Kowalewski, with his creativity and great knowledge of antennas, I wish
him further much success in his scientific engineering career and economic
endeavors.

Prof. Dr.-Ing. Thomas Zwick

- Institute Director -
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Abstract

The modern trends like internet of things (IoT) and automation penetrate dif-
ferent areas of our life. One of them is transportation and so the vehicles are
equipped with numerous sensors, such as radio detection and ranging (radar),
light detection and ranging (lidar), cameras etc. The data collected by these
sensors is essential for autonomous driving. Yet, this data can be exchanged
between the road users to enable e.g. safe maneuvering or saved for further ana-
lysis. This exchange is however not possible without reliable wireless links. For
this purpose either dedicated systems like vehicle-to-vehicle (V2V) and vehicle-
to-everything (V2X) or communication standards like 4G and 5G can be used.
Antennas are inevitable to establish these wireless links. To fulfill the strict
requirements on bandwidth and flexibility, and increase systems’ performance,
optimized antennas are required.

Considering the automotive case, the antennas change their orientation mostly
in the azimuth plane. Therefore, unlike the isotropic channel in case of mobile
phones, the automotive channel shows strong direction selectivity. It means that
the channel parameters should be considered during both the design and the
evaluation process. This work presents an antenna design methodology which
includes the channel knowledge. The required data is acquired by means of ray
tracing (RT) simulation and proved by a test drive in an urban environment. The
proposed procedure can successfully be applied for arbitrary antenna systems on
mobile platforms.Following the proposeddesign steps, relevant beam directions
are identified prior to the design of the antenna structure. Different pattern
reconfiguration techniques, to realize the antennas covering these directions,
are studied and discussed in detail. All of them are tested by measurements of
fabricated prototypes. Furthermore, two types of electronic switches, required
to electronically change between the reconfigurable states, are compared. Based
on this knowledge several reconfigurablemultiple antenna systems are designed,
fabricated and tested.
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Abstract

The performance of the proposed multiple antenna systems is first checked and
compared to a conventional system, using omnidirectional antennas, by means
of a channel based envelope correlation coefficient (ECC) calculation. Alrea-
dy this results show the superiority of the proposed antenna systems against
conventional ones. The final proof is given by the channel capacity calculation
from both virtual and real world test drives. The results confirm that applying
the proposed methodology, during the design of pattern reconfigurable antenna
system, leads to capacity enhancement of multiple antenna systems. The pro-
posed antenna system improves the channel capacity by more than a factor of 2
compared to a conventional system without increasing the system’s volume and
number of front ends.
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Zusammenfassung

Moderne Trends wie Internet der Dinge (IoT) und Automatisierung durchdrin-
gen verschiedene Bereiche unseres Lebens. Einer von diesen Bereichen ist die
Mobilität. Daher werden Fahrzeuge mit zahlreichen Sensoren ausgestattet, zum
Beispiel für funkgestützte Ortung und Abstandsmessung (Radar), lichtgestützte
Ortung und Abstandsmessung (Lidar), Kameras usw. Die von diesen Sensoren
erfassten Daten sind für das autonome Fahren von wesentlicher Bedeutung.
Diese Informationen können zwischen den Verkehrsteilnehmern ausgetauscht
werden um z.B. sicheres Manövrieren zu ermöglichen. Dieser Austausch ist
jedoch ohne zuverlässige drahtlose Verbindungen nicht möglich. Für diesen
Zweck können entweder dedizierte Systeme wie Fahrzeug-zu-Fahrzeug (V2V)
und Fahrzeug-zu-X (V2X) oder Kommunikationsstandards wie 4G und 5G
vorgesehen werden. Antennen sind unvermeidlich um diese drahtlosen Ver-
bindungen herzustellen. Um die strengen Anforderungen an Bandbreite und
Flexibilität zu erfüllen und die Systemperformanz zu steigern sind optimierte
Antennen erforderlich.

Im Fall der Automobilantennen ändern die Antennen ihre Ausrichtung meist
nur in der Azimut Ebene. Im Gegensatz zum isotropen Kanal bei Mobilte-
lefonen, weist der Automobilkanal eine starke Richtungsselektivität auf. Dies
bedeutet, dass die Kanalparameter sowohl während des Entwurfs als auch der
Evaluierung berücksichtigt werden müssen. Diese Arbeit präsentiert eine Anten-
nenentwurfsmethodik, die das Kanalwissen miteinschließt. Die erforderlichen
Daten werden mittels Ray Tracing (RT) Simulationen erfasst und durch eine
Probefahrt in einer städtischen Umgebung verifiziert. Das vorgeschlagene Ver-
fahren kann für beliebige Antennensysteme auf mobile Plattformen angewendet
werden. Entsprechend den vorgeschlagenen Entwurfsschritten, werden vor dem
Entwurf der Antennenstruktur die relevanten Strahlrichtungen identifiziert. An-
schließend, werden verschiedene Patternrekonfigurationstechniken eingehend
studiert und diskutiert. Diese Techniken ermöglichen die Fertigung von Anten-
nen, die die gewünschten Richtungen abdecken. Diese Antennen werden durch
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Zusammenfassung

Aufbau und Messungen von Prototypen getestet. Außerdem werden zwei Arten
von elektronischen Schaltern verglichen, die für die elektronische Umschaltung
zwischen rekonfigurierbarenZuständen erforderlich sind. Basierend auf diesem
Wissen werden mehrere rekonfigurierbare Mehrantennensysteme konstruiert,
gefertigt und verifiziert.

Die Leistungsfähigkeit der vorgeschlagenen Mehrantennensysteme wird zu-
erst mittels eines kanalbasierten Hüllkurvenkorrelationskoeffizienten (ECC)
Berechnung evaluiert und mit einem herkömmlichen System aus Rundstrahl-
antennen verglichen. Bereits diese Ergebnisse zeigen die Überlegenheit der
vorgeschlagenen Antennensysteme gegenüber den konventionellen Systemen.
Schließlich wird die Kanalkapazität basierend auf Ergebnissen von virtueller
Probefahrten und einer Messkampagne in städtischer Umgebung berechnet.
Die Ergebnisse bestätigen, dass die Anwendung der vorgeschlagenen Methodik
zur Kapazitätssteigerung von Mehrantennensysteme führt. Das vorgeschlagene
Mehrantennensystem steigert die Kanalkapazität um mehr als Faktor zwei ohne
den Hardwareaufwand wie auch Systemabmessung zu erhöhen.
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1 Introduction

Within the last decade the microwave technology experienced rapid development
and has spread into various domains of our life. Radar and localization systems
support the users in their everyday tasks, while communication systems, such
as global system for mobile communication (GSM), universal mobile telecom-
munications service (UMTS) and long term evelution (LTE) have sustainably
changed the world. When radar systems are present in various domains, wireless
communication have dominated nearly every domain of people’s life. Recently
the concept of internet of things (IoT), a global system which enables electronic
devices, sensors and actuators to connect and exchange data, was developed. In
order to support the furthe development of the IoT the wireless communication
systems are essential. Already today many mobile devices like notebooks, ta-
blets and smartphones take advantage of this technology to keep users connected
to the global network. However, the concept of IoT does not end here, it expands
to smart home and smart factory. Since the users demand to stay connected
all the time also cars are now equipped with modern wireless communicati-
on systems, providing the users a seamless transition from the smartphone to
the vehicle. At the moment they are used mainly to inform users about traffic
situations, however this is the first important step towards vast data exchange
and finally autonomous driving. The cars are thus no longer just mechanical
vehicles bringing us from point A to point B, but they are dynamic part of the
IoT network and have the ability to exchange the crucial data and use the roads
more safely and efficiently [DBG+10].

1.1 Motivation

Recently the development towards ubiquitous use of multiple wireless services
could be observed in the automobile industry. Modern cars are equipped with
antennas for various wireless standards [PSR+11]:
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1 Introduction

• amplitude modulation / frequency modulation (AM/FM) radio

• digital audio broadcasting (DAB) and digital video broadcasting (DVB-T)

• global system for mobile communications (GSM)

• long term evolution (LTE)

• vehicle-to-vehicle (V2V) and vehicle-to-everything (V2X) communica-
tion

•wireless internet (Wi-Fi)

• satellite navigation systems (GPS)

• satellite digital radio (SDARS)

• remote keyless entry

• tyre pressure monitoring system (TPMS)

• electronic toll collection (ETC)

Additionally to these wireless services there are also different radar systems
mounted on the car. All these systems use the low kHz range up to the millimeter
wave frequency range.

Almost all of these systems need separate antennas, and thus the number of
antennas mounted on modern cars is growing. At the same time the aesthetic
and aerodynamics expectation is that they stay invisible. While antennas for
radio and video broadcasting systems are no longer mounted on the car roof,
but are nowadays integrated in the glass of the windows, the antennas for
communication and navigation systems are still mounted on the roof inside
a so-called shark-fin [PSR+11]. Despite the advantage of a wide view angle,
this position possesses certain problems for antenna designers. The shark-fin
housing offers only limited space and has to stay low profile, to not increase the
aerodynamic drag. Alternatively the antennas can be mounted in the side mirror
housing, however this location also offers only limited space and the view range
is smaller than in the case of the car roof. Whichever antenna mounting position
is selected, the antennas has to be as compact as possible.

The trend in the automotive industry is to equip vehicles with growing number
of integrated sensors. Thus the cars become more aware of their environment. In

2



1.1 Motivation

order to use the collected data the interaction between vehicles, other users and
the infrastructure is essential. For this interaction either dedicated systems like
V2V or V2X or existing and future communication standards like 4G and 5G
can be used [MMG17,FDAZ+18]. At the same time the 4G and 5G systems are
used for infotainment systems, thus high data throughput, reduced end-to-end
latency and improved reliability are needed. It is important to remember that
the vehicles are constantly changing their driving direction and speed between 0
and 250 km/h. Also their environment, such as urban, rural, highway, undergoes
rapid changes like e.g. number of surronding vehicles or vegetation density.
These factors influence the mobile channel severely and can cause connection
interruptions e.g. due to fading. In 5G it is forseen to use massive multiple-input
multiple-output (MIMO) antenna systems [Lar17] at the base station (BS), thus
having large number of antennas to overcome the problems of fading and support
tens of users simultaneously. Nevertheless it is not possible to mount massive
MIMO antennas in the shark-fin housing, since the space inside these modules
is already limited. In this case pattern reconfigurable MIMO antennas are an
attractive solution.

Yet, it is not enough to just design a MIMO antenna system for V2X commu-
nication. The performance of the antenna should be measured. Evaluating the
performance of the system only in terms of matching, gain and radiation pattern
is however not sufficient. The dynamic behavior and channel capacity has to be
evaluated under real conditions by test drives in different environments such as
city, countryside and highway as soon as the prototype is fabricated [ETKM13].
Since the antenna systems are developed for new car models not yet available
on the market, secrecy is needed and the vehicles are covered with camouflage,
making the preparation for the test drives time consuming. In addition, test
drives are not reproducible and involve a great financial expenditure. Another
measure used very often for MIMO antennas is envelope correlation coefficient
(ECC). It is a very good figure of merit (FOM), nonetheless the channel is not
taken into consideration, an thus the distribution of the field impinging at the
antenna is ignored. Therefore it is important to find a method that gives a more
accurate measure of an antenna system’s performance.

3



1 Introduction

1.2 State of the Art

The antenna is an interface between the channel and the transceiver and is thus
essential for proper function of every wireless system. Apart from requirements
on bandwith and matching, the important question in case of an automotive
communication antenna is what should be its gain and radiation characteris-
tic. Nowadays antennas with radiation patterns omnidirectional in azimuth are
used [GL14, GL15, EPKM14]. Considering the fact that the car is moving and
changing its driving direction while the antenna is placed on the car roof, omni-
directional pattern seems to be the obvious choice, since signals can impinge the
car from all angular directions. This logic is true for line of sight (LOS) connec-
tion, however the situation changes for multipath rich urban environments (see
Fig. 1.1), where LOS is very often interrupted due to shadowing. In this case
the use of antennas with directive patterns leads to better results, as presented
by Reichardt et al. [RMSZ13]. It is shown that due to existence of dominant
angles of arrival (AoA) different radiation patterns are advantageous for urban
and rural scenarios. In order to establish which radiation patterns are advantage-
ous, an antenna synthesis procedure using ray-tracing simulations for multiple
antenna systems as presented in [MRH+15] can be used. Resulting from this
procedure are near-optimum vehicular MIMO radiation patterns. The patterns
enabling the increased channel capacity should be directed towards front and
rear of the vehicle and the other ones orthogonal to it (towards left and right
side of the vehicle).

Using directive antennas covering the named angular directions will most likely
improve the system performance in many situations, however this might also
result in lower performance for certain other scenarios. Therefore it is advan-
tageous to use a more flexible solution like pattern reconfigurable antennas. In
this case the patterns can be switched dynamically while the car is moving and
the best pattern can be chosen, resulting in an increased reliability.

Within recent years the topic of pattern reconfigurable antennas was tho-
roughly researched and some techniques to realize them were proposed. In
[NJDP12] switching between elements pointing in different directions is used
for pattern reconfiguration. Such solution offers good flexibility, however is
not compact enough for automotive communication (footprint of this design is
0.54_0G0.54_0). An interesting posibility are multimode antennas with pattern
selection [KL13,SVM15,ZWZ+15]. However, while these designs are compact,
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BS

UE

Multipath

Trees

Figure 1.1: A picture from RT tool presenting multipath propagation in an urban scenario. BS: base
station, UE: user equipment (vehicle).

their flexibility in terms of pattern direction is limited, since only beams resul-
ting from antenna’s characteristic modes are possible. An interesting approach
are electronically phase-tunable array antennas [ME16,ZNTF18]. These anten-
nas consist of multiple elements and the signal phase at the elements can be
controlled with help of varactors. A very popular solution is the use of para-
sitic elements [GO00, ORPH+17], where the beam direction can be changed
by activating parasitic elements in vicinity of the primary radiator. This ap-
proach offers a high flexibility (arbitrary number of reconfigurable patterns)
and relatively compact construction at the same time. Another very interesting
concept was introduced and is being further developed by the group of Prof.
Fumeaux [NTKHF15,NTPHF17a,NTPHF17b]. They proposed reconfigurable
substrate-integrated cavities. This solution is very low profile but has limited
bandwidth (around 2 % fractional bandwidth) and low efficiency (simulated
below 60 %).

5



1 Introduction

Figure 1.2: Directions that should be covered by automotive antenna based on results of an urban
channel simulation.

1.3 Problem Description

If we consider that vehicles can change their direction in one plane only unlike
e.g. mobile phones changing their orientation in all three dimensions, the au-
tomotive wireless channel gets directional, instead of isotropic. Based on this
knowledge we can improve the design process of the antenna by adding radiation
pattern requirements to the list of initial parameters. The information about the
channel’s directivity can be obtained from RT simulations in form of an angular
power spectrum (APS).

This process and the obtained results are explained in detail in section 2.8.
Based on these results, the beams should cover front, front-left and front-right
direction, as well as rear, rear-left and rear-right direction with regard to the
vehicle (see Fig. 1.2). These patterns are defined for a car-roof antenna, since
this mounting position offers the best field of view and an elevated antenna
placement. The graphical representation of channel simulation in figure 1.3
shows that the waves propagating from the base station diffract on roof edges
of the buildings or get reflected on the obstacles and get trapped in the street
canyon. Walls of the buildings limiting the street establish a waveguide for the
propagating waves. As a result the rays undergo multiple bounces before they
reach the antennas on vehicle’s roof. This phenomena is called canyoning effect
and explains the mentioned beam directions.

If we consider the multipath rich urban environment and the direction selective
nature of the channel we can assume that applying a MIMO system and beam-
forming will result in a channel capacity improvement. Knowing this we can
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Figure 1.3: Picture from the RT tool presenting canyoning effect in an urban environment. Yellow
lines represent signal paths.

assume that replacing conventional omnidirectional antennas with directional
ones pointing in proper directions will result in a signal-to-noise-ratio (SNR)
improvement. Furthermore, if some of the beamforming effort is moved to the
antenna by utilizing pattern reconfigurable antennas, the capacity improvement
resulting from spatial multiplexing can be even higher. Another aspect is the
volume available for antennas within the shark-fin module. Reducing the num-
ber of antennas and antenna size is crucial for vehicular applications, since only
limited space is available. Thus, a multiple antenna system utilizing pattern
reconfigurable antennas can contribute to channel capacity enhancement of the
overall system without substantial increase in cost and volume of the antenna.

1.4 Design Methodology

In order to design a multiple antenna system for capacity enhancement in ve-
hicular applications a proper design and test procedure is needed. A flow chart
diagram of the design methodology proposed in this work is presented in Fig. 1.4.
A key element in this procedure is the channel simulation. As already mentioned
in the previous section, the information about the channel’s direction selectivity
can be obtained from the simulation results. Thus, the directions covered by
radiation patterns can be defined as requirements for antenna systems prior to
the design. The next step after defining the requirements is the choice of an
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Antenna re-
quirements

Design using
CAD software

Evaluation of
antenna: ECC

Channel cpacity
calculation

Test drive

Definition
of scenarios

Ray-tracer
simulation

Channel properties

antenna design

channel simulation

Figure 1.4: Flow chart presenting the design methodology proposed in this work.

appropriate antenna concept and design supported by the use of computer-aided
design (CAD) software. The optimization using CAD software allows to impro-
ve the parameters like antenna matching, port isolation, gain, pattern direction
and front-to-back ratio (FBR). However, these measures of the antenna’s per-
formance do not give us the ultimate answer if the antenna system is going to
perform well in the given application. Therefore, a more systematic measure
including knowledge about the channel is needed.

Channel capacity is a very good performance measure of an antenna system
and it is sufficient enough to reliably compare two different designs. However,
using the channel capacity to improve one design is cumbersome as a direct
connection to radiation patterns is missing. Therefore, it is of advantage to first
evaluate the design using ECC including information about the channel. The
influence of the channel is given by the incident field at the antenna position,
this information is obtained from RT simulation. The incident field is described
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1.4 Design Methodology

by an angular power spectrum %(\, k). In a standard ECC calculation a uniform
power distribution %Uniform (\, k) ∝ 1 is assumed.

In order to evaluate antenna’s performance averaged over given propagation
scenarios, the ECC given by [Kil15]:

d4 =

|
∬

4c

−→
�1 (\, k) ·

−→
�2

∗ (\, k)3Ω|2

∬

4c

|
−→
�1(\, k) |23Ω

∬

4c

|
−→
�2 (\, k) |23Ω

(1.1)

is adopted and completed by including the APS in the equation.

d4 =

|
∬

4c

−→
�1 (\, k)%(\, k) ·

−→
�2

∗ (\, k)%(\, k)3Ω|2

∬

4c

|
−→
�1 (\, k)%(\, k) |23Ω

∬

4c

|
−→
�2 (\, k)%(\, k) |23Ω

(1.2)

−→
�= (\, k) denotes the complex radiation pattern of the antenna = and 3Ω denotes
the differential solid angle.

Based on the obtained results a redesign and optimization of the design can be
conducted and the overall antenna system can once again be evaluated.

As soon as an optimized design is available, the channel capacity of the system
can be calculated based on the simulation. Even though a simulation cannot
possibly capture all the effects influencing the performance in a fully functional
device, its value is indisputable in evaluating the design in the early phases of
the process. Furthermore, the simulation is cheaper and less time consuming
than a test drive [ETKM13]. Since we can control the environment in the
simulation, it is more reliable to compare the simulated performance of two
different designs than to do that based on measurement campaign in dynamically
changing environment.Nevertheless, the final prototype should be implemented
in the vehicle and as a last step test drives can be performed.
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1.5 Goals and Organization of the Work

The goal of this work is to define a design and test procedure for capacity
enhancement in automotive antenna systems. Pattern reconfigurable antenna
systems are proposed as a solution and investigated in this work. Therefore,
different possible approaches for the design of pattern reconfigurable antennas
realizing identified radiation patterns are examined.

Requirements defined for antennas developed within the scope of this work
is a bandwidth of at least 200 MHz, which is sufficient enough for mobile
communication. The center frequency should placed between 2.45 GHz and
2.6 GHz. Therefore, outdoor measurements in unlicensed band are possible or
the antennas can be directly applied in the LTE bands 40 and 41 if 2.6 GHz is
chosen.

Chapter 2 gives us an insight into wireless channel parameters. Furthermore, the
simulation procedure using the ray tracer tool is explained in detail. Finally, the
patterns optimized for automotive communication applications are determined
using the RT tool.

Chapter 3 presents the design of pattern reconfigurable antennas. Different
techniques are shown and discussed. Among them element switching, utilizing
parasitic elements and phase switching seem to be most promising, and are
tested by design and fabrication of antenna models. Additionally, two different
switching devices: p-i-n diodes and MEMS (micro-electro-mechanical system)
are evaluated.

In chapter 4 the findings of the previous chapters are combined in the design of
pattern reconfigurable multiple antenna systems. Four different designs meeting
the defined requirements are realized and tested.

Chapter 5 presents the evaluation methods proposed for testing of pattern re-
configurable multiple antenna systems. The channel based envelope correlation
coefficient (ECC) is introduced as a tool for verification during optimizati-
on process. Channel capacity calculation from simulated and measured values
collected during virtual and real world test drives are then used as a final measure
of antenna systems’ performance.
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In case of wireless communication, the transmitting and receiving antenna and
the wireless channel replace the transmission cable. The transmitting antenna
converts a guided electromagnetic wave into electromagnetic waves capable
of propagating in the free-space, whereas the receiving antenna converts the
electric (or magnetic) field captured from the environment into alternating
current [Bal05]. A theoretical isotropic radiator produces a wave propagating
in all directions. This wave is attenuated depending on the distance from the
source. This attenuation is known as free-space path loss (FSPL) and is given
by formula [VBA03]:

FSPL =

(4c3

_

)2
(2.1)

where 3 is the distance from the source and _ is the wavelength.

If the path of the wave between transmitter and receiver is undisturbed, a so-
called line of sight connection is established. On the other hand if the wave
encounters an obstacle, depending on its form and size, the following propaga-
tion mechanisms can be observed [VBA03]:

• reflection is the abrupt change in the direction of a wave impinging at a
boundary between two different media. The size of the surface should be
multiples of a wavelength.

•diffraction is the spreading of waves around the edges of an obstacle. It
can be well explained by Huygens’ principle which states that each point
on a wavefront acts as a fresh wave source.

• scattering is the interaction of a wavefront with a rough surface or an
object with a size smaller than the wavelength. In case of scattering the
wave reflected from the object is spread over a solid angle range rather
than one direction [GW98].
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reflection

scattering

diffraction

Figure 2.1: Schematic drawing of a wireless channel with different propagation phenomena.

Thus, a multipath propagation appears (see Fig. 2.1).

The multipath components superimpose at the receiver, and the amplitude and
phase of the individual components are crucial in this process. This process is
known as multipath interference and can either have positive or negative influ-
ence on the transmission, depending on the propagation environment. In some
cases, under unfavorable conditions, destructive interference can be observed
and thus the signal-to-noise ratio (SNR) at the receiver decreases. This effect is
known as fading.

The antennas themselves influence the transmission through their directivity
patterns, position and polarization. Therefore diversity or MIMO antenna sys-
tems can be used to overcome problems with fading, by exploiting multiple
observations of the channel to improve the SNR [Bre59]. Furthermore, MIMO
systems use the multipath propagation to their advantage by establishing multi-
ple channels. In the following chapter a more detailed description of the wireless
channel and MIMO systems is given. Moreover the important antenna parame-
ters are discussed. Following, the utilized RT tool is introduced. Finally, the
patterns required for automotive antenna systems are determined using this RT
tool.
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2.1 Antenna fundamentals

Figure 2.2: The spherical coordinate system used in this work. A represents the radius, k and \

represent azimuth and elevation angles respectively.

2.1 Antenna fundamentals

As already discussed at the beginning of this chapter, the antenna transforms
a guided electromagnetic wave into a wave propagating in free-space, or vice
verse. It means, it is an interface between the channel and the RF front-end.
Therefore, it is crucial to understand the parameters characterizing the antenna
before realizing an optimized system.

2.1.1 Key properties of antennas

In order to be able to characterize, evaluate and compare antennas, a set of
parameters is used by antenna engineers. One of the most commonly used para-
meters is the bandwidth (BW). It refers to the frequency range within which an
antenna characteristic fulfills certain requirements. The most often used is the
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2 Wireless Channel

impedance bandwidth, and it refers to the frequency range over which the return
loss is lower than some given value. In case of wireless communication 6 dB
return loss is considered sufficient (around a quarter of the power is reflected),
however in case of radar systems 20 dB might be required. The gain bandwidth
is also commonly used and it refers to a frequency range within which the gain
exceeds some given value (e.g. half the value of maximum gain BW3dB). Ano-
ther important characteristics is the antenna’s radiation pattern. This measure
represents the amount of energy radiated by the antenna in each spatial direc-
tion. Most often it is presented graphically using a spherical coordinate system
(see Fig. 2.2). It is defined as:

� (\, k) =
|
⃗⃗ ⃗⃗
� (\, k) |

|
⃗⃗ ⃗⃗
� (\, k) |max

�����
A→∞

(2.2)

where � (\, k) represents the radiation pattern and
⃗⃗ ⃗⃗
� (\, k) is the radiated E-

field.

A further parameter used to characterize antennas is gain. It is the ratio of the
surface power density in a given direction for a given antenna, compared to the
surface power density resulting from isotropic radiator. Thus, gain is given in
unit dBi. The surface power density of the isotropic radiator is given by [Bal05]:

|
⃗⃗⃗
( | = (8 =

%Tx

4cA2
(2.3)

Where %Tx is the power fed to the lossless isotropic source. Thus, the gain can
be defined as:

� = [� = [
(A max

(8
= [4cA2 (A max

%) G

(2.4)

� defines the antenna’s directivity, while [ defines the antenna’s efficiency, and
its value is between 0 and 1. The antenna efficiency contains all losses of the
antenna.

The antenna polarization defines the polarization of the wave radiated by the
antenna. Normally it refers to the electric field vector. One can differentiate
between linear and circular polarization. Most terrestrial systems use linearly
polarized waves, while satellite tend to use circular polarization which is more
robust to changes in the polarization happening in the ionosphere (e.g. GPS
antennas).
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h(τ, t)

n(t)

x(t) y(t)

Figure 2.3: Mathematical representation of the interaction of the channel with the signal.

2.2 Channel description

A simplified model of the mathematical channel representation is shown in figure
2.3. The output signal H(C), which we get at the receiving antenna, depends on
the transmission signal G(C) and the channel ℎ(g, C) characterized by the impulse
response (in case of a linear channel). It can be represented as a convolution of
both terms in time domain. The convolution in time domain corresponds with a
multiplication in the frequency domain.

H(C) = ℎ(g, C) ∗ G(C) =

∫ ∞

−∞

ℎ(g, C)G(C − g)3g (2.5)

s

❝

. ( 5 ) = � ( 5 ) · - ( 5 ), (2.6)

where . is the output signal matrix, - is the input signal matrix and � is the
channel matrix.

In order to account for random processes that occur in the channel, additive white
Gaussian noise (AWGN) is added to the signal at the receiver (see Fig 2.3). It
can be noted in frequency domain as:

. ( 5 ) = �( 5 ) · - ( 5 ) + # ( 5 ) (2.7)

The multiplicative noise is already accounted for in the channel impulse response
[Sau99].
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2.3 Time variance

All of the automotive communication scenarios considered in this work are
dynamic and the cars within them travel with constant speed. Such moving
objects lead to time variance in the channel i.e. the path lengths, propagation
time and phase change over time. Furthermore, some paths might disappear and
be replaced by some new paths. Thus, the result of superposition of multipath
components at the receiver varies over time. Since the receiver changes the
position in the channel, constructive and destructive interference are observed
within the short distance of _

2 . This effect is called fast fading [Sau99].

In contrast to fast fading, slow fading originates from slow changes in the envi-
ronment e.g. changing weather conditions. Additionally, while the transmitter
or receiver move in their environment, they can be shadowed by a big obstacle
such as a mountain or a block of buildings. In this case, unlike for fast fading
where path length or phase of multipath components changes, the number and
amplitude of the multipath components changes [GW98].

Since the radio channel considered in this work undergoesdynamic changes, one
also has to consider the Doppler effect. It is a change of the apparent frequency
of the impinging wave, which results from the object’s movement [Sau99]. The
change in frequency is proportional to the component of the object’s speed in
the direction of the wave and is given by the formula:

53 =
E

_
2>BU = 52

E

2
2>BU = 5<2>BU, (2.8)

where 53 is the Doppler frequency, 52 denotes the center frequency, E is the
object’s speed and U is the angle between the speed vector and the wavefront.

If the multipath channel is considered, each individual wave arriving at the
receiver from an arbitrary direction has its associated Doppler shift. As a result,
the bandwidth of the received signal is spread compared to the transmitted
bandwidth, thus the effect is known as Doppler spread. This effect can by
analyzed in time domain by means of the coherence time. The coherence time
)c describes the time over which the channel changes only slightly and the
autocorrelation function is close to unity, thus the channel is time invariant.
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The coherence time is inversely proportional to the Doppler spread of the
channel [Sau99].

)c ∝
1

5<
(2.9)

2.4 Frequency selectivity

In the dynamic channels considered in this work, the signal arriving at the
receiver is composed of multipath components with noticeably different delays
and different frequencies. The strength of the received signal at a given frequency
50 is determined, among other things by the phase differences of the partial waves
at 50. Due to the different wavelengths, different signal paths and interaction
points are observed for the individual frequencies. Thus, if the time of arrival for
the received signals varies significantly, the channel varies with the frequency,
which leads to a frequency-selective behavior of the channel.

The variation of the mean power with delay can be expressed graphically as
different taps placed along the time axis and is know as power delay profile
(PDP). It can be given with the formula:

%(C, g) = |ℎ(C, g) |2. (2.10)

The PDP can be characterized by:

•Mean delay `g (C)

`g (C) =

=∑
8=1

%8g8

=∑
8=1

%8

(2.11)

•Delay spread fg (C)

fg (C) =

√√√√√√√√√

=∑
8=1

%8g
2
8

=∑
8=1

%8

− `g (C)2, (2.12)
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where = is the number of samples.

The coherence bandwidth �c indicates the bandwidth over which the channel can
be assumed to be almost constant, thus not frequency-selective. If the bandwidth
� of the communication system fulfills the requirement: � ≪ �c, the channel
is frequency flat and no equalization is needed. The coherence bandwidth is
inversely proportional to the delay spread:

�c ∝
1

fg (C)
. (2.13)

The coherence bandwidth can be determined via the frequency autocorrelation

function (ACF) A 5

��
of the transfer function:

A
5

��
(Δ 5 , C) =

∫ ∞

−∞

(
�!% ( 5 , C)

)∗
�!% ( 5 + Δ 5 , C)35 , (2.14)

where �!% ( 5 , C) is the equivalent low-pass transfer function. The spectrum at
positive frequencies is shifted to the baseband ( 5 = 0) and the amplitude is
doubled. This equivalent transfer function simplifies the mathematical descrip-
tion [GW98].

In order to simplify the progression of the frequency ACF by describing it with a
single parameter, the coherence bandwidth is defined as the frequency for which
the magnitude of the correlation coefficient first drops below a predetermined
value 4 (i.e. 1/4).

2.5 Direction selectivity

Another important issue of the wireless channel is the direction selectivity. The
angle of departure (AoD) and the angle of arrival (AoA) of multipath compon-
ents depend on the position of interaction points in the propagation environment.
Thus, since the considered environment is dynamic and the receiver itself is mo-
ving, the AoD and AoA are time variant. The direction selectivity is described
separately for the transmitter and receiver for all polarization combinations with
means of the angular power spectrum (APS). Information about the angular
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spread and the mean angle can be obtained as well. The APS corresponds with
the spatial the inverse Fourier transform of ACF.

2.6 MIMO channel

In the previous decade the MIMO technology gained huge popularity and was
introduced on the commercial market. This technology takes advantage of mul-
tiple antennas at the transmitter (Tx) and receiver (Rx) to increase the system
performanceby exploiting the spatial dimension [Big07]. The benefits of MIMO
are:

•Array gain increases the SNR on receiver side as a result of coherent
combination of signals.

•Spatial diversity gain battles fading by providing the receiver with mul-
tiple copies of transmitted signal in space.

•Spatial multiplexing gain offers a linear increase in channel capacity
by transmitting multiple, independent signals through the channel. If
suitable channel conditions (rich scattering) are available and all signals
experience the same channel quality, the receiver can separate the signals
and the capacity is improved by a multiplicative factor.

• Interference reduction and avoidance can be obtained in MIMO by
using the spatial dimension to increase the separation between users.

A MIMO channel is described via the channel matrix consisting of the trans-
mission functions of the individual transmit and receive antenna combinations.
Assuming a frequency flat channel, the transfer function between the " transmit
antennas and the # receive antennas, at a given time instant is represented by
the channel matrix �.

� =



ℎ1,1 ℎ1,2 . . . ℎ1,"

ℎ2,1 ℎ2,2 . . . ℎ2,"
...

...
...

...

ℎ# ,1 ℎ# ,2 . . . ℎ# ,"



. (2.15)
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Figure 2.4: Schematic representation of a MIMO communication channel.

Using this notation, the communication channel can be described by:

⃗⃗
H = �

⃗⃗
G +

⃗⃗
=. (2.16)

The transmit signal vector
⃗⃗
G ∈ C"×1 and the receive signal vector

⃗⃗
H ∈ C#×1

are the inputs and the outputs of the system and
⃗⃗
= ∈ C#×1 is the noise signal

vector. The noise is additive, zero-mean, complex Gaussian noise. The MIMO
communication channel is presented in figure 2.4, the arrows represent ℎ=,<
elements of the channel matrix.

2.6.1 Envelope Correlation Coefficient

A very good and simple metric for a MIMO antenna system’s performance is
the envelope correlation coefficient (ECC). It is a measure of the correlation
between the antennas in a MIMO system. ECC ranges from 0 (no correlation,
best MIMO gain) to 1 (identical gain and phase patterns, no MIMO gain). Thus,
an antenna system for practical applications should have an ECC lower than 0.5.
In its most simple form the ECC value is calculated from antennas’ S-parameters
based on the formula (4.1) given in [BRC03]:

d4 =
|(∗11(21 + (∗21(22 |

2

(1 − (|(11 |2 + |(21 |2)) (1− (|(22 |2 + |(12 |2))
, (2.17)

where (11 and (22 is return loss of antennas A and B respectively, and (21 and
(12 is the isolation between the antenna ports. This value is however not precise
and misses information about the antennas’ interaction with the channel. The
other method to determine antennas’ ECC is presented in chapter 5.
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2.6 MIMO channel

2.6.2 Channel capacity

Channel capacity is the most important measures used to evaluate the antennas
presented in this work. Therefore, it is important to first understand the concept
of channel capacity.

In his pioneering work in the late 1940s, Claude Shannon defined basic rules for
telecommunication systems. His work refers to data transmission over a channel
which adds white noise to the signal. The channel can be a transmission line
(cable), a radio channel or an optical transmission path. His theory defines a
theoretical upper limit for the data transmission rate over the channel [Big07].
The channel capacity is denoted with � and is defined by the formula:

� = log2(1 + (/#), (2.18)

where ( and # are signal and noise power.

The capacity depends only on the SNR at the receiver and is thus a pure channel
property, which is independent of the modulation or transmission technique
used. As a rule of thumb, if the SNR is doubled (3 dB in logarithmic terms), the
capacity is increased by about 1 bps/Hz.

However, in theory it is possible to reach the maximal data rate, in reality it is
very difficult to design a channel code reaching the capacity limit. Although great
developments in code design have been achieved in the previous decade and data
rates very close to the theoretical limit have been demonstrated for very good
channels, none of these codes can directly be used for MIMO channels [Big07].

The channel capacity for MIMO is given by formula [Big07]:

� =

#∑

8=1

log2

(
1 +

%Txi

f2
_8

)
= log2

[
34C

(
� +

(#'

"
�#x"�∗

"x#

)]
, (2.19)

where %Txi is the power at the 8 transmitter, f is the noise, _8 is the 8 eigenvalue,
� denotes the identity matrix.
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2.7 Channel modeling

Realistic modeling of multipath propagation is a key component in the antenna
evaluation method described in this work. Therefore, a 3D fully polarimetric
ray-tracing (RT) tool is utilized to calculate the multipath propagation using
the 3D scenario data. The simulator used here was developed at the Institute of
Radio Frequency Engineering and Electronics (IHE) of the Karlsruhe Institute
of Technology (KIT) [Mau05]. It is a deterministic channel simulator, which
means it is based on the physical propagation characteristics of electromagnetic
waves in a model of the propagation scenario. This principle is in contrst to
stochastic simulators, which try to describe the channel behavior using statistical
properties of the power received with a certain delay, doppler shift, angle-of-
arrival etc. [Rei13]. Before the RT simulation can be conducted, the environment
has to be defined, therefore a brief description of this process is given in section
2.7.1.

2.7.1 Environment modeling

In order to get proper results from the RT simulation, the objects (buildings, cars
etc.) in the proximity of the transmitter and the receiver should be modeled in
detail. These objects create a scenario and can be defined using a 3D map-editor,
the detailed 3D information about buildings (including buildings height, roof
shape etc.) and streets can be found on the OpenStreetMap (OSM-3D) [OSM].

As can be seen in figure 2.5 a typical building height from 10 to 20 m, sparse
vegetation, a dense traffic flow, many parked cars and relatively narrow streets
are characteristic for urban environments. In order to obtain the exact results for
the interaction between the waves and the environment, the proper values of the
EM parameters of the involved buildings, cars and streets have to be set. The
map-editor provides functions to set the complex values of the relative dielectric
constant YA and the relative permeability `

A
.

Y
A
= Y′A − 9Y′′A , (2.20)

`
A
= `′A − 9 `′′A , (2.21)
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Buildings

Cars

Trees

Figure 2.5: An exemplary 3D environment scenario showing a part of downtown Karlsruhe con-
structed in map-editor.

The imaginary part of the relative dielectric constant includes the information
about the dielectric and ohmic losses. The conductivity can be calculated from
the dielectric constant as well. The magnetic losses are included in the imaginary
part of the relative permeability. Since the structure of a surface has a significant
influence on the reflection of an incident wave, the surface roughness is also
considered in the RT simulation. The sourface roughness is charaterized with
a Gaussian distributed height variation with a mean ` and a standard deviation
fℎ . In principle the following applies: the rougher the surface, the greater
the portion of the energy that is scattered and the smaller the portion that is
reflected [Mau05].

In general it is a non trivial problem to model the scattering behavior of the
vegetation, due to random distribution of scattering directions. A solution for
this was proposed and is explained in [Mau05]. This model is used for trees and
bushes, and these objects are represented as homogeneous boxes with defined
scattering characteristics.

Since the time-variant behavior of the channel depends not only on the movement
of transmitter and receiver, but also on the moving objects in the environment,
it is necessary to include the dynamic traffic in the simulation. The individual
vehicles’ parameters such as speed, acceleration, deceleration and the trajectory
can be easily defined in the map-editor. The time progression in the scenario is
modeled in discrete time steps, allowing snapshots at the time frames of interest.
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2.7.2 Wave propagation modeling

The RT tool used in this work is based on geometrical-optics (GO). The basis
for this method is the asymptotic behavior of electromagnetic fields at high
frequencies (the fields can be described as rays) [AIG90]. This approach is
valid as long as the objects in the propagation scenarios are large compared to
the wavelength, and the material properties do not change within a wavelength. If
these requirements are fulfilled the RT simulator can give precise results within
a fraction of time that a finite difference time domain (FDTD) or a finite element
method (FEM) solver would require. This is the reason why GO based channel
models are also included in commercial V2X tools such as WinProp [Alt] or
Remcom Wireless InSite [Rem]. The institute’s proprietary RT tool is used in
this work, however a commercial tool can also be successfully applied in the
presented methodology.

In the RT tool used in this work, the transmitter is considered as a point source
for all multipath components. Thus, it is assumed that all observation points
are located in the far field of the antenna. The calculation can be divided into
two steps. First, an efficient ray search algorithm calculates the course of all
multipath components between the transmitter and the receiver. The calculated
paths also contain interaction points, at which the rays have interacted with
the environment. The reflection paths are traced by using the method of image
transmitters (image theory) [Mau05]. In the second step, the transfer factors of
the interactions are determined, thus the fully polarimetric channel parameters
(amplitude, phase, Doppler etc.) are calculated.

Apart from FSPL, following phenomena are taken into account:

• up to five reflections

• up to three diffraction events

• one scattering event

The combinations of these phenomena are also considered for the resulting
paths. The transmission through objects is not considered in the utilized tool.
As a result, the RT simulator delivers a position-dependent fully polarimetric
information about field strength, phase, time delay and Doppler, as well as AoD
and AoA. Each ray represents a multipath component and the combination of
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MPCs for given time instant gives a channel impulse response. If a scenario
consisting of multiple snapshots is considered, a series of channel impulse
responses is obtained.

Although the RT is a deterministic simulator, statistical factors still play an im-
portant role. Since the effort to simulate all scenarios occurring in reality would
be excessively high, a limited number of scenarios that are as representative as
possible is used for the simulation. It is clear that even though a considerate
selection is done, the results are not applicable in all environments.

2.8 Channel Analysis - Pattern Determination

In order to define radiation patterns prior to the design process, a channel
analysis is needed. For the RT simulation 20 different routes based on 3D
data of downtown Karlsruhe, each of 150 m length, were chosen. The routes
have been divided into two groups based on the morphological structure. The
first group is located on the KIT campus (in the center of Karlsruhe) and is
characterized by wider streets and more vegetation (see Fig. 2.6a). The second
group is placed in a downtown area of Karlsruhe in the vicinity of the campus
(see Fig. 2.6b). In this case the traffic is denser and faster. Afterwards, the
simulated data is averaged within scenarios from one group. For the simulation
omnidirectional point sources are used as the transmit (Tx) and the receive (Rx)
antenna. Thus, the Tx and Rx antenna can be replaced with any antenna in the
post-processing.

The RT tool provides a data set containing information about amplitude, phase,
AoD, AoA etc. of all multipath components (MPCs) for each time step. In order
to define optimum radiation patterns, the angular power spectrum (APS) at the
vehicular roof-top antenna is extracted from the RT results. Figure 2.7 presents
normalized APS for the two groups of investigated scenarios. In both cases a
radiation pattern of typical base station (BS) antenna as in [CKC+18], is applied
at the Tx side. The Tx power is set to 43 dBm. In case of the campus scenarios,
most of the MPCs impinge the Rx antenna from the ± driving direction (see
Fig. 2.7a). There are also strong components from right-front and right-rear
direction. One has to remember, that if the vehicle would follow the same
routes in the opposite direction, the results would mirror to the left side. These
results can be explained by the canyoning effect which was already explained
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Figure 2.6: Example of two urban scenarios taken into account for the ray-tracer simulation.
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Figure 2.7: Simulated APS for a mobile antenna (automotive roof-top antenna). Simulation con-
ducted at 2.49 GHz.

in section 1.3. In the second group of scenarios the strongest MPCs arrive from
the angular direction k = 170° to 5° in azimuth, and \ = 45° to 90° in elevation
(see Fig. 2.7b). Also in this case the results would mirror along the driving
axis to the other side of the vehicle for a drive in the opposite direction. Also
in this case the canyoning effect is an explanation for these results. It can be
seen that in case of the downtown scenarios there are more MPCs with higher
amplitudes. This is mainly due to differences in the morphology of the groups.
In the downtown scenarios with narrower streets and less vegetation the MPCs
undergo less attenuation. By analyzing these results, it can be assumed that
a reconfigurable antenna optimized for automotive applications should switch
between beams pointing to the front, rear, right-front, right-rear, left-front and
left-rear side of the vehicle. In elevation, the beams should concentrate in an
angular range between 15° and 45°.

These results correspond well with general directions resulting from the antenna
synthesis presented in [5]. However, we have to remember that the results have
some artifacts resulting from statistics (number of scenarios considered). It has
to be considered that covering only one direction with one or two antennas,
instead of covering more directions simultaneously might give better results.
This issue will be investigated in chapter 5.
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Within the second half of the 20th century mostly nine different types of
antennas were used for wireless applications. These are loop antennas, di-
poles/monopoles, slot/horn antennas, microstrip antennas, reflector antennas,
dielectric/lens antennas, helical antennas, frequency-independent and log pe-
riodic antennas. All of these antennas have some particular properties making
them suitable for specific applications. We can say that every other antenna
designed in the recent decade is based on the concept of one of these nine
categories, adapting the original idea and structure to new applications [Ber07].
However, even if one of these antennas is chosen, its parameters like e.g. po-
larization are fixed, limiting the system performance. Therefore, more flexible
antenna solutions able to react to the changes in wireless channel and battle
problems like e.g. fading are required. This is the point at which the concept of
reconfigurable antennas was born.

Reconfigurable antennas posses the ability to change their center frequency, im-
pedance bandwidth, polarization and radiation pattern depending on the requi-
rements. It can be done by electrical [ME16, ZNTF18], mechanical [GLG+16,
HPD17, 4] or other means e.g. use of liquid-metal [ZGM+18, DGM16]. Ne-
vertheless, the design of reconfigurable antennas constitutes some challenges
to the antenna designer. The problem lies very often in retaining the desired
performance level in terms of other parameters while reconfiguring one of the
parameters. The other issue is feeding the antenna with a direct current (DC)
signal, which is necessary for the control of the switching elements. In most of
the cases the DC lines influence the performance of the antenna, therefore some
counteractive measures have to be taken.

Most of the reconfigurable antennas use p-i-n diodes to switch between the
different antenna states [QGWL12, JSJK14,GLW+14]. P-i-n diodes have many
advantages like low price, easy control and long lifetime, however they show ma-
ny vulnerabilities. The major problem is their limited isolation and a relatively
high insertion loss. Thus they are mostly used only up to about 10 GHz. Howe-
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ver, p-i-n diodes suitable for 5G applications at 28 GHz recently apeared on the
market [Mac]. Another problem is their non-linearity. Thanks to the develop-
ments in microelectronics within the last decade the micro-electro-machanical
system (MEMS) appeared on the market and is another possible solution for
state switching [ZMR+13]. MEMS, which are mechanical switches, are linear
elements in contrast to p-i-n diodes. Recently the biggest problem of MEMS
switches, namely the limited lifetime, was partially solved and off-shelf com-
ponents for around 10 $ appeared on the market, thus making it interesting for
antenna applications. Another option are the integrated switches. They mostly
use complementarymetal-oxide-semiconductor (CMOS) elements integrated in
reflective or absorptive switches. This solution has a problem of big footprint.
Additionally, in most of the cases the MEMS switches as well as the integrated
switches are designed for a use in a 50Ω environment. However, it is mostly
not the case if the switch is integrated into the structure of a reconfigurable
antenna. The p-i-n diodes seem to be robust against this problem, since they can
be considered as variable resistors. Therefore, the p-i-n diodes remain the most
popular switching elements used for reconfigurable antennas.

3.1 Pattern Reconfigurable Antennas

Among the adjustable parameters of reconfigurable antennas, especially the
reconfigurable radiation pattern is very attractive, as it gives a chance to replace
expensive and bulky phased arrays. Instead of using multiple radiators with
phase shifters, beam steering functionality can be implemented in a single
antenna. If we consider that the antenna’s radiation pattern is a Fourier transform
of the current distributionon the surface of the radiating element or elements, we
yield the conclusion that pattern reconfiguration can be obtained by influencing
the current distribution. There are several possibilities to do that:

• shorting pins, change the current distribution on the radiating element,
thus different patterns can be generated [QGWL12] (see Fig. 3.1a),

•multimode antenna, in this case different current distributions are ob-
tained by feeding at different points [YZC+16] (see Fig. 3.1b),

• element switching, the current distribution of an array is changed by
switching between elements [SSA12,GLW+14] (see Fig. 3.1c),
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(a) Patch antenna with shorting pins [QGWL12]. (b) Multimode antenna [YZC+16].

(c) Elements switching [GLW+14]. (d) Parasitic elements [JSJK14].

Figure 3.1: Examples of different concepts of reconfigurable antennas.

•parasitic elements, in this case the parasitic elements are placed in
vicinity of the radiator. The current distribution on the radiator is in-
fluenced by that, but more importanttly depending on the impedance of
the parasitic element, different current distributions are used to excite the
parasitic elments, which itself influence the radiation direction [AA16,JS-
JK14,ZAH14] (see Fig. 3.1d).

All of these concepts offer reconfigurable patterns and compact design, however
the solutions using shorting pins and the multimode antenna are limited in terms
of defining the radiation’s direction freely. This is because they are based on
characteristic modes of the used radiator. In case of element switching and
parasitic elements the directions can be defined more freely and thus these
concepts are applied and evaluated in this work. Additionally a concept of
pattern reconfiguration by switching the current phase between antenna elements
is developed and evaluated in this work. Furthermore, the performance of two
different switching elements is investigated by means of measurement.
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3.2 P-i-n Diodes

The p-i-n diode used in this work is a BAP64-02 from NXP. The diodes were
measured prior to this work and an equivalent circuit model was established by
curve fitting. The s-parameters of the model were thus fitted to the s-parameters
obtained in the measurements (the measurement results are presented in section
3.5.1). According to Pozar [Poz12] a series equivalent circuit of p-i-n diode
should be used in the forward as well as in the reverse case. Nonetheless, based
on the measurement results of and optimization of the switch model in an EM
simulator, a series circuit is chosen for the forward case and a parallel circuit for
the reverse case. The forward case equivalent circuit consists of a 2Ω resistor
and a 1 nH inductance in series and the reverse case of a 10 kΩ resistor and a
0.13 pF capacity in parallel. These values differ from the values given in the data
sheet [NXP], however the parameters evaluated in this work fit the measurement
results better.

3.3 Reconfigurable Antennas based on Element

Switching

In this type of antenna there are multiple radiators which are all connected to
the same feeding point (see Fig. 3.1c). The number of reconfigurable patterns
that can be realized depends on the number of used elements. The resulting
patterns can either be generated by feeding only one element or can result
from a combination of fields generated by multiple elements. Depending on
the application, such an antenna can either be realized as a planar structure
[GLW+14, 23] or as a 3D structure [15]. The function and performance of such
antennas will be discussed in more detail in this section (on example of two
antennas realized within the scope of this work).

3.3.1 A Planar Automotive Antenna based on Element

Switching

As already discussed in chapter 1, an automotive antenna for V2X communi-
cation should be able to switch between the radiation patterns pointing towards
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(a) Front side

(b) Back side

Figure 3.2: Layout of the planar automotive antenna based on element switching including DC lines,
resitors (R) and diodes (D) (dimensions in mm) [23].

front and rear of the vehicle (± driving direction), and towards left and right
of the vehicle (to the sides of the car). These patterns can optimize the channel
capacity of the system. One way to realize such radition patterns is by using
the concept of element switching. A possible solution is proposed by the author
in [23].

The antenna consists of three radiators separated by 3/16_0 at 2.45 GHz (see
Fig. 3.2a). This distance was chosen based on two criteria: first the distance
should be kept small for compact antenna construction, second the distance
should enable generation of desired patterns and sufficient gain. Thus the di-
stance cannot be too small. The radiators are fed by p-i-n diodes connected to a
coplanar waveguide (CPW), which in turn is fed by a an SMA connector moun-
ted through a hole in the ground plane. The middle element is a conventional
monopole, while the outer elements have the form of bent metallic lines (see
Fig. 3.2a). If the particular diode (D1 or D2) is activated, the center conductor
of the CPW feed is connected to the horizontal metallic strip leading to the
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particular outer element. Thus, the element is fed by a slot line and owing to its
bent structure it acts as a tapered slot antenna. Therefore, it exhibits a wide band
matching and radiation. However, if the outer elements are used in combination
with the middle element they act like monopoles. In the following paragraph
the design and functionality of the proposed antenna is discussed.

The antenna is fabricated on a 0.787 mm Rogers RT5880 substrate, which has a
relative dielectric permittivity YA of 2.2. The metal thickness is 17 µm. A 6 mm
long section of a CPW transmission line is placed in the same plane as the
antenna. The signal conductor is 3 mm wide and the gap width is set to 0.1 mm
to obtain 50Ω line impedance. The center conductor is extended by 1.25 mm
along the H-axis to enable the connection of the three radiators. The edges of the
horizontal metallic stripes on the left and right are chamfered in the vicinity of
the junction in order to improve the antenna matching (see zoom in Fig. 3.2a).
There are three diodes D1, D2 and D3 visible in the figure, each of them is
used to activate one desired radiator. Diodes D4 and D5 are placed further to
the left and right. As mentioned before, the ground of the CPW section and the
horizontal metallic bars leading to the outer radiators establish slot lines used
to feed the outer radiators. Even if diodes D1 or D3 are not ON, there is still a
portion of the field entering the slot line. By moving the diodes D4 and D5 away
from the junction, the short could be transformed to an open at the junction,
thus improving the antenna matching. By switching the diodes D4 or D5 ON
the desired element can be operated as a reflector. The p-i-n diode used in this
work is described in section 3.2.

In order to control the p-i-n diodes DC biasing is needed. The bias network is
placed on the back side of the substrate (see Fig. 3.2b) and connected with vias to
the front side. As mentioned in chapter 1, DC lines pose some problems for the
antennas. Therefore, in this design the following measures are taken to reduce
the influence of the lines on E-field. Especially if the lines are placed parallel
to the radiated field, a drop in efficiency and changes in radiation pattern might
occur. Therefore, the middle line is placed directly behind the central monopole
and in the lower part an arc formed to reduce the interference with the electric
fields (see Fig. 3.2b). Furthermore, two 5 kΩ resistors are placed in the line to
prevent the RF currents from flowing in the line. Considering the outer radiators,
the current distribution on the elements was observed first, by means of a 3D
EM simulation, and based on the results vias to the back side were placed in
regions with the lowest current amplitude.
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Table 3.1: Configuration of switching elements for particular reconfigurable states of the planar
automotive antenna based on element switching

D1 D2 D3 D4 D5

State 1 ON OFF ON ON OFF

State 2 OFF ON ON OFF ON

State 3 ON ON OFF OFF OFF

State 4 OFF OFF ON OFF OFF

If a simple metallic strip leading to a DC pin underneath the ground plane
and a resistor as DC choke were used to DC feed the outer elements, it would
lead to a decreased antenna performance. Therefore, an alternative solution is
required. Using metamaterials for DC biasing can help to avoid these effects.
Since metamaterials have frequency-selective properties, they can be used as a
filter. In this design a metamaterial structure feeds the DC signal while being
itself invisible for electromagneticwaves. The metamaterial cell used is based on
electric-LC (ELC) resonators, presented in [SMS06]. The structure is 8.75 mm
high and 9 mm wide, and the line width is 0.3 mm. Due to such DC bias design,
only a minor reduction of antenna gain by 0.15 dB is observed (instead of around
0.8 dB if simple DC line was used).

The different reconfigurable states can be realized by choosing a particular
biasing of the p-i-n diodes.Some attention must be paid to the possible switching
between the states, so that only the chosen elements are activated when the
voltage is applied and the switching can be realized with minimum number
of DC signals. The arrangement and the polarity for all diodes is presented
in Fig. 3.2a. If a voltage of −5 V is applied to the DC pin controlling the left
element, the diode D1 is in its ON state and the diode D5 is in its OFF state.
At the same time the DC signals at the right and the middle element should be
both biased with 5 V so that D2 is OFF, D3 is ON and D4 is ON (see Table 3.1).
In this case the left and the middle element radiate and the right element acts as
a reflector, thus radiation in −G direction (against driving direction) is obtained
(see Fig. 3.3a). The maximal gain obtained in this state is 8.31 dBi and the half
power beamwidth (HPBW) covers the angular range between k = 115° and
245° in azimuth, and \ = 42° and 78° in elevation. In order to obtain a beam in
the driving direction (see Fig. 3.3b), the right element and the middle monopole
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Figure 3.3: Simulated radiation patterns of the planar automotive antenna based on element swit-
ching at 2.45 GHz [23].

have to be connected to signal line of the CPW, while the left element is shorted.
The obtained gain has the same level as for state 1 and the HPBW is between
k = 295° and 65° in azimuth, and between \ = 42° and 78° in elevation. In state
3 the main radiation lobes are pointing to the sides of the car (±I direction).
In this case both outer elements are active while the middle element is not fed.
The maximal gain for this state is 6.5 dBi and the HPBW in azimuth for the two
beams is between k = 22° and 168°, and between k = 202° and 338°. Finally,
in state 4, if only the middle element is fed and the outer elements are neither
active nor in reflector mode, a nearly omnidirectional pattern with a maximum
gain of 5.3 dBi is realized (see Fig. 3.3d).

After evaluating the antenna’s performance a prototype of this antenna was
fabricated. A photolithographic process is used to form the antenna structure
on the surface of the Rogers 5880 substrate. The p-i-n diodes (BAP64-02 from
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(a) Antenna prototype

(b) Antenna on the big ground plane

Figure 3.4: Fabricated prototype of the planar automotive antenna based on element switching and
the setup used for measurement in the unechoic chamber.
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Figure 3.5: Measured S-parameters of the fabricated prototype for the four different reconfigurable
states.
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NXP) and resistors are soldered manually. The PCB board with the antenna is
eventually mounted on a ground plane, which consists of a metal plated FR-
4 board with three milled slots. These slots are necessary to mount a SMA
connector and insert the PCB parts with DC feeding lines through the ground
plane. Thus all the ports are placed underneath the ground plane. A bigger
ground plane (500× 600 mm2) is used to mimic the car roof in the measurements
(see Fig. 3.4).

First the return loss of the antenna was measured. A return loss better than 6 dB
is obtained in the frequency range from 1.88 to 2.8 GHz (see Fig. 3.5). The
states 1 and 2 show good matching in a wider frequency range, which is due
to the tapered slot construction. Furthermore, it can be noticed that for state 4,
where only the central monopole is active, the obtained matching is worse than
for the other states. Furthermore, the frequency is slightly lower than for states
3 where both outer elements are active.

The next step in the evaluation of the antenna performancewas the measurement
of gain and radiation pattern in the institute’s anechoic chamber. Measured
directivity patterns correspond very well with the simulation. The direction
of measured beams and their HPBW are similar to the simulated ones. For
state 1 a beam in −G direction (towards rear of the vehicle) can be observed (see
Fig. 3.6a), and the measured realized gain is 8.4 dBi and exceeds the simulated
value by 0.1 dB. The results for the state 2 are also very similar to the simulation
(see Fig. 3.6b). The gain is the same as for state 1. Considering states 3 and
4, the measured gain is respectively 6.5 dBi and 5.9 dBi and the form of the
patterns resembles the simulated ones. Remarkably, the measured gain is higher
than the simulated one. It can be explained by having a look at the gain over
frequency. There is a ripple with a magnitude of of about 1 dB on this curve.
Thus the realized measured gain can differ by 0.5 dB from the measured value.
Considering the measurement at 2.45 GHz this value could be deduced since a
maximum of ripple appears at this frequency. This ripple can be explained as
a combination of antenna matching and poor output matching of an amplifier
used for antenna measurement (transmitting antenna). Thus a standing wave
between antenna and amplifier is generated.
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Figure 3.6: Measured radiation patterns of the fabricated prototype of the planar automotive antenna
based on element switching at 2.45 GHz.

3.3.2 A 3D Automotive Antenna based on Element

Switching

Another possibility to realize an antenna that covers the directions crucial for
V2X communication is to use a 3D structure instead of planar one. In [15]
the author proposed an antenna consisting of two planar antenna parts, which
are orthogonal to each other. In this case the pattern reconfiguration is as well
realized by switching between elements. This antenna generates four different
beams which are shifted by 90° in azimuth in respect to each other.

Each of the antenna parts consists of two radiating elements (see Fig. 3.7a and
3.7b) and a CPW transmission line is used for feeding (similar as in section
3.3.1). The radiating elements consist of a metallic patch and an inverted-
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Figure 3.7: Layout of antenna parts and assembled model of the 3D automotive antenna based on
element switching (dimensions in mm).

L structure on top. The task of this inverted-L structure is to decrease the
antenna’s dimension. The distance between the elements is 1 mm (about 0.01
_0) and thus they are tightly coupled, what is important for the function of
the non-fed element as a reflector. This distance was optimized based on the
results presented in [HSN08]. The corrugations placed on the outer edge of
the elements improve the antenna matching and increase the front-to-back ratio
(FBR) by improving the current distribution on the reflector. The gap between
the CPW line and the radiating elements is set to 1.4 mm and it was optimized
for low return loss. There is a slot in the substrate of each antenna part one from
the top (see Fig. 3.7a) and one from the bottom (see Fig. 3.7b). Due to these slots,
both antenna parts can be slid into one another so that the parts are orthogonal
(see Fig. 3.7c). The size of the assembled antenna is 48 × 28 × 48 mm3.
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Table 3.2: Configuration of the switching elements for the four reconfigurable states of the 3D
automotive antenna based on element switching

D1 D2 D3 D4 D1’ D2’ D3’ D4’

State 1 OFF ON OFF ON OFF OFF OFF OFF

State 2 ON OFF ON OFF OFF OFF OFF OFF

State 3 OFF OFF OFF OFF OFF ON OFF ON

State 4 OFF OFF OFF OFF ON OFF ON OFF

To switch between the antenna elements, two opposite polarized p-i-n diodes
per radiating element were used. One connects the antenna element to the signal
line of the CPW line, the other one to the ground. As for the antenna shown in
scetion 3.3.1, the BAP64-02 diodes were used. State 1 is realized if the diode
D2 is switched ON and diodes D1 as well as D3 are switched OFF, and diode
D4 is ON (all of the diodes of the orthogonal antenna part are biased in their
OFF stete). In this case the left element (see Fig. 3.7a) is fed and radiates the
electromagnetic field, while the right one acts as a reflector. Due to the strong
coupling between both elements, current opposite in phase to the current on
the radiator is generated on the reflector. The reflector element is connected
to ground with diode D4 in order to enable proper current distribution on the
element. Due to the connection to the ground the currents on this element are
reduced. This contributes to lower radiation to the back and increased efficiency.
In this state the antenna radiates in −G direction (against driving direction) (see
Fig. 3.8a). The maximum gain obtained in this state is 6 dBi and the HPBW
covers the angular range between k = 100° and 260° in azimuth, and \ = 20°
and 85° in elevation. A beam in the driving direction (see Fig. 3.8b) is realized
in state 2. Also in this case the maximum gain is equal to 6 dBi. For states 3 and
4 beams directed to the sides of the vehicle (+I and −I direction respectively)
are generated (see Fig. 3.8c and 3.8d). The maximum gain is likewise 6 dBi. All
of the p-i-n diode configurations are given in table 3.2. It can be observed that
this antenna exhibits a lower gain and a broader beam if compared to the states
1 and 2 of the antenna discussed in section 3.3.1.

Since the diode pairs at each antenna element are oppositely polarized with
respect to one another (see Fig. 3.7a) a simple DC feeding of the designed
antenna is possible. A coaxial bias-T is included in the RF signal path. Both, the
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Figure 3.8: Simulated radiation patterns of the 3D automotive antenna based on element switching
at 2.6 GHz.

signal line and the outer conductor are grounded for the DC signal. By applying
a positive or a negative DC signal to the antenna elements the particular diodes
are activated. At the same time the orthogonal antenna part should be connected
to the ground for the DC signal and thus the diodes are switched OFF. The
model of the p-i-n diode used for the simulation is the same as presented in
section 3.2.

In the next step a prototype of the discussed antenna was fabricated. The fabri-
cation process as well as the used substrate (0.787 mm thick Rogers RT5880) is
the same as for the design from section 3.3.1. In this case the assembled antenna
was mounted on a brass plate used as a ground plane (see Fig. 3.11). After
soldering the assembled antenna to the ground plane, the DC lines consisting
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Figure 3.9: Measured S-parameters of the fabricated prototype of the 3D automotive antenna based
on element switching for the four reconfigurable states.

of a 5 kΩ resistor and a wire (guided through a hole in the ground plane) are
soldered to the corners of antenna elements. Depending on element either −5 V
or 5 V voltage is applied at the DC lines.

The measured bandwidth of the antenna covers the frequency range from 2.5 to
3.12 GHz (6 dB bandwidth). A return loss better than 6 dB within a wider band
is obtained for states 2 and 3. The states 1 and 4 show worse results in terms of
return loss, especially state 1 (see Fig. 3.9). Looking at the good results for the
other two states, it can be assumed that this is a result of fabrication inaccuracies.
To enable mechanical connection of the antenna, a vertical slot has to be cut in
the signal line of antenna part 2. In order to connect the split parts of the signal
line a wire is lead througha hole (0.6 mm diameter) in the substrate and the CPW
line of antenna part 1, thus making the structure asymmetric. This influence the
states realized by both antenna parts and can explain the differences between
the four states.

Afterwards the antenna was measured in the anechoic chamber. Two important
elevation cuts (k=0° and k=90° in azimuth) were measured (see Fig. 3.10). In
the plots the directive patterns and FBR of around 5 dB is well visible. The
maximum measured gain at 2.6 GHz is around 4 dBi. This gain is nonetheless
similar to the simulations results in which circuit models were used for the p-i-n
diodes. The gain for state 1 is lower than for the other states, what is expected
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Figure 3.10: Two measured elevation cuts of the radiation pattern of fabricated prototype for four
reconfigurable states of the 3D automotive antenna based on element switching at
2.6 GHz.

Figure 3.11: Fabricated prototype of the antenna.

after evaluation of the return loss measurements. The HPBW is similar as in the
simulation and covers angular range of \ = 35° to 85° in elevation.
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3.4 Reconfigurable Antennas Utilizing Parasitic

Elements

This type of antennas normally consists of a primary radiator placed in the
middle and parasitic elements placed around it. The parasitic elements should
be loaded with a variable impedance so that they can switch between reflector
and director mode, similar as in case of a Yagi antenna. These parasitic loads can
either be realized by loading the elemens with varactors or simply connecting
them to the ground using p-i-n diodes (switching between short and open).
Such an antenna is known as an electronically steerable passive array radiator
(ESPAR) [KO05, ZAH14]. Depending on the number of parasitic elements a
different number of beams can be realized, thus this solution offers high level
of flexibility. The author proposed a simple planar solution utilizing parasitic
elements in [18].

3.4.1 A Wideband Antenna Utilizing Parasitic Elements

The antenna presented in this section resembles a CPW fed slot monopole anten-
na [PK10]. The central element is a round wideband monopole (see Fig. 3.12),
adjacent to it are two semicircular metallic patches which are each divided in

z x

y

55

52

vias

diodes

DC lines

D1

D2

D3

D4

Figure 3.12: Layout of the antenna model utilizing parasitic elements. DC lines are placed on the
back side of the substrate (dimensions in mm) [18]. Front side metallization is given
with yellow color and back side metallization with orange.
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Figure 3.13: Simulated S-parameters of the presented antenna utilizing parasitic elements for three
reconfigurable states.

two parts. Normally these metallic patches are connected to the ground and to
each other establishing a wideband slot, however in this case they function as
parasitic elements. This is the reason why they are separated by slots. In order to
control the function of parasitic elements p-i-n diodes are placed in these slots
connecting the parts to each other and to the ground (see Fig. 3.12). Furthermo-
re, there are two 0.1 mm wide DC lines placed on the back side of the substrate
which are connecting the monopole and the parasitic elements using vias. The
lines are placed in a section of the circular slot, where the E-field is weak, and
thus their influence on antenna performance is minimized. A further measure
to prevent the field from interaction with the DC lines is including an inductor
acting as RF choke in each of them (similar as in section 3.3.1). Due to such
construction, the antenna can be easily fed with a DC signal using a coaxial
bias-T placed in the RF signal line. The evaluation using an EM simulator show-
ed that the influence of these lines on the antenna’s performance is negligible.
The overall antenna size is 55 × 52 mm2 (0.46 _0 by 0.43 _0 at 2.45 GHz).

As already mentioned, there are two p-i-n diodes per parasitic element. Once
again diodes as presented in section 3.2 are utilized. The diodes of one element
are in the opposite polarization to the diodes of the other element. In this
configuration state 1 is active if a negative voltage is applied at the bias-T, and
diodes D1 and D2 are OFF while diodes D3 and D4 are ON. In this case the
right parasitic element acts as a reflector while the lower part of the left one acts
as a director, the beam is directed in −G direction (see Fig. 3.14). The maximum
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Table 3.3: Configuration of switching elements for three reconfigurable states of the presented
antenna utilizing parasitic elements

D1 D2 D3 D4

State 1 OFF OFF ON ON

State 2 ON ON OFF OFF

State 3 OFF OFF OFF OFF
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Figure 3.14: Simulated radiation pattern of the presented antenna utilizing parasitic elements for
three reconfigurable states at 2.45 GHz.

gain is about 3 dBi and the FBR is 8 dB. The HPBW covers the angular range
between k = 92° and 268° in azimuth, and \ = −50° and −120° in elevation. In
contrast, if a positive voltage is applied at the bias-T, diodes D1 and D2 are ON,
and D3 and D4 are OFF. In state 2 the left parasitic element functions now as a
reflector and the left one as a director, the beam is directed in +G direction (see
Fig. 3.14). Due to the symmetry of the structure, the same gain and FBR are
obtained and the HPBW covers the angular range between k = 272° and 88° in
azimuth, and \ = 50° and 120° in elevation. State 3 is activated if no voltage is
applied at the bias-T and all diodes are OFF. In this state the gain slightly exceeds
0 dBi. The diode configuration for the different states is given in table 3.3. If
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Figure 3.15: Fabricated prototype of the antenna utilizing parasitic elements including a coaxial
bias-T (Mini-Circuits ZX85-12G-S+).

6 dB return loss is used for evaluation of the antenna’s bandwidth, the frequency
range from 1.5 GHz to 3.2 GHz is covered for all states (see Fig. 3.13).

0.5 1 1.5 2 2.5 3 3.5

−20

−10

0

Frequency in GHz

|S
1
1
|
in

d
B

State 1

State 2

State 3

Figure 3.16: Measured S-parameters of the presented antenna utilizing parasitic elements for three
reconfigurable states.

After evaluating the antenna with the aid of an EM simulator, a prototype of
the antenna was fabricated. In this case a 0.8 mm thick Rogers 4003 ceramic
substrate was used (YA = 3.5). After etching the antenna structure, the SMA
connector, the p-i-n diodes and the vias were soldered manually (see Fig. 3.15).
The return loss of the prototype was then measured and although the results
show some variance compared to simulation the matching between 1.4 GHz
and 2.45 GHz is achieved for all states (the calibration of network analyzer
was conducted including the bias-T). In general, the return loss curve is moved
towards lower frequencies (see Fig. 3.16). Next the gain and directivity patterns
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Figure 3.17: Measured radiation pattern of the presented antenna utilizing parasitic elements for
three reconfigurable states at 2.45 GHz.

were measured. The maximum gain achieved for state 1 is 2.5 dBi and a similar
value is achieved for state 2 (see Fig. 3.17). The azimuth cuts of radiation pattern
for these states are very similar to the simulated ones, except for a minimum at
the direction opposite to the direction of the main beam (see Fig. 3.17a). The
HPBW for states 1 and 2 is 125° and 180° respectively. More differences are
observed for the elevation cuts (see Fig. 3.17b). Instead of a wide beam in the
desired direction, there is a narrow beam (45° HPBW) in this direction and an
additional beam in the angular range \ = 0° and ±30°. This differences in form
of radiation pattern might be caused by the measurement setup and coupling
with the coaxial cable which was not considered in simulation. The gain for
state 3 is around 1 dBi and exceeds the simulated value by 1 dB. In this case the
measured pattern corresponds well with the simulation.

3.5 Reconfigurable Antennas based on Phase

Switching

Apart from the four main methods to realize reconfigurable radiation patterns
there is another possibility that was investigated and used in the scope of this
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work. Pattern steering and switching can be realized by using multiple radia-
tors and switching the phase difference between these radiators. The operating
principle resembles this of a phased array, however in this case no additional
expensive and complicated phase sifters and variable gain amplifiers are nee-
ded. The phase shifting can be realized by using varactors or switching between
different transmission lines. However, in this case the phase shifting elements
are implemented in the antenna structure.

3.5.1 Pattern Reconfigurable Antenna Utilizing Multiple

Monopoles

An example design using this principle was presented by the author in [19]. Two
monopoles separated by about _0/2 (free space wavelength at 2.45 GHz) are the
crucial parts of this antenna. The left monopole is wider and fed with an offset
feed for better matching (see Fig. 3.18a). This monopole is loaded on the top
with a line connected to the second monopole. This line itself divides into two
lines: lower and upper one, which both lead to the right monopole, however one
line is connected to the top of this monopole and the second one to the bottom.
If the right monopole is fed with the lower of the lines, this monopole will be
fed with a signal that is in phase with the signal applied at the left monopole (0°
phase difference). To obtain this signal a line with length =_ is needed, where =
is an integer and _ is the wavelength in the substrate. The obvious choice is _ and
thus since the left monopole is 1

4_ the line feeding the second monopole has to

be 3
4_ long. In order to fit the line into the given space, the line has a sinus form.

The sinus form has an additional function, simulation results prove there is only
little radiation from the line thanks to the this form. The same length is needed
for the upper line in order to feed the monopole with a signal in opposite phase
(180° difference). The phase difference occurs since the monopole is fed from
the top. The switches enabling the antenna’s reconfiguration are placed in the
right part of the two lines. The distance to the junction is around _/2, therefore
if one switch is open, an open at this branch is visible for the wave at the junction
and the reflection is minimized. The overall antenna size is 66 × 27 mm2.

In order to activate state 1, the upper switch S1 is closed (ON) and the lower
switch S2 is open (OFF), then the monopoles are fed with signals in opposite
phase. In this case, independent of the distance between the radiators, a de-
structive interference along the I-axis occurs. Furthermore, since the distance
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Figure 3.18: Layout of the antenna utilizing multiple monopoles including DC lines and diodes
(dimensions in mm) [19].

between the two monopoles is _0/2 the fields interfere constructively along
the G-axis (see Fig. 3.19a). The maximum gain of 6.9 dBi is obtained in −G

direction, and is 0.6 dB higher than in +G direction. This happens, since the
monopoles are fed in series and the left one is the first one in the series and gets
more energy from the fed signal. The HPBW covers angular ranges k = 307° to
53° and 120° to 240° in azimuth, and \ = 56° to 83° and 52° to 81° in elevation
for directions +G and −G respectively. State 2 is activated when the upper switch
S1 is open (OFF) and the lower switch S2 is closed (ON), then the monopoles
are fed with signals in phase. In this case, a constructive interference occurs
along the I-axis (see Fig. 3.19b), and a destructive interference along the G-axis
(due to distance between antennas). The obtained gain is 7.6 dBi and is the same
for both beams. The HPBW covers angular ranges from k = 67° to 170° and
from 221° to 296° for directions −I and +I respectively in azimuth, and \ = 46°
to 78° in elevation. An asymmetry occurs against the I-axis, the beam is wider
in −G direction. The explanation is the same as for state 1.

Two electrical switches were considered for this design: p-i-n diodes and MEMS.
First, two test-boards one for MEMS (Radant RMSW200HP-QFN) and one for
p-i-n diode (BAP64-02) were fabricated and measurements were conducted to
determine proper values for the circuit models (see Fig. 3.20). This investiga-
tion proved that for the used configuration there are only minor differences in
isolation and insertion loss between p-i-n diode and MEMS. Although it would
be expected, that MEMS offers better results than p-i-n diode, since no con-
nection to the ground pad of the MEMS is available on the antenna, the results
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Figure 3.19: Simulated radiation patterns of the presented antenna utilizing multiple monopoles at
2.45 GHz.

deteriorate and get close to those of diode. Therefore there is no advantage of
using more expensive MEMS switches.

DC feeding of MEMS switches is a bit more complex than feeding p-i-n diodes.
First, they need to be supplied with a −90 V DC signal. Second, due to their

2 4 6 8

−30

−20

−10

0

Frequency in GHz

d
B p-i-n insertion loss

p-i-n isolation

MEMS insertion loss
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Figure 3.20: Measured parameters of the BAP64-02 p-i-n diode (biased with forward current of
10 mA and reverse voltage of −1 V) and Radant RMSW200HP-QFN MEMS.
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construction and QFN package the DC feeding is done using separate DC pins
unlike for diodes. Therefore, additional DC lines connecting the pins beneath
the ground plane (see Fig. 3.18b) to both of the MEMS switches are placed on
the back side of the antenna. A vertical line placed behind the right monopole
is used to fed the upper MEMS. Just next to it is a short line used to fed the
lower MEMS. Such an arrangement of the lines and resistors implemented into
the lines minimize the influence of the DC lines on the antenna properties.
These DC lines are removed from the layout for the antenna with p-i-n diodes.
Furthermore the solder pads for the p-i-n diodes differ from those for MEMS,
however the rest of the layout remains unchanged.

Simulation results of a model using MEMS show that antenna is matched
between 2.37 GHz and 2.67 GHz for both states, if 6 dB return loss is considered
(see Fig.3.21a). For model using p-i-n diodes matching is obtained between
2.36 GHz and 2.62 GHz (see Fig.3.21b). In both cases the matching for state 2
is better, most probably due to less reflection in the lower feeding line. There
are no big differences observable in terms of matching between the model with
MEMS and the one with diodes.

In the next step two prototypes, one using MEMS and one using p-i-n diodes,
were fabricated. The structure was etched on 0.787 mm thick Rogers RT5880
substrate. The p-i-n diodes (BAP64-02) were soldered manually and the MEMS
were soldered by dispensing solder paste on the pads and reflow soldered in
an oven. The antenna was then mounted perpendicular to a metal plated FR-4
board with a size of 150 × 100 mm2 using two slots milled in the board (see
Fig. 3.22). This structure is then placed on a big ground plane 500 × 600 mm2

for the measurements. The prototype using MEMS is fed with DC signal using
DC pins placed underneath the ground plane. A self-constructed DC converter
and control board are used to supply the prototype with −90 V. In case of the
prototype with p-i-n diodes a standard bias-T connected to a laboratory power
supply was used to feed diodes with the DC signal.

A shift in frequency compared to the simulation results is visible in the measu-
rement results of the input reflection (see Fig. 3.21). However, the shift is less
than 50 MHz and 100 MHz for diode and MEMS respectively. Despite the shift
in frequency, good matching between the measurement ans the simulation is
achieved for both states. Finally, measurements in an anechoic chamber were
conducted and realized gain and directivity patterns were evaluated. The maxi-
mum gain for state 1 at azimuth k= 0° is about 4.5 dBi (compared to simulated
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(a) Antenna using MEMS
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(b) Antenna using p-i-n diodes

Figure 3.21: Simulated and measured S-parameters of the presented antenna utilizing multiple
monopoles for two reconfigurable states.

Figure 3.22: Fabricated prototype of the presented antenna utilizing multiple monopoles utilizing
MEMS [19].
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Figure 3.23: Measured radiation pattern of two prototypes of the presented antenna utilizing multiple
monopoles one using MEMS switches and one using p-i-n diodes for two reconfigurable
states at 2.45 GHz.

6.4 dBi) and it is almost equal for the prototype using MEMS and p-i-n diode
(see Fig. 3.23a). The gain for state 2 in this elevation cut is lower than −4 dBi.
Considering the elevation cut at k = 90° for state 2 a maximum gain of 5.2 dBi
and 4.9 dBi is obtained for the prototype using MEMS and p-i-n diodes respec-
tively, compared to the simulated 7.2 dBi (see Fig. 3.23b). The gain for state
1 is in this case lower than −7 dBi. Comparing the measured values with the
simulation a difference of about 2 dB is visible in all cases. The difference for
the prototype using p-i-n diodes is slightly higher than for the one using MEMS,
this is due to higher losses than expected in simulation. Additionally, it is pos-
sible that the p-i-n diodes model is not accurate enough and a different phase
shift between the radiators, compared to the simulation occurs, thus causing a
shift of the radiation beams in azimuth. Another reason for differences between
simulation and measurement is the frequency shift in the matching. The mea-
surement inaccuracies and switch losses can be accounted for further losses.
Nevertheless, all the measured curves correspond well in their form with the
simulated ones.
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(a) Front side (b) Back side

Figure 3.24: Layout of the antenna utilizing balun for beam switching including DC lines and diodes
(dimensions in mm) [16].

3.5.2 Pattern Reconfigurable Antenna Utilizing Balun for

Beam Switching

In the previous subsection (3.5.1) switching between two phase delay lines
was proposed as a solution for generating different phase shifts between the
antennas. However, a difference in gain between two beams in one state and
a shift in the beams’ direction for the other state was observed due to feeding
in series. An alternative is to feed the radiators in parallel. Thus the unequal
amplitude distribution can be omitted. In this case the radiators should be
placed symmetrically around the feeding point. However, if the antenna should
stay compact and the desired distance between the radiators is set to around
_0/2, placing delay lines with different lengths between feed point and radiator
appears problematic. A solution to this problem was proposed by the author
in [16] and is described in this section.

In the discussed antenna two inverted-L radiators are used instead of monopoles
to reduce the antenna height (see Fig. 3.24). The distance between the radiators
is reduced to 3

8_0 compared to the previous design, thus the antenna’s size can
be further reduced. The reduction of antenna separation does not impair the
beam switching, since the generated phase shift in state 1 can be tuned to new
design parameters and there is only a negligibly decrease of maximum gain, due
to slightly stronger coupling between the radiators. The overall antenna size is
50 × 17 mm2 and the size is reduced by about 50 % making it a more attractive
candidate for implementation in the shark-fin housing.
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Figure 3.25: Switch configuration on the front and back side of the substrate for the presented
antenna utilizing balun for beam switching [16]. The p-i-n diodes are denoted with S
and the red square symbolizes a RF choke.

The most important difference compared to the antenna from section 3.5.1 is the
feeding network. The radiators are fed in parallel using a horizontal microstrip
line connected in the middle with a coaxial line (see Fig. 3.24a). This solution
saves space since an additional T-junction is omitted. A crucial issue to obtain
two switchable patterns as defined before is the possibility to generate a phase
difference of either 0° or 180° between the radiators. In this case the use of
a linear tapered microstrip balun in connection with p-i-n diodes is proposed
to generate the phase shift between the elements (see Fig. 3.24b). This type
of baluns is very often used to generate a symmetric signal at the input of
ultra wide-band antennas [SUE12, XYN09]. This type of balun works in the
following way: a microstrip transmission line (which is unbalanced) is placed
over a ground plane which is gradually tapered along propagation axis until it is
the same shape as the metal strip that lies above it. At the end of the transition, the
two lines are identical in shape, and thus a balanced microstrip line is obtained.
Because of the available space the balun was reduced in width compared with
conventional designs known from literature (0.06_0 compared to 0.2_0 width
in [SUE12]). In the next step it was optimized to generate an optimal phase
shift between the two inverted-L antennas. Proper phase difference is crucial
for the generation of the pattern in the ± driving direction (along the G-axis). To
conduct the optimization, the antennas were replaced with discreet ports and the
phase difference between these ports was evaluated. As a result either 0° or 180°
phase shift was generated at the left end of the line (compared to the right end)
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Table 3.4: Configuration of switching elements of the presented antenna utilizing balun for beam
switching for two reconfigurable states.

S1 S2 S3 V�� Vbias-T

State 1 OFF ON ON 10 V 1 V

State 2 ON OFF OFF −10 V 0 V

depending on the state of p-i-n diodes (see Fig. 3.25). To improve the matching
in state one, a stub with a p-i-n connecting the front side line to the ground was
placed. Whenever the switch S1 is OFF (switch S3 is ON), the switch S2 is
ON shorting the line to the ground to improve the return loss. Metallic pads on
each side of the substrate (see Fig. 3.25) are connected with a via in order to
enable switching between the states. The pads are connected with counter-wise
polarised p-i-n diodes to the microstrip line at the front and the tapered line at
the back side.

The line used for the DC supply is placed in the lower left corner of the structure
(see Fig. 3.24a) in order to minimize the influence of the DC lines on the antenna
properties. The line is decoupled from the RF signal with a 10 kΩ resistor which
is used as a choke. Due to its high impedance it acts as an open for the RF signal.
At the same time it has only negligible influence on the DC supply because the
current floating through the p-i-n diodes is relatively low (1 mA). The pin used
for DC supply is placed under the ground plane where it is shielded from the
EM fields. For proper function of the antenna a voltage is also fed by a SMA
connector with aid of a coaxial bias-T. The control voltage configuration for
both states is presented in table 3.4.

In order to activate state 1 (beams towards front and rear of the vehicle) the
radiators have to be fed with a signal in opposite phase (180° phase difference)
the switch S1 has to be OFF, while switches S2 and S3 are both ON (see
Fig. 3.25). Thus, the left antenna is fed by the tapered line at the backside of
the structure, and the current on the left antenna is opposite in phase to the
current on the right element. As a result, a constructive interference along the
G-axis and destructive interference along the I-axis occurs (see Fig. 3.26a). The
maximum gain of 6.8 dBi is obtained in the +G direction, and is 0.7 dB higher
than in the opposite direction. This happens, because the left radiator is fed by
the tapered line. Since the currents in the tapered line are not as strong as those
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Figure 3.26: Simulated radiation patterns of the presented antenna utilizing balun for beam switching
at 2.45 GHz.

in the microstrip line and additional losses due to the diode appear (compared
to the right radiator), the signal fed to the left radiator has a lower amplitude.
Therefore, this problem was not solved compared to design from section 3.5.1.
The HPBW covers angular ranges from k = 302° to 58° and from 130° to 230°
in azimuth, and \ = 47° to 82° and 44° to 84° in elevation for directions +G and
−G respectively. In case of state 2 the switch S1 has to be ON and the switches
S2 and S3 are both OFF (see Fig. 3.25). The radiating elements are now fed with
signals that are in phase, and the two radiators interfere constructively along the
I-axis. The maximal gain is 7.1 dBi and the difference between the beams is only
0.1 dB. The HPBW covers the angular ranges k = 36° to 144° and 216° to 324°
in azimuth, and \ = 48° to 78° in elevation. The shift in the beams’ direction is
eliminated compared to design from section 3.5.1. The HPBW increased though
which is due to smaller distance between radiators.

Simulation results show that the antenna is matched between 2.37 GHz and
2.63 GHz for both states, if 6 dB return loss is considered (see Fig. 3.27). Thus,
a slightly smaller bandwidth than for the antenna from section 3.5.1 is obtained.

After stimulative evaluation of the antenna’s performance a prototype was fa-
bricated. The antenna was etched on Rogers RT5880 substrate with thickness
of 0.787 mm. The p-i-n diodes (BAP64-02) and the resistor were soldered ma-
nually to it. The antenna was then vertically mounted through two slots in metal
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Figure 3.27: Simulated and measured S-parameters of the presented antenna utilizing balun for
beam switching for two reconfigurable states.
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Figure 3.28: Fabricated prototype of the presented antenna utilizing balun for beam switching.

plated FR-4 board with a size of 150 × 100 mm2 which is used as a ground plane
(see Fig. 3.28). This structure can easily be attached to a bigger ground plane
for sake of measurements in anechoic chamber.

The curves of the measured S-parameters correspond well with the simulation,
however the center frequency is slightly shifted by about 50 MHz towards lower
frequencies for state 2 (see Fig. 3.27). Similar tendency was observed for the
antenna presented in section 3.5.1. Nevertheless, it it is still around 2.45 GHz.
In next step the prototype was measured in an anechoic chamber. The maximum
gain measured for the state 1 in the +G direction is about 5 dBi and the gain
in the opposite direction is lower by about 2 dB (see Fig. 3.29a). This trend
was also the case for the simulation results, however the difference was about

60



3.6 Conclusion

90°

30°

60°

0°

120°

150°

-90°

-150°

-120°

180°

-60°

-30°

-5
0 5 10

dBi

\

State 1

State 2

(a) Elevation cut for k=0°, GH-plane

90°

30°

60°

0°

120°

150°

-90°

-150°

-120°

180°

-60°

-30°

-5
0 5 10

dBi

\

State 1

State 2

(b) Elevation cut for k=90°, HI-plane

Figure 3.29: Measured radiation pattern of the prototype of the presented antenna utilizing balun
for beam switching for two reconfigurable states at 2.45 GHz.

0.7 dB. In this plane (elevation cut at k= 0°) maximal gain for state 2 is about
1 dBi. If the elevation cut at k= 90° is considered, the maximum gain for state
2 is 6.5 dBi (in −I direction) and about 1 dB lower in the opposite direction.
For state 1 the gain in this plane is lower than −10 dBi. A degradation of about
1.5 dB between the measurement and the simulation can be observed for both
states. This difference is caused mainly by the additional phase shift caused by
the diode and inaccuracies in the fabrication.

3.6 Conclusion

In this chapter different approaches for realization of pattern reconfigurable
antennas were presented. The generated radiation patterns are optimized for
automotive urban propagation scenarios. Among different concepts three ap-
proaches are studied: element switching, parasitic elements and phase switching.
These concepts are explained in detail on example designs. Depending on the
concept, different number of reconfigurable states can be generated and different
patterns are realized.
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To generate patterns covering the ± driving direction simultaneously or beams
pointing to both sides of the vehicle at the same time, a method based on phase
switching seems to be most attractive. Considering the two designs, based on
this concept, presented in this chapter, the antenna from section 3.5.2 has a
smaller dimension and higher measured maximum gain (it is robuster against
fabrication inaccuracies). Therefore, this concept will be further developed and
incorporated in a MIMO antenna in the next chapter.

If the desired directions (front, rear, left, right etc.) should be covered only one at
the time, the element switching method gives very good results. A 3D solution
presented in this section was susceptible to the fabrication process and required
a big volume. Thus, only a planar solution will be further investigated in the
next chapter.

The concept of using parasitic elements has a promising potential for more
flexibility if the antenna size is increased in the 3rd dimension and further
parasitic elements are introduced (compared to the design from section 3.4).
This concept will be further explored in the next chapter. The cost of increasing
the flexibility is the increased volume of the antenna. This issue will be reviewed
as well in the next chapter.

Furthermore, a comparison between MEMS and p-i-n diodes was investigated
on an example of one of the designs. The evaluation shows that in practical
applications there is no significant difference in performance between p-i-n
diodes and MEMS. Thus, the higher effort connected with the use of MEMS
does not bring any improvement.
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Antennas

The reconfigurable antennas presented in chapter 3 bring a potential improve-
ment in performance of the automotive communication systems. However, as
defined in modern communication standards like 4G [ETSa] and 5G [ETSb]
SISO (single-input single-output) systems should be replaced by MIMO sys-
tems (the advantages of MIMO were discussed in chapter 1). In order to make
reconfigurable antennas compatible with these standards and provide even fur-
ther increase in performance, these antennas should be incorporated in MIMO
systems. While establishing a multiple antenna system the engineer is faced
with some challenges like e.g. keeping the coupling between the antennas low
while reducing the overall antenna size or designing decorrelated patterns for
the antennas.

This chapter presents different designs of pattern reconfigurable antennas sui-
ted for MIMO applications. The antenna systems are designed based on the
experience collected during development of antennas presented in chapter 3.
Furthermore, different decoupling structures and their influence on the anten-
nas’ performance are investigated in detail.

4.1 Multiple Antenna System using Back-to-Back

Balun for Pattern Switching

The first system discussed in this chapter was proposed by the author [14]. The
requirements on reconfigurable patterns for this antenna system are the same as
in chapter 3 (beams covering front and rear, and sides of the vehicle). The single
antenna consist of two radiators separated by 0.5_0 (at 2.6 GHz) fed in parallel
and the reconfigurable patterns are generated by switching the phase between
the radiators (similar as the design from section 3.5.2). However, in this case a
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Figure 4.1: Layout of a single antenna using back-to-back balun including DC lines and diodes
(dimensions in mm) [14].

different feeding network is used. Details of the single radiator design, MIMO
configuration and decoupling structure are explained in this section.

4.1.1 Single Element

A starting point of the antenna design is in this case the feeding network. It
has to ensure a proper phase difference between the radiators and to enable the
switching. A linear tapered balun was successfully applied by the author in [16].
Beside the advantage of compact size, such a design has a drawbackof generating
a phase difference of either 0° or 180° only. This is due to the construction of the
balun where the output is a parallel stripline. Thus the phase difference between
the lines is 180°. A more flexible solution able to generate any phase difference
and thus any desired directivity pattern is needed. A solution for this problem is
to use a back-to-back balun [Gup96]. In most of the cases a back-to-back balun
is used to convert the wave from microstrip-to-slotline or vice-versa. However, if
a circular slot is used for slotline-to-microstrip transition (see Fig. 4.1), one can
get a symmetrical signal at the output lines (0° and 180° phase). The symmetric
signal at the output appears due to currents circulating along the edges of the
round slot. These currents couple to the microstrip line encircling the slot on
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(a) Structure 1 (b) Structure 2

Figure 4.2: Modification of feeding structure for various phase differences between the ports [14].

the other side of the substrate, thus generating the currents in this line. The
coupling depends on the substrate thickness, and the width of the microstrip
and its alignment with the slot edge. It is also important that the circumferenceof
the round slot should be around 1

2_0 at the design frequency in order to ensure
matching at the input port and an efficient transition between the microstrip
and the slot mode. The structure presented in this work is fed in the middle
with a coaxial line connected to the vertical microstrip line (see Fig. 4.2). This
microstrip line (in turn) feeds the horizontal slotline establishing a T-junction.
In this case a circular stub is placed at the end of the microstrip (open to short
transition, as current maximum in the plane of slot enables efficient coupling
to the slotline). The impedance of the microstrip line and the slotline at the
transition point are tuned to have the same values to ensure efficient coupling.
An additional advantage of the microstrip-to-slotline transition is decoupling of
the DC signal from the RF port. Thus no further DC blocks are required, and as
a result no further losses are included in the system. Initially circular slots were
used, however they are transformed to elliptic ones in order to reduce the height
of the feeding network (see Fig. 4.1 and Fig. 4.2). Further modification can be
seen at the point where the slotline is connected to the elliptic slot. In this case
the width of the microstrip line was reduced for better matching. The microstrip
(orange in Fig. 4.2) is located partially above the metallized surface (yellow in
Fig. 4.2), the other part is placed above the elliptic slot. It is important to tune
the width of the line placed above the elliptic slot to ensure a good transition of
the signal.

To obtain a phase difference of 0° and 180° the slotline should be placed in the
middle of the height of the elliptic slot (see Fig. 4.1). Arbitrary phase differences
between the output ports can be obtained after some modification. If the point
at which the horizontal slotline coming from the T-junction is connected to
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Figure 4.3: Phase differences between the ports of the structures from Fig. 4.2.

the elliptical slot changes (see Fig. 4.2), the phase difference can be modified.
Simultaneously, the position of the microstrip line leading to the output ports
remains unchanged (case 1). Another option is to change the position of the
microstrip lines leading to the ports, while leaving the slotline unchanged (case
2) or combining both for even more design freedom (case 3).

Since, the mechanism of the modification is not changing between the three
cases, and only a different phase variation is obtained, only the influence of the
horizontal slotline position, as presented in Fig. 4.2, is explained in more detail.
The modification leads to a change in length of the upper and lower path of
microstrip, which is coupled with the circular slot, and thus the phase difference
at the outputs of the microstrip line changes as well. For the case study the
upper path is hardwired to port 3 and at port 2 the paths can be switched using
p-i-n diodes. However, whenever the upper path is chosen at port 2, the phase
difference between port 2 and 3 is equal to 0°. If the horizontal slot is moved
upwards (see Fig. 4.2a) a phase difference of about −245° between port 2 and
3 is obtained (see Fig. 4.3). On the other hand, if the horizontal slot is moved
downwards (see Fig. 4.2b) the phase difference is about −125° (see Fig. 4.3).
The diodes are placed only at one radiator, to reduce losses.

As already mentioned at the beginning of this section, two radiators separated
by 1

2_0 (at 2.6 GHz) are used to generate reconfigurable radiation patterns.
Due to their very compact dimension of 9.8 mm and 7.3 mm in length and
height respectively, inverted-F antennas (IFA) were chosen for this design. Both
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Figure 4.4: Simulated radiation pattern of the antenna using back-to-back balun for three reconfi-
gurable states at 2.6 GHz.

antennas are placed at the top of 15 mm high vertical metal ground plane which
is in turn mounted on a horizontal (GI plane) ground plane. The overall antenna
size is 66.2 × 26.3 mm2. Since the diodes are contrariwise polarized, they can
be easily controlled by the polarity of the DC signal, which is fed through
a line leading underneath the horizontal ground plane (see Fig. 4.1). Due to
the construction of the feeding network, the antenna input port is galvanically
isolated from DC signal and no additional DC block is needed.

In state 1 the two IFAs are fed with a signal in opposite phase (180° phase
difference) resulting in two beams pointing in± driving direction (see Fig. 4.4a).
In this case the upper diode is ON and and the lower one is OFF. The maximum
gain is 6.9 dBi in−G direction and 5.7 dBi in +G direction.The HPBW in azimuth
is 80° and 137° in and against driving direction respectively, and the HPBW in
elevation is 32°. The unequal feeding of the IFAs is caused by the proximity of
the lower signal path to the ground plane. Some of the signal in the lower path is
coupled to the ground plane and thus the impedance of the lower path changes.
In order to activate state 2, the upper diode has to be OFF and the lower one
ON, thus the radiators are fed with a signal in phase (0° phase difference). Two
beams pointing towards the sides of the vehicle are generated (see Fig. 4.4b). In
this case, the maximum gain is 7.2 dBi and the HPBW is 88° in azimuth, and
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Figure 4.5: Simulated and measured S-parameters of the presented antenna using back-to-back
balun for three reconfigurable states.

40° in elevation. For state 3 both diodes are OFF and thus only one IFA is fed.
In this case a nearly omnidirectional pattern with maximum gain of 4.9 dBi is
obtained (see Fig. 4.4).

Simulation results show that the antenna is matched between 2.35 GHz and
2.8 GHz for the three states, if −6 dB bandwidth is considered (see Fig. 4.5).
The bandwidth is wider than expected for the IFA elements, however it has to be
considered that in this case the feeding network improves the antenna matching,
since the IFAs are not directly connected to a 50Ω input port. Thus, the feeding
network can also be seen as a matching network.

After finishing the design process, a prototype of this antenna was fabricated.
The antenna structure was etched on a 0.787 mm thick Rogers RT5880 substrate.
The p-i-n diodes (BAP64-02) and the resistor were soldered manually to it and
the antenna was attached to a metal plated FR4 board (150 × 100 mm2) used as
a ground plane. During the measurements in an anechoic chamber this structure
was attached to a bigger ground plane (500 × 500 mm2).

The measured return loss for all reconfigurable states of the prototype is depicted
in Fig. 4.5. Even though the matching is slightly worse than in the simulation, the
bandwidth of the antenna is still bigger than 200 MHz (considering the −6 dB
bandwidth). The biggest difference between simulation and measurement can
be observed for state 3. Next, the radiation patterns and gain of the fabricated
prototype were measured. The form of the measured pattern for the state 1
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Figure 4.6: Measured radiation pattern of the antenna using back-to-back balun for three reconfi-
gurable states at 2.6 GHz.
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Figure 4.7: Fabricated prototype of the single antenna using back-to-back balun [14].

corresponds very well with the simulation (see Fig. 4.6a). The maximum gain
in k=180° direction is about 6.9 dBi and thus the same as the simulated gain.
In the k=0° direction the difference between the measured and simulated gain
is 2 dB. The reason for the bigger difference in this case are inaccuracies in
p-i-n diode modeling resulting in beam shift. For state 2 the maximum gain
in k=90° is about 6.5 dBi (see Fig. 4.6b) and thus lower by about 0.7 dB than
the simulated gain. As expected from the return loss measurement of state 3,
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(a) (b)

Figure 4.8: Configuration of MIMO system (a) and decoupling slots (b). Dimensions are given in
mm [14].

a significant difference between simulated and measured gain in both elevation
cuts appears. For azimuth k=90°, a moderate gain of 3.5 dBi is observed (see
Fig. 4.6b). The shape of the curve shows strong asymmetries between k=90°
and 270°. The simulation did not show such asymmetries. In contrary such
asymmetry can be observed in simulation for the k=0° cut. Also in this case the
discrepancy between simulated and measured results occurs, and the maximum
gain is 1.5 dBi.

4.1.2 MIMO Configuration

The presented reconfigurable antenna is then taken as a basis for the MIMO
configuration. The antenna is mirrored along the G−axis and the second one
is placed parallel to the first one in a distance of 0.343_0 (see Fig. 4.8a). The
overall size of this antenna system is 66.2 × 39.6 × 23.4 mm3 and its fractional
bandwidth is 17 %. The two antennas face each other with the ground plane sides
where the slotline is etched. The reason for this configuration is that simulations
show a lower amplitude of the E-field on this side of the antenna and thus, the
mutual coupling between antennas is decreased. The two antennas are referred
to as A and B (see Fig. 4.8a). A set of decoupling slots of 1

4_0 and 3
4_0 is placed

between the antennas (see Fig. 4.8b), which decreases the coupling between
the antennas by modest 1.5 dB. It is due to the fact that most of the energy
is coupled by radiated fields. Nevertheless, the envelope correlation coefficient
(ECC) for the combination of all states of both antennas has a maximum value
of ECC of about 0.07, making the system appropriate for MIMO applications.
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Figure 4.9: Simulated radiation patterns of antenna A and B for the presented MIMO configuration
at 2.6 GHz.
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Table 4.1: Radiation pattern parameters of the presented MIMO antenna system using back-to-back
balun.

State Gain in dBi Beam direction k HPBWk

A1 8.7 90° 90°

A2 8.5 45° and 135° 60°

A3 7.6 90° 138°

B1 8.7 270° 90°

B2 8.5 225° and 315° 60°

B3 7.6 270° 138°

The ECC value is calculated from antennas’ s-parameters based on the formula
(4.1) given in [BRC03]:

d4 =
|(∗11(21 + (∗21(22 |

2

(1 − (|(11 |2 + |(21 |2)) (1− (|(22 |2 + |(12 |2))
. (4.1)

Where (11 and (22 are the return losses of antennas A and B respectively, and
(21 and (12 is the isolation between the antenna ports.

Looking at the radiation patterns, it can be observed that in used parallel con-
figuration the antennas shadow each other (see Fig. 4.9). It can especially be
observed for state 1 (see Fig. 4.9a and Fig. 4.9d). Nevertheless, the angular
regions covering the ± driving direction and the other orthogonal to it remain
unchanged. Compared to the gain of a single antenna, an increase by 1.7 dB,
0.6 dB and 2.5 dB can be observed for states 1, 2 and 3 respectively. The summa-
ry of the most important radiation parameters of the presented antenna system
is given in table 4.1.

4.2 A Low-Profile Multiple ESPAR Antenna

System

Another approach discussed in the previous chapter is the parasitic array an-
tenna. In this section a compact antenna system with pattern reconfigurability
at 2.6 GHz is presented [2]. The antenna height is reduced by top loading. As
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Figure 4.10: Perspective view of the ESPAR antenna [2].

a result of the small distance between the antennas ( 1
3_0 at 2.6 GHz) a very

compact antenna with an overall size of 85 × 45 × 13.2 mm3 is obtained. Each
of the antennas can generate six reconfigurable patterns. The design of a single
antenna, the choice of a decoupling structure and the MIMO antenna system
are presented in this section.

4.2.1 Single Element

The single ESPAR antenna consists of a primary radiator and parasitic elements
placed around it (see Fig. 4.10). In case of the presented design, top loaded
monopoles were chosen to decrease the antenna height. Thus, the height could
be reduced from 1

4_0 to 1
10_0 (at 2.6 GHz).

The primary radiator consists of a driven post of height ℎ which is 11.5 mm and
a rectangular metallic hat (see Fig. 4.10) with a diameter ? equal to 7.2 mm as
capacitive top loading (a detailed study of top loading choice is presented in [2]).
The radiator is fed directly by a coaxial line. Due to the top loading, the current on
the vertical post has a nearly uniform distribution, and this part of the antenna
is responsible for the radiation. The current on the top-hat decreases rapidly
from the center to the edge. By increasing the size of the top-hat the antenna
resonant frequency moves towards lower frequencies. Thus, increasing the top-
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hat radius effectively reduces the antenna height. At the same time the real part
of the impedance decreases when the antenna height is reduced. Therefore, a
compromise is needed between antenna height and a good matching. The use of
an additional shorting post establishing a folded monopole and thus increasing
the impedance is not necessary since the parasitic elements increase the input
impedance.

Directive reconfigurable patterns can be obtained by placing parasitic elements
in the vicinity of the driven element (see Fig. 4.10). The parasitic elements are
also top loaded monopoles and consist of vertical posts with a top-hat. The top-
hat differs in its form from the one used for the primary radiator. A sector-ring
shape is chosen for the parasitic elements as it offers a more compact antenna
size than the rectangular shape. Tuning the element to the required resonant
frequency involves changing the angle W and the radius r>DC . Therefore, the
radius can be kept small, while increasing the angle W, resulting in reduced
antenna dimensions. Based on simulation results, the parameters are set to W

= 17° and r>DC = 10 mm to achieve reflector behavior of the parasitic elements
(lower resonant frequency than that of the driven element). Another important
design issue is the number of the vertical posts. The parasitic elements use
two vertical posts per element. Introducing a second post adds inductance and
capacitance, thus reducing the size of the element further. Moreover, unlike in
case of the primary radiator, the posts are placed on the outer side and not in the
middle of the element. Thus, the resonant frequency is reduced and additionally
antenna’s efficiency increases.

The distance between the parasitic element and the driven element contributes to
size reduction as well. Reducing the distance r8= increases the coupling between
the driven and parasitic element causing lowering of the resonant frequency.
However, this causes also a reduction in the antenna performance in terms of
efficiency and gain. As a trade-off between antenna size and performance inA
is set to 12 mm. Thus, the distance between the phase center of the primary
radiator and the one of a parasitic element is about 0.14_0.

The patterns optimized for automotive antennas can be realized by using four
parasitic elements. A larger number of parasitic elements does not increase the
antenna’s flexibility, but decreases the antenna efficiency. A parasitic element
acts like a reflector when shorted to ground and acts like a director when
left "floating". Therefore, the elements have to be connected to ground with
electrical switches, in this case p-i-n diodes. For each element an elliptical slot
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Table 4.2: Switch combinations and beam directions for the different reconfigurable states of the
ESPAR.

State D1 D2 D3 D4 Beam direction k

1 ON ON OFF ON 180°

2 OFF ON ON ON 0°

3 ON OFF ON ON 90°

4 ON ON ON OFF 270°

5 ON OFF ON OFF 0° and 180°

6 OFF ON OFF ON 90° and 270°

7 ON ON OFF OFF 225°

8 OFF ON ON OFF 315°

9 OFF OFF ON ON 45°

10 ON OFF OFF ON 135°

in the ground plane is etched and a metallic pad is placed in the middle of each
slot. The wires are connected to this pads as shown in Fig. 4.10. A p-i-n diode
placed between the pad and the ground is used at each element. When the diode
is switched ON, the current on the corresponding shorting wires is around−80°
out of phase with the current flowing in the radiator (reflector function). If the
diode is switched OFF, the parasitic element is around 140° out of phase with
the radiator (director function).

The DC feeding network is placed underneath the ground plane. It consist of
metallic pads connected to the vertical posts, metallic strips and 5 kΩ resistors
as RF choke. The ground plane and DC network are printed on FR-4 substrate
with permittivity YA = 4.3 and a thickness of 1.6 mm. Whereas the top-hat and
parasitic elements are printed on Rogers RT5880 substrate with a thickness of
0.508 mm.

The antenna can generate 10 different patterns. The possible switch configura-
tions are presented in the table 4.2. As discussed in the introduction the antenna
patterns should cover the driving direction (+G), the opposite direction (−G)
and directions to the left and right of the car (±H direction). These patterns
are realized by states 1–4 and achieve maximum simulated gain of 6.9 dBi. The
front-to-back ratio (FBR) is 3.5 dB. In some cases it might be important to cover
the ± driving direction or left/right direction simultaneously. These scenarios
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Figure 4.11: Simulated S-parameters of the presented ESPAR for different reconfigurable states.

are covered by states 5 and 6 with a maximum gain of 5.7 dBi. Additionally,
the antenna can generate patterns directed towards the corners of the car roof
k = 45°, 135°, 225° and 315° (left-front, left-rear, right-rear, right-front). These
directions are very important in urban scenarios as discussed in section 2.8.
These patterns are realized by states 7 to 10 with a maximum gain of 7.2 dBi.
The FBR for these states is 6.1 dB. The simulated total antenna efficiency has
values between 70 % for states 7 to 10 and 77 % for states 5 and 6.

The best matching is obtained for states 1 to 4 (2.43 GHz to 2.86 GHz), in
which case three diodes are switched ON (see Fig. 4.11). The curve is also
shifted towards higher frequencies compared to the curves for states 5 and 6
(2.4 GHz to 2.62 GHz), and 7 to 10 (2.45 GHz to 2.66 GHz). In general, a worse
matching is observed for states in which two diodes are in ON state. Looking
at the simulation we can see stronger currents flowing between the floating
elements (OFF state) and the antenna port, therefore diminishing the matching
for states 5 to 10.

4.2.2 MIMO Configuration

A MIMO antenna system consists of two reconfigurable antennas as presented
in section 4.2.1. The antennas share a common ground plane and the distance
between the phase centers of both antennas is about _0/3 along the driving
direction (see Fig. 4.12). The small distance was chosen in order to obtain a
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Figure 4.12: Perspective view of the low-profile MIMO antenna [2]. Dimensions are given in mm.

compact design. The trade off in this case is higher coupling between the anten-
nas. The reconfiguration of adjacent parasitic elements positioned between the
driven elements of both antennas becomes useless, since the antennas shadow
one another. Thus, these elements are designed to act as reflectors, and the verti-
cal posts are removed to reduce the coupling between these elements. Therefore,
the size of these two parasitic elements is increased so that they are still able to
act as a reflector. Furthermore, by decreasing their radius it becomes possible to
place the antennas closer together. A growth in size of this elements is achieved
by increasing the angle of the arc section of the element which is now W = 40°,
more than twice the original value (see Fig. 4.12).

Due to the small distance between the antennas, a strong coupling can be obser-
ved. This leads to a decrease in the antennas’ radiation efficiency. Therefore, a
decoupling structure should be used to solve this problem. The dominant role in
mutual coupling is played by currents on the ground plane. Various techniques
reducing mutual coupling by modifying ground plane structure are known from
literature [CCMR07,ZXX09,COII04]. Three different concepts (see Fig. 4.13)
were tested and compared.

The H-shaped decoupling structure consists of slots of width F interleaved
with metallic strips of width B and length :. The elements are placed in the
middle of the ground plane (see Fig. 4.13a). The structure can be modeled as
capacitance (for metallic stubs) and inductance (connecting strip of width 2).
Thus, it is equivalent to a parallel LC network. If the values are set correctly the
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(a) H-shaped (b) Dumbbell

(c) Slotted ground plane

Figure 4.13: Evaluated decoupling structures [2].

LC network works as a band-stop filter blocking the currents between elements
at the desired frequency. If the design parameter values are set to : = 19 mm, B
= 0.5 mm, F = 0.5 mm, 2 = 1.5 mm, the band-stop region from 2.2 to 2.75 GHz
with a mutual coupling across the band lower than −10 dB is achieved (the
structure was tested by placing it on FR4 substrate and connecting it to a
microstrip line with two ports in an EM simulator).

The second option is a dumbbell slot, etched in the ground plane as shown in
Fig. 4.13b. The dumbbell rectangular head has a length 0 and width 1, and the
length and width of the slot are 3 and B respectively. The dumbbell structure
reduces mutual coupling by suppressing the surface wave if the resonant fre-
quency of the MIMO antenna falls in its band gap. Increasing 0, 1 or 3 reduces
the band-stop frequency, while B should be decreased to lower the frequency.
The design parameter values are set to 0 = 5 mm, 1 = 5 mm, 3 = 18 mm, B
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= 1 mm. The dumbbell was tested using the same procedure as for H-shaped
structure. For the determined parameters band-stop region from 2 to 2.9 GHz
with a mutual coupling across the band lower than −10 dB is achieved.

The last option is a slotted ground plane (SGP) (see Fig. 4.13c). It is designed
to resonate at nearly the design frequency of the antenna. The currents flowing
between the antennas are captured in the slot and thus the mutual coupling is
reduced. The slot width 0 is 10 mm and the length 3 is 38 mm. Thanks to its
width, the structure achieves a band-stop characteristic within a wide band from
1.43 to 3.45 GHz (at least isolation −10 dB).

The decoupling structures improve the isolation between the ports but at the
same time they reduce the performance of the antenna in terms of radiation
efficiency. Reduced radiation efficiency is the effect of capturing the fields
in the decoupling structures. Since these fields would normally contribute to
antennas’ radiation, the efficiency drops. Thus, a compromise between coupling
reduction and antenna gain has to be found. The resonance frequency of the
decoupling structure is placed below the center frequency of the MIMO system
for the best performance. Out of all evaluated structures, SGP offers the best
isolation of around 25 dB and lowest influence on antenna radiation.

The mechanism of the p-i-n diode switching for a MIMO antenna is the same
as that used for a single antenna. Thus, switching each p-i-n diode ON connects
the parasitic element to the metallic ground plane. Since the shorting post of
the inner parasitic elements were removed, one diode per antenna is eliminated,
resulting in three diodes per antenna. The two antennas are 180° symmetric in
azimuth and so are the possible reconfigurable states. The configuration of the
diodes is shown in Fig. 4.12. Diodes D1, D2, D3 are used for pattern recon-
figuration of antenna A whereas diodes D4, D5, D6 are used for antenna B.
Resulting from this configuration six reconfigurable states per antenna are pos-
sible (see Fig. 4.14). The MIMO antenna patterns cover the relevant directions
like ± driving direction, right-front, left-front, right-rear, left-rear, or left/right
direction. The highest gain is obtained by antennas A and B in state 1 (± driving
direction) and it is about 9.2 dBi. The lowest gain is observed for state 6 of both
antennas (a gain of 4.6 dBi in left/right direction). Due to the small distance
between the antennas, the active parasitic element of the adjacent antenna af-
fects the radiation pattern of the considered antenna. A shift in the main beam
radiation direction in azimuth from 90° to around 120° can be observed for
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Figure 4.14: Simulated horizontal cuts of the radiation patterns for the low-profile MIMO antenna
system at 2.6 GHz for elevation angle \ =60°.
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Figure 4.15: Simulated (dashed) and measured (solid) S-parameter for the MIMO antenna.
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Figure 4.16: Fabricated prototype of the low-profile MIMO antenna [2].

antenna A in state 2 (see Fig. 4.14a). This is due to the active parasitic element
D4 of the second antenna. A similar shift is also observed for states 3 to 6.

The S-parameters of the presented antenna are shown in Fig. 4.15. The matching
of about −17 dB is achieved with the decoupling structure (SGP) as compared
to −10 dB without decoupling structure. The bandwidth at −6 dB return loss
covers the frequency range from 2.4 to 2.8 GHz for all states (15 % fractional
bandwidth). The matching for states 4, 5 and 6 is worse than for the other
states. This is because two diodes per element are OFF and as already discussed
stronger currents flow from the floating parasitic elements to the antenna port.
All the states show a good isolation of at least −14 dB at the design frequency
(see Fig. 4.15).

In the next step a prototype of the antenna (see Fig. 4.16) was fabricated and
measured. As before the p-i-n diode used is BAP64-02 from NXP. The measured
input reflection coefficient of antennas A and B in different reconfigurable states
corresponds well with the simulation results (see Fig. 4.15). Considering a
matching better than −6 dB for the antenna bandwidth, the antenna covers the
frequency range from 2.4 to 2.8 GHz. The measurement results show a very
good isolation in all states (see Fig. 4.11). Its value is slightly better than the
simulated one (see Fig. 4.16) which can be partially explained by increased
losses in the prototype compared to the EM simulation model.

In the following step the calibrated gain patterns were measured inside an
anechoic chamber. For this purposes the prototype was attached to a large ground
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Figure 4.17: Measured radiation patterns of antenna A for the presented low-profile MIMO antenna
system at 2.6 GHz.
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Figure 4.18: Measured radiation patterns of antenna B for the presented low-profile MIMO antenna
system at 2.6 GHz.
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Table 4.3: Radiation pattern parameters of the presented low-profile MIMO antenna system.

State Gain in dBi Beam direction k HPBWk

A1 7.6 180° 105°

A2 7.9 105° 80°

A3 8 255° 80°

A4 7.2 140° 110°

A5 7.1 243° 110°

A6 4 100° and 260° 240°

B1 7.4 0° 105°

B2 7.8 285° 80°

B3 7.9 75° 80°

B4 7.1 40° 110°

B5 7.2 320° 110°

B6 4.1 80° and 280° 240°

plane with a size of 500 × 500 mm2. The drill holes visible in the Fig. 4.16 are
necessary in order to mount the antenna on the rotary tower inside the anechoic
chamber. The measured patterns are presented in Fig. 4.17. Comparing the
simulated and measured gain values, the biggest difference can be observed for
state 1 where instead of the simulated 9.2 dBi gain 7.4 dBi is measured (see
Fig. 4.18a and 4.14a). Nevertheless, it can be observed that the measurement
results correspond very well with the simulation results. Not only similar gain
values are obtained for the remaining states but also the form of the patterns
corresponds well. The summary of the most important radiation parameters of
presented low-profile antenna system is given in table 4.3.

In the next step the ECC values for representative antenna states were calculated
based on equation 4.1. All values are below 0.015 making the antenna attractive
for MIMO applications.

4.3 A Compact Multiple Antenna System

Yet another approach to realize the desired patterns is to use two pattern re-
configurable antennas, as presented in section 3.5.2, to constitute a multiple
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antenna system [22]. The single antenna consists of two radiators separated by
3
8_0 (at 2.5 GHz), which are fed in parallel. However, unlike in the case of the
multiple antenna system from section 4.1, where the single antennas are placed
parallel to each other, the antennas here are perpendicular to each other (see
Fig. 4.19). Thus, the effect of antennas shadowing each other can be minimized.
Furthermore, there are two additional parasitic elements (P1 and P2) introduced
at one of the single antennas, adding two reconfigurable patterns. The overall
antenna size is 63 × 65 × 18 mm3 and its fractional bandwidth is 8 %.

4.3.1 Parasitic Elements

In order to improve the directivity of the switchable patterns generated by the
antenna and to introduce additional reconfigurable patterns with higher gain,
parasitic elements are used. The choice of elements is based on the ability
to switch between a reflector and a director mode. A possible solution is an
U-slot reflector which is used commonly in chipless RFID (radio frequency
identification) technology to create frequency signatures in the back scattered
signal [IK15]. In order to act as a reflector, the slot should have a total length
of about _0/2 at the frequency of interest, which corresponds to 60 mm at the
design frequency. Since the parasitic element is printed on a FR-4 substrate with
an YA of 4.3 and the p-i-n diodes used in the design provide some additional
inductance, the physical length is reduced to approximately 35 mm (16 mm long
horizontal slot and two 9.5 mm long vertical slots with 1 mm width). The U-slot
is placed on a metallic rectangular patch with 24 mm by 18 mm width and height
respectively (see Fig. 4.19b). The p-i-n diodes are mounted at the ends of the
horizontal slot, where additional slots of 0.5 mm width introduce a separation
in the metallization. The whole structure is then mounted perpendicularly to
the ground plane. To generate the back scattered signal the diodes have to be
in ON state and the E-field is excited in the whole U-slot (the diodes connect
the separated metallic parts of the patch). In this case the simulated ratio of the
back scattered field to the forward scattered field is about 10 dB. In order to
switch the element to director mode, the diodes have to be switched OFF. Thus,
the E-field is excited only in a horizontal slot and on the edges of the patch. In
this case the simulated ratio of back scattered field to forward scattered field is
about −4.5 dB and the wave is directed.
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Figure 4.19: Perspective view of the compact multiple antenna system and layout of the parasitic
element. Dimensions are given in mm [22].

4.3.2 MIMO Configuration

As already mentioned, the unit antennas of the MIMO system are placed or-
thogonal to one another (see Fig. 4.19a). Parallel arrangement of the antennas
was considered as well. However, in this case a shadowing effect appears blo-
cking the beams in direction of the second antenna. Thus, the required patterns
cannot be obtained. Therefore, the orthogonal arrangement is chosen. Size is a
very important design parameter for automotive antennas, since they should fit
within the commonly used shark fin housing. The horizontal distance between
the phase centers of the antennas is 40.5 mm ( 1

3_0) and is chosen to preserve
small footprint and compact dimension of the system. However, the coupling
between the antennas for the chosen separation is still acceptable. The antennas
are defined as antenna A and antenna B (see Fig. 4.19a). The parasitic elements
are placed along the axis orthogonal to the substrate of antenna A (G-axis) in
the distance of 30 mm from antenna A, which is 1

4_0 at design frequency. This
distance proves to be optimal in terms of radiation pattern and antenna matching.

The mechanism of pattern switching for a single antenna was explained in
detail in section 3.5.2. For antenna B there is no difference compared to the
antenna from section 3.5.2 and for antenna A the two first states remain the
same. Therefore, we will concentrate on the two additional states of antenna A.
There are three switches (p-i-n diodes) on each antenna: D1, D2, D3. Each of
the parasitic elements is provided with two diodes D41 and D42 for element P1,
and D51 and D52 for element P2.
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Table 4.4: Configuration of switching elements and control voltage

State D1 D2 D3 D4 D5 V� V180B−) V%1/V%2

1 ON OFF OFF OFF OFF −10 V 0 V 0 V/0 V

2 OFF ON ON ON ON 10 V 1 V −10 V/−10 V

3 ON OFF OFF OFF ON −10 V 0 V −10 V/0 V

4 ON OFF OFF ON OFF −10 V 0 V 0 V/−10 V
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Figure 4.20: Simulated horizontal cuts of the radiation patterns for the compact MIMO antenna at
2.5 GHz for elevation angle \ =60°.

For the proper realization of states 1 and 2 of antenna A, it is crucial that the
diodes on the parasitic elements are OFF for state 1 and ON for state 2. For
these states antenna A obtains a maximum gain between 7.3 dBi and 7.7 dBi and
antenna B between 6.1 dBi and 7.8 dBi at 2.5 GHz (see Fig. 4.20). To activate
state 3, the diodes on the primary radiator are configured the same as for state
1. Thus, beams in ±I direction are created (to the vehicles left and right). If
the diodes on the parasitic element P1 are ON and those on the other parasitic
element are OFF, the beam is directed in +I direction. Activating the diodes
on element P2 and deactivating those on element P1 directs the beam in −I

direction. For these states a maximum gain value is between 9.1 dBi and 9.7 dBi
(see Fig. 4.20a).
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Figure 4.21: Fabricated prototype of the compact MIMO antenna system [22].

Table 4.5: Comparison of maximal gain at 2.5 GHz for the different states of compact MIMO
antenna system

Antenna 1 1 2 3 4

Simulation 7.7 dBi 7.3 dBi 9.7 dBi 9.1 dBi

Measurement 7.7 dBi 6.8 dBi 8.4 dBi 7.4 dBi

Antenna 2 1 2

Simulation 7.8 dBi 6.1 dBi

Measurement 8 dBi 5.8 dBi

After evaluating the performance of the antenna system by simulation a pro-
totype of the antenna system was fabricated. Also in this case the BAP64-02
p-i-n diodes from NXP were used. The radiators were etched on 0.787 mm
thick Rogers RT5880 substrate and the parasitic elements on 1.6 mm thick FR-4
substrate. The measured input matching is similar to results presented in the
section 3.5.2. The matching for states 3 and 4 of antenna A is similar as for the
state 1.

The measured gain for state 1 of antenna A and B is 7.7 dBi and 8 dBi respec-
tively, and the values are similar to simulated ones (see table 4.5). For state
2 a maximum gain of 6.8 dBi and 5.8 dBi is measured (antennas A and B re-
spectively). Also in this case differences between simulation and measurement
are lower than 0.5 dB. The difference between simulation and measurement is
higher for states 3 and 4 of antenna A and gain values of 7.4 dBi and 8.4 dBi are
measured. The difference between these two states might be caused by fabricati-
on inaccuracies, which result in different scattering from the parasitic elements
P1 and P2. Nevertheless, the form of the different patterns corresponds very well
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Figure 4.22: Measured radiation patterns of the presented compact MIMO antenna system at
2.5 GHz.
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Table 4.6: Radiation pattern parameters of the presented compact MIMO antenna system.

State Gain in dBi Beam direction k HPBWk

A1 7.7 90° and 265° 100°

A2 6.8 0° and 180° 90°

A3 8.4 260° 100°

A4 7.4 100° 100°

B1 8 0° and 180° 120°

B2 5.8 135° and 315° 110°

with simulation results (see Fig. 4.22). The most important radiation parameters
of this MIMO antenna system are given in table 4.6.

The ECC values for this antenna system, calculated based on equation 4.1 are
below 0.08 making the antenna attractive for MIMO applications. Furthermo-
re, the antenna system realizes patterns with high gain, making it a potential
candidate for channel capacity enhancement.

4.4 A Wideband Multiple Antenna System

The designs presented so far in this chapter produced radiation patterns co-
vering simultaneously the ± driving direction and and both sides of the vehicle
simultanously. This requirement is mainly based on the results presented in [5].
However, as it has been presented in section 2.8 these requirements can be
modified. Following the new requirements a compact wideband antenna system
is proposed [21]. The single antenna is based on an element switching con-
cept similar to the antenna discussed in section 3.3.2. With its overall size of
50.8 × 30 × 24 mm3, this system is very compact and smaller by 28 % than the
antenna system from section 4.2 and 50 % smaller than the antenna system from
section 4.3. The small dimensions make it very attractive for automotive app-
lications. Furthermore, thanks to a wideband matching from 2.1 to 2.87 GHz
(31 % fractional bandwidth) this antenna system is very immune to frequen-
cy shifting due to fabrication imperfections and can potentially cover different
services like various 4G frequency bands and Wi-Fi simultaneously.
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Figure 4.23: View of the single reconfigurable antenna. Dimensions are given in mm, yellow color
represents the front side and orange the back side [21].

4.4.1 Single Element

The single antenna consists of two “C”–shaped radiators mirrored at the H-axis
(see Fig. 4.23). The elements are tightly coupled and separated by only 2.2 mm
in the lower part and by 6 mm in the upper part. The slot between the radiating
elements and the ground plane of CPW feed is 0.3 mm wide. The radiators are
connected to the central conductor of the CPW using p-i-n diodes. Thus, by
switching the diodes three reconfigurable patterns can be generated. The DC
feed used for biasing the diodes is placed on the backside of the antenna. The arc
form of the DC lines and resistors embedded in these lines reduce the influence
on the antenna’s performance. Furthermore, the resistors serve as RF chokes.
The vias connecting the DC feed to the radiators are placed in a section of the
radiators where the lowest surface current at high frequencies was observed.

The choice of the “C”–shape for the radiators enables a wideband performance
and compact design of the antenna. The antenna parts responsible for minia-
turization are the upper horizontal bar and the vertical bar connected to it. By
increasing the lengths ;ℎ and ;E of horizontal and vertical bar respectively, the
operation frequency can be decreased (see Fig. 4.24). However, increasing the
length ;E reduces the bandwidth. Furthermore, as the lengths are increased the
antenna’s gain and front-to-back ratio (FBR) are reduced. If ;E is fixed to 10 mm
and the value of ;ℎ is varied to 10 mm, 12 mm and 14 mm, the simulated gain
value at 2.5 GHz is 6.6 dBi, 5.8 dBi and 5.4 dBi respectively. Likewise if ;ℎ is
fixed to 12 mm and the value of ;E is varied to 8 mm, 10 mm and 12 mm, the
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Figure 4.24: Simulation results presenting the effect of the length of the vertical and the horizontal
bar on the antenna’s reflection coefficient.

gain value at 2.5 GHz is 5.9 dBi, 5.3 dBi and 4.1 dBi respectively (see table 4.7).
Therefore, a compromise between antenna miniaturization and performance is
met and ;ℎ and ;E are set to 12 mm and 10 mm respectively.

Three reconfigurable patterns can be realized with the presented antenna. Swit-
ching the right p-i-n diode to OFF state and the left one to ON state activates
state 1. In this case the left radiator is fed and the right one acts as a reflector,
resulting in a beam pointing in the negative G direction (see Fig. 4.25). If both
p-i-n diodes are ON, the antenna radiates nearly omnidirectional, however with
increased gain along the I-axis (state 2). In state 3, the right diode is ON and
the left one is OFF, and a beam pointing in the positive G direction is obtained
(see Fig. 4.25).
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Table 4.7: Simulation results presenting the effect of the length of the vertical and the horizontal
bar on the antenna’s gain

Sweep of ;ℎ for ;E fixed to 10 mm

;ℎ in mm 10 12 14

Gain at 2.5 GHz in dBi 6.6 5.8 5.4

Sweep of ;E for ;ℎ fixed to 12 mm

;E in mm 8 10 12

Gain at 2.5 GHz in dBi 5.9 5.3 4.1
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Figure 4.25: Simulated horizontal cuts of the radiation patterns for a single element of the wideband
multiple antenna system at 2.5 GHz for elevation angle \ = 60°.
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Figure 4.26: Configuration of the wideband MIMO reconfigurable antenna (perspective view). Di-
mensions are given in mm [21].

4.4.2 MIMO Configuration

Two single antennas placed in 50.8 mm (0.42_0) distance along the I axis
constitute a multiple antenna system. The antennas are parallel to one another
and referred to as antenna A and B (see Fig. 4.26). The distance between the
antennas is a compromise between minimal footprint of the MIMO antenna and
the isolation between both antennas.

The antennas A and B show good performance in terms of simulated input reflec-
tion coefficients and isolation (see Fig. 4.27). Considering the−6 dB bandwidth,
the antennas cover the frequency range from 2.1 to 2.87 GHz (31 % fractional
bandwidth). The lowest isolation is observed if both antennas are in state 2. In
this case substantial part of the E-field radiated by both antennas is directed
towards the other antenna what explains lower isolation. Nevertheless, even in
this case it is better than 12 dB. Since state 1 and 3 are symmetric about the
I-axis, only state 1 is presented in the plot.

The simulated patterns of antenna A point towards the rear-left, left and front-left
side of the vehicle (see Fig. 4.28a). For antenna B the beams point towards the
rear-right, right and front-right side of the vehicle (see Fig. 4.28b). Compared to
the single antenna, radiation of the antennas in MIMO system is shifted towards
sides of the vehicle. It is caused by the shadowing between the antennas along
I-axis. The patterns for antenna A are shifted in the negative I direction. In
opposite the patterns for antenna B are shifted in the positive I direction. This is
especially visible for state 2 of both antennas. The obtained gain varies between
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Figure 4.27: Simulated S-parameters for the presented wideband MIMO antenna. The antennas A
and B are associated to port 1 and 2 respectively.
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Figure 4.28: Simulated horizontal cuts of the radiation patterns for the presented wideband MIMO
antenna system at 2.5 GHz for elevation angle \ = 60°.

7.1 dBi for state 2 and 7.9 dBi for states 1 and 3 at 2.5 GHz and is higher by up
to 2 dB compared to the single antenna.

In the next step a prototype of the antenna system was fabricated. The antennas
are etched on 0.508 mm thick Rogers RT5880 substrate. Once again the NXP
BAP64-02 p-i-n diodes were used. The antennas were mounted on a metal plated
FR-4 board used as a ground plane (see Fig. 4.29).
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Figure 4.29: Fabricated prototype of the wideband multiple antenna system [21].
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Figure 4.30: Measured S-parameters for the presented wideband MIMO antenna. Both single an-
tennas are in the same reconfigurable state.

The measured S-parameters for states 1 and 2 of both antennas are depicted in
Fig. 4.30 (state 3 is not plotted as it is symmetric to state 1). The matching is
slightly better than expected from the simulation. Especially at the frequencies
above 2.6 GHz matching is better than simulated. The prototype of the antenna
system covers the frequency range from 2.1 to 3.4 GHz (−6 dB bandwidth).

Following, gain pattern measurements were performed inside an anechoic cham-
ber. The drill holes visible in the Fig. 4.29 are necessary to mount the antenna
on the rotary tower inside the anechoic chamber. During the measurements the
structure was mounted on a 500 mm × 500 mm ground plane. The reconfigura-
ble states of the antenna are switched ON by applying 5 V from a DC-power
supply to the appropriate p-i-n diodes, while the other diode is connected to
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Table 4.8: Radiation pattern parameters of the presented wideband MIMO antenna system.

State Gain in dBi Beam direction k HPBWk

A1 7.3 135° 80°

A2 5.7 90° 165°

A3 7.1 45° 80°

B1 7.3 225° 80°

B2 5.8 270° 165°

B3 7.2 315° 80°

0 V to remain in OFF state. The measured patterns are presented in Fig. 4.31.
Their form for different states resembles the simulated patterns very well. Also
the measured gain is close to the simulated values. For states 1 and 3 of both
antennas maximum values between 7.1 dBi and 7.3 dBi are obtained. Compared
to the simulated gain of 7.9 dBi for these states, a difference of around 0.6 dB
is observed. This difference can be explained by the losses in a bias-T which is
used for DC feed of the antenna. A bigger difference is observed for state 1 of
both antennas, where instead of 7.1 dBi a measured gain of 5.7 dBi is observed.
In this case higher losses might be accounted to higher insertion loss of p-i-n
diodes, since two diodes per antenna are used in this state. The most important
radiation parameters of this MIMO antenna system are given in table 4.8.

The ECC values for this antenna system, calculated based on equation 4.1 are
below 0.001 making the antenna attractive for MIMO applications. Furthermo-
re, the antenna system realizes patterns with high gain, making it a potential
candidate for channel capacity enhancement.

4.5 Flush-Mounted Antenna

As discussed in chapter 1 vehicle’s roof remains the most attractive mounting
position for communication antenna systems. The state of the art solution is
mounting inside a so-called shark-fin. However, an attractive new idea is to
flush-mount the antennas and the accompanyingelectronics inside cavities in the
chassis [TC17,LJC17]. This novel solution offers more space than the shark-fin,
nevertheless the antennas should be low-profile to fit inside the cavity. In scope of
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Figure 4.31: Measured radiation patterns of the presented wideband MIMO antenna system at
2.5 GHz.
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1000 mm

1000 mm

570 mm

220 mm

Figure 4.32: CFRP chassis mockup with a reconfigurable antenna inside the cavity.

this work a strong emphasis was put on the miniaturizationof antennas, therefore
they can successfully be installed within the chassis cavity. This concept was
tested in cooperation with colleagues from Technical University of Vienna [6–8].

The group from Technical University of Vienna developed a cavity for vehicular
antennas [ALM17]. The cavity is placed in the middle of a 1000 × 1000 mm2

carbon fiber reinforced polymer (CFRP) chassis mockup (see Fig. 4.32). The
cavity walls are inclined and the overall size is 570 × 220 × 40 mm3. In scope
of this cooperation performance of five of the antennas presented in this work
was evaluated. The measurements were conducted in the anechoic chamber at
KIT. All of the antennas could be successfully operated in their reconfigurable
states when flush-mounted. The influence of capacity on the antenna matching
is negligible. Yet, some impact on the radiation pattern of the antenna was
observed. The differences in the radiation pattern are especially visible on the
shorter axis of the cavity. However, the results of this investigation prove that
the reconfigurable antennas can be successfully mounted in chassis cavities.

4.6 Conclusion

Four pattern reconfigurable multiple antenna systems were presented in this
chapter. All of them meet the requirements on bandwidth and radiation pattern
directions defined in the introduction of this work. The presented results prove
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Table 4.9: Comparison of the four proposed MIMO antenna system

System Max Gain in dBi BW in % Size in mm3 States per port No. of diodes

1 8.7 17 66x40x23.4 3/3 4

2 8 15 85x45x13.2 6/6 6

3 8.4 8 63x65x18 4/2 8

4 7.3 31 50.8x30x24 3/3 4

that reconfigurable antennas can be successfully incorporated in MIMO systems
increasing the performance and flexibility of antenna systems. A comparison of
these antenna systems is given in table 4.9. Among them system 1 has the highest
maximum gain, however it is only a simulated value and we have to remember
that in case of this system the difference between the simulated and measured
gain for the single antenna was the highest. Furthermore, this system requires a
relatively big volume, thus it is not considered in the further evaluation. The other
three designs will be further evaluated in chapter 5. Among these three antenna
systems, system 3 obtains highest maximum gain, however it is the biggest one.
Furthermore, it requires 8 p-i-n diodes making the fabrication more expensive.
System 2 is characterized by high gain and the highest number of reconfigurable
states, thus being the most flexible solution. However, the construction is very
complicated and not very robust, making it impracticable for mass production.
System 4 has the most simple construction and lowest number of p-i-n diodes
used making it robust against fabrication imperfections and applicable in mass
production. Moreover, this design is the most compact one and hast the largest
fractional bandwidth. Therefore it seems to be the most attractive candidate for
automotive applications.
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5 Evaluation of the designed
Antenna Systems

After successfully designing the multiple antenna systems they should be eva-
luated in order to determine their usefulness in a vehicular application. A choice
of proper metric for the antenna system performance was already discussed in
section 1.4. In this chapter three of the antenna systems presented in chapter 4
will be first evaluated using the proposed channel based ECC. Next these results
will be proved by the channel capacity calculated from RT simulations. Finally,
results of a real world test drives in an urban environment located in downtown
Karlsruhe (see Fig. 5.1) are presented and discussed.

5.1 Channel based ECC calculation

A very good metric for MIMO antenna systems performance is the envelope
correlation coefficient (ECC). It is a measure of the correlation between the
radiation patterns of the MIMO antenna pairs. ECC calculation requires indivi-
dual measurements (or simulations) of the complex radiation pattern (magnitude
and phase) for each antenna. The less correlated these patterns are, the higher
the diversity gain and thus the system’s capacity. The ECC ranges from 0 (no
correlation, best MIMO gain) to 1 (identical gain and phase patterns, no MIMO
gain). This measure can also be used to evaluate the performance of pattern
reconfigurable antennas examining the correlation between the different swit-
chable patterns. In standard ECC calculation, a uniform amplitude and phase
distribution %Uniform (\, k) ∝ 1 is assumed. This is true for mobile phones, no-
netheless in case of vehicular antennas we observe direction selective channel
as discussed in section 2.8. Thus, the information about the channel in form of
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an angular power spectrum (APS) %(\, k) has to be included. The formula for
ECC changes from:

d4 =
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−→
� (\, k) denotes here the complex radiation pattern of the antenna.

Since the proper metric is established, the antenna systems can now be evaluated.

5.1.1 Evaluation Results

For the sake of evaluation three reconfigurable multiple antenna systems and
a multiple antenna system consisting of two omnidirectional antennas (mo-
nopoles) were investigated. The omnidirectional antennas were chosen as a
benchmark, since this type of antenna is commonly used for vehicular commu-
nication. The monopoles are separated by _0/2 at 2.5 GHz. They have nearly
omnidirectional patterns in azimuth with slightly higher gain towards front and
back of the car (see Fig. 5.2). The difference between the gain of each antenna
towards front and rear is due to the shadowing effect appearing between the two
monopoles. The maximum simulated gain is for both radiators 5.9 dBi and the
−6 dB bandwidth covers the frequency range from 2.2 to 3.7 GHz. The chosen
reconfigurable antenna systems are the ones presented in sections: 4.2, 4.3 and
4.4. The antenna systems will be referred to as system I, II and III respectively.

In order to determine channel parameters for ECC analysis, ten routes placed
in downtown Karlsruhe (blue region in Fig. 5.1) were used for the RT channel
simulation. These routes are different than those used in section 2.8 to provide
enough variance between training and test data. Each of the routes consists of
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5.1 Channel based ECC calculation

Figure 5.1: Aerial view of Karlsruhe. The different regions considered in this work are marked with
colors: red color represents the KIT campus, blue the downtown area in the vicinity of
campus and yellow the area where real world and virtual test drives were made. Map:
World Imagery, Courtesy of Esri ArcGIS Online.

z

x

driving direction

(a) Antenna A (b) Antenna B

Figure 5.2: Simulated radiation patterns of the utilized MIMO antenna system composed of two
monopoles at 2.5 GHz.
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(a) Xk = 0° (b) Xk = 90°

Figure 5.3: Channel information based envelope correlation coefficient for different states of antenna
system I at 2.5 GHz.

multiple snapshots (time samples). The channel is first averaged within one
scenario since very often there are only about ten rays per snapshot, making the
array sparse. By producing the mean value over all snapshots a denser occupied
array is generated. Next, the APS is multiplied with patterns and the ECC is
processed. Finally, the mean value over all scenarios is calculated. The results
are presented as a rectangular matrix with ECC values from 0 to 1 represented
by the respective color (see Fig. 5.3 to Fig. 5.6). The lower left and the upper
right quadrants present the interstate ECC value (decorrelation between recon-
figurable patterns), while the lower right and the upper left quadrants represent
ECC between different antenna ports. The latter one is crucial for the channel
capacity in MIMO systems and the lower the ECC values are, the higher the
expected capacity.

Since the automotive channel is direction selective, the orientation of the antenna
system in regard to the driving direction is investigated as well. Antenna systems
oriented as defined in the original designs in chapter 4 are denoted with Xk = 0°.
Rotation of the system by 90° is denoted as Xk = 90°. The antennas within the
system are denoted with A and B, and reconfigurable states are numbered from
1 to 6, depending on the antenna system.

At the first look we can see that all of the proposed reconfigurable antenna sys-
tems outperform the conventional system composed of omnidirectional antennas
(see Fig. 5.3 to Fig. 5.6). Potentially the highest ECC values are observed for the
system of two monopoles (see Fig. 5.6). The next aspect are clear differences in
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(a) Xk = 0° (b) Xk = 90°

Figure 5.4: Channel information based envelope correlation coefficient for different states of antenna
system II at 2.5 GHz.

(a) Xk = 0° (b) Xk = 90°

Figure 5.5: Channel information based envelope correlation coefficient for different states of antenna
system III at 2.5 GHz.
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(a) Xk = 0° (b) Xk = 90°

Figure 5.6: Channel information based envelope correlation coefficient for different states of antenna
system composed of monopoles at 2.5 GHz.

ECC values between Xk = 0° and Xk = 90° orientation of the systems. We can
observe that systems with more directive beams and higher gain, pointing in and
against driving direction, bring the most improvement. Similar observation can
be made for systems producing beams covering the front-left, front-right, rear-
left and rear-right direction e.g. rotating the system I by 90° decreases the ECC
values drastically (see Fig.5.3b). This result was to be expected from channel
analysis presented in section 2.8.

The best results in terms of ECC are obtained for antenna system II rotated by 90°
(see Fig. 5.4b). In this case the values vary between 0.02 (A4 to B2) and 0.91 (A2
to B1). The ECC values between the antenna ports have significantly improved
compared to the original setup (0°), while in some cases interstate ECC got
worse (e.g. A2 to A1). However, exactly the improvement in ECC between the
ports brings higher capacity with itself. To get more insight into these results,
it is interesting to analyze the time allotment of the reconfigurable states during
the virtual test drive. Looking at the switching statistic, the three most frequent
combinations are: A3 with B2, A4 with B2 and A3 with B1 (respectively 29 %,
20 % and 13 % of the time). The improvement in ECC is 0.58 to 0.02, 0.53
to 0.39 and 0.76 to 0.31 for the three combinations respectively. It is worth
mentioning, that for the 90° in the states A3 and A4 the beam of antenna A is
pointing in either driving direction or against the driving direction with gain
exceeding 9.1 dBi (simulated). That explains the capacity improvement in this
case.
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Also in case of system I, the rotation by 90° brings an improvement (see Fig. 5.3).
The ECC values between the ports vary between 0.295 and 0.64. The interstate
ECC varies between 0.45 and 0.96. If we have a look at the switching statistics
the four most frequent combinations are: A2 with B3, A3 with B2, A2 with
B2 and A2 with B1 (respectively 18 %, 16 %, 10 % and 6 % of the time). The
improvement in ECC values between Xk = 0° and Xk = 90° varies between 0.04
and 0.25. The beams in states 2 and 3 of antenna A and B point in right-rear,
right-front, left-front and left-rear direction. This result once again coincide
with the results presented in section 2.8.

For system III the better orientation is Xk = 0° and the ECC values vary between
0.58 and 0.72 (see Fig. 5.5). The interstate ECC varies between 0.79 and 0.98.
In this case, the four most frequent combinations are: A1 with B1, A3 with
B3, A1 with B3 and A3 with B1 (respectively 33 %, 22 %, 11 % and 9 % of
the time). The difference in ECC values between Xk = 0° and Xk = 90° varies
between 0.05 and 0.13. The beams in states 1 and 3 point toward the right-rear,
right-front, left-front and left-rear side of the vehicle. This correlates well with
previous results.

From the presented results we can see that the used method provides the anten-
na designer with detailed hints considering the performance of antenna system.
Furthermore, a good insight into different patterns is available, enabling anten-
na optimization. Nevertheless, a measure providing a final information about
systems performance, the channel capacity, has to be calculated to revise these
results.

5.2 Channel Capacity Calculation

The channel capacity is a measure of the information rate in a transmission
channel. It describes an upper bound and the transmission with an information
rate below this limit can possibly achieve an error-free transmission through the
channel [PS09]. The capacity was defined by Shannon in 1948 and demonstrates
the effect of transmit power, bandwidth, and additive noise on the capacity.
Unlike throughput it is independent of the used modulation, making it more
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appropriate for bench-marking of hardware solutions. The basic formula for the
channel capacity is

� = log2

(
1 +

(

#

)
, (5.3)

where ( is transmitted signal power and # is the power of the additive noise.

In case of this work the capacity of MIMO channels is of interest. To simplify the
calculation we assume a frequency-nonselective channel known at the receiver.
In this case the channel matrix can be expressed as N as explained in section 2.6.
The channel capacity between the " transmit antennas and the # receive
antennas is then expressed by the equation 2.19. We can simplify this equation
to
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which can be estimated from the channel matrix N and the signal-to-noise ratio
(SNR) at the receiver. O# represents the identity matrix of dimension # and
(·)� denotes the Hermitian transpose. Due to the overall power constraint, the
Frobenius norm [PS09] of the channel matrix must satisfy | |N | |2F = " · # .

The channel parameters obtained from the RT simulations were used for the
channel capacity calculation. The same ten routes as in section 5.1.1 simulated
in the RT were used in this case. A radiation pattern of a typical BS panel
antenna with a maximu gain of 17.5 dBi (half power beam width (HPBW)
of 63° and 5.2° in azimuth and elevation), similar to [CKC+18], was used in
the calculation. On the receiver side (vehicular antenna) patterns of the same
reconfigurable antenna systems and monopoles as discussed in section 5.1 are
applied. The transmit power is set to 17 W (around 42 dBm [ETSc]). The noise
power is calculated from formula:

# = :)�, (5.5)

where : is the Boltzmann constant, ) is the environment temperature in Kelvin
and � is the bandwidth of the receiver. The noise figure is assumed to be 2 dB.

In the first simulation step, a MISO channel matrix N is calculated for each
receive antenna port and for all reconfigurable states. The transmit and receive
antenna patterns and the channel information are used for this operation. Next,
the MISO channel matrices are connected in all possible reconfigurable state
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Figure 5.7: CDF plot of the channel capacity calculated from simulated data for the reconfigurable
antenna systems and the reference system. The channel is simulated in urban environment
at 2.5 GHz.

combinations for antenna A and B, establishing MIMO channel matrices. In
the following step, the MIMO channel capacity is calculated. Afterwards, the
combination of states providing the highest capacity is selected for each time
step. Finally, the average over all scenarios is processed. The results are given
in Fig. 5.7.

Looking at the plot we can see that antenna system I rotated by 90° gives the
best results in terms of channel capacity. This result is in contrast to the results
from section 5.1.1, where antenna system II was characterized by the lowest
ECC values. We have to consider that ECC is a measure of correlation and is
normalized, thus the information about antenna gain is not included. If we have
a look at equation 5.4, we can see that the antenna gain will have an influence on
the SNR and therefore effects the channel capacity. Therefore, we can assume
that the discrepancy between the results of ECC and channel capacity calculation
come from this.

To present and compare the channel capacity for different antenna systems
the cumulative distribution function (CDF) is used. The CDF is well known
from the probability theory and statistics, and represents the probability that the
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corresponding capacity �: will take a value less than or equal to �. The CDF
can be expressed by formula [PS09]:

� (�) = %(�: ≤ �) (5.6)

If we for example consider the CDF at 0.1, we will obtain the 10 % outage capa-
city within analyzed ensemble of all possible channel realizations (on scenario
or group of scenarios). It means that the channel capacity will have at least this
value for 90 % of the time.

The calculated capacities at CDF 0.1 for antenna system I in Xk = 0° and Xk

= 90° orientation are: 15.4 bps/Hz and 15.6 bps/Hz. For system II 14.2 bps/Hz
and 15.5 bps/Hz respectively, and for system III 15.1 bps/Hz and 14.7 bps/Hz
respectively. Considering an antenna system consisting of two omnidirectional
antennas, capacities of 13.4 bps/Hz and 13 bps/Hz for 0° and 90° rotation are
obtained. The most significant difference between two antenna system orienta-
tions is observed for system II. This is due to beams pointing in either driving
direction or against the driving direction with gain exceeding 9.1 dBi for 90°
rotation case. Therefore, an important finding is that these two directions are
crucial for improvement of the channel capacity in urban scenarios. This issue
and switching statistics were already discussed in section 5.1.1.

Although, this work concentrates on capacity enhancement of MIMO antenna
systems in urban environment, it has to be considered that the vehicles also drive
in different environments like highway or rural surroundings. To prove, if the
proposed antenna systems improve the performance in an other environment,
the system II and III were tested in terms of channel capacity in a rural scenario.
Ten routes placed in a rural environment were simulated in the RT. A radiation
pattern of a typical BS panel antenna with a maximu gain of 17.5 dBi as in
section 5.2 was used in the calculation. On the receiver side (vehicular antenna)
patterns of the same reconfigurable antenna systems and monopoles as discussed
previously are applied (this time only system II and III are considered). The
transmit power is set to 17 W (around 42 dBm [ETSc]) and the BS height
is 30 m. The scenarios are characterized by less obstacles on the signal path
compared to the urban case, thus the range is increased.

Similar as in the case of urban scenarios (see section 5.2) also in this case an
improvement compared to the reference system can be observed (see Fig. 5.8).
The calculated capacities at the CDF 0.1 (10 % outage capacity) for the antenna
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Figure 5.8: CDF plot of the channel capacity calculated from simulated data for the reconfigurable
systems and the reference system. The channel is simulated in rural environment at
2.5 GHz.

systems II and III are 27.8 bps/Hz and 27.3 bps/Hz respectively. Considering
an antenna system consisting of two omnidirectional antennas, the channel
capacity of 24.4 bps/Hz is obtained. Therefore, we observe an improvement
by at least 2.9 bps/Hz. In case of the rural scenarios, the LOS component was
observed in more snapshots and therefore the antenna patterns pointing towards
BS contribute to the channel capacity improvement. The maximum gain values
of different reconfigurable patterns of systems II and III exceed the maximum
gain value of system consisting of monopoles, which explains these results.

The results show definitely that reconfigurable antenna systems outperform
the conventional multiple antenna system. We can observe improvements of
2.2 bps/Hz for the best case and at least 1 bps/Hz at CDF of 0.1 in worst case.
It has to be considered that these values are an upper limit for reconfigurable
MIMO antenna system, since always the combination of best states was selected
in the calculation. To confirm these results by real world measurements, a test
drive in urban environment was conducted. As a good candidate antenna system
III was selected. The selection is based on good results of channel capacity
simulation, compact size and robust construction. The results of the test drive
are presented in the following section.
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5.3 Test Drive

Although the channel simulations using the RT tool give very precise results
close to the reality, a measurement in a real wireless channel is substantial
for characterization of the vehicular MIMO channel. Some examples of such
test procedure are known from the litarature [ETKM13, OOA12], however in
those cases only standard antennas were tested. The reconfigurable antenna
systems were tested by the channel measurements in [QGWL12, ZAH14], yet
only in a laboratory environment. This section presents a test drive in an urban
environment including reconfigurable MIMO antennas [3].

5.3.1 Measurement Setup

The chosen antenna system was evaluated in downtown Karlsruhe which is a
typical urban environment with sparse vegetation, many parked cars and dense
traffic flow. This area resembles the one used for the channel simulation in the
previous section. However, it is placed in a different part of the city due to better
possibility of conducting the measurement campaign. The " = 2 transmitters
(Tx) were placed at the 10th floor of a hotel as shown in Figure 5.12, a building
with the most prominent height in the area. Thus, a realistic placement of a base
station at around 30 m height could be mimicked. This is a typical height of BS
for the urban macro cells in LTE [ETSc].

The test route is 1.8 km long and includes streets on the east-west axis as well
as the north-south axis. Hence, different orientations of the test vehicle towards
the transmitter were included. A van type vehicle, available at the institute, was
used for the measurements, and the # = 2 receive (Rx) antennas were placed
on a metallic plate placed in the opening of the sunroof (see Fig. 5.10). The Tx
antennas were placed outside the hotel room on the window sill (see Fig. 5.9).
On the transmitter side two patch antennas are used. The matching is better than
−10 dB at 2.49 GHz and. The maximal gain of 5 dBi, and HPBW of 78° and 88°
in azimuth and elevation are measured for both of them.

The monopoles used for the measurement were placed in a distance of 50.8 mm
(0.42 _0) along the driving direction of the vehicle. The measured matching
is better than −10 dB at 2.49 GHz for both antennas. The front antenna A
shows maximum gain of 5.8 dBi and 4.3 dBi towards front and rear of the
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Figure 5.9: Transmitter side of the measurement setup: Tx antennas with amplifiers on the window
sill.

Figure 5.10: Receiver side of the measurement setup: two reconfigurable antennas, and two mono-
poles placed on the car-roof.

vehicle respectively. For antenna B the radiation pattern is mirrored compared
to antenna A. The patterns of the monopoles are not perfectly omnidirectional
due to mutual shadowing. The reconfigurable antenna system used here is the
same as presented in section 4.4.

The block diagram for the measurement system is shown in figure 5.11. The
RF signal processing as well as the digital-to-analogue and analogue-to-digital
conversion of the signal is performed by software defined radios (SDRs). As
SDR platform a Universal Software Radio Peripheral (USRP) of type X310
from Ettus Research is used. The baseband signal processing is performed on
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Figure 5.11: Block diagram of the 2 × 2 MIMO measurement system.

host PCs, which are connected to the SDRs via an ethernet link. Furthermore,
additional power amplifiers (ZRL-3500+ from MiniCircuits) at the Tx and low
noise amplifiers (ZX60-33LN-S+ from Mini Circuits) at the Rx are used to
improve the link budget. The patch antennas at the Tx are attached directly to
the amplifiers and connected to the SDR via cables of equal length. At the Rx
side the antennas, LNAs and the SDR are connected as well via cables with the
same length. The SDRs at the Tx and Rx are locked to a GPS reference clock
to avoid carrier frequency offsets. Moreover, this enables the recording of the
receiver location during measurements. To estimate the channel between the
Tx and Rx training symbols are used. The estimation is performed assuming a
narrowband quasistatic MIMO channel by a least squares algorithm [5]:

N = ®H · ®G† ·
(
®G · ®G†

)−1
(5.7)

where ®G = C
"×1 represents the transmitted training signal vector and

®H = ®G · N + ®= (5.8)

represents the received signal vector of size ®H = C
#×1 including an additive

white Gaussian noise vector ®= = C
#×1, which entries follow an independent

and identical distribution CN(0, f2
=). The complex conjugate transpose of the

signal vector is denoted with (·)†.
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As signal waveform, orthogonal frequency division multiplexing (OFDM) is
utilized. This enables a separation of the Tx antennas by using different OFDM
subcarriers. The dedicated subcarriers of each Tx antenna are interleaved to
increase the robustness against fading. To minimize the processing effort at the
Rx side, the identical OFDM symbol is repeated continuously. Thereby, no time
synchronization at the receiver is needed and the cyclic prefix can be omitted [5].

The parameters of the measurement system are listed in table. 5.1. The signal
bandwidth is set to 1 MHz to guarantee a frequency flat channel. The center
frequency 52 = 2.49 GHz is selected. The choice was based on placing it within
outer channel of 2.4 GHz ISM band to avoid interference and not to require a
license.

Table 5.1: Measurement system parameters.

Parameter Value

MIMO size " × # 2 × 2

Center frequency 52 2.49 GHz

Transmit power %Tx 25 dBm

Tx antenna gain �Tx 5 dBi

Tx antenna spacing 3Tx 3 · _0

Rx antenna A/B gain �Rx 5.8 dBi

Rx antenna A/B spacing 3Rx 0.42_0

Sampling frequency 5( 1 MSps

OFDM subcarrier spacing Δ 5 = 5B/#FFT 7.8125 kHz

FFT size #FFT 128 points

OFDM symbol duration )ofdm 128 µs

Digital modulation scheme 8-PSK

The evaluation of the measurements takes place in the postprocessing. The-
refore, the received data is digitized and recorded during the test run. In the
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postprocessing the performance is then evaluated at each recorded position. The
channel capacity [PS09] is used as a performance measure. The capacity can
be estimated from the channel matrix N and the signal-to-noise ratio (SNR)
as in equation 5.4. To calculate the capacity within the measurements a quasi
SNR is estimated at each receiver after equalization. As quasi SNR the averaged
modulation error ratio (MER) over all received channels is used. Furthermore,
the channel matrix is averaged over 100 OFDM symbols around the time stamp
of the recorded location points.

5.3.2 Measurements Results

During the measurements the test route was repeated four times: once with
monopoles as Rx antennas (reference) and three times with the presented recon-
figurable multiple antenna system on the Rx side. During each one of the three
test drives a different reconfigurable state was active at the two antennas. This
solution enables switching to the best state in post-processing and at the same
time the information about performance of each of the reconfigurable states is
available for further analysis. Each of the measurements comprises of 431 Rx
locations. Slight differences in the GPS data for each measurement were correc-
ted, so that they are the same for all four test drives. There were 2-3 missing GPS
points for every test drive. These were then interpolated using the previous and
subsequent GPS points. The GPS positions from the first test drive were taken
as reference points. For the GPS points of the subsequent drives, the channel
parameters were extracted and then assigned to the nearest GPS position of the
reference drive. Finally, the channel capacity for two monopoles and the used
recofigurable antenna system were calculated. In case of the presented system
a MISO (mutiple-input single-output) channel matrix N1×2 is calculated at the
two antenna ports. Those are afterwards combined to a MIMO channel matrix
N2×2. Finally, a combination of the best reconfigurable states from both antenna
ports is chosen.

The channel capacity for the reference MIMO antenna and the presented antenna
system are plotted on a map (see Fig. 5.12) and as a capacity over distance (see
Fig. 5.13). The presented antenna system outperforms the reference antenna in
most of the cases (86.6 %). The biggest improvement can be observed on a street
placed on east-west axis (distance from 0.5 to 1.05 km). The canyoning effect
trapping the MPCs in the street is stronger than for the street on the north-south
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Figure 5.12: Aerial view of the test route with the channel capacity of a 2 × 2 MIMO system
calculated from measured data at different receiver positions. Map: World Imagery,
Courtesy of Esri ArcGIS Online.
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Figure 5.13: MIMO channel capacity calculated from measured data for antennas over the distance
of the test drive.

axis (distance from 1.05 to 1.2 km). A drop in channel capacity can be observed
whenever Rueppurrer Street (wide street on a nort-south axis) is passed. Two
important factors contribute to this: due to the width of this street a gap in a
canyon occurs and the MPCs can escape, and the vegetation on the west side of
the street blocks the MPCs. However, if these and other cases with low SNR are
considered, an improvement in performance of the system when the presented
antenna is used can be observed. For the CDF at 0.1 the capacity improves from
0.4 bps/Hz for monopoles to 1.5 bps/Hz (see Fig. 5.14). It is an improvement
by a factor 3.75. Considering that only the conventional antenna system was
replaced by a reconfigurable one, and the number of front-ends did not change,
this is a very good improvement. This result correlates very well with result
presented in section 5.2.

Antennas A and B switched the state 134 and 119 times respectively over the
test drive distance. Longer periods when one states is used, can be observed in
the middle of the route on a long street on the east-west axis (see Fig. 5.15). The
states of antenna A and B are switched less often in this case, since due to the
structure of the street the MPCs are more stable and their AoA at the antenna
system changes less often. In cases with lower SNR the states change more often.
This is due to the weaker and less stable MPCs. As it could be expected, the
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Figure 5.14: CDF plot of the channel capacity calculated from measured data for the reconfigurable
multiple antenna system and the two monopoles.

antennas switch their states whenever the vehicle changes the driving direction
or passes over a crossroads. Considering the statistics of state usage at antenna
A, state 1 is used in 27.6 % of the cases, state 2 in 27.6 % and state 3 in 44.8 %.
In case of antenna B states 1, 2 and 3 are used respectively in 22 %, 44 % and
34 % of the cases. This relatively equal distribution proves that determination
of radiation direction prior to design leads to an optimized solution.

Another interesting aspect is the analysis of the system’s performance in case if
instead of optimal switching, the number of state switching cycles is reduced.
If we accept that the same state as in previous time step is used whenever it is at
least equally good as in the previous step, the number of switching operations
is reduced by 14 % and 15 % for antenna A and B respectively. This case is
referred to as factor 1 in Fig. 5.16, whereas the case when always the best state
is active is referred to as max switch. It can be seen that the CDF at 0.1 almost
does not differ between the two cases. However, we can observe a difference of
1.1 bps/Hz at the CDF of 0.5. If we accept that the same state as in previous time
step is used whenever it is better than the value from previous step multiplied by
a factor 0.8, the number of switching operations is reduced by 31 % and 38 % for
antennas A and B. Provided that we repeat the same procedure with a factor 0.6,
the number of switching operations is reduced by 48 % and 54 % for antennas
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Figure 5.15: Aerial view of the test route with reconfigurable states of antennas A and B at different
receiver positions. Map: World Imagery, Courtesy of Esri ArcGIS Online.
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Figure 5.16: CDF plot of the channel capacity calculated from measured data for reduced number
of switching operations.

A and B. For the CDF at 0.1 a degradation by maximally 0.3 bps/Hz can be
observed, while it is maximally 1.8 bps/Hz for the CDF at 0.5. Nonetheless,
in all of the cases the reconfigurable multiple antenna system outperforms the
conventional multiple antenna system. Further analysis of the measurement
results is presented in appendix A.

For a comparison, the district presented in figure 5.12 was reconstructed in the
RT tool. After the simulation, the channel capacity was calculated using the
pattern of the patch antenna at Tx and of the test antenna systems at Rx. The
Tx power was set to 25 dBm, as in the measurement. The results are plotted in
Fig. 5.17. Although also in this case reconfigurable antenna system improves
the system’s performance, the improvement is lower than in the measurement.
The difference origins from the simplified model of the environment used in the
RT tool, thus many MPCs existing in the reality do not appear in the simulation.
Nevertheless, the course of the curve corresponds well with the measurement.
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Figure 5.17: MIMO channel capacity calculated from simulated scenario data for antennas over the
distance.

5.4 Conclusion

In this chapter, it was presented that a channel based ECC is a helpful method
for evaluation of reconfigurable antenna systems. The method can successful-
ly support the antenna design process and provide suggestion for optimization.
Nonetheless, since the information about the antenna gain gets lost in the norma-
lization process, the ECC is not conclusive. The final design should be evaluated
based on channel capacity calculation from both simulated and measured chan-
nel values. The results of the capacity calculation confirmed that the use of
pattern reconfigurable antenna systems leads to significant performance impro-
vement compared to conventional multiple antenna systems. Results based on
channel simulation show an improvement of 2.2 bps/Hz for the best case and
at least 1 bps/Hz at the CDF of 0.1 in worst case. The test drive in downtown
Karlsruhe proved that tested antenna sytem increases the channel capacity by
1.1 bps/Hz compared to conventional antenna system. This means an improve-
ment by at least by 1.1 bps/Hz in 90 % of the cases. Furthermore, it is observed
that antennas producing only one of the six predifined directions at the time
bring better improvement. This result is in contradiction to results of the anten-
na synthesis presented in [5], where two directions are covered simultaneously.
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5.4 Conclusion

It has to be considered that the results of the antenna synthesis might have some
artifacts resulting from statistics (number of examined scenarios). Thus, due
to the analysis of different scenarios, the directions from single snapshots get
clustered generating patterns covering multiple directions. The results of this
work show that it is not necessarily required. Furthermore, generating reconfi-
gurable beams covering one direction at the time enables the antenna designer
to increase the maximal gain.
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We can observe the growing trend towards connectivity of all electronic devices,
enabling the users to communicate with them remotely and for the devices
themselves to exchange data. Apart from the permanent connectivity users
demand high data rates and higher reliability of the systems. Therefore, new
antenna solutions, and especially MIMO antenna systems are being commonly
applied. Nevertheless, when it comes to vehicular communication this field still
has to be explored and antenna solutions need to be optimized. The results of
this work show that by utilizing suitable antenna design strategy, a significant
improvement of the channel capacity can be achieved. Furthermore, a design
methodology based on simulation of urban vehicular channel is proposed. This
methodology includes evaluation techniques like calculation of the channel
based ECC and of the channel capacity.

An important part of the presented design strategy is the determination of
antenna patterns required in urban environment.This was done based on channel
simulations using a ray-tracer tool. The ray-tracer tool and scenarios used for the
simulations were discussed in detail. The radiation patterns were established by
analyzing the angular power spectrum of the simulated channels. The outcome
of this work shows that optimized patterns for urban scenarios should cover
the front, front-left and front-right direction referred to the vehicle’s driving
direction, as well as rear, rear-left and rear-right. Furthermore, the results show
that the directions should rather be covered independently than simultaneously.
Due to observation done in chapter 5 antenna systems generating beams with
high gain in one direction, provide more channel capacity.

Different techniques of pattern reconfiguration were investigated. The three
examined techniques are:

• element switching

• parasitic arrays
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• phase switching,

before designing the final reconfigurable multiple antenna system for channel ca-
pacity enhancement. Among them the phase switching between elements offers
the least flexibility in terms of beam direction and lowest gain. Nonetheless, it
offers the possibility to generate beams perpendicular to the antenna’s substrate,
resulting in a small footprint of the design. The other two techniques offer com-
parable flexibility in terms of beam direction. This however depends strongly
on the number of elements and thus on the complexity and size of the antenna.
Still, given the required beam directions, compact designs can be achieved using
both techniques. Additionally p-i-n diodes and MEMS switches were compared
in a practical design. The results of this study show that, if switching elements
currently available on the market are used, in case of reconfigurable antennas,
use of MEMS switches does not result in better performance, while DC feeding
gets more complicated. Therefore, it can be assumed that p-i-n diodes are the
proper switching element for automotive communication applications.

The experience collected in the study of single pattern reconfigurable antennas
was eventually applied in the design of multiple antenna systems. Four designs
are presented and discussed in detail. All of the designs realize the patterns
determined in the first part of this work. The antenna systems differ however in
their number of reconfigurable states, used switching technique, gain and size.
To name two examples: the multiple ESPAR antenna system is a low-profile
solution offering high gain and flexibility in terms of beam direction. Thus,
it seems to be an attractive solution for automotive applications. However, it
suffers on low matching, a big footprint and a complex construction. The wide-
band multiple antenna system presented in this work fulfills all of the defined
requirements on an automotive communication antenna system. Furthermore,
with its 50.8 × 30 × 24 mm3 overall size, it is very compact and smaller by 28 %
than the ESPAR antenna system.

To prove the potential performance improvement of reconfigurable antenna sys-
tems, an evaluation procedure was proposed. Three evaluation methods, being
part of the proposed antenna design procedure were used to test some of the
presented antenna systems and compare them to a conventional antenna system.
A key component in the evaluation process are channel properties combing
the properties of antennas and the properties of the propagation medium. The
channel based ECC is proposed as a method to support the antenna design

128



6 Conclusion and Outlook

process and provide suggestions for its optimization. The effectiveness of this
method was verified on an example of selected vehicular antenna systems. The
results of this verification show that this measure can be used to optimize an
antenna system. However, it is not a sufficient measure to compare various an-
tenna systems, especially if their maximum gain differs. The final verification
is given by the channel capacity calculation from both simulated and measured
channel values. The results confirmed that use of pattern reconfigurable antenna
system leads to significant performance improvement compared to conventio-
nal multiple antenna systems. Results based on channel simulation show an
improvement between 1 bps/Hz and 2.2 bps/Hz at the CDF of 0.1 compared
to a conventional omnidirectional antenna system. To measure real world per-
formance one reconfigurable system was selected and used during a test drive
in downtown Karlsruhe. A channel sounder system based on software defined
radios was utilized for this purpose. The measurement results proved that the
selected reconfigurable antenna system increases the channel capacity by at
least 1.1 bps/Hz (from 0.4 bps/Hz for monopoles to 1.5 bps/Hz) in 90 % of
the cases compared to a conventional system. It is an improvement by a factor
3.75. Considering that only the conventional antenna system was replaced by
the reconfigurable one, and the number of front-ends did not change, this is a
very good improvement.

Results of this work not only confirm that the use of pattern reconfigurable
multiple antenna systems leads to channel capacity enhancement in automoti-
ve scenarios. An even more significant outcome is that, if the environment of
the antenna and the propagation channel can be well defined, using a proper
design and test procedure based on channel knowledge is inevitable for a pro-
per antenna system optimization. The methodology proposed in this work can
successfully be applied for other antenna systems on mobile platforms moving
along predefined tracks like e.g. robots in an industrial environment.
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A Analysis of Measured Symbol Bins
from three different GPS Positions

As mentioned in chapter 5, 431 Rx locations were acquired and the channel
matrix per each recorded location points is averaged over 50 OFDM symbols
around the time stamp. It means the channel is averaged over 12.8 ms. An
important question is how does the channel change within this time and is the
information about the best reconfigurable state not falsified by this averaging.
In order to investigate this, three points out of 431 Rx locations are chosen.
Fist position is at the distance of 60 m. In this case moderate channel capacity
is observed. Second position is at the distance of 190 m. In this case channel
capacity close to 0 bps/Hz is observed. Finally, a position at the distance of 750m
with high channel capacity is chosen. For the first position we can observe that
one of the states is better than the other two (see Fig. A.1). We can observe
similar result for the third position as well (see Fig. A.3). Thus, it is confirmed
that there are substantial differences in performance of the reconfigurable states
and switching works well and reliable. The situation is different in case of
position with low SNR. Here we cannot see clearly which of the states is the
best (see Fig. A.2). Potentially state 1 offers the highest SNR for antenna B,
while for antenna A state 1 is the best until around 7 ms and state 3 afterwards
(see Fig. A.2a). Although it is not clear which of the states is the best and thus
the switching is not reliable in this case, we have to remember that the SNR is
very low. Even if the state switching does not work fully reliably in this case,
the influence on the general results is minor. Therefore, these analysis proves
that results presented in chapter 5 and the estimated number of switching cycles
are correct.
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Figure A.1: MER within one bin of 100 OFDM symbols for three states of antennas A and B over
time for measurement at 60 m.
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Figure A.2: MER within one bin of 100 OFDM symbols for three states of antennas A and B over
time for measurement at 190 m.
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Figure A.3: MER within one bin of 100 OFDM symbols for three states of antennas A and B over
time for measurement at 750 m.
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