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Zusammenfassung

In den letzten Jahren ist die Anzahl der drahtlosen Sensoren und Sender zur

Identifikation, sogenannte radio-frequency identification (RFID) tags enorm gestiegen.

Gewöhnlich kommunizieren diese Einheiten über eine Antenne mit einem Empfän-

ger, um die gesammelten Sensordaten bzw. Identifikationsdaten zu übermitteln. Der

Reifendrucksensor im Auto, der Beschleunigungssensor in einem Laufschuh und der

RFID tag auf irgendeinem Objekt sind Beispiele dafür. Oftmals sind diese Einheiten

in ihrem Leben unterschiedlichen Umgebungen ausgesetzt, was die Eigenschaften

der Antenne, wie z.B. Impedanzanpassung, Abstrahlcharakteristik, Polarisation und

Effizienz ändert und verschlechtern kann. Folglich wird auch dadurch die Performance

des ganzen Übertragungssystem beeinflusst.

In dieser Arbeit werden vier Antennenkonzepte vorgestellt, die es erlauben Anten-

nen so zu entwerfen, dass diese adaptiv bezüglich der Impedanzanpassung auf die

Umgebungsänderung reagieren. Zwei von diesen Ansätzen sind rein passiv, also ohne

aktive Schaltkomponenten, während die anderen zwei aktiv sind.

Das Prinzip des ersten, passiven Ansatzes ist es verschiedene Antennenstrukturen,

die jede für sich für eine spezielle Umgebung optimal ist, zu einer Gesamtstruktur

zusammenzufügen. Diese Gesamtstruktur kann dann mehrere Szenarien abdecken. In

dem vorliegenden Beispiel wird eine koplanare Patchantenne mit einer Schlitzantenne

kombiniert. Dabei deckt der Patchantennenanteil den Fall ab, wenn die Gesamtstruk-

tur einer Metalloberfläche sehr nahekommt und der Schlitzantennenanteil, wenn diese

im Freiraum platziert wird. Es zeigt sich, dass beide Fälle gut abgedeckt werden

können und auch der Übergang zwischen diesen. Dies bedeutet, dass die Antenne

gute Impedanzanpassung zu jedem Abstand größer als 4mm zu einer Metalloberflä-

che aufweist. Dabei beträgt der Wert des gemessenen Reflexionskoeffizients bei der

Arbeitsfrequenz von 4.85GHz im schlechtesten Fall – 12 dB.
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Das zweite, passive Konzept ist ein Leistungsteilernetzwerk, welches zwei Speise-

punktimpedanzen einer dual gespeisten Antenne zu einer konstanten Quelle derart

transformiert, dass für zwei unterschiedliche Umgebungen (Änderung der Speisepunk-

timpedanzen) die Antenne am Eingang des Netzwerks angepasst bleibt. Analytische

Formeln werden hierfür hergeleitet und mit einem Prototyp verifiziert. Dieser besteht

aus zwei unterschiedlich langen Monopolantennen, die sehr nahe, also stark gekoppelt

zueinander platziert sind. Beide Monopole werden durch das Netzwerk zu einer Quel-

le verbunden. Messungen bei der Entwurfsfrequenz von 1GHz des Reflexionsfaktors

zeigen, dass die Monopole im Freiraum als auch komplett eingetaucht in Butter perfekt

(Wert kleiner als – 25 dB) zur Quelle angepasst sind.

Das dritte, aktive Konzept ist eine Antenne, deren Speisung örtlich variiert. Die

Idee ist, dass mit Schaltern jener Speiseort ausgewählt wird, an dem die Antenne für

eine bestimmte Umgebung Impedanzanpassung zur Quelle aufweist. So kann durch

Schaltvorgänge die Antenne für verschiedene Szenarien adaptiv reagieren. Dieses

Konzept wird auf eine differentielle dipolartige Antenne in hochflexibler Polymerfolie

angewendet, die mit drei möglichen Speisepunkte drei verschiedene Szenarien ab-

decken kann. Dabei ist das erste Szenario der Freiraum, das zweite, wenn die Antenne

auf Butter und das dritte, wenn auf Fleisch platziert wird. Messungen des Reflexions-

koeffizient für all drei Szenarien an den entsprechenden Speisepunkten bei 5.5GHz

zeigen gute Anpassung (Werte kleiner als – 20 dB). In einem weiteren Schritt wird

diese Antenne mit einem HF-Chip verbunden, in dem auch die Schaltfunktionalität

implementiert ist. Strahlungsdiagrammmessungen von HF-Chip mit Antenne für die

Fälle; Butter und Fleisch werden in einer Antennenmesskammer ermittelt und zeigen

die Funktionalität dieses Systems.

Der vierte, aktive Ansatz ist eine Theorie, in der die Antenne durch ein Mehrtor

repräsentiert ist. Dabei können einige Tore zur simultanen Speisung verwendet wer-

den, während jeweils die anderen mit einer Lastadmittanz abgeschlossen sind. Diese

Theorie erlaubt es alle Werte für die Admittanzen an den Lasttoren zu bestimmen,

sodass an den Speisetoren Impedanzanpassung herrscht. Durch geschicktes Schalten



können an verschiedenen Orten Lastadmittanzen aktiviert und oder deaktiviert wer-

den. Sind nun für ein bestimmte Umgebungen einige Lastadmittanzen aktiv können

diese deaktiviert und andere für ein andere Umgebung aktiviert werden, sodass stets

an den Speisetoren Anpassung gewährleistet wird. Einige Beispiele werden präsentiert,

um die Anwendung und Verifikation dieser Theorie zu demonstrieren.
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Abstract

In recent years the number of wireless sensors and radio-frequency identification

(RFID) tags has increased tremendously. These devices communicate via an antenna

with a receiver in order to provide their data. Examples are the tire pressure sensor in a

car, the accelerometer of a running shoe, and an RFID tag on any object. These devices

are oftentimes exposed to different environments, which change the antenna proper-

ties, like impedance matching, radiation characteristic, polarization, and efficiency. As

a result, the overall performance of the whole wireless transmission system is degraded.

In this thesis, four antenna concepts are presented that allow antennas to be de-

signed in such a way that they react adaptively to changes in the environment with

regard to impedance matching. Two of these approaches are purely passive, i.e. with-

out active switching components, while the other two are active.

The principle of the first, passive approach is to combine different antennas into

a single structure. The antennas that are to be combined each cover a special envi-

ronment, so that the merged structure reacts adaptively to all of them. In the present

example, a coplanar patch antenna is combined with a slot antenna. The patch antenna

part covers the case when the merged structure comes very close to a metal surface

and the slot antenna part when it is placed in free space. It turns out that both cases

can be covered well and also the transition between them. This means that the antenna

has good impedance matching at any distance greater than 4mm from a metal surface.

In the worst case, the measured reflection coefficient shows a value of - 12 dB at the

working frequency of 4.85GHz.

The second, passive concept is a power divider network, which transforms two

feed point impedances of a dual-fed antenna to a constant source in such a way that the

antenna at the input of the network remains matched for two different environments

(change in the feed point impedances). Analytical formulae are derived for this and

verified with a prototype. This consists of two monopole antennas of different lengths,
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which are placed very close to each other, i.e. strongly coupled to each other. Both

monopoles are connected to one source by the network. Measurements at the design

frequency of 1GHz of the reflection coefficient show that the monopoles in free space as

well as completely immersed in butter are perfectly (value less than - 25 dB) matched

to the source.

The third, active concept is an antenna whose feed varies locally. The idea is that

switches are used to select the feed location where the antenna is impedance matched

to the source for a specific environment. In this way, the antenna can react adaptively to

different scenarios through switching operations. This concept is applied to a differen-

tial dipole-like antenna in a highly flexible polymer foil, which can cover three different

scenarios with three possible feed points. The first scenario is free space, the second

is when the antenna is placed on butter, and the third is when it is placed on meat.

Measurements of the reflection coefficient for all three scenarios at the corresponding

feed points at 5.5GHz show good matching (values less than - 20 dB). In a further

step, this antenna is connected to an RF-chip, in which the switching functionality is

implemented. This system is then placed in an anechoic chamber, firstly, on butter

and, secondly, on meat and its radiation patterns are measured. These show good

functionality.

The fourth, active approach is a theory in which the antenna is represented by a

multiport. In this case, some ports can be used for simultaneous feeding, while the

others are each terminated with a load admittance. This theory makes it possible to

determine all values for the admittances at the load ports, so that there is impedance

matching at the feed ports. Load admittances can be activated and/or deactivated at

different locations by clever switching. If some load admittances are now active for a

certain environment, these can be deactivated and others can be activated for another

environment, so that adaptation is always ensured at the feed ports. Some examples

are presented to demonstrate the application and verification of this theory.
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Chapter 1

Introduction

1.1 Motivation

Over the years, the mobile network has increased its capability significantly. While

everything started with analogue voice calls in the first generation (1G) of the mobile

network, we now find ourselves in the transition between the fourth (4G) and the

fifth generation (5G). The 4G network works with frequency bandwidths in the low

megahertz range, whereas the 5G network promises frequency bandwidths in the

gigahertz range, enabling multi-gigabit peak data rates. This is made possible by using

millimeter wavelengths. Not only the data rates but also other network properties like

latency, reliability, and capacity are about to be enhanced tremendously. The goal to

ensure an ultra-high density network with deep coverage enables the internet of things

(IoT). This term describes what is meant very well. "Things" refers to the physical

world and can be anything in it. "Internet" represents unlimited connectivity, meaning

connection from any place at any time. As a result, a networked world is imagined

that is intended to make everyday life easier. While recent active device connections,

called non-IoT (including mobile phones, tablets, laptops, and PCs) are predicted

to experience only a small growth, IoT active connections are expected to expand

considerably as shown in Fig. 1.1. IoT active connections are, for example, consumer

devices, connected cars, smart home devices, and connected industrial equipment.

In Fig. 1.2 the architectural overview of 5G IoT is depicted. The "physical" world is

represented by smart sensors and devices in the sensor layer. All these communicate

to the network layer, which itself communicates to the communication layer. The
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FIGURE 1.1: Internet of Things (IoT) and non-IoT active device connections worldwide
from 2010 to 2025 in billions [1].

communication layer "can be considered as the backbone of the IoT architecture because

it transfers the whole information within the layers", whereby the architecture layer is

"[...] the framework of IoT, where architectures, such as cloud computing and big data

analytics, are considered" [2]. Finally, the application layer maps all IoT application

areas, such as smart home, smart factories, smart cities, smart health, and many more.

All the wireless communications technologies for the IoT are implemented in the

network layer. In Fig. 1.3 these technologies are shown. The wider the ovals, the wider

a range can be covered. An example is near-field communication for cashless payments,

such as with a credit card. Even reading a radio frequency identification (RFID) tag,

e.g. on a packet, only requires a small distance. However, a smart watch requires

a connection to the smartphone over several meters and with sufficient bandwidth.

Bluetooth can be used in this case. This is very important for sensors that are not

easily rechargeable, such as in cars (e.g. tire-pressure monitoring system(TPMS)) and

in smart homes (e.g. coffee machine, heater, air-conditioner, alarm-system, etc. ).

For smart factories (e.g. plant control), technologies for low power applications, like

Bluetooth Low Energy (BLE), ZigBee and Z-Wave are also suitable. As well, for mid-
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FIGURE 1.2: Overview of the 5G IoT architecture, adapted from [2].

and wide-range applications, a huge amount of technology exists that emphasizes the

enormous potential of the IoT, not least because a communication technology that fits

for the "thing" can always be found.

This thesis deals with the physical communication between the sensor and the

network layer on the sensor layer side. To be more precise, it addresses the antenna

structures which are subject to special requirements due to the diverse range of appli-

cations. While the receiver, i.e. the IoT gateway of the network layer, is positioned in a

well-defined environment, the sensor (or IoT device) is exposed to different environ-

ments. Such a change has a significant impact on the antenna. Its performance in terms

of radiation characteristic, impedance matching, and efficiency is strongly dependent

on the surrounding materials, which have different dielectric and conductive proper-

ties. This fact opens up a new discipline in antenna technology, namely the design of
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antennas that can react adaptively to their environment so that system operation can

be maintained even if the environment changes. Such antennas are the subject of the

present work.

1.2 Outline

The first chapter contains the introduction to this work, in which the possible fields

of application are presented.

Chapter 2 gives a comprehensive overview of the state of the art. The first section

addresses the challenges arising when an antenna is exposed to different environments,

while the second section presents approaches to overcome them. Here, the concepts

presented in this thesis are put into this context.

Two main threads to make an antenna adaptive to a changing environment are pre-

sented in Chapter 3 and 4. In Chapter 3, two fully passive approaches are introduced.

These concepts do not require active components such as diodes or transistors, contrary

to the two approaches presented in Chapter 4.

The fifth and last Chapter consists of a conclusion and a short outlook.
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Chapter 2

State Of The Art

This chapter contains two sections. In the first section, the challenges and their pre-

liminary investigations are presented, while the second section introduces approaches

from the research community that have the potential to address these challenges.

2.1 Challenges

As presented in Chapter 1, this work deals with antennas that can be used under

different environmental conditions. In other words, these antennas should respond

adaptively to different environments and ensure proper operation at all time. In order

to identify possible approaches, it is necessary to consider the effects on the antenna

caused by changes in the environment. Following effects are taken into account:

• Change of antenna input impedance

• Change of antenna radiation pattern

• Change of antenna polarization

• Change of antenna efficiency

Basically, every device with wireless data transmission capability comprises an antenna

with a chip connected to it. This chip is a constant source from the point of view

of the antenna, therefore impedance variation causes mismatch between chip and

antenna. This, in turn, reduces system performance significantly. A change of radiation

characteristics, polarization, and deterioration of the antenna efficiency can reduce
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FIGURE 2.1: A patch antenna (a), that is bent along the length (b) and along the width (c).
The black dot indicates a possible coaxial feed from the backside.

system performance as well. Now that the effects on the antenna have been highlighted,

it is interesting to look at what causes them. Effects on the antenna caused by:

• Bending

• Stretching

• Surrounding materials

• Close proximity to metal surface

have been widely explored. The first two points are mostly studied in conjunction

with textile antennas, since these antennas are usually made of highly flexible and

stretchable materials, while points three and four are frequently investigated within

the area of RFID.

Bending: Various types of antennas under bending stress have been investigated

in the literature. Conventional patch antennas usually assume two different bending

directions, one lengthwise and the other widthwise, as shown in Fig. 2.1. The degree of

bending is indicated by the bending radius, which is the radius of a fictitious cylinder

on which the antenna is placed. Consequently, the smaller the radius the more the

antenna is bent. When the radius approaches infinity, the antenna is flat. In [4–10] the

effects on a patch antenna when bent is studied. Most of these works show that the

resonant frequency changes significantly more when bent along the length than along

the width. While the 3-dB beamwidth increases with decreasing bending radius the

gain decreases. In order to have a quantitative example, the work of Song et al. in [5] is

used, whose results can be classified well with those of the other works. In Fig. 2.2,

the normalized frequency shift due to bending along the length (E-plane) of the patch
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FIGURE 2.2: Normalized frequency shift with respect to bending radius R, targeting at
various potential wearable applications, adapted from [5].

antenna with its wearable applications is shown. For the medium frequency version of

the presented patch antenna, the normalized (normalized to the resonant frequency in

flat-condition) frequency shift is about 0.87 at the minimum bending radius of about

0.5λ0 (60mm), where λ0 is the free-space wavelength at the resonant frequency. At this

very same bending radius, the measured 3-dB beamwidth (in E-plane) is about 72° and

the cross-polarisation about −9.7 dB, while in flat-condition the 3-dB beamwidth is 55°

and the cross-polarisation about −42.1 dB.

Other studies deal with the behavior of monopole and dipole antennas under

bending stress. It is intuitively clear that bending along the length of the mono- or

dipole has more impact than in the case of bending along the width, not least because

the structure expansion widthwise is negligibly small in comparison to lengthwise. In

[11] a resonant frequency shift from 2.5GHz for flat operation to 2.8GHz when the two

dipole arms are 90° to each other is reported. For the same angle, the radiation pattern

in the E-plane shifts about 45° if compared to the radiation pattern of the straight dipole,

while the maximum normalized radiated power is reduced by 2 dB. Another study

[12] on a bent dipole concludes: "Generally, a decrease in impedance and maximum gain

happened when an increase in bend angle was implemented.". A wideband planar monopole

under bending conditions is investigated in [13], showing an impedance variation. This

variation leads to a notable impedance mismatch. As well, more directive antennas

like a planar two-dipole antenna [14] (two dipoles in parallel, fed simultaneously), or a

Yagi-Uda antenna [15] are subjects of investigation. In these cases also bending along
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the axis perpendicular to the dipole has a huge impact on the directivity. With the

two-dipole antenna, the maximum gain drops from 7 dBi to 5.1 dBi at 28GHz when

the antenna is bent the most. The performance behaviour of a transmitting system,

such as in RFID, when the tag with a dipole antenna is bent, is also interesting. In

[16] it is shown that in the worst case (two dipole arms are perpendicular to each

other), the performance of the RFID system degrades by around 37%. A reduction of

the read range of a RFID system by 9.7% (concave) and 7.3% (convex) respectively,

is reported in [17]. Some other works on differently-bent antennas such as a split

ring based implanted antenna [18], a co-planar antenna [19], and a split-ring, and bar

slotted antenna [20] have been published .

Stretching: The elasticity of an antenna is strongly dependent on the material.

Every material will break at a certain elongation strain and change its behaviour during

multiple stretching events. For an ordinary antenna, stretching leads to damage, which

is the reason why stretching effects are considered for antennas that use special ductile

materials. Most of these antennas comprise a substrate and a conductive radiating

structure. While there are many stretchable materials available for the substrates, it is

difficult to find stretchable ones that are good conductors, in particular because the

conductivity significantly determines the antenna efficiency. In most approaches, liquid

metals (such as an alloy, composed of gallium, indium, and tin, known as Galinstan),

conductive ink, or nanomaterials (e.g., graphite) are used. Structural approaches

like conductive fabrics, serpentine, and meandered patterns are also found. The

performance of antennas in terms of input impedance, resonant frequency, directivity,

and polarization is always determined by their geometries. If the geometry changes,

which is the case for stretching, it is obvious that all these parameters will alter as well.

In Fig. 2.3 the resonance frequency of a dipole antenna as a function of the tensile strain

is depicted.

It is interesting to know how the antenna efficiency changes when the antenna is

stretched. In [22] the efficiency of a patch antenna made out of Galinstan decreases

with stretching from 80% to 66% for 100% stretching. Another work [23] describes

a meandered patch out of flexible copper tapes on a polyimide substrate. This patch

changes its resonant frequency by about 0.9% when a 0.09% strain is applied. A strain
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over 0.09% leads to cohesive or adhesive failure of copper tape. Other works such as

[24, 25] have also examined patch antennas under tensile stress. Differential and dipole-

like antennas have also been widely studied [26, 27] since these are often deployed

in RFID tags and in applications such as in wireless body area networks (WBAN).

Conductive fabric dipoles for RFID tags and system performance under recurrent

stretching is studied in [28–30]. It is shown that the read range does not notably

decrease when the antenna has been stretched fewer than 200 times. An electrical

small micromesh antenna is described in [31], which is able to be stretched about 40%,

whereby the gain is decreased due to a slight decrease of effective conductivity. The

reduction of gain is also observed in [32], in which a split-ring antenna is used. An

overview of stretchable antennas is given in [33] and [34].

Surrounding materials: In the far-field of the antenna, the electromagnetic field,

i.e. propagating wave, is fully detached. Consequently, if a material is placed in the
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far-field, there are no notable retroactive effects. This is not the case in the near-field

of the antenna, since non-radiating field components form in the immediate vicinity

and thus in the surrounding materials. A practical example is given in [35], where

the losses for handheld phones due to the presence of a human body are investigated.

Four factors are mentioned as degrading the transmission performance: absorption in

the body, mis-tuning, change of radiation direction, and change of polarization. The

absorption in the body shows the greatest degradation, whereas mis-tuning contributes

at most to 2 dB. An average absorption (around 40 test persons) for a patch antenna

is 3.4 dB and for a helix antenna 9.7 dB. Relating to that, in [36] the effect of the hand

of a mobile phone user on the input impedance of a planar inverted F antenna (PIFA)

is studied. Further, the head of a phone user can reduce the antenna (monopole)

efficiency from 77% to 60% in a distance to the head of 3 cm and 1.5 cm respectively,

as shown in [37]. In [38], environmental effects on RFID tag antennas are studied

([39]). A measured read range as a function of the distance to a plastic water-filled

bottle is shown as approaching zero for small distances. For example, if the tag is

placed at a distance of around 2mm, the read range is reduced to less than 10% of

the read range achieved in an open area. This behavior is understandable because,

an antenna placed close to a lossy medium with a high dielectric constant tends to

radiate more into that same medium. At the same time, the gain is reduced [40, 41].

An input impedance study of an RFID tag antenna (dipole) placed on a half space

material with varying dielectric constant is given in [42]. A large change in the input

impedance changes the resonant frequency from 915MHz with a dielectric constant

of 1 to 680MHz with a dielectric constant of 10. Antenna and RFID tag performances

on other materials like paper, cardboard, and clothes [43], or on an acrylic slab, pine

plywood, ground beef, and ethylene glycol [44] are investigated. As well, the impact

of dryness, humidity, frozen and half-frozen water [45] , even snow [46] is studied. A

more theoretical approach for dielectric-covered microstrip patch antennas is shown in

[47–49] and for a printed dipole in [50]. Theoretical investigations on dielectric-covered

slot antennas in a waveguide are done by Bailey et al. in [51, 52]. In [53], the alteration

of the impedance as a function of dielectric constant, dielectric losses and dielectric

thickness is given.
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Close proximity to metal surface: When a conventional antenna approaches a

metal surface, the input impedance starts to change. The closer the antenna gets to

the metal surface, the more severe the change becomes. Such behaviour is shown
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in the graphs of Fig. 2.4, where the measured real and imaginary part of the input

impedance of a PIFA in comparison to the input impedance in free-space is given. The

same behaviour for a folded dipole antenna is found in [55–58]. Also, a huge impact

on radiation characteristics is reported. In some cases, it might enhance and in some

others it worsens the directivity. An example is a dipole. When it is placed a quarter

wavelength above a metal plate, the maximum directivity will enhance by a factor of

around two. This is reflected in [59, 60], where the measured read ranges of a closed

loop and meandered RFID antenna as a function of the distance is investigated. For

short distances, the read range approaches zero, while for the distance of around a

quarter wavelength, the read range is much larger (around 8m) than the free space

read range (around 6m). In the previous considerations, the metal surface is parallel to

the antenna, which is the constellation in which the antenna suffers the most, as shown

in [61, 62] for a slot and a loop antenna.

2.2 Approaches

In the previous subsection, studies of the effects on the performance of different an-

tennas due to bending, stretching, and changing environments were briefly described.

This subsection will present research activities on how to reduce, avoid, or compensate

for such effects. Two approaches are distinguished: passive and active. The passive

approach simply means that contrary to the active approach, the antenna does not use

any active components, like diodes, switches, or transistors.

Passive Approach: The easiest way to make an antenna robust against bending is

to reduce the size of the antenna. The bending angle is given as the ratio between the

antenna dimension (length or width) and the bending radius, which is the radius of an

imaginary cylinder on which the antenna is placed. For one particular scenario, e.g.

when the antenna is placed on the wrist, the bending radius as well as the bending

angle are constant, unless the antenna size is reduced. In [63], a wearable antenna

with a size of 90× 47mm2 is reduced to 70× 25mm2. While for the large antenna the

measured frequency shift (bending radius is 55mm) is 32.5MHz, for the reduced one

it is 7.5MHz at a working frequency of around 2.45GHz. Another straightforward
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approach to having an antenna robust against bending and stretching is to use a

wideband antenna. Since the frequency change is limited to a certain extent, the

resonance(s) will only change within the operation bandwidth. Examples for such

antennas are given in [64] (inverted cone antenna) and [65] (loop antenna). Figure 2.5

shows a semicircular spring as monopole that does not physically change the length,

ensuring operation at 2.45GHz for up to a strain of 30%.

Other approaches of an antenna design being robust against a changing environ-

ment have been discussed. An intuitive method is to use an antenna, which has a

ground plane, like ordinary patch antennas, but also flexible textile antennas as in [67].

The idea is that only the ground plane has contact to the changing surrounding mate-

rial. In this case the size of the ground plane plays a significant role, so that the whole

structure might become bulky to ensure good isolation from the surroundings. Quite a

similar thought is to bring well-defined materials as a spacer around the antenna to

reduce the influence of the changing electromagnetic environment as shown in [46, 68].

In [69], design rules are given for when bio compatible sub- and superstrate are used.

For a microstrip antenna the relative permittivity of the sub- and superstrate should be
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as large as possible while having low conductivity; they should also be rather thick

than thin. For a certain range of materials where the properties do not differ drastically,

it is sufficient to use a broadband antenna as given in [70]. In [71], where a cellphone

hand-immune metal rim antenna with multiple feeding ports is presented. The idea is

to use those characteristic modes of the radiating structures, which are not strongly

disrupted by the hand of the user. In addition, the cluster technique is applied to

enhance the antenna efficiency by means of reducing the coupling between the ports.

This technique is given in [72, 73]. It weights the excitation of a multi-port antenna to

enhance the efficiency while ensuring good matching. At this point, reference is made

to part of the present work, which is also published in [74] and is presented in more

detail in Chapter 3, "Adaptivity by Power Divider Network". A fully passive power

divider network design is presented that is connected to a dual-fed antenna. The

divider covers two arbitrary scenarios (largely different electromagnetic environments)

perfectly, which distinguishes this work from most other works in the literature.

A quite comprehensive study on RFID tags mountable on conductive surfaces is

given in [75]. Antenna with ground such as like microstrip patch antennas, planar

inverted-F antennas and antennas integrating EBG structures and antenna without

ground, like dipole antennas, are considered. The former use the principle to isolate

the antenna from the metal surface, while the latter use a certain space to the metallic

surface to ensure similar performance. An example is given in [76], where a planar-

meandered dipole antenna on a substrate is presented. This antenna is able to work

in free space but also on metallic objects. A specific design approach that contains

two steps is introduced. Firstly, the antenna is constructed on a large metallic plate.

Secondly, the metallic plate is removed and a ground layer is added beneath the

substrate, which is the same size as the antenna. Then a slotting technique is used to

optimize the performance in air. Another approach for a dipole [77] and a monopole

[78] is to use multiple-wires instead of one solid strip. It has been shown that this

technique increases the antenna efficiency close-by a metal surface and makes the

antenna more robust in terms of impedance variation. Another interesting work

is presented in [79], in which a U-shaped folded monopole antenna is used. This

antenna is made resilient against a metal-plate by using a higher input impedance
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FIGURE 2.6: The voltage standing wave ratio (VSWR) at 2.4GHz of an U-shaped folded
monopole antenna as a function of the distance (hgp) to a metal surface, adapted from
[79]. A comparison of the middle impedance model (MIM) and the high impedance model

(HIM) is shown.

TABLE 2.1: Comparison of this work with another work, both covering the same scenarios.
Firstly, when the antenna is placed in air, and secondly, when placed close to a metallic

surface.

closest point to metal matching frequency work

0, but two layers < −8 dB 867MHz [76]
≈ 0.065λ < −12 dB 4.85GHz this work [80]

of the antenna (instead of 37Ω, 126Ω is used). Figure 2.6 shows the voltage standing

wave ratio (VSWR) at 2.4GHz as a function of the distance (hgp) to a metal surface. A

comparison of the middle impedance model (MIM) and the high impedance model

(HIM) is shown. The small change in the VSWR of the HIM compared to the MIM is

evident. Note that the bandwidth of the HIM is narrower than in the case of the MIM.

A part of the present work, Chapter 3, "Inherent Adaptivity by Geometric Modelling"

[80] deals with the very same problem. To make the single layer antenna adaptive to

the metal surface, two resonant modes are used for the two scenarios (in air and close
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to the metal). The mode over the metal is called patch mode and in air, slot mode. Not

only the two scenarios (in air and close to the metal), but also all distances to the metal

are covered. A comparison with another work is shown in Table 2.1.

Active Approach: Substantial research has been done, in which the radiating

elements are manipulated with active circuit components. Most of this are found in

the field of reconfigurable antennas. Comprehensive reviews are given in [81–86].

There are various antenna reconfigurations as can be seen in Fig. 2.7. Frequency

reconfiguration means that the operating frequency can be changed during operation

with components like diodes, micro-electro-mechanical systems (MEMS), but also with

materials that change its properties by applying a DC voltage, e.g. graphene. An

example application is cognitive radio (CR), where a broad spectrum is observed using

a broad band antenna. When the communication device detects an unused frequency

band, the antenna is reconfigured in such a way that communication can be established

in the very same band. Thus, the spectrum is dynamically exploited, and the frequency

bands are used more efficiently. Pattern and polarization reconfiguration alter the

radiation and polarization characteristic by using active components, which is useful

in multiple input multiple output (MIMO) systems. Finally, all possible combinations

between these three reconfigurations are possible. It is conceivable that reconfiguration

presents a similar problem as adapting an antenna to external influences. For example,

in the former case the technique is used to change the operating frequency, and in the

latter case it is used to compensate for the effect on the antenna caused by the change

of environment. In either scenario the same strategies can be used.

In Fig. 2.8, an example of a frequency reconfigurable antenna is depicted. An

E-shaped patch antenna is used to provide broadband operation. Due to the shape,

two resonant modes can be excited, one ordinary patch mode, in which the current

flows along the length of the patch and another, where the current flows along the

slots. This is reflected in the two resonant frequencies of the blue curve in the graph

of Fig. 2.8. To reconfigure the resonant frequency of the antenna, RF-MEMS switches

are incorporated in such a way that the current path along the slot reduces its length,

resulting in higher resonant frequencies.

In the following, various techniques for antenna reconfiguration are presented
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FIGURE 2.7: Different types of reconfigurations.
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FIGURE 2.8: Frequency reconfigurable E-shaped patch antenna using MEMS and the
reflection coefficient measurement, adapted from [87].

that are suitable for the use in adaptive antennas. Here, frequency reconfiguration is

emphasized since this work deals mainly with the impedance variation of an antenna

caused by the change in the environment. Frequency reconfiguration can be realized

by using:

• Diodes or varactors:

– Wide band antennas, in which the narrow band operation can be tuned by

linking or de-linking radiating structure parts in such a way that different

modes are excited [88–92].
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– Wide band antennas, in which structure parts can be linked or de-linked to

filter some bands [93, 94].

– Two antennas, one wide band antenna and the other a narrow band antenna.

The narrow band antenna is tuned to achieve narrow band operation [95–

98].

– A narrow band antenna that is frequency-tuned by diodes or varactors

[99–103].

– An antenna that has switches in the radiating structure [104–108].

– A wide band antenna and a tunable filter right before the antenna for narrow

band operation [109–116].

– A wide band antenna and a tunable filter right before the antenna for rejec-

tion band operation [117].

– A wide band antenna combined with resonant filter structure [118, 119].

– A wide band antenna and a defected microstrip structure (for narrow band

operation) [120].

– Slot antenna with multiple feed positions. Eight feeds are simultaneously

used for millimeter wave operation and only one feed for 2.05GHz to

2.7GHz operation. A varactor tunes the antenna [121].

• MEMS:

– Frequency adjustment by linking or de-linking radiation parts of the radiat-

ing structure [122–124].

– Frequency adjustment by tuning the antenna with MEMS-capacitance [125].

– Frequency adjustment by loading the antenna with MEMS-switches [126–

128].

– Switching different feeds of the antenna [129].

• Photo diodes:

– Frequency adjustment by linking or de-linking radiation parts of the radiat-

ing structure [130–132].
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– Wide band antenna, where resonant structures can be linked or de-linked to

filter some bands [133].

– The microstrip feed line of a slot antenna, tuned with a photo detector [134].

– Two antennas, one for sensing purpose, the other is reconfigurable by optical

switches [135].

• Materials:

– Instead of a copper patch antenna, a graphene patch is used. The resonant

frequency changes with the chemical potential of graphene because the

surface conductivity of graphene is dependent on the chemical potential.

The chemical potential can be changed either by doping or by applying an

external voltage [136]. (Only simulation and design approach).

– A circular patch antenna with a stack of alumina and graphene as vias to

ground is used. Upon the chemical potential, the resonant frequency can be

changed [137] (simulation only).

– A plasmonic dual band dipole using bi-layer graphene is presented in [138].

The conductivity by chemical potential is changed in such a way that the

resonant frequency changes as well.

– A patch antenna on a transparent liquid crystal substrate is used. The

dielectric behaviour of this material changes when a static electric field is

applied. This makes frequency reconfiguration possible [139].

– A patch antenna on top of a graphene layer is used. With a DC voltage, the

layer’s conductivity is changed resulting in a frequency shift, depending on

the DC voltage [140].

• Mechanical techniques:

– Two antennas, one wide band antenna and the other a rotatable antenna.

The feed remains at the same position while the radiation structure rotates

[141–143].
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– A monopole Sierpinski gasket, in which the feeding point is swept by a

motor [144].

– A patch antenna on a substrate over (with an air gap) a ground plane that

can be tilted mechanically is subject of [145].

– A patch antenna on top of a meta surface structure that can be rotated is

shown in [146–148]. Upon the rotation angle the frequency can be reconfig-

ured.

– A helix antenna is presented in [149]. The frequency can be adjusted by

changing the height with a motor, similar to a screw.

• Feeds:

– A narrow band antenna integrated into wide band antenna and feed inde-

pendently [150, 151].

– A 4 port antenna merged together: 3 loop antennas for narrow band opera-

tions, where each antenna covers a different frequency band and one UWB

coplanar waveguide antenna [152].

– At this point, reference is made to [153], which is the subject of this thesis

and is dealt with in Chapter 4, "Adaptivity by Changing Feed Positions

Along A Wire Antenna". A differential dipole-like antenna in a flexible foil

with three ports is developed there. This antenna is adaptive to three largely

different environments. Depending upon the environment, one port always

acts as the feeding port, ensuring impedance matching while the other ones

are short circuited. Depending upon the environment, the matched port is

chosen. To the best of the author’s knowledge, no comparable work has

been carried out.

In Table 2.2 research works of pattern, polarization and all combinations of re-

configurations are listed. The techniques are similar to the ones used for frequency

reconfigurations.

Active tuning is another method that can be used to make an antenna adaptive.

Thereby, the impedance variation caused by the changing environment is compensated
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TABLE 2.2: Summary of research works of pattern and polarization reconfiguration as well
as combinations of all types of reconfigurations.

Type of reconfig. Used components Type of antenna References

Pattern Diodes Monopole [154]
Pattern Diodes Differential feed [155–157]
Pattern Diodes Cubic slot [158]
Pattern Diodes Reconfig. parasitic layer [159]
Pattern Diodes Fractal [160]
Pattern Varactors Impedance surface [161]
Pattern Diodes Impedance surface [162]
Pattern MEMS Square spiral microstrip [163]
Pattern MEMS Planar dipole [164]
Pattern Graphene V-shaped dipole [165]
Pattern Mechanical U-gap [166]
Pattern Mechanical Impedance surface [167]

Polarization Diodes Slot [168, 169]
Polarization Diodes Microstrip [170–174]
Polarization Diodes Impedance surface [175, 176]
Polarization Diodes Monopole [177]
Polarization MEMS Patch [178]
Polarization MEMS Monopole [179]
Freq.+Polar. Diodes Microstrip [180–182]
Freq.+Patt. Diodes+Varact. Monopole [183]
Freq.+Patt. Diodes Slot [184]
Freq.+Patt. Diodes Patch [185]
Freq.+Patt. Diodes Pixel [186]
Freq.+Patt. MEMS Patch [187]
Polar.+Patt. Diodes Patch [188]

Freq.+Polar.+Patt. Diodes Patch [189]
Freq.+Polar.+Patt. Diodes+Varact. Circular patch [190]
Freq.+Polar.+Patt. Diodes Pixel [191]

by an electronically tuned impedance-matching network, mostly an ordinary ladder

network. A typical functional block diagram is given in Fig. 2.9. The incident and

reflected signal at the input of the impedance tuner is decoupled by a coupler and

then the reflection coefficient is measured. Depending on the reflection coefficient,

the biasing circuit changes the bias voltages of the tuning elements in the matching

network, such that impedance matching is obtained. In [192], a helical antenna with an

automatic impedance matching network is presented. This network compensates the

impedance variation caused by the human operator in varying distances to the antenna.
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FIGURE 2.9: Functional block diagram of an automatic match control system, adapted
from [197].

Similar works for mobile communication are presented in [193] and [194]. Instead of

using a coupler, a measurement of the voltage at three points along a transmission

line can be used to measure the input impedance of the antenna [195]. In [196], a

tuned impedance-matching network adaptively corrects the impedance variation of

the antenna in variable distances to a metal plate.

Another powerful method should be mentioned, which is used in pixel antennas.

One example is depicted in Fig. 2.10. It comprises many metallic pixels (square patches),

which are connected at the edges to the neighbouring pixels. Depending on the states of

the switches, the antenna alters its properties, such as operation frequency or radiation.

The states of all the switches for one particular goal are found by applying genetic

algorithms as reviewed in [198]. In [199] an example of a pixel aperture irradiated by a

horn antenna is given. Recently, the so-called internal multi-ports method (IMPM) has

been successfully applied in pixel-antenna design, as shown in [200–203] and a similar

method in [204].

In Fig. 2.11 the schematic of the IMPM is shown. There, one or more external ports

excite the whole electromagnetic structure. The structure without any interconnections

is described by the impedance matrix, whereby the interconnections, i.e. the switches,

are represented by the internal ports terminated by circuit elements. The advantage of

this method is that a full-wave field simulation must be done only once (to find the

impedance matrix), where the states of the switches are determined with the help of an

algorithm. In this thesis a theory is presented (in Chapter 4, "Adaptivity by Switched
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FIGURE 2.10: A typical pixel antenna given in [205].

FIGURE 2.11: Illustration of the internal multi-ports method [206].
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Load Admittances or Circuits") that allows calculations of the load impedances of

internal ports to be carried out, thus ensuring impedance matching at all external

ports at freely selectable frequencies. To the best of the author’s knowledge, there is

no work published that presents an equation from which the load impedance values

can be calculated. This technique can be used for antenna reconfiguration and for

evaluation to find a suitable load port position. In addition, it gives an alternative to the

conventional impedance-matching network that is placed right before the impedance

to be matched.
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Chapter 3

Passively Adaptive Antennas

3.1 Introduction

Two concepts of passively adaptive antennas are introduced in this chapter. These

do not require any active components such as diodes or transistors and are therefore

very reliable. When the environment of the antenna alters, which is defined prior to

the design process, the antennas of these concepts are inherently impedance matched

to those changes.

The second section shows a concept that is applied in two different environments,

namely, when the antenna is placed in free space and when it is placed close to a metal

surface. In the third section a power divider network is presented that can adapt a

dual-fed antenna to two different environments. Thereby, the first environment is free

space while the second one is butter - as an organic example - in which the antenna is

placed.

3.2 Resonant Mode Matching1

Usually, there are various types of antennas for different applications. Patch anten-

nas always have a substrate and a ground plane, and are therefore, easily integrable

into printed circuit boards (PCB) with other electronic components. On the other hand

dipole like antennas are differential structures without a ground plane (if not placed in

a well-defined distance, e.g. quarter wavelength), their applications are mostly seen in

1Most of the text and pictures presented in this section are extracted (or are modified versions) from
[80]. The author is the main contributor to publication [80].
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exposed locations, such as roofs or masts. There are many other examples for antennas

that fit well in their specific applications. In some cases, an antenna is moved between

two or multiple applications, e.g. when used in an RFID-tag. The very same antenna

might not be usable anymore for all the different scenarios. To solve this problem the

resonant mode matching can be used.

Every type of resonant antenna has its own current distribution at the resonant fre-

quency, the so-called mode. The idea of resonant mode matching is to merge two or

more different antennas within one structure, so that all their application scenarios are

covered. Then, the geometric structure is manipulated, such, that for either scenario

the resonant modes appear at the same frequency. Consequently, the antenna stays

matched for all the scenarios, meaning it is adaptive for them. In the following an

antenna design is presented that uses the mode matching method for two scenarios;

firstly, when the antenna is placed in free space, and, secondly, when placed close to a

metal surface.

3.2.1 Single-Layer Planar Antenna: The Concept

The proposed antenna is a single-layer planar structure and a combination of a slot

antenna and a coplanar waveguide patch antenna (where for the latter, the close-by

metal ground acts as ground for the patch). The operation of a coplanar waveguide

patch antenna is reported in [207]. Fig. 3.1 shows the layout of the proposed antenna

with all dimensions, with the values of these dimensions listed in Table 3.1. The elon-

gated rectangular patch in combination with the surrounding ground plane (Fig. 3.2

(a)) is the basic resonant element of the antenna. This patch is fed with a coplanar

waveguide at a position, where impedance match is achieved as it is usually done in

patch antenna design. However, this feed line has an impedance not equal to 50Ω,

otherwise, the dimensions would become critical (too small gap) for the etching pro-

cess. A matching slot is added, as part of impedance matching network. This matching

slot is also functional for radiation, where it tunes the resonance frequency suitably, as

discussed below.
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FIGURE 3.1: Layout and dimensions of the single layer antenna [80].

Placing a ground plane just below, the proposed antenna shows similar behaviour

to a conventional patch antenna. In the following, this is called the patch mode. If

the proposed antenna is in free space, it behaves like a slot antenna with according

field distribution, which is called the slot mode. These two cases are discussed in the

following and form the basic principle to make the antenna unaffected by a close-by

metal surface. For all other cases, in which the ground plane distance is in-between

these two extreme cases, the measurements (see subsection "Measurements") show

that a weighted superposition of the two modes result in only minor variation of feed

impedance. The latter can be explained by the fact that both the slot mode and the

patch mode have rather similar distributions of resonant currents and fields.

A. Patch Mode

Fig. 3.2 (a) depicts the top view of the antenna. Additionally, the solid black line

in Fig. 3.2 (a) indicates the cut plane, in which the electric field shown in Figs. 3.2 (b)
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TABLE 3.1: The dimensions of the single layer antenna.

Label Value [mm] Label Value [mm]

LP 24.5 GS 0.5
WP 5.26 GMS 0.2
LF 16.1 LMS 4.87

GCPW 0.25 WMS 0.65
WCPW 1.17 LA 41
LCPW 28.85 WA 10

(a)

(b)

(c)
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1

FIGURE 3.2: Top view of the antenna (a) and the respective electric field in patch-mode (b)
and slot-mode (c) [80].
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and 3.2 (c) is considered. Fig. 3.2 (b) shows the electric field for a distance d between

the antenna and the ground plane of d = 4mm. The black dot-dashed line in the field

plots marks the patch edges, parallel to the y-axis. Along these edges, the electric field

magnitude is large. On the right edge of the patch, the electric field closes, between the

patch and the lower and upper ground plane, in a way such that a positive potential

exists on the patch side and a negative potential on side of the ground plane. On the

left edge of the patch, it is the other way around. Thus, the surface current on the

patch is directed from the left edge to the right edge. Fig. 3.3 (a) shows the surface

current at the same time on the ground plane. Right under the patch, the current

floats from the right side to the left side. Consequently, the surface current on the

patch faces in the opposite direction as that on the ground plane. This, as well as

the field distribution directly below the patch show the similarity to the conventional

patch antenna. Due to the two ground planes (bottom and top), the fringing fields are

rather weak compared to the conventional patch antenna, which is also reflected in

the narrow bandwidth of the antenna. It is striking that the electric field in the middle

under the patch (position of the red dotted line) does not become zero. Instead the

zero appears only left offset from the centre. The reason for this is the matching slot,

which increases the electrical length of the patch in the patch mode and allows to bring

the patch to the same resonance frequency as the antenna in slot mode.

B. Slot Mode

Fig. 3.2 (c) shows the electric field distribution in the cut plane for the case in which

the antenna is located in free space (without ground). In principle, the field distribution

is very similar to the patch mode and thus allows good adaptation for both cases and

all cases in which the ground plane varies in the distance to the antenna. Since there

is no longer any ground plane on which a current can flow across the slot, located

parallel to the y-axis, the current must flow along the outer and inner edges. Thus, this

length determines the resonance frequency for the slot mode case. The length Lslot is

the mean length of inner and outer edge (red double arrow in Fig. 3.2 (a)) and is given
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FIGURE 3.3: Surface current (a) vectors on the ground plane in patch mode and (b) the
logarithmic x-component of the surface current in slot-mode [80].

as:

Lslot = WP + LP + 2GS ≈ λ0

2
(3.1)

Fig. 3.3 (b) shows the logarithmic x-component of the surface current of the antenna

in slot-mode. Here, the blue colour stands for negative values, that corresponds to

a current floating from the right-side to the left-side. Accordingly, the red colour, i.e.

positive values corresponds to the opposite direction. Again, this behaviour of the

surface current is very similar to the patch mode.

3.2.2 Single-Layer Planar Antenna: Measurements

According to the layout from Fig. 3.1, a printed circuit board is manufactured.

The physical stability is provided by a polymer substrate (liquid crystal polymer,
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(a) (b)
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FIGURE 3.4: (a) Photograph of the measurement setup for measuring the reflection coeffi-
cient for different distances between metal ground plane and antenna [80] and (b) a front

view photograph of the antenna.

LCP, Rogers ULTRALAM 3850) of 0.1mm thickness. In Fig. 3.4 (a), a picture of the

measurement setup for measuring the reflection coefficient is shown. Figure 3.4 (b)

shows a photograph of the antenna in the front view. The antenna optionally placed

on top of foam (ROHACELL 51 HF) blocks with different heights ranging from 4mm

to 250mm. This material is electromagnetically transparent and ensures a precise

measurement on top of the 200× 200mm2 metal ground plane.

Fig. 3.5 shows the measurements of the antenna feed reflection coefficient mag-

nitude (in dB) over frequency for varying distance d. Each one of the black curves

corresponds to a specific distance d between the antenna and the metal ground plane.

Generally, the resonance frequency decreases if distance d increases. In addition, the

simulated reflection coefficient for the patch mode (blue dashed line) and slot mode

(red dotted line) are shown in the graph.

Comparing simulation and measurements, a certain frequency shift is obvious.

This can be explained by imprecise manufacturing, in particular, poor etching accuracy.

Specifically, some of the layout dimensions are close to the resolution limit, and some
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FIGURE 3.5: Measured reflection coefficient magnitude (in dB) over frequency for different
distances d between antenna and metal ground plane [80].

metal edges are very sensitive as they are carrying high currents. To verify this, the

sensitive edges and corners are rounded (radius of 100µm) and varied by ±80µm

in a modified simulation model, resulting in a maximum frequency shift of about

178MHz between 4.861GHz and 5.038GHz considering the two extreme cases (patch

and slot mode). Since the dimensions of the connector are large compared to the

antenna, the connector is included in simulation as well. From Fig. 3.5 it can be seen

that the resonant frequency variation over the distance d becomes somewhat blurred.

Therefore, the working frequency is defined as the frequency point, where minimum

reflection occurs by considering all distances. This point is at 4.855GHz and is marked

with a red dot in the graph of Fig. 3.5. Note that the bandwidth of the antenna increases,

when d increases. This is to be expected since a patch antenna typically has smaller

bandwidth than a dipole (or, slot) antenna.

Fig. 3.6 shows the measured feed impedance variation as a function of distance d,

where d is ranging from 4mm to 250mm. The frequency is chosen as 4.855GHz. For

means of comparison, the feed impedance variation of a coax-fed monopole antenna

at distance d over ground, is simulated and the results are added to Fig. 3.6. Figure 3.7

shows the geometry of this simulated monopole. The coplanar waveguide of this

monopole has the same dimensions as for the proposed antenna. Referring to Fig. 3.6,
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FIGURE 3.6: Measured input impedance variation over the distance between ground plane
and antenna in comparison with a monopole [80].
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1

FIGURE 3.7: Layout of the monopole (WA = 10mm) [80].

the impedance variation of the monopole due to the close-by metal surface is large (in

line with literature, e.g., [54]) and the variation of the feed impedance of the proposed

antenna is quite small.

Fig. 3.8 shows a polar plot of the radiation pattern in H plane (zy-plane in Fig. 3.2

(a)) at 4.855GHz. The peak directivity, is obtained by integration of the measured 3D

radiation pattern in a spherical scanner, measured in the far-field. Two curves are

depicted. The blue curve is corresponding to the slot mode, i.e. in free space, and

the red curve is related to the patch mode with a distance between ground plane and

antenna of d = 4mm. The red curve shows the typical behaviour of a patch antenna

and the blue one like a dipole. The measured peak directivity in H-plane has a value

of 7.1 dBi for the patch mode.
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FIGURE 3.8: Measured directivity in dBi over theta in H-plane. The blue line corresponds
to slot-mode and the red line to patch-mode [80].

3.2.3 Discussion

This chapter gives one possible solution to the question how a passive adaptive

antenna design can be made using mode matching method. This method is based on

different resonant antennas, which are then merged into one single structure. Ideally,

the merged structure shows as many modes as antennas are merged. Each mode

corresponds to one antenna and therefore to one scenario (since one antenna covers

one scenario). Then the structure is manipulated in such a way that all the resonant

modes occur at the same frequency.

An antenna concept is presented that demonstrates the mode matching method for

two scenarios, namely, when the antenna is placed in free space and when placed close

to a metal surface. It is also shown that not only both scenarios are well covered, but

also a transition between them, meaning all distances greater than 4mm from the metal

surface. Over all these distances a feed match better than -12 dB is measured at the
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frequency of 4.85GHz. Further, the far-field directivity is measured in H-plane for the

case of free-space and for the metal surface at a distance of 4mm. For the first case the

directivity shows approximate omnidirectional behaviour as known from a dipole and

the second case shows a behaviour as it is known from a patch-antenna. The measured

main lobe achieves a directivity of 7.1 dBi.

These results verify the concept. On the one hand, the measurements correspond to

the predictions of the simulations, and, on the other hand, the far-field pattern can be

clearly assigned to the respective mode and the related antenna type (mode matching

method).

Nevertheless, this method may not be applicable for all antenna types, because not all of

them and their modes are mergeable. In fact, this work is not intended to be a universal

approach but an approach for a possible realisation. In addition, the manipulation of

the merged structure may result in degradation of the performance when compared

to the unmerged antennas, e.g. the slot antenna narrows the bandwidth of the patch

antenna. In relation to this, effort can still be expended to increase the bandwidth if

this should be desired in the application. Further investigations can be made based

on this work. For example, more than two scenarios can be covered if more than two

antenna structures are merged together. Also, it is quite possible that other modes may

occur that can be used in addition to those that are clearly associated with an antenna.

Finally, an approach is presented here that shows how a passive adaptive antenna can

be designed using the mode matching method. This approach has been verified by a

prototype.

3.3 Adaptivity by Power Divider Network2

When placing an antenna in different electromagnetic environments, so-called

scenarios, i.e. varying dielectric properties and losses in the surrounding materials the

input impedance will change. Consequently, a multiply-fed, or, as in the following

case, a doubly-fed antenna shows different feed impedances at different feed points

2Some of the text and pictures presented in this section are extracted (or are modified versions) from
[74]. The author is the main contributor to publication [74].
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FIGURE 3.9: Concept of matching a dual-fed antenna to a source by a power divider
network (PDN). Varying antenna feed impedances due to environmental (near-field)
changes to the antenna cause the power flow to change from connecting feed one with
the source in the first scenario, while connecting feed two with the source in the second

scenario [74].

of different scenarios. This fact is exploited in the following power divider network

(PDN). In the first scenario, "scenario 1", one of the two feed points is chosen to be the

port, in which most of the power from the source is transferred, while the other port

should receive as less as possible of the source power. In the second scenario, "scenario

2", it is the other way around. In Fig. 3.9 the principle is depicted. The bent arrows

indicate the main power flow.

Most simplified case: The circuit of Fig. 3.10 (a), i.e., just two resistors R1 and R2,

in parallel with source voltage Vi and source resistor Ri, is considered. There are two

scenarios assumed, where R1 and R2 have different values, while Ri remains constant.

For a particular valueset of R1 and R2, which is scenario 1, matching between the

source, and the two resistors are obtained. In scenario 2 the values of R1 and R2 are

interchanged in such a way that the source is still matched to the load. In Fig. 3.10 (b)

the normalized (to the maximum available power of the source) power dissipated in

R1 (red dashed line “p1”) and in R2 (blue dotted line “p2”) are shown. Thereby, the

value R1 varies from 10Ω to 450Ω while R2 varies from 450Ω to 10Ω as indicated by
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Figure 1: (a) Two resistors in parallel and (b) portions of the maximum power, which the
source can deliver: Reflected power |Γ|2 (black dash-dotted line), the power dissipated in
R1 (p1 red dashed line) and the power dissipated in R2 (p2 blue dotted line).
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FIGURE 3.10: (a) Two resistors in parallel and (b) portions of the maximum power, which
the source can deliver: Reflected power |Γ|2 (black dash-dotted line), the power dissipated

in R1 (p1 red dashed line) and the power dissipated in R2 (p2 blue dotted line) [74].

the two x-axes. The two vertical solid lines indicate the two scenarios. In addition, the

reflected power (black dash-dotted line) is plotted. In these scenarios, the reflected

power is zero. In scenario 1 the dissipated power in R1 = R1,max (≈ 57Ω) is 87.6%

of the maximum power that the source can deliver. Then, the dissipated power in

R2 = R2,min (≈ 403Ω) is 12.4%. In scenario 2 it is the other way around, as can be seen

in Fig. 3.10 (b). Consequently, this behaviour can be seen as a natural power switch

that flips in dependency on the load. It is also clear that, for a particular scenario, one

of the resistors should have a value that is as close as possible to the value of the source

resistance. If this is the case, the value of the other resistor must be very high in order
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to achieve matching.

A power divider network based on transmission lines is developed which trans-

forms (for both scenarios) two impedances in such a way that for scenario 1 most of the

power is transferred to the first complex impedance and for scenario 2 to the second

complex impedance. Therefore, it is important to note that in the general case, the

four complex loads can be chosen arbitrarily (contrary to the aforementioned most

simplified case).

3.3.1 Concept

The PDN consists of two parallel arms, which in turn consist of an impedance

transformation network (ITN), which is composed of two transmission line sections in

series. To include the transmission lines (TLs) properly within the circuit analysis and

theoretical consideration a TL model is developed comprising lumped elements.

3.3.1.1 Transmission Line Model

The approach is based on the well-known equivalent circuit for a transmission

line as given in [208]. This lumped-element equivalent circuit of a small length of

a transmission line is continued periodically leading, again to a lumped-element

equivalent circuit. In Fig. 3.11 (a) the TL model is depicted. The dotted lines indicate

the periodically continuation of the components

Z′
s = R′

s + jωL′ (3.2a)

Y′
p = G′

p + jωC′. (3.2b)

Thereby, the apostrophe shows the unit per length, e.g. Z′
s has the unit Ωm−1 and Y′

p,

Sm−1. Further, ω = 2πf is the angular frequency, f the frequency and j the imaginary

unit. The TL is terminated with the load impedance ZL. Now, Z′
s and Y′

p are referred to

small line length ∆l = L/N and

Zs = Z′
s∆l (3.3a)
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FIGURE 3.11: Periodically continued ladder network with (a) the line constants of a small
line length of the TL and (b), where the line constants are referred to a small line length.

Yp = Y′
p∆l =

1

Zp

(3.3b)

is obtained. L is the total length of the TL and N the number of periods. The corre-

sponding equivalent circuit is shown in Fig. 3.11 (b). For N = 1 the input impedance of

the network is

Z1 =
ZsZp + (Zs + Zp)ZL

Zp + ZL

. (3.4)

Further calculations of following periods and the recognition of the pattern of this

equation type allows to obtain the input impedance for N periods

ZN = Zs
Zpfa(N, x) + ZLfb(N, x)

Zpfc(N, x) + ZLfa(N, x)
(3.5)

with

fa(N, x) =
N−1∑
k=0

(
2N − k − 1

k

)
xk =

(
a1

N − a2
N
)

2N
√
4x+ 1

, (3.6a)

fb(N, x) =
N∑
k=0

(
2N − k

k

)
xk =

((√
4x+ 1 + 1

)
a1

N +
(√

4x+ 1− 1
)
a2

N
)

2N+1
√
4x+ 1

, (3.6b)

fc(N, x) = fb(N − 1, x), (3.6c)

a1 =
(
1 + 2x+

√
4x+ 1

)
, (3.6d)

a2 =
(
1 + 2x−

√
4x+ 1

)
, (3.6e)
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and x = Zp/Zs. Here, the term in brackets within the sum is the fitted binomial coeffi-

cient. The goal is to obtain a simple network, e.g. as it is for N = 1 ((3.4)). Multiplying

a parameter p and rearranging change (3.5) to

ZN =
pZsZp + Zs

fb(N,x)
fa(N,x)

pZL

p fc(N,x)
fa(N,x)

Zp + pZL

. (3.7)

If following substitutions

Z̃sZ̃p = uZsZp (3.8a)

Z̃s + Z̃p = Zs
fb(N, x)

fa(N, x)
(3.8b)

Z̃p = p
fc(N, x)

fa(N, x)
Zp. (3.8c)

are applied, (3.7) takes the form of (3.4), except of parameter p as product with the

load impedance ZL. This parameter appears to be related to an ideal transformers’ turn

ratio, as will become clear later on. Solving (3.8) leads to

Z̃s = A
√
ZsZp (3.9a)

Z̃p =
B− A2

A

√
ZsZp (3.9b)

p = B− A2. (3.9c)

with

A =

√
Zs

Zp

fa(N, x)

fc(N, x)
=

1√
x

fa(N, x)

fc(N, x)
(3.10a)

B =
Zs

Zp

fb(N, x)

fc(N, x)
=

1

x

fb(N, x)

fc(N, x)
. (3.10b)

With

x =
Zp

Zs

=
Z′
p

Z′
s

1

(∆L)2
=

Z′
p

Z′
s

N2

L2
=

N2

(γL)2
. (3.11)
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and (3.6), it can be shown that for an infinity number of periods:

lim
N→∞

A = tanh(γL) (3.12a)

lim
N→∞

B = 1. (3.12b)

Where γ = α+ jβ is the propagation constant of the TL, α the attenuation constant and

β the phase constant. Finally, it is stated:

Z̃s = tanh(γL)
√

ZsZp (3.13a)

Z̃p =
1− tanh(γL)2

tanh(γL)

√
ZsZp (3.13b)

p = 1− tanh(γL)2. (3.13c)

u = ±√
p (3.13d)

The factor u has two solutions by root extraction. In terms of circuitry, the solution

with the positive sign is correct for line lengths between 0 and λ/4 and between 3λ/4

and λ. The other interval where the negative sign is valid is between λ/4 and 3λ/4. Now,

considering the input impedance of the network with N → ∞

Z∞ =
Z̃sZ̃p + (Z̃s + Z̃p)u

2ZL

Z̃p + u2ZL

. (3.14)

As can be seen it has the same form as in case of N = 1, except of u2. Although,

this parameter can be seen as turn ratio of an ideal transformer. If so, a circuit after

Fig. 3.12 (a) can be found that fits the formulae. In Fig. 3.12 (b) the parallel impedance

Z̃p at the primary side is transformed to the secondary side. Following formulae are

then obtained

Z̃s = tanh(γL)
√

ZsZp (3.15a)

˜̃Zp =

√
ZsZp

tanh(γL)
(3.15b)

p = 1− tanh(γL)2 = 1− Z̃s

˜̃Zp

. (3.15c)
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FIGURE 3.12: Two variants of the derived transmission line model.

u = ±√
p. (3.15d)

Also, following relation shoud be noted:

√
ZsZp =

√
Z′
sZ

′
p = Z0. (3.16)

Where, Z0 is the characteristic impedance of the line.

3.3.1.2 Impedance Transformation Network

Two TL models, as derived in the previous subsection, are combined in series and

form the ITN. In Fig. 3.13 a circuit model of the ITN is depicted. According to the labels

and assuming lossless transmission lines the model formulae read:

Zs,i = j tan(βLi)Z0 = jXs,i (3.17a)

Zp,i = −j cot(βLi)Z0 = jXp,i (3.17b)

ui =sgn (cos(βLi))
√
1 + tan(βLi)2 (3.17c)

=sgn (cos(βLi))

√
1− Xs,i

Xp,i

.

Where i = 1, 2 indicates the first and the second line with the lengths L1 and L2, respec-

tively. With nodal analysis
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FIGURE 3.13: Circuit model of a two-step transmission line-based impedance transformer
with source and load impedance.
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ϕ1

ϕ2

ϕ3

 =


I0

0

0

 , (3.18)

the input voltage

Vin = ϕ1 (3.19)

and the input current

Ie =

(
u2
1

Zs,1

+
1

Zp,1

)
ϕ1−

u1

Zs,1

ϕ2 (3.20)

the input impedance can be calculated to

Zin =
Zp,1 (ZLZp,2 + ZLZs,1 + Zp,2Zs,1 + Zp,2Zs,2)

ZLZp,1 + ZLZp,2 + Zp,1Zp,2 + Zp,2Zs,2

. (3.21)

The load impedance ZL (i.e., antenna feed impedance) can take two different values,

as indicated in Fig. 3.13 as variable impedance. The ITN has the following properties:

(i) Maximum power transfer through the ITN, with respect to the source impedance

Zm, for the load impedance ZL = ZL,max. (ii) Minimum power transfer through the ITN,

with respect to the source impedance Zm, for the load impedance ZL = ZL,min. In the

first case, if ZL = ZL,max, the ITN provides conjugate-complex match

Zin|ZL=ZL,max
= Z∗

m (3.22)
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for maximum power transfer. Considering (3.21), then (3.22) leads to

Xp,1 = x (3.23a)

Xp,2 = y (3.23b)

Xs,1 =
N1

xD
(3.23c)

Xs,2 =
N2

yD
(3.23d)

with

N1 = Re{Zm − ZL,max}x2y − 2Im{Zm}Re{ZL,max}xy

− Im{ZmZ
∗
L,max}x2 − Re{ZL,max}|Zm|2 (x+ y)

N2 = Re{ZL,max − Zm}xy2 − 2Im{ZL,max}Re{Zm}xy

+ Im{ZmZ
∗
L,max}y2 − Re{Zm}|ZL,max|2 (x+ y)

D = Re{ZL,max}x+Re{Zm}y + Im{ZmZL,max}

Since (3.22) leads to two equations (if split in real and imaginary part), but the network

itself comprises four parameters, two of them are freely selectable indicated by x and y

(with the unit ohm).

It is stated that the input impedance Zin for ZL = ZL,min (i.e. Zin|ZL=ZL,min
) must be

as high as possible to minimize the power in ZL,min. From here, the real part of Zin is

considered only, because the imaginary part will be compensated when two ITNs are

combined forming the power divider (see the following subsection). The Fig. 3.14 (a)

colourmap shows the real part of Zin if the ITN is terminated in ZL,min for different

values of x and y. Dark red gives the maximum value, whereas dark blue indicates a

low value with the unit ohm. Here, example values for ZL,min and ZL,max are chosen

deliberately. It is calculated with (3.23) and consequently fulfils (3.22). To find the
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maximum values, following equation must be met

∇x,y(Re{Zin|ZL=ZL,min
}) = 0. (3.24)

∇x,y indicates the gradient with respect to x and y. Both resulting equations are fulfilled

for a certain dependency between x and y

x =
T1y

2 + T2y + T3

T4y2 + T5y + T6

(3.25)

where:

T1 =Re{Zm}
(
Re{ZL,min}2 − Re{ZL,max}2 +

(
Im{ZL,min} − Im{ZL,max}

)2
+
√
A
)

(3.26a)

+ 2Im{Zm}Re{ZL,max}
(
Im{ZL,min} − Im{ZL,max}

)

T2 =2|ZL,max|2
(
Im{ZL,maxZ

∗
m} − 2Re{Zm}Im{ZL,min}

)
(3.26b)

+ 2|ZL,min|2Im{ZmZL,max}+ 2Im{ZL,max}Re{Zm}
√
A

T3 =Re{Zm}|ZL,max|4 − Re{Zm}Re{Z2
L,max}|ZL,min|2 +Re{Zm}

√
A|ZL,max|2 (3.26c)

− 2Re{Zm}Im{ZL,min}Im{ZL,max}|ZL,max|2

− 2Im{Zm}Re{ZL,max}
(
Im{ZL,min}|ZL,max|2 − Im{ZL,max}|ZL,min|2

)

T4 =2Re{ZL,max}
(
Im{ZL,max} − Im{ZL,min}

)
(3.26d)

T5 = 2Re{ZL,max}
(
|ZL,max|2 − |ZL,min|2

)
(3.26e)
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FIGURE 3.14: (a) colourmap of Re{Zin|ZL=ZL,min
} over x and y (see (3.23)) with

ZL,min = 20 + j10 [Ω] and ZL,max = 70− j50 [Ω] arbitrarily chosen. This map is calculated
with (3.23). Dark red indicates the maximum value while dark blue gives the minimum
value in [Ω]. It should be noted that for Zin|ZL=ZL,max

(3.22) is fulfilled for all values of x
and y.

(b) plotted function of (3.25) for the same example as in (a). This curve gives the relation
between x and y to obtain the highest possible value of the real part of Zin|ZL=ZL,min

. At the
same time (3.23) for Zin|ZL=ZL,max

is fulfilled. This curve can be recognized as the maxima
of the colourmap in (a) [74].

T6 =2Re{ZL,max}
(
Im{ZL,min}|ZL,max|2 − Im{ZL,max}|ZL,min|2

)
(3.26f)

with

A =
(
Im{ZL,min} − Im{ZL,max}

)4
+
(
Re{ZL,min}2 − Re{ZL,max}2

)2
+ 2

(
Re{ZL,min}2 +Re{ZL,max}2

)(
Im{ZL,min} − Im{ZL,max}

)2
Inserting (3.25) into (3.23) gives the solution that fulfils the aforementioned properties

of the ITN. For the same example of Fig. 3.14 (a) the relation between x and y of (3.25)

is plotted in Fig. 3.14 (b). The curve can be recognized in Fig. 3.14 (a) as the maxima.

Furthermore, by using (3.17), the characteristic impedances as well as the electrical

lengths of the two TLs, which form the ITN, can be obtained.
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FIGURE 3.15: The scheme of the power divider network (PDN). (a) An illustration of the
PDN comprising two impedance transformation networks (ITN) in parallel with its two

scenarios. (b) The equivalent circuit of the PDN with its two scenarios [74].

3.3.1.3 Power Divider Network

Two of the ITN described above form a three-port power divider network (PDN).

As shown in Fig. 3.15 (a), the two scenarios (with source and PDN unchanged) have

different loads, ZL1 and ZL2. These loads are transformed through the ITNs, and the

simplified circuits of Fig. 3.15 (b) are obtained. Here, the subscript “max” indicates

the load where the dissipated power is maximized, and the subscript “min” indicates

the load where the dissipated power is minimized. For example, Zin,max denotes the

input impedance of the ITN connected to the load ZL = ZL,max for the scenario where

the maximum power should be delivered to this load. From the circuits of Fig. 3.15 (b),

conjugate-complex match to the source impedance Zi gives

Z∗
i =

Zin1,maxZin2,min

Zin1,max + Zin2,min

(3.27a)

Z∗
i =

Zin1,minZin2,max

Zin1,min + Zin2,max

(3.27b)

which can be written as
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Zin1,max = Z∗
m1 =

Z∗
i Zin2,min

Zin2,min − Z∗
i

(3.28a)

Zin2,max = Z∗
m2 =

Z∗
i Zin1,min

Zin1,min − Z∗
i

(3.28b)

The two equations of (3.28) have unknowns Zin1,max, Zin2,max, Zin1,min, Zin2,min. In

addition, (3.22) and (3.24) relate Zin,max and Zin,min for each of the two ITNs. Therefore,

this system of equations can be solved numerically and parameters of the TLs can be

calculated.

The PDN presented here is a way of solving the problem of two different environ-

ments around an antenna. Intuitively, an alternative approach would be to use only

one feed point of the antenna which is then matched with only one ITN for two load

impedances (two different environments). However, the design of such a network is

not straightforward due to the impedance matching domain problem as discussed in

[209] for LC ladder networks. Thus, this single-feed approach is not suitable for a gen-

eralized case. On the other hand, the proposed dual-fed approach is straightforward,

as shown in the following example.

3.3.2 Example

The procedure developed in the previous subsections is applied to a practical exam-

ple of an adaptive antenna. The idea is to use the PDN to feed two monopoles (diameter

of 2mm) of different length, very close to each other (≈ λ/15) at 1GHz (Fig. 3.16 (a)).

Here, “M1” indicates monopole 1 (length 72mm ≈ λ/4) and “M2” monopole 2 (length

35mm ≈ 0.116λ). In the first scenario, the monopoles are placed in free space. In the

second scenario, the monopoles are fully immersed in a lossy organic material (namely,

butter). This example setup of the two coupled monopole antenna was chosen because

it allows for an easy and clear separation of the electromagnetic environment of the

antenna (namely, "air" versus "butter") from the PDN (the microstrip circuit in the

opposite side of the antenna ground plane). The PDN matches the monopoles, in both
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(a) (b)

M2

M1

Figure 1: (a) Two monopoles of different length next to each other forming the dual-fed
adaptive antenna. (b) Photo of the butter-filled cylindrical resonator (opened for clarity)
for determination of the material properties of butter.

1

FIGURE 3.16: (a) Two monopoles of different length next to each other forming the dual-fed
adaptive antenna. (b) Photo of the butter-filled cylindrical resonator (opened for clarity)

for determination of the material properties of butter [74]

TABLE 3.2: Simulated input impedances of the monopoles [74].

Scenario 1 Free-space

Notation ZL1,max [Ω] ZL2,min[Ω]
1st simulation 24.1 + j1.2 2.6− j113

converged 25 + j1.7 −35.5− j162.1

Scenario 2 Butter

Notation ZL1,min [Ω] ZL2,max[Ω]
1st simulation 56.9− j102.1 12.3 + j8.9

converged −33.4− j53.6 14.9 + j8.4

scenarios, to a single 50Ω source. From inspection of field simulation field plots, it can

be noted that in the first scenario (free space), most of the power is radiated via the first

monopole, while in the second scenario (butter), mostly the second monopole radiates.

The dielectric properties of butter are measured. Transmission through a cylindrical

cavity resonator, at first air-filled and then filled with butter (Fig. 3.16 (b)) is measured

and modeled in a field simulator, allowing to obtain permittivity and loss tangent by

fitting. Permittivity ϵr,butter = 4.13 and tan δbutter = 0.04 is found at 1GHz.
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FIGURE 3.17: Simulated input impedance of the two monopoles when assuming a
linear transition of the relative permittivity and loss tangent from the scenario with
air to the one with butter. It holds ZL1(ϵr = 1, tan δ = 0) = ZL1,max, ZL2(1, 0) = ZL1,min,

ZL1(4.13, 0.04) = ZL1,min and ZL2(4.13, 0.04) = ZL2,max [74]

TABLE 3.3: Characteristic impedances and electrical lengths of the PDN transmission lines
for y = −5Ω [74].

Z11 Z12 Z21 Z22 Φ11 Φ12 Φ21 Φ22

1st simulation
[Ω] [°]

41.3 28.5 125.8 58 88.4 80 79.3 85
converged

[Ω] [°]
46.7 33.3 96.9 56.5 77.8 81.5 82.0 84.8
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Field simulation provides the respective input impedances for the two monopoles

M1, M2 for the two scenarios, as listed in Table 3.2 under notation "1st simulation". The

indices are chosen such that M1 is primarily fed to radiate in the free-space scenario,

whereas M2 is primarily fed to radiate in the "butter scenario". For illustration, Fig. 3.17

shows plots of the variation of the monopole input impedances while linearly varying

permittivity and loss tangent from the values of the first scenario to their values of the

second scenario.

It should be noted that strong coupling between the two monopoles (also expected

for most dual-fed antenna structures) leads to some change of feed impedance of

one monopole while the other monopole’s feed is connected to a varying load (active

impedance). The PDN is derived from the impedances, which in turn are obtained from

a field simulation assuming simple, e.g., 50Ω, port impedance. This PDN, however,

then provides different impedances to the antenna, changing the active impedances

of the antenna network at its ports. In an iterative procedure, these updated antenna

impedances allow to derive an updated PDN. This process converges quickly as can

be seen in Fig. 3.18. (a) and (b) shows the input impedances of both monopoles over

the iterations, which are the load impedances of the PDN. The TL parameters over

the iterations is given in (c) and (d). Note that additional field simulations are not

required, as the scattering parameter matrix (or impedance matrix) of the antenna (for

each scenario) needs to be obtained only at the beginning.

Table 3.2 lists under notation "converged" the respective input impedances of the

two monopoles M1, M2 for the two scenarios. Using the input impedances of Table 3.2,

equations (3.17)−(3.28) permit the calculation of impedances and electrical lengths of

the TLs forming the ITNs (Fig. 3.19, Table 3.3). These calculations are executed with

Matlab. For each ITN, a remaining degree of freedom allows to select one parameter.

In this example, the parameter y = −5Ω is chosen for each ITN (this choice is governed

by the resulting, “realizable” TL impedances).

Table 3.3 lists the obtained parameters of the TLs of the PDN. The values for the

PDN of the first iteration (notation "1st simulation") do not differ much from the

values obtained from the converged iterative design process (notation "converged"). In

particular, in a practical realization of the PDN in microstrip technology, the differences
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FIGURE 3.18: The behaviour of the input impedances of the monopoles ((a) real and (b)
imaginary part) and the characteristic impedance (c) and phase shift (d) of the TLs of the

PDN over the iteration steps.

will be negligible. However, for an even-stronger coupling between the ports of the

dual-fed antenna, the changes during the iterative design procedure may become

larger.

In Fig. 3.20 the simulated (here, TLs are lossless) portions of the maximum power

that can be delivered from the source of the reflected power |Γ|2 (black dash-dotted

line), the power dissipated in Re{ZL1} (p1 red dashed line) and the dissipated power

in Re{ZL2} (p2 blue dotted line) are plotted. Thereby, the input impedance changes

over the relative pemittivity and the loss tagent is considered (see Fig. 3.17). In the

air-scenario, 99.8 % of the maximum power is consumed by monopole M1, while

only 0.2 % is dissipated in monopole M2. If the monopoles are exposed in butter, the
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FIGURE 3.19: Equivalent circuit of the PDN with TL parameters [74].

reflected power is about 0.2 %, the power in M1 is 9.5 % and in M2 is 90.3 %.

So far, optimum operation was required at two different scenarios, as illustrated

in Fig. 3.20, showing the reflected power at source becoming zero for ϵr = 1 and

ϵr = 4.13. A modification of the use-case may require good performance (that is, small

reflected power) over a range of dielectric property of the electromagnetic environment.

Such use-case may represent somewhat varying material property and/or varying

geometry of the environment of the antenna, as it can be expected for many RFID-like

applications.

Exposing the pair of coupled monopole radiators to three other pairs of environmen-

tal dielectric scenarios, Fig. 3.21 illustrates the simulated resulting reflection coefficient

magnitude. The four permittivity-pairs related to Fig. 3.21 are: (i) ϵr = {1, 4.13}, (ii)

ϵr = {1.5, 3.5}, (iii) ϵr = {2, 3}, (iv) ϵr = {2.25, 2.75}. Obviously, the dielectric prop-

erty of the electromagnetic environment can always vary by a small amount, without

resulting in large mismatch. Once the two “optimally matched” permittivity values

are close-enough to each other (as in cases (iii) and (iv)), a range of electromagnetic

environment, leading well-matched input impedance, is obtained. Similar behavior is

common to any impedance-transformation network.
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Figure 1: Simulated portions of the maximum power of the reflected power |Γ|2 (black
dash-dotted line), the power dissipated in Re{ZL1} ( p1, red dashed line) and dissipated
power in Re{ZL2} ( p2, blue dotted line) over different valuesets of the relative permittivity
and the loss tagent. In the scenario where the monopoles are placed in air (εr = 1, tan δ = 0)
the reflected power is zero and the dissipated power p1 in Re{ZL1} is about 99.8 % of the
maximum power that can be delivered from the source. Then the power p2 in Re{ZL2} is
0.2 %. In the scenario of butter (εr = 4.13, tan δ = 0.04) |Γ|2 is 0.2 %, p1 is 90.3 % and p2 is
9.5 %.

1

FIGURE 3.20: Simulated portions of the maximum power of the reflected power |Γ|2 (black
dash-dotted line), the power dissipated in Re{ZL1} ( p1, red dashed line) and dissipated
power in Re{ZL2} ( p2, blue dotted line) over different valuesets of the relative permittivity
and the loss tagent. In the scenario where the monopoles are placed in air (ϵr = 1, tan δ = 0)
the reflected power is zero and the dissipated power p1 in Re{ZL1} is about 99.8 % of the
maximum power that can be delivered from the source. Then the power p2 in Re{ZL2} is
0.2 %. In the scenario of butter (ϵr = 4.13, tan δ = 0.04) |Γ|2 is 0.2 %, p1 is 90.3 % and p2 is

9.5 % [74].

The microstrip line parameters are readily found for the circuit realized on Rogers

RT6002 substrate (thickness 0.762mm, ϵrel = 2.94, tan δ = 0.0012). Figure 3.22 shows

the realization of the two monopole radiators and the PDN on a microstrip circuit

board. The ground layer has openings of 4mm diameter for the monopoles. The

monopole metal rods pass through the board and are soldered to the microstrip traces.

The feed reflection magnitude at the coax connector, measured for the two scenarios, is

shown in Fig. 3.23. Good match is achieved for both scenarios (free-space and butter).

Furthermore, the measured curves are in good agreement with the field simulations.

Figure 3.24 shows a photograph of the reflection coefficient measurement setup when

the monopoles are immersed into butter.
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Figure 1: Simulated reflection coefficient |Γ| in dB for the two-monopole-antenna with four
different PDNs, corresponding to four pairs of environmental scenarios to the antenna.
Case (i): εr = {1, 4.13} in black dash-dotted line. Case (ii): εr = {1.5, 3.5} in red dashed
line. Case (iii): εr = {2, 3} in blue dotted line. Case (iv): εr = {2.25, 2.75} in green solid line.
The associated loss tangent (tan δ) values are scaled proportionally.
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FIGURE 3.21: Simulated reflection coefficient |Γ| in dB for the two-monopole-antenna with
four different PDNs, corresponding to four pairs of scenarios to the antenna. Case (i):
ϵr = {1, 4.13} in black dash-dotted line. Case (ii): ϵr = {1.5, 3.5} in red dashed line. Case
(iii): ϵr = {2, 3} in blue dotted line. Case (iv): ϵr = {2.25, 2.75} in green solid line. The

associated loss tangent (tan δ) values are scaled proportionally [74].

Figure 1: Caption

1

FIGURE 3.22: Photograph of the prototype: Left: The two monopoles over ground plane.
Right: The PDN.
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Figure 1: Measured and simulated reflection coefficient of the adaptive antenna for both
scenarios (air and butter). The inset picture shows the measurement setup for the scenario
with butter.
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FIGURE 3.23: Measured and simulated reflection coefficient of the adaptive antenna for
both scenarios (air and butter) [74].

Figure 1: Caption

1

FIGURE 3.24: Photograph of the measurement setup when the monopoles are immersed
into butter.
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3.3.3 Discussion

Analytical formulae for a power divider feed network for a dual-fed antenna are

presented. If the antenna operates in two electromagnetically different environments,

called scenarios, its feed impedances will change. The proposed power divider feed

network directs the power from a matched source to the first antenna feed in the first

scenario, and to the second antenna feed in the second scenario. The proposed power

divider feed network is passive and assumed lossless. In a practical demonstration,

two strongly coupled monopole radiators of largely different length are fed by an

accordingly designed power divider feed network. This structure radiates with perfect

source match (50 ohm) into free space, but also when completely immersed into butter

(ϵr,butter = 4.13, tan δbutter = 0.04). The measurements confirm the derived theoretical

formulae.

The presented power divider network can be used with RFID tags to adapt the

antenna to two different environments. It ensures an energy-efficient operation of the

RFID tag without much power being reflected at the antenna input.

From a theoretical point of view, the number different environmental scenarios, as

well as the number of antenna feed points, can both be increased to a number larger

than two. If N scenarios shall be covered with an antenna having N feed points, then

the extension of the approach discussed in this paper (here N = 2) shows that each

of the N arms of the power divider requires N sections of transmission line to realize

the appropriate impedance transformation. However, already for N = 3, these 9 lines

contribute to loss and increase the physical size of the circuit likely beyond a practical

limit.
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Chapter 4

Actively Adaptive Antennas

4.1 Introduction

Two concepts of actively adaptive antennas are introduced in this chapter. These

do require active components such as diodes or transistors. When the environment

changes, switching events are triggered by a DC voltage that changes the radiating

structure in such a way that impedance matching to the source(s) is maintained.

The second section shows a concept that alters the feed location along a differential

antenna upon the scenario. Thereby, the feed location where impedance matching

prevails is selected with the help of switches. In the third section, a theory of a radiation

structure, represented by a multi port with an arbitrary number of feed and load ports

is introduced. At each load port, an admittance can be activated using a switch to

obtain impedance matching at all feed ports. This can only be the case if the admittance

has a certain value, which is provided by this theory.

4.2 Adaptivity by Changing Feed Positions Along A Wire

Antenna1

In the following approach the variation of the input impedance along a wire antenna

is exploited. It is assumed that the antenna is placed on different materials over time.

1Some of the text and pictures presented in this section are extracted (or are modified versions) from
[153, 210]. The author is the main contributor to publication [153, 210].
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FIGURE 4.1: Planar wire antenna with arbitrary shape and three different feed positions
(A, B and C) on a half-space filled with lossy material.

Thereby, the antenna is laid on a half-space made of said materials while the other half-

space always consists of air. A specific time with a specific material is called a scenario.

For each scenario there is a specific input impedance distribution along the antenna.

The idea is to find the feed position where complex conjugate impedance matching

to the source is achieved. If the scenario changes now, the suitable feed position will

change as well. Consequently, for a certain number of scenarios different feed positions

can be found. By incorporating switches the appropriate feed position per scenario can

be selected. In Fig. 4.1 a sketch of a planar wire antenna with arbitrary shape and three

different feed positions (A, B and C) on a half-space filled with an arbitrary material is

depicted. This has three transceivers of which one per scenario connects to the antenna,

while the other ones are excluded by switches from the radiating structure. Thus, an

antenna can be designed that is adaptive to different scenarios, even if the materials

show largely different properties like losses and dielectric constants.
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4.2.1 Differential Feed Structures

In [211] numerical investigations on a multiple fed dipole antenna are conducted

in order to show the proof of concept. Indeed, it has been shown that a certain range

of the dielectric constants can be covered with two switches. Thereby, the reflection

coefficient at the respective feed always stays below a certain limit (e.g. −8.5 dB). If

it comes to the realization of a prototype antenna that is connected to an RF-chip, in

which the switching functionality is implemented two problems appear:

The first one is the radiation of the feed line. This radiation occurs if the feed position

is not in the symmetric plane of the wire antenna. This effect was described as early as

1950 [212], where it is stated: "Most important is the fact that a transmission line feeding the

antenna [. . . ] is not in a neutral plane and is unbalanced by the different lengths of conductor

attached to its ends. As a result, the transmission line is an important part of the radiating

systems since the co-directional components of current contribute significantly to the far-zone

electromagnetic field.”

The second problem that occurs is the small area of the RF-chip in comparison to the

antenna dimensions. Different from as shown in Fig. 4.1, in a prototype the feeds

are not distributed as it would be necessary for the feed positions. Rather, these are

bundled next to each other in the small RF-chip area.

4.2.2 3-Port Antenna on Flexible Polymer Foil

In this subsection a planar single layer dipole-like antenna with three feeds is

presented. The antenna is designed to be connected to an RF-chip, which are then

embedded into a flexible polymer foil. The technique with a single feed bow-tie

antenna has been demonstrated in [213–217]. Since the three antenna ports of the

RF-chip are co-located within a 1.4mm distance this prototype must overcome the

aforementioned problems. The RF-chip operates at a center frequency of 5.5GHz with

a bandwidth of about 800MHz. With the three ports of the antenna three different

scenarios can be perfectly covered, whereby the switching capability is implemented

into the RF-chip. In order to select the appropriate feed port, a reflection coefficient

detector should be developed within the RF-chip.
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FIGURE 4.2: Double-fed dipole [153]. (a) Dipole with feed lines and switches. (b) Fed at
feed-port 1, the feed line 1 is not part of the radiating structure. (c) Fed at feed-port 2.

4.2.2.1 Concept of the Antenna

For a decent bandwidth, a dipole-like structure (single-layer metal) is chosen. The

antenna shall provide 100Ω balanced feeds to the chip. Largely different environments

(air, half-space of permittivity of 4 and of 42, respectively) would lead to largely dif-

ferent dipole sizes if three center-fed dipoles are considered. For compactness of the

antenna structure, a co-integration of one double-fed dipole with an embraced second

dipole is chosen.

A. Double-Fed Dipole

A double-fed dipole antenna is considered (Fig. 4.2 (a)) for the two scenarios with

the lowest permittivity, air and butter (this will combine the two physically larger

dipoles into a single structure, resulting in a compact device). Two switches (SW1 and

SW2) are at the respective ends of feed lines 1,2, optionally short-circuiting source and

line. For best feed match, the source 1 or 2 can be selected: Either SW1 is open and
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SW2 is closed, or SW1 is closed and SW2 is open. By selecting the right feed-port,

the double-fed dipole is resonant at the same frequency for different environments

of different permittivity. The structural asymmetry with reference to either feed-port

results in an even mode on the corresponding feed line. If the even mode on the

feed line is suppressed, then the feedline itself does not radiate and consequently

it does not belong to the radiating structure. As described in [218], the even mode

can be suppressed by an appropriate load impedance at an arbitrary point along the

dipole. The double-fed dipole can be seen, for one chosen feed-port, as an off-centre fed

dipole loaded with a conductor stub at the other point. The two possible scenarios are

depicted in Fig. 4.2 (b) and Fig. 4.2 (c). Assuming the first scenario is in air (Fig. 4.2 (b)),

in which the dipole is fed at feed-port 1, the dipole length is:

Lair = LL + 2L2 + LM + LR = 2L2 + L. (4.1)

For the second scenario, the dipole is attached to a half-space of butter. The dipole is

fed at feed-port 2 (Fig. 4.2 (c)) and the dipole length is calculated to

Lbutter = LL + 2L1 + LM + LR = 2L1 + L. (4.2)

The condition of suppressing the even mode on the feed lines can be met as follows:

Consider first an ordinary half-wavelength dipole that is fed in the middle has a

symmetrical current distribution (Fig. 4.3 (a)). The current distribution is symmetric

with reference to the feed point and thus there is no even mode on the feed lines.

Consider now a full-wavelength dipole and its current distribution (Fig. 4.3 (b)). A feed

point with symmetrical current is found one-quarter wavelength from the dipole end

(Fig. 2b). Again, there will be no even mode on the feed line on that particular position,

and the feed line can be assumed to not be part of the antenna. More generally, a series

reactance placed in-series somewhere along the dipole will eventually modify the

current distribution, so by doing so, the point where the current distribution becomes

symmetric (and a feed-port with suppressed even mode should be connected) will

displace [218].
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FIGURE 4.3: In order to suppress an even mode on the balanced feed line, the current
distribution at the feed-point must be symmetrical. (a) Half-wavelength dipole and its
current distribution. (b) a full-wavelength dipole fed at one fourth of the right end and its

current distribution [218].

Accordingly, the following applies to the case, when the antenna is placed in air

(feed-port 1):

LR =
λ0

4
(4.3a)

LL + 2L2 + LM =
3λ0

4
. (4.3b)

For the other case (antenna is place on a half-space of butter),

LL =
λ0

4
√
ϵr,eff,butter

(4.4a)

LR + 2L1 + LM =
3λ0

4
√
ϵr,eff,butter

. (4.4b)

Solving Eqs. (4.3) and (4.4) gives:

L1 =
1

2

(
λ0√

ϵr,eff,butter
− L

)
(4.5a)

L2 =
1

2
(λ0 − L) . (4.5b)
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From this result it is obvious that the value of ϵr,eff,butter should be close enough to the

dielectric constant of air that L1 stays positive.

B. Separated Dipole

Since a triple-fed dipole antenna is too involved to design with the same approach

presented in the previous section, the third scenario is covered by a third, separated

dipole. As the third scenario belongs to the highest permittivity environment, this

dipole is small. For overall compactness, this dipole is placed very close to the double-

fed dipole and therefore strongly field coupled. Thus, field simulations optimize the

shape of the separated dipole. Similar to the double-fed dipole, this dipole also features

an on-chip switch, which is short-circuiting the feed line when not in use.

4.2.2.2 Standalone Prototype

Prior to the antenna simulation and design, the dielectric properties of the chosen

dielectrics, butter and minced meat, are determined. The materials are placed into a

section of rectangular waveguide (WR159) and reflection/transmission parameters

are measured. Fig. 4.4 illustrates the procedure. In addition, an air-filled section is

measured. All measurements are modelled in field simulation software and fitting

simulations to measurements find the material dielectric parameters in the frequency

range between 5GHz and 6GHz. The extracted material properties are listed in Ta-

ble 4.1.

Table 4.2 lists the geometries the balanced feed lines, attached onto blocks of the di-

electric. The real part of the line characteristic impedance is chosen 100Ω, whereas the

imaginary part is small (imaginary part of characteristic impedance for line-on-butter

is 1.1Ω and for line-on-meat 2.2Ω).

TABLE 4.1: Measured/extracted properties of the dielectric materials.

Parameters Air Butter Minced meat

Dielectric constant 1 3.95 42
Loss tangent 0 0.05 0.37
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FIGURE 4.4: Measurement concept for dielectric material-under-test (MUT) [153]. WR159
waveguide. MUT section length 16.3mm. (a) Schematic of the setup. (b) Butter-filled MUT

section. (c) Minced meat-filled MUT section.

TABLE 4.2: Dimensions of 100Ω differential lines (in foil) placed on top of dielectric block
(half-space).

Gap between strips g [µm] Strip width w [µm]

Air 30 380
Butter 70 380
Butter 100 175

The dimensions from Eqs. (4.3), (4.4) and (4.5) give the starting point for the an-

tenna design. Additionally, the length of the separated dipole is chosen to be half

a wavelength at 5.5GHz in an effective medium with permittivity of ϵr,eff,meat . The

effective dielectric constant for the operation scenarios for butter and meat (note that

these are dielectric half-spaces seen by the dipoles) is approximated by

ϵr,eff,butter,meat =
1 + ϵr,butter,meat

2
. (4.6)
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FIGURE 4.5: The layout of the complete dipole-based antenna structure[153].

The respective measured dielectric constant is indicated by ϵr,butter. Note that LM can

be chosen freely (within limits) to obtain a compact antenna. The different antenna

trace widths are adjusted so that the feed-point impedances (for all materials) take a

value of 100Ω as well. Consequently, assuming a 100Ω differential source/load (that

is, the interface of the RF chip), impedance matching is achieved.

Starting with these theoretically calculated dimensions and the topology shown in

Fig. 4.5, an optimization by field simulation is executed. This is necessary, because the

theoretical approach does not consider any coupling effects and measures to increase

the bandwidth (tapered antenna arms). Table 4.3 lists the theoretical values of all

dimensions together with the final values after optimization.

Fig. 4.5 shows the layout of the proposed antenna. The double-fed dipole and the sepa-

rated dipole are marked. The layout shows somehow bent and intertwined features in

order to make the overall area small. The dimensions of the circumferential rectangle

of the overall antenna are 28× 15mm2. Well-defined balanced feed lines pass from the

dipole feed-ports to the chip. The chip shall provide the switching functionality. The

feed-ports are on a straight line, distanced by 0.7mm.
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TABLE 4.3: Dimensions of the dipole-based antenna structure after Fig. 4.5.

Dimensions [mm] Calculated After optimization

L1 1.19 0.75
L2 11.10 10.35
LL 8.67 7.85
LR 13.63 15.12
Lair 54.54 52.78

Lbutter 34.67 33.58
LM chosen to be 10 9.11
LL2 - 6.02
LR2 - 5.95

A prototype of the antenna is manufactured for standalone (without RF-chip)

measurement. Therefore, three different versions of the antenna board (for different

environment: air, butter, minced meat) are produced. They are identical except for the

corresponding 100Ω differential feed line. The other feed lines are short-circuited at

the locations, where the switches would be in the chip. The feed line is extended to the

edge of the foil. There, the line traces become wider and the gap between the traces

larger (see Fig. 4.6). This wide line on the antenna foil substrate is easily connected

to a similarly wide line on thin printed circuit board (PCB) by overlap and simple

mechanical pressure. Pressure is applied by two pieces of electromagnetic transparency

material (Rohacell foam) that are clamped together with two plastic screws. On the

side of the PCB, the wide differential line is continued for half a wavelength, until

each trace ends in a 50Ω microstrip line. Then, a balanced-to-unbalanced (BalUn)

transition is designed, ending in a coax SMA connector for single-port measurement.

The simulated - 15 dB matching bandwidth of the BalUn covers the range from 4.5GHz

to 6.5GHz. Fig. 4.7 shows the antenna attached to dielectric blocks of butter and meat,

respectively, and connected for impedance measurements.

Fig. 4.8 shows the measured reflection coefficient magnitudes, together with simu-

lated results. The antenna is well-matched in all three scenarios. For the cases with

attached dielectric blocks, a separate measurement shows that feed match disappears

when this particularly fed structure is exposed to free-space (butter and meat removed,

curves named “butter-air” and “meat-air”, respectively).
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FIGURE 4.6: The measurement setup for measuring the reflection coefficient of the antenna
for one given environment (here: air). At the appropriated feed point, the feed line is
extended to the edge of the foil. From there it becomes larger to ensure a good handle
ability for the pressure-based foil-to-PCB transition. A half-wavelength long differential
line accounts for any perturbation. On PCB, a balanced-to-unbalanced (BalUn) transition

allows measuring the differential structure with a single-port measurement [153].

4.2.2.3 Prototype with RF-Chip

A prototype of the 3-port antenna connected to an RF-chip2 is manufactured. A

photograph of the RF-chip is given in Fig. 4.9 (a). In Fig. 4.9 (b) the schematic of the

RF-chip and the antenna is depicted. The chip comprises a power amplifier and three

RF-switches, which are connected to the antenna. Since the respective output port

(that is active) and the input port of the antenna are designed to have 100Ω differential

impedance, power matching between the antenna and the RF-chip is obtained.

A DC bias PCB is developed to conveniently bias and apply the switching functionality

to the RF-chip in the foil. To connect the DC PCB with the foil, FFC cables with

clamp connectors are used. The RF input line on the foil of the chip is separated and

connected to an RF-PCB which includes a foil-to-PCB transition and a BalUn. This

is the same as described in subsection 4.2.2.2 (cf. Fig. 4.6). All of these components

are then mounted to a holder for radiation pattern measurement. To test the antenna

on different materials a material container out of electromagnetic transparent foam

(rohacell) is used. A photo is depicted in Fig. 4.10. The inset picture shows the setup

and if the material container is filled with minced meat.
2Designed by Mr. Sefa Özbek, Institute of Electrical and Optical Communications Engineering

(INT), University of Stuttgart.
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FIGURE 4.7: Photos of the two measurement setups with block of butter (upper photo) and
block of minced meat (lower photo) attached to the antenna [153].

The whole system is placed in an anechoic chamber to measure the radiation pattern

for the cases of butter and minced meat. The right photograph of Fig. 4.11 shows how

the system is mounted in the anechoic chamber. In addition to the DC PCB a second

DC board, a so-called RF switch board is developed. On this board, manual switches

are implemented for the adjustment of the right output port of the RF chip, which is

the input port of the antenna. The DC voltage sources are placed beneath absorbers

on the rotating stand so that they can rotate during the measurement. On the left

photograph of Fig. 4.11, the foil system attached to the two different materials and the

coordinate system to which all the measurement results refer, are shown. It should be
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FIGURE 4.8: The simulated and measured reflection coefficient over frequency [153]. (a) all
in air. (b) on a block of butter (ϵr = 3.95) (c) on a block of minced meat (ϵr = 42. For (b)
and (c), the blue dotted curve indicates measurement in air, i.e., dielectric block removed.
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FIGURE 4.9: (a) Photograph of the RF-chip and (b) the schematic of the RF-chip with the
antenna [219].
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FIGURE 4.10: Photograph of the antenna connected to the RF-chip and embedded into
polymer foil. The whole system is mounted on a holder for radiation pattern measurement.
The inset picture shows the foil system attached to the minced meat-filled material con-

tainer.
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noted that this radiation pattern measurement serves as a verification of the system

communication functionality only. Since the main focus in this antenna design is to

reduce the reflection coefficient at different ports for either scenario it is not of interest

how the radiation occurs. Beside this, the DC lines and cables as well as the DC PCB

will alter the pattern. In Fig. 4.12 some cut planes of the measured (red curve) and

simulated (dashed gray curve) radiation pattern are shown. Note, the simulation

results shown here are without any surrounding lines or cables or PCB. The light gray

areas in sub figures (a)-(d) indicates the angle range, where all the radiated power is

dissipated in the absorbers of the rotating arm of the anechoic chamber. Obviously,

the measurement results show a similar course when compared with simulations,

but ripples are clearly visible in the measurements. This stems from the conductive

interference elements (e.g. DC lines and cables) in the vicinity of the antenna.

4.2.3 Discussion

The idea to make a differential, dipole-like structure adaptive to different scenarios

(antenna is placed on different half-space filled materials) by choosing different feed

positions is pursued. In a practical design, mainly, two challenges must be overcome.

Firstly, the unwanted radiation of the feed line and, secondly, the small area, in which,

due to the small RF-chip size, the feed positions should be co-located.

An approach for a triple-fed antenna was presented that meets the mentioned chal-

lenges. Furthermore, a prototype was made, which in turn shows that the approach

leads to the desired goal, which is adaptivity to different scenarios. The antenna shows

well-matched feed impedance for 3 different environmental scenarios, that is, when

placed in free-space, when attached to a block of permittivity of about 4 and when

attached to a block of permittivity of about 42. In all three scenarios, the measured feed

match is better than -20 dB at 5.5GHz. It was also shown that the antenna is functional

with a specially made RF-chip incorporated in a thin polymer foil. Thereby, the RF-chip

provides the switching capability. Thus, this lays the foundation for a highly flexible

wireless transmission system.

The proposed concept can be adapted to other sets of electromagnetic environments.
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FIGURE 4.11: Photos of the system measurement setup and the coordinate system.

However, more than three scenarios, meaning more than three feeds seems too in-

volved and its feasibility is questionable with the given approach.

4.3 Adaptivity by Switched Load Admittances or Cir-

cuits3

The most common antenna design method in terms of operating frequencies, band-

width, polarization, and radiating characteristics is to manipulate the radiating struc-

tures’ geometry. In many cases impedance-matching networks are used to reduce the

3Some of the text and pictures presented in this section are extracted (or are modified versions) from
[220]. The author is the main contributor to publication [220].
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FIGURE 4.12: Polar plots of the specific cut planes (see captions of the sub figures) of the
measured (red line) and simulated (gray dashed line) radiation pattern. The light-gray
areas in sub figures (a)-(d) indicates the angle range, where all the radiated power is

dissipated in the absorbers of the rotating arm of the anechoic chamber.
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FIGURE 4.13: An RFID tag as a possible application of the presented theory. It comprises a
double-fed patch antenna that is loaded with four switchable impedances for reconfigura-

tion. The chip provides both feeding and switching functions [220].

reflection at the input of the antenna. In this section, a theory is developed that allows

antenna properties to be altered by external load admittances. Further, these admit-

tances can be switched to obtain reconfiguration. The goal is to achieve impedance

matching to the source(s) at one particular frequency or in case of an adaptive (adaptive

to the environment) antenna at one particular scenario. Whether the change in fre-

quency is caused by the environment or is self-initiated is irrelevant to the basic theory

presented here. For this reason, the frequency reconfiguration is considered below and

not the compensation for the frequency change. In Fig. 4.13, a possible application of

the following theory is depicted: an RFID tag, comprising a patch antenna with two

feed and four load points as well as a chip and a battery. The tag has two substrates

separated by a ground plane. The patch is placed on one side, the chip on the other.

The chip has two small feed lines and four small load lines that are connected with a

via to the patch. As the environment changes, or the operating frequency is required to

change, the load impedances are switched such that the desired goal, i.e., impedance

matching, is achieved.
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Figure 1: Ein beschaltetes elektromagnetisches System (BEMS). Es besitzt
M + N Tore, von denen N Tore mit Lastadmittanzen, kombiniert mit einem
Schalter beschaltet sind. An die übrigen M Toren sind Spannungsquellen
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FIGURE 4.14: The principal structure of the considered antenna circuit comprising an
electromagnetic multi-port system (EMMPS), N load ports with load admittance and

switches, and M source ports with source admittances [220].

4.3.1 Theory

The basic structure of the reconfigurable antenna circuit is separated, as shown

in Fig. 4.14, in an electromagnetic multi-port system (EMMPS) and a circuit part

comprising sources and switched loads. The EMMPS is assumed to be known (in

this work it is calculated by an electromagnetic field solver) and is represented by

multi-port parameters such as admittance or scattering parameters. The N+M ports

are grouped into M sources and N loads (Fig. 4.14). The behavior of the entire structure

depends on the states of the switches. Referring to the RFID tag example of Fig. 4.13,

the EMMPS comprises patch antenna, vias, and lines, while the chip contains the loads

and sources. In this case the EMMPS has six ports: two source ports and four load

ports.

The main goal of the proposed concept is to obtain complex conjugate impedance

matching at all source ports at one particular frequency, for one set of settings of the

switches. Then, for a different frequency or a different electromagnetic environment,

the EMMPS changes, and matching at all source ports should be achieved with a

different setting of the switches, but with load and source admittances remaining
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unchanged. Therefore, for a given EMMPS, the load admittances are the unknown

parameters to be determined. In the derivation of the theory, at first, all switches are

closed such that all load admittances are contributing to the behavior at the source

ports. Later on, the theory is expanded to deal with different settings of the switches.

The EMMPS is supposedly known and represented by:

Y =

Yll Yls

Ysl Yss

 , (4.7)

where Y is a complex matrix with size of (M + N)× (M + N). This matrix is divided

into four sub-matrices: Yll ∈ CN×N, Yls ∈ CN×M, Ysl ∈ CM×N and Yss ∈ CM×M. The

index "l" stands for load and "s" for source. Therefore, Yll describes the relationship

between the individual load ports through the EMMPS. The sub-matrix Yls describes

the relationship between the source and load ports as well as the sub-matrix Ysl,

just vice versa. "Yss" gives the relationship between all source ports. Further, a load

admittance matrix is defined as:

YL = diag(YL1 , YL2 , . . . , YLk
, . . . , YLN

), (4.8)

where YLk
is the load admittance at the k-th load port. At the source port, a source port

matrix is defined that represents the known source admittances:

YS = diag (YS1 ,YS2 , . . . ,YSl , . . . ,YSM). (4.9)

YSl is the source admittance at the l-th source port. The following conversions are

performed in order to find a form, which separates the known and the unknown,

i.e., load admittances. According to the definition of the admittance parameters, the

currents in all load ports are calculated as:

I⃗l = YllV⃗l +YlsV⃗s (4.10)
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and the currents into all source ports to:

I⃗s = YslV⃗l +YssV⃗s. (4.11)

I⃗l and V⃗l are vectors whose k-th entry gives the current and voltage of the k-th load

port. I⃗s and V⃗s are vectors whose entries are the currents and voltages of the source

ports. The load port currents and voltages are related by the load admittances as

follow:

I⃗l = −YLV⃗l. (4.12)

The minus sign originates from the definition of port currents, which always pointing

towards the ports. Inserting (4.12) into (4.10) and solving for V⃗l leads to:

V⃗l = − (Yll +YL)
−1YlsV⃗s. (4.13)

(Yll +YL)
−1 denotes the inverse matrix of matrix (Yll +YL). When inserting (4.13)

into (4.11), the following equation for the current at the source ports are obtained:

I⃗s =
(
Yss −Ysl (Yll +YL)

−1Yls

)
V⃗s. (4.14)

Considering the source port, for example, for the l-th source port in Fig. 4.15, the

following relation holds:

I⃗s = YSV⃗0 −YSV⃗s. (4.15)

Here, the V⃗0 vector includes all source voltages at the respective source ports. Further-

more, a voltage divider between the source and the source-port voltage is applied and

expressed with matrices at all source ports:

V⃗s = (YS +Yin)
−1YSV⃗0 = MvrV⃗0. (4.16)

Here,

Yin = diag (Yin1 ,Yin2 , . . . ,Yinl , . . . ,YinM) (4.17)
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FIGURE 4.15: Current, voltage and admittance labeling at the l-th source port.

is a diagonal matrix with the input admittances (active admittances) at the respec-

tive source port, and Mvr is a diagonal matrix, named voltage ratio matrix. Mutual

substitution of equations (4.14)-(4.16) results in

Ys (IM −Mvr) V⃗0 =
(
Yss −Ysl (Yll +YL)

−1Yls

)
MvrV⃗0, (4.18)

with the identity matrix IM of size M. The matching condition at the source ports is:

Yin = YS = diag (Y∗
S1
,Y∗

S2
, . . . ,Y∗

Sl
, . . . ,Y∗

SM
). (4.19)

Here, YS denotes the complex conjugate matrix of YS and Y∗
Sl

the complex conjugate

of YSl . In (4.18), Mvr is the only one matrix, dependent on Yin, therefore

Mvr =
(
YS +YS

)−1
YS =

1

2
Re{YS}−1YS =

1

2

(
IM + jRe{YS}−1 Im{YS}

)
(4.20)

and IM − Mvr = 1/2 (IM − j Re{YS}−1 Im{YS}) with j as the imaginary unit. If the

source admittances only have a real part, the voltage ratio matrix becomes the identity

matrix multiplied by 1/2. With the relation A−1 = adj (A)/det (A) for an invertible square

matrix A, the expression of (4.18) changes to:
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det (Yll +YL)Ys (IM −Mvr) V⃗0 =

(det (Yll +YL)Yss −Ysl adj (Yll +YL)Yls)MvrV⃗0.
(4.21)

Here, adj (A) indicates the adjugate matrix of A. Still, the goal is to separate the

knowns from the unknowns. Therefore, the following relations (from section 5 of [221])

are applied

det (Yll +YL) =
2N−1∑
j=0

det
(
PT

S(j)YllPS(j)

) ∏
i∈S(j)

YLi
(4.22)

adj (Yll +YL) =
2N−1∑
j=0

PS(j) adj
(
PT

S(j)YllPS(j)

)
PT

S(j)

∏
i∈S(j)

YLi
(4.23)

Where S is an index set of all possible combinations out of {1, . . . ,N} without repetition

and in lexicographical order. For example, if N = 3, then

S := {{}, {1}, {2}, {3}, {1, 2}, {1, 3}, {2, 3}, {1, 2, 3}}

with entry S(0) = ∅ (the empty element) and entry S(4) = {1, 2}. Further, PS(j) denotes

the identity matrix of size N, in which the columns indexed by the set S(j) are removed.

Inserting this relation into (4.21) results in

2N−1∑
j=1

k⃗j
∏
i∈S(j)

YLi
= r⃗ (4.24)

with

k⃗j = ((Yss +YS)Mvr −YS) det
(
PT

S(j)YllPS(j)

)
V⃗0−

YslPS(j) adj
(
PT

S(j)YllPS(j)

)
PT

S(j)YlsMvrV⃗0

and

r⃗ = det (Yll) (YS − (Yss +YS)Mvr) V⃗0 +Ysl adj (Yll)YlsMvrV⃗0.
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FIGURE 4.16: The principle structure of the considered example with N = 4 load admit-
tances and M = 2 sources [220].

Equation (4.24) can be expressed in matrix form to:

Kv⃗l = r⃗ (4.25)

with matrix

K =
(
k⃗1, . . . , k⃗j, . . . k̃(2N−1)

)
and the load vector

v⃗l =
(
YL1 , . . . , YLN

, YL1YL2 , . . . , YLN−1
YLN

, . . . , . . . , YL1YL2 · · ·YLN−1
YLN

)T
,

where the entries are the lexicographically ordered combinations out of all load admit-

tances without repetitions. Here, K ∈ CM×2N−1, v⃗l ∈ C2N−1×1 and r⃗ ∈ CM×1. Equation

(4.25) is a non-linear equation system. v⃗l is to be found, such that (4.25) is fulfilled,

thereby matching all source ports for the considered case.
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4.3.1.1 Applying the idea of switching load admittances

Now, as a theory for an EMMPS with loads and sources has been derived the

concept of switched load admittances will be presented. For the sake of simplicity, the

example above of Fig. 4.13 will be used to illustrate the idea. The principle structure is

depicted in Fig. 4.16. Obviously, there are two sources and four load admittances, thus

N = 4 and M = 2. For one particular frequency and if all switches are closed, (4.25) has

the following form:

k11 k12 · · · k1(15)

k21 k22 · · · k2(15)





YL1

YL2

YL3

YL4

YL1YL2

YL1YL3

YL1YL4

YL2YL3

YL2YL4

YL3YL4

YL1YL2YL3

YL1YL2YL4

YL1YL3YL4

YL2YL3YL4

YL1YL2YL3YL4



=

r1

r2

 (4.26)

This equation system now has four unknowns in two equations, which is under-

determined. To fulfill the two equations, it might be sufficient to use only two un-

knowns. Therefore, the switches of load admittances YL3 and YL4 are put in open state.

In an ideal theoretical approach, YL3 = YL4 = 0. Equation (4.26) simplifies then to

k11 k12 k15

k21 k22 k25




YL1

YL2

YL1YL2

 =

r1

r2

 , (4.27)
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for which a solution can be found. A change of frequency or of the environment of the

antenna will alter the EMMPS, i.e., the matrix K and vector r⃗, but the source should be

staying matched. Therefore, the switches of load admittances YL3 and YL4 are closed

and YL1 and YL2 are opened. Consequently, YL1 = YL2 = 0 and

k′13 k′14 k′1(10)

k′23 k′24 k′2(10)




YL3

YL4

YL3YL4

 =

r′1

r′2

 . (4.28)

The apostrophe of matrix K and vector r⃗ indicates the change of the EMMPS. It should

be noted that even if the switches are not perfect (e.g. YL1 = YL2 ̸= 0) but known,

the equation system can be rearranged to obtain the same form as in (4.27) and (4.28).

Another approach could be to switch multiple load admittances at the same port,

leading to the same form of equations. Throughout the following examples, possible

applications of the presented theory is given.

4.3.2 Examples

4.3.2.1 A doubly- and simultaneously fed square patch

The first example shows how the theory can be used in antenna design. The object

of the investigation is exclusively the calculation of the load admittances of a doubly

edge-fed square patch antenna without considering the switching option. The structure

is depicted in Fig. 4.17. The square patch (70×70mm2) on FR4 substrate is fed with two

orthogonal 50Ω-feed line ending at the edges of the patch. Since the edge impedance

of the patch is different (≈ (50 + j60)Ω) in comparison to the source impedance, which

is 50Ω at the considered frequency of 1GHz, there is no inherent impedance matching.

It is also clear that if the two sources are matched, their powers are combined within

the square patch. To avoid losses in the load admittances, the real parts are set to zero.

Then (4.25) can be rewritten in a purely real equation system:

Re{K}Re{v⃗l} − Im{K} Im{v⃗l} = Re{⃗r} (4.29a)
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FIGURE 4.17: The structure of a doubly edge-fed square patch [220].

Re{K} Im{v⃗l}+ Im{K}Re{v⃗l} = Im{⃗r}. (4.29b)

Naturally, this has doubled the number of equations. In this example, for lossless

matching, there are four equations, for which four load admittances, i.e., load suscep-

tances, are required. This leads to a K matrix of size (2×15) and a r⃗ vector of size (2×1).

The question is how and where these loads should be inserted. In Fig. 4.18 (a) and (b),

the load structure is depicted. From the patch (orange colored), a via is connected to

a small circular disc on the bottom, which is then connected over a surface-mounted

device (SMD), e.g., a capacitor or inductor to the ground plane. Since the positions of

the load ports are always a degree of freedom, it is interesting to investigate how the

load suceptances behave by varying these locations. Therefore, the loads positions are

parameterized in polar coordinates according to Fig. 4.18 (c) to:

xi+1 = Rcos(α + i
π

2
) (4.30a)

yi+1 = Rsin(α + i
π

2
), (4.30b)

where i = 0, 1, 2, 3. At the position (xi+1, yi+1), the susceptance Bi+1 with YL1+i
= jBi+1

is inserted. The following steps are performed to find all the loads:
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FIGURE 4.18: Insertion of load susceptances in the patch antenna circuit of Fig. 4.17. (a)
via with surface-mount (SMD) shunt susceptance on the board backside (dielectric set
transparent); (b) symmetrical positions of four shunt susceptances (denoted B1, B2, B3,

B4) at positions, which are defined by parameters R and α [220].

• Computer-aided design (CAD) of the antenna including the feed and load struc-

ture.

• S-parameters simulation at 1GHz in CST Microwave Studio of the design, where

all feeds and loads are represented by ports (six in total).

• Export of the six port S-parameters from CST and import in MATLAB.

• Calculation of the load susceptances:

1. S to Y parameters conversion.

2. Calculation of K matrix and vector r⃗ after (4.24).

3. Setting up non-linear equation system as in (4.25).

4. Solving it numerically.

These steps are done for varying values of R and α and the susceptances are calculated

at 1GHz. From the susceptances, the component values can be found, for either a

capacitor (positive susceptance) or an inductor (negative susceptance). In Fig. 4.19 the

calculated load susceptances for various angles (see graphs (a) to (d)) over the radius
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R and various radii (see graphs (e) to (f)) over angle α are depicted. The markers

indicate the simulation and calculations points. All legends apply to all graphs and

can be used interchangeably. It should be noted that an exact solution cannot be found

for every position. Some points show an error, but which is in worst case still less

than 1× 10−7 with error = max(|Kv⃗l − r⃗|)). It is by no means clear that a solution can

be found for every arbitrary EMMPS. On the other hand, there can also be multiple

solutions. Considering graphs (a) to (d) of Fig. 4.19, all the values of these graphs

reflects the mirror symmetry of the diagonal from the lower left to the upper right

corner of the structure, as shown in Fig. 4.18 (c). In (a), where α = 0°, the values of B1

are equal to the ones of B2. Also the values of B3 are equal to the values of B4. Sub

figure (d) can be obtained from (b) by interchanging B2 and B4. Susceptances B1 and

B3 remain untouched. This comes from the fact that if the structure of α = 22.5° is

mirrored along the diagonal from the lower left to the upper right corner, the structure

of α = 67.5° is replicated. For α = 45°, which is (c), B1 and B3 are located on the

diagonal. The behaviour of these two values over R deviates but shows a similar

course. In Fig. 4.19 (e) the susceptances over the angle α for the radius R = 5mm and

in (f) for R = 30mm are depicted.

In addition, the frequency behaviour of the load susceptances with α = 45° are

shown in Fig. 4.20 for different radii of R. As expected, B2 and B4 show same val-

ues over frequency ((b) equals (d)). Also, the behaviour of B1 and B3 is similar (cf.

Fig. 4.19 (c)). The curves of all susceptances for R = 5mm and 17mm show points of

discontinuities.

The input impedance Zin1 at source port one and Zin2 at source port two, when the

EMMPS is loaded with the calculated respective susceptances, is depicted in Fig. 4.22.

The behaviour of the resistance (a) and the reactance (b) of the input impedances over

the frequency for three different values of the radius R (5mm, 17mm and 30mm) and

for α = 45° is shown. Here, the sources are simultaneously exciting the EMMPS. Here

again, the structural symmetry is reflected in the values of Zin1 and Zin2 , which are the

same. The plots of Fig. 4.22, each show two orthogonal dashed lines. Where these

lines cross, the EMMPS with the respective loads fulfils (4.25). At these locations, the

variation of the impedances over frequency deviates, even if the variation of the load
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FIGURE 4.19: The calculated load susceptances at 1GHz for various angle (a)-(d) over the
radius R and various radii (e)-(f) over angle α [220].



4.3. Adaptivity by Switched Load Admittances or Circuits 89

0.9 0.95 1 1.05 1.1
−20

0

20

40

60

80
Su

sc
ep

ta
nc

e
[m

S
]

Frequency [GHz]

(a) Susceptance B1

0.9 0.95 1 1.05 1.1

50

60

70

80

90

100

Su
sc

ep
ta

nc
e

[m
S

] R = 5mm
R = 17mm
R = 30mm

Frequency [GHz]

(b) Susceptance B2

0.9 0.95 1 1.05 1.1
−20

0

20

40

60

80

Su
sc

ep
ta

nc
e

[ m
S

]

Frequency [GHz]

(c) Susceptance B3

0.9 0.95 1 1.05 1.1

50

60

70

80

90

100

Su
sc

ep
ta

nc
e

[m
S

] R = 5mm
R = 17mm
R = 30mm

Frequency [GHz]

(d) Susceptance B4

Figure 1

1

FIGURE 4.20: The four susceptances over the frequency for three different values of R with
α = 45°. The legends of all graphs are same as in (b) and (d)[220].

susceptances over frequency show similar slopes (cf. Fig. 4.20).

It is also worth evaluating the solutions in terms of the field parameters, such as the

surface current. Therefore, the calculated susceptances (here: capacitors) are included

in the field simulation. In Fig. 4.21 the surface current at 1GHz on the square patch

for (a) R = 5mm, (b) 17mm and (c) 30mm at a value of α of 45° is depicted. Clearly,

there is an increased current density around the load locations, resulting in a current

distribution much different from that in the case without loads.

4.3.2.2 Loaded Patch Study

In this example a single edge-fed rectangular patch antenna is considered, as shown

in Fig. 4.23. The patch is fed by a 50Ω microstrip transmission line (MTL) directly at

the edge. A load impedance is inserted in the same way as in the previous example
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FIGURE 4.21: The surface current on the square patch for α = 45° and various radii of R
[220].

(cf. Fig. 4.18 (a)-(b)) in order to match the antenna at 1GHz. Here, the idea is to see

the behaviour of the load impedance, dependent on the load position over the whole

patch. Since the value of the load impedance as it would be in a real scenario is not

the focus here, all conductors are classified as perfect electric conductors (PEC) and

the FR4 (ϵr = 4.3) substrate is lossless as well. The substrate thickness is 2mm and the

length of the patch is L = λ/2 = λ0/2√ϵr = 72.34mm, where λ0 is the wavelength in free

space. All other dimensions are shown in Fig. 4.23.

For an EMMPS with only one source and one load, (4.25) is easily solved after the

load admittance to:

YL =
r1
k11

=
YslYls

Yss − Y0

− Yll, (4.31)

with the source admittance of Y0 = 20mS. The formula shows that, if the patch

is inherently matched, which means Yss = Y0 (real values), the load admittance

approaches infinity, meaning a short circuit at the load port. For each point in the

xy-plane on the patch, this formula is evaluated, thereby using the symmetry to the

xz-plane. The coordinate system is given in Fig. 4.23. Then, the load impedance is

calculated at 1GHz and the result is plotted in Fig. 4.24, where (a) shows the real and

(b) the imaginary part of the load impedance. Additionally, the black lines in the plots
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FIGURE 4.22: The input impedances Zin1 and Zin2 at both source ports (simultaneous feed)
for different values of R over frequency [220].
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FIGURE 4.23: Layout and coordinate system of an edge-fed rectangular patch antenna[220].

indicate the patch antenna.

In Fig. 4.25 the load regions are shown. The white lines indicate at which locations

the imaginary part of the load impedance becomes zero. At the same time, they mark

the transition from one region to the other. Capacitive region means that in this region

a capacitor must be used. Similarly, in the inductive region an inductor must be used.

The dotted black lines show the locations where the real part of the load impedance

becomes zero. Along these lines, lossless impedance matching is possible.

Fig. 4.26 depicts the surface current on the patch and the radiation characteristic in

dBi in the xy-plane for two different locations. Both locations are chosen according to

the load region plot, (Fig. 4.25) so that the real part of the load impedance is zero. Two

very different locations are used, (a) at at the edge and (b) in the middle of the patch. As

can be seen, the surface current distribution is much different between these two cases,

also leading to two different radiation characteristics. In (b) it is interesting to mention

that much of the power is radiated along the ground plane and not perpendicular to

it, unlike a conventional patch antenna. The corresponding reflection coefficient over

frequency of the case in (b) can be seen in the graph of Fig. 4.27 (blue curve, labeled

with "1"). This curve shows a very narrow band behaviour since there are no losses.

Additionally for comparison, in Table 4.4 the load impedances along the line y = 0

are listed. The respective reflection coefficients are shown in Fig. 4.27. The labels in the

legend are the same as is in the table. Table 4.4 also specifies the radiation efficiency

for the particular load positions. The degradation of radiation efficiency is solely due
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FIGURE 4.24: The real (a) and imaginary (b) part of the load impedance over its position
within the rectangular patch [220].

TABLE 4.4: The calculated load impedances at different locations and the respective
efficiencies of the rectangular patch antenna at 1GHz.

Label Location (x, y) Load impedance Rad. efficiency

1 (0.62mm,0mm) −j14.829Ω 100%
2 (7mm,0mm) (2.144− j12.255)Ω 18%
3 (14mm,0mm) (9.703− j5.204)Ω 16%
4 (21mm,0mm) (19.36 + j3.701)Ω 15.5%
5 (28mm,0mm) (28.170 + j11.067)Ω 15.2%
6 (35mm,0mm) (34.74 + j13.206)Ω 14.9%

to the resistance in the load impedance since no losses are included in the simulation.

These losses are also reflected in the bandwidth behaviour of the reflection coefficients

in Fig. 4.27, which is much wider than in the case ("1"), where the resistance of the load

impedance is zero.

4.3.2.3 Frequency Reconfiguration by Load Admittances of a Patch Antenna

In this example an edge-fed rectangular patch antenna after Fig. 4.23 is considered.

To be able to reconfigure two different resonant frequencies, the patch is loaded with

four susceptances. The loads are incorporated into the antenna as in the previous
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FIGURE 4.25: Load regions of the rectangular patch antenna. The white lines are indicating
where the imaginary part and the black dotted lines where the real part of the load

impedances become zero [220].

examples (cf. Fig. 4.18). The aim is purely lossless matching, which is the reason why

four instead of two loads are required, leading to an N = 4, M = 1 EMMPS. For the

first frequency f1 = 0.98GHz, the susceptances BL1 and BL2 should be active, while the

others are open circuited (BL3 = BL2 = 0). For f2 = 0.98GHz, it is the other way around,

and BL1 and BL2 are open circuited. According to (4.25), the following equations can

be stated:

kf111jBL1 + kf112jBL2 − kf115BL1BL2 = rf11 (4.32a)

kf213jBL3 + kf214jBL4 − kf21(10)BL3BL4 = rf21 . (4.32b)

The superscripts indicate at which frequency (f1 or f2) the K matrix and the r̃ vector

are evaluated. Obviously, these equations are independent of each other and each one

is, in turn, fully determined when rewritten in a purely real valued equation system.

Then:

Re{rf11 }+ Im{kf111}BL1 + Im{kf112}BL2 +Re{kf115}BL1BL2 = 0 (4.33a)
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FIGURE 4.26: The gain in dBi in the xy-plane of the patch and the corresponding surface
current on the patch for two different locations of load impedances [220].
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FIGURE 4.27: The reflection coefficient in dB over frequency for different locations of the
load impedance after Table 4.4 [220].
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Im{rf11 } − Re{kf111}BL1 − Re{kf112}BL2 + Im{kf115}BL1BL2 = 0 (4.33b)

Re{rf21 }+ Im{kf213}BL3 + Im{kf214}BL4 +Re{kf21(10)}BL3BL4 = 0 (4.33c)

Im{rf21 } − Re{kf213}BL3 − Re{kf214}BL4 + Im{kf21(10)}BL3BL4 = 0 (4.33d)

Finally, the analytic results are:

BL1 =
Im{kf111(kf112)∗}+ Im{rf11 (kf115)∗} ±

√
A

2Re{kf111(kf115)∗}
(4.34a)

BL2 =
Im{(kf111)∗kf112}+ Im{rf11 (kf115)∗} ∓

√
A

2Re{kf112(kf115)∗}
(4.34b)

BL3 =
Im{kf213(kf214)∗}+ Im{rf21 (kf21(10))∗} ±

√
B

2Re{kf213(kf21(10))∗}
(4.34c)

BL4 =
Im{(kf213)∗kf214}+ Im{rf21 (kf21(10))∗} ∓

√
B

2Re{kf214(kf21(10))∗}
(4.34d)

with:

A = Im{kf111(kf112)∗}2 + Im{rf11 (kf115)∗}2

+ 2Re{rf11 (kf111)∗}Re{kf112(kf115)∗}+ 2Re{rf11 (kf112)∗}Re{kf111(kf115)∗},

B = Im{kf213(kf214)∗}2 + Im{rf21 (kf21(10))∗}2

+ 2Re{rf21 (kf213)∗}Re{kf214(kf21(10))∗}+ 2Re{rf21 (kf214)∗}Re{kf213(kf21(10))∗}.

As can be seen, if A < 0 then there are no solutions for BL1 and BL2 . The same applies

to B, BL3 and BL4 . In Fig. 4.28, for each case the first solution of the load susceptances

over frequency is depicted. In addition, the coloured areas indidcate the frequency

ranges, with A < 0 and B < 0. Obviously, there are continuous solutions from 0.9GHz

to 1.1GHz. For f1 and f2 all susceptances are positive, meaning all loads are capacitors.

In Table 4.5, the load locations, the theoretical capacitances and the ones that can be

found off the shelf are listed. These values are inserted in the simulation to determine

the reflection coefficients, which are given in Fig. 4.29. The dashed curves (blue for

f1 and cyan for f2) show the reflection coefficients when the theoretical calculated

capacitances are applied, while the solid curves show them when real available values
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are used.

A prototype is manufactured as shown in the photograph of Fig. 4.30. The values of

the load capacitors are chosen according to the real available values. In Fig. 4.30 (a)

the top view of the whole patch is depicted, while (b) shows a zoom-in view on the

load via area. (c) and (d) show the two cases, f1 and f2. To cover both scenarios, two

PCB are manufactured, which differ only by load capacitors and their locations. In

this way, the switching mechanism is conceptionally approximated. The measured

reflection coefficient for the cases, f1 and f2 are shown in Fig. 4.29. A deviation from

the simulation is evident but is still a reasonable measure since the whole structure

has very narrow bandwidth. At this point, one critical issue should be mentioned: the

dimensions of the load ports will understandably have significant impact on the load

admittance values. Consequently, when the multi-port parameters are determined one

should keep in mind to precisely define the port dimensions, especially if there is a

narrow-band structure. In this work, the edge length of the load ports is set to 0.6mm

and the capacitor package is 0402, which has a width of about 0.5mm. In addition, the

capacitances have a deviation in value of about ±5%.

TABLE 4.5: The locations, the theoretical, and off the shelf values of the calculated load
capacitors.

Cap. Loc. (x, y) [mm] Theo. val. [pF] off the shelf val. [pF]

C1 (25, 15) 9.7926 10
C2 (25, 5) 19.4519 18
C3 (25,−5) 5.9838 5.6
C4 (25,−15) 24.7821 27

4.3.3 Discussion

The main outcome of the theory presented in this paper is a non-linear equation

system, where, the solution variables are the load admittances of a multi port antenna

with an arbitrary number of feed and load ports. If this equation system is fulfilled,

complex conjugate impedance matching at all feed ports at one particular frequency is

obtained. Further, it has been shown how this equation system simplifies when some
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FIGURE 4.28: In each case the first solution of the load susceptances over frequency. The
coloured areas are indicating the frequency range where, A < 0 and B < 0, therefore, in

this range no valid solution is available [220].
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FIGURE 4.29: The reflection coefficient over frequency in dB, when the loads, according to
Table 4.5 are inserted [220].
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1

FIGURE 4.30: Photograph of the prototype; (a) top view, (b) top view with zoom into the
load vias area, (c) the soldered capacitors for "f1" and (d) the ones for "f2" [220].

of the loads are switched off. One obvious finding is that two reactive components per

feed port are required to realize lossless matching.

To verify the theory, three examples are presented. The first is a square patch antenna

with two feed and four load ports. It is shown that with the four load components,

which are calculated with the theory, both feed ports are losslessly matched. It is also

shown how the loads change with location and over frequency. The second example

deals with a single-fed rectangular patch antenna with only one load, for which

the load impedance distribution over the whole structure is analytically determined.

Regions are computed, in which the load is capacitive, and for other regions, inductive.

Furthermore, two curves on the patch are found, on which the real part of the load is

zero, meaning that at these locations, lossless matching with only one component is

possible. In the third example, a single-fed rectangular patch antenna with four loads

is considered, whereby two different frequencies should be reconfigurable. Therefore,

for each frequency, two load components should serve, while the respective other two

are excluded. Analytical formulae for the load admittances are given and verified by

simulations and by measurements of prototypes.

This theory can be applied in many other antenna structures. Broadband structures in
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which small changes, such as deviations in material parameters, component values,

and production dimensions are within the bandwidth, are very promising. As well,

further work should include the switching capability. The behaviour of these switches

at the design frequency can be determined and included as known load admittances in

the theory.
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Chapter 5

Conclusion and Outlook

5.1 Conclusion

This thesis deals with the question of how an antenna can be made robust, adap-

tive, and immune or unaffected by environmental changes in its close vicinity. These

changes impact antenna properties, such as antenna input impedance, radiation char-

acteristic, polarization, and efficiency. The performance of a system depending on an

antenna will reduce significantly over time. If the antenna input impedance changes,

part of the power provided by the source (e.g. RF-chip) is reflected back. In a wireless

transmission system, the alteration of the radiation pattern and polarization can poten-

tially cause an interruption of the connection, since the power is wrongly directed. The

deterioration of the antenna efficiency worsens the system efficiency as well. In this

work, impedance mismatch due to environmental changes is considered. Two main

threads are pursued: passive antennas and antennas loaded with active components.

Passive: The first approach is the resonant mode matching (RMM), while the

second is a passive power divider network (PDN).

• Resonant mode matching: In this approach different resonant antennas are

merged into a single structure. The merged structure shows as many resonant

modes as the number of merged antennas, thereby each mode should cover one

particular scenario. By geometric manipulation of the merged structure, the

resonant frequency of each mode can be matched accordingly.

A prototype is presented that uses the mode matching method for two scenarios,
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namely, when the antenna is placed in free space and when it is placed close

to a metal surface. Here, a coplanar patch antenna and a dipole slot antenna

are merged to one single structure. The mode of the slot antenna covers the

free space scenario, while the coplanar patch mode appears when the antenna is

placed close to a metal surface. This prototype also covers the transition between

the two scenarios, meaning the antenna can be place of any distance to the

metal surface (from 4mm to infinity). Measurements show that if the distance

to the metal is greater than 4mm, the feed match remains better than -12 dB at a

frequency of 4.85GHz. The far-field measurements show a dipole-like behaviour

(omnidirectional) for the case of free space and a patch-like characteristic for the

metal case, which verifies the feasibility of the resonant mode matching approach.

This method is not a universal approach, since not all antenna types are mergeable.

As well, for each mode the merged structure may show a worse performance

compared to the corresponding single antenna.

The procedures reported in the literature which discuss using ground planes

as insulator from the metal surface have disadvantages in comparison to the

presented approach. Firstly, they have two layers and, secondly, the size of the

ground plane determines the insulation from the metal surface. The larger the

ground area, the smaller the influence of the surface. This leads to complex

design processes (miniaturization) and/or large antenna structures. Other state-

of-the-art approaches (e.g. high-input impedance or wide-band antennas) make

antennas robust against the metal surface but do not cover the two extreme

scenarios (on metal surface and in free space) perfectly.

• Power divider network: Two feed points of an antenna that each have very

different input impedances for two different environments, so-called scenarios,

are combined within a passive power divider network (PDN). This PDN is

designed in such a way that for either scenario impedance matching at the PDN

input is obtained. The idea is to control the power flow. In the first scenario, most

of the power flows into the first antenna port, while for the second scenario, most

of it flows into the second antenna port. The amount of the maximum power

flow is dependent on the values of the antenna input impedances.
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Analytical formulae for the PDN for arbitrary antenna input impedances are

presented in this thesis. A prototype is designed, which combines the feeds

of two mono poles of largely different lengths located very close to each other

(strongly-coupled). Due to the PDN, this antenna radiates in free space, but also

when the mono poles are completely immersed in butter, while being perfectly

impedance matched to the source. Reflection coefficient measurements at the

input of the PDN for either scenario show a value less than - 25 dB.

Theoretically, more feed points can be chosen to cover more than two scenarios.

However, the structure then becomes very large, making the realization largely

impractical.

An advantage over state-of-the-art approaches is that the PDN is independent of

the radiating structure. Disadvantages of conventional antennas can be avoided

in this way. For example, antennas with a ground plane or with spacer materials

do not have to be used. In this way, the size and cost of the antenna can be

reduced.

Active: The first approach is a differential antenna (DA) with different feed posi-

tions, while the second uses switched load admittances (SLA).

• Changing feed positions: This makes use of the fact that at different feed positions

of a multiple fed differential antenna, the input impedance shows different values.

Placing the antenna on top of a half-space of different materials (scenarios), will

change the input impedances. Consequently, for each scenario a location of

the feed can be found where the antenna is impedance matched to the source.

Depending on the scenario, the feed position is changed by switches so that the

antenna remains impedance matched for all the scenarios.

Two challenges appear that are solved by the approach presented here. Firstly,

the unwanted radiation of the differential feed line and, secondly, the small area

on which, due to the small RF-chip size, the feed positions should be co-located.

Three different scenarios (1. free space, 2. half-space filled with butter, and 3. half-

space filled with minced meat) are covered by a triple-fed dipole-like antenna

structure. The measured reflection coefficients of a stand-alone (without RF-chip)

prototype for all three scenarios at 5.5GHz show values less than - 20 dB. It is also
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shown that the antenna is functional when connected to an RF-chip incorporated

into a thin polymer foil, laying the base for a highly flexible wireless transmission

system. The proposed concept can be adapted to other sets of scenarios.

However, more than three scenarios, meaning more than three feeds seems too

involved and possibly unfeasible.

Several advantages over state-of-the-art approaches to multiple feed antennas

are found. The presented design has three feed points close to each other, from

which each of which the point covers one environmental scenario perfectly. This

small feed area allows the antenna to be connected to an RF chip. Furthermore,

the antenna is very flexible and consists of only one layer. This enables a large

bandwidth, which in turn makes the antenna robust against bending (impedance

variation within the bandwidth).

• Switched load admittances: A general theory is given that allows to calculation of

load admittances of an arbitrary radiation structure in order to obtain impedance

matching at all feed ports. The locations of the feed and load ports can be freely

chosen. Upon an environmental change in the vicinity of the structure (scenario),

load admittances can be switched to keep the feed ports matched. In the same

way it is possible to alter the resonant frequency.

A non-linear equation system is derived, in which the solution variables are the

load admittances of the radiating structure. If this equation system is satisfied,

a complex conjugate match at all feed ports is obtained. It is also shown how

lossless matching (no losses in the loads) can be realized, if, each feed port has

two reactive load admittances. A few examples are given showing some of many

possible applications.

The load admittances may lead to a high-density surface current at some specific

locations, which degrades the performance in terms of bandwidth and efficiency.

The equation system that is derived, in which the solution variables are the

load admittances has been newly developed here and open up the possibility

to enhance existing antenna design processes for reconfigurable antennas like

pixel antennas. For a multiple-loaded reconfigurable antenna with two closed
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switches (two load admittances are active) an analytical solution is presented for

the first time.

Compared to active antennas, passive antennas have the advantage of being very

reliable since no active components can cause failures. The absence of any components

ensures easy production and simulation. No soldering or additional DC-biasing

structure are required. In addition, the simulation is more trustworthy because there

are no active components to consider. On the other hand, active antennas are not as

limited as passive ones in terms of scenario coverage. Table 5.1 lists some pros and

cons of each approach.

In conclusion, this work presents approaches for designing antennas for IoT sensors.

The proposed designs are not only versatile and adaptable, but also highly effective in

their ability to respond to changes in their environment. By implementing complex-

conjugate impedance adaptation, the antenna is able to maintain optimal performance

in a variety of different environments, making it an ideal choice for a wide range of

IoT applications.

5.2 Outlook

The resonant mode matching method, the power divider network and the wire

antenna with switched feeds are limited in the kind and number of scenarios where

they may be used. Investigations can be pursued to apply the concepts to multiple

scenarios and some practical limits of feasibility can be worked out. As well, the

cons shown in Table 5.1 can be improved. The case of the single-layer antenna of the

resonant mode matching method, techniques describe in the literature could serve to

widen the bandwidth. Different solutions for reducing the PDN area might be found.

This is possible because the theory does not provide only one solution.

A number of further investigations can be carried out with regards to the presented

theory of switched-load admittances. A genetic algorithm can be applied in order to

find the best solution in terms of the bandwidth. Such an algorithm can also be applied

when the number of loads becomes very large, making the non-linear equation system
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difficult to solve.

Ultimately, the theory also offers a lot of potential for other applications such as antenna

arrays and tunable filters.
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TABLE 5.1: Pros and cons of each of the four approaches.

Pros Cons

RMM

• Only one single layer.

• Reliable antenna.

• Easy to manufacture.

• Many simulation runs re-
quired.

• Can cover only two scenarios.

• Narrow bandwidth.

PDN

• Easy design process, since for-
mulae are available.

• Easy to manufacture.

• Reliable antenna.

• Adds additional structure.

• Can cover only two scenarios.

• Adds losses.

DA

• Can cover more scenarios.

• Straightforward approach.

• Small occupied area.

• Single-layer structure

• Several simulation runs re-
quired.

• Manufacture is more compli-
cated.

• Soldering and bonding de-
crease the accuracy of the sim-
ulation.

• DC-bias circuits.

SLA

• Can cover more scenarios.

• May be applicable to other ap-
plications.

• Straightforward approach by
using formulae.

• Less simulation effort.

• Arbitrary antenna structure.

• Degradation of the perfor-
mance possible.

• Multiple possible solutions.

• Manufacture is more compli-
cated.

• Soldering and bonding de-
crease the accuracy of the sim-
ulation.

• DC- bias circuits.
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