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Abstract / Kurzfassung

Abstract

RFID technology is widely used in various industries for labeling, inventory man-
agement, sensing the variations e.g. damages and sensor data transfer applications.
But its use in rubber products especially for thin and flexible transmission belts
having various shapes and sizes is still limited. There is huge potential to bring in
benefit of RFID technology using UHF RFID tags for this rubber industry. How-
ever, various issues (such as unknown electrical parameters of rubber materials, high
flexibility, bending and vulcanization temperature) of the considered rubber belts
pose a great challenge to adopt the existing UHF tag antenna design strategies for
obtaining an efficient embedded RFID tag. There is a scope to optimize an UHF
tag antenna design and the analysis process to obtain an efficient UHF RFID tag
for such type of heterogeneous rubber structures.
To develop an efficient tag antenna by optimizing (in terms of transmission coeffi-
cient) the UHF RFID tag, a design and analysis process based on the 3D electrical
model of a rubber belt is presented. The demonstrated design process can be used to
carry out effective investigations and implementations of various RFID applications
with efficient UHF RFID tags in such type of heterogeneous complex structures (e.g.
rubber transmission belts, rubber tires e.t.c.).
First in this context, to determine the electrical properties of the various rubber ma-
terials a simple and fast electrical characterizations setup is developed. This setup
is based on the open-ended coaxial probe method and uses the equivalent 3D EM
measurement model for extracting the electrical parameters of the rubber materi-
als. The applied extraction process is time consuming, therefore, it is optimized to
evaluate the electrical parameters with a simple and faster procedure. In addition,
the reliability and accuracy of the presented characterization setup is discussed.
Afterward, a design and analysis process is presented to get an optimized (in terms
of transmission coefficient) surface UHF RFID antenna using a 3D model of the belt.
With the established process, two different surface UHF RFID tags are designed and
then the performance of these tags is inspected in terms of read range. From the
results it is found that the read range of the fabricated tags shows a good agreement
with the simulated one. In addition, the impact of different kind of variations of the
considered belts on the tag characteristics are analyzed. Furthermore, to examine
the viability of the surface RFID tags in accurate automated counting of several
belts a counting test is performed.
Afterward, using a similar strategy, a design and analysis process of the embed-
ded tag antenna is established. Based on this design process, an embedded UHF
RFID tag is designed and few prototype tags are embedded in the real rubber belts.
Then, the performance of this tag in terms of read range is examined and results are
discussed. From the outcome, it is found that the fabricated tag shows a good coher-
ence with the simulated one. In addition, to acquire a viable and functional UHF
RFID tag without damaging the rubber belt structure, in its whole life, preliminary
investigations are carried out.
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Abstract / Kurzfassung

Kurzfassung

RFID ist eine weit verbreitete Technologie in unterschiedlichsten Branchen, wie
z.B. der Lager- und Etikettierungindustrie. Zwei exemplarische Anwendungen
sind die Übertragung von Sensordaten und Identifikationsnummern. Trotz des
großen Potentials der RFID Technologie ist ihr Einsatz in Kautchukprodukten,
speziell in dünnen und flexiblen Antriebsriemen, begrenzt. Die Herausforderungen
eines optimalen Tag-Entwurfs liegen in den unbekannten elektrischen Parametern,
der hohen Flexibilität und der Vulkanisierungstemperatur während des Herstel-
lungsprozesses der Riemen. Daher besteht ein Bedarf, das Entwurfsverfahren von
UHF Tag-Antennen für heterogene Gummistrukturen zu optimieren.

Zur Entwicklung einer effizienten UHF RFID Tag-Antenne, bezüglich des An-
passungskoeffizienten, wird ein Analyse und Enktwurfsverfahren, basierend auf
elektrischen 3D-Modellen des Gummiriemens, vorgestellt. Dieser Ansatz wird
für die effiziente Untersuchung und Realisierung von optimierten UHF-Tags für
verschiedene heterogene komplexe Strukturen (z.B. Antriebsriemen, Reifen e.t.c.
auf Kautschukbasis) verwendet.

Dazu wird eine einfache und schnelle elektrische Charakterisierungsmethode
erarbeitet. Diese basiert auf der Open-Ended Coaxial Probe Methode und nutzt
ein äquivalentes 3D-Messmodell zur Extraktion der elektrischen Eigenschaften
des Materials. Zusätzlich wird eine weitere Beschleunigung dieses Charak-
terisierungsverfahrens eingeführt und die Verlässlichkeit und Genauigkeit der
präsentierten Ansätze werden diskutiert.

Danach wird ein Analyse- und Entwurfsprozess zur Auslegung eines optimierten
UHF-Tags für Oberflächenanwendungen, basierend auf einem 3D-Modell eines
Antriebsriemens, dargelegt. Es werden zwei verschiedene UHF RFID Tags für
die Oberflächenanwendung entworfen und produziert. Die Leistungsfähigkeit
dieser Tags wird bezüglich der Lesereichweite ausgewertet, wobei gemessene und
simulierte Lesereichweiten der Tags gut übereinstimmen. Darüber hinaus wird der
Einfluss von verschiedenen Streuungen der Antriebsriemenparameter untersucht.
Zur Beurteilung der Brauchbarkeit der entworfenen Tags für die automatisierte
Anzahlerfassung einer Vielzahl von Antriebsriemen, wird ein entsprechender Test
durchgeführt.

Im Anschluss wird die eingeführte Entwurfsmethode für den Entwurf und die Her-
stellung von eingebetteten Tag-Antennen in Antriebsriemen verwendet. Die Leis-
tungsfähigkeit wird auf Basis der Lesereichweite untersucht und diskutiert. Die Sim-
ulation und Messung der hergestellten Antennen zeigen eine gute Übereinstimmung.
Zusätzlich werden Voruntersuchungen bezüglich der Lebensdauer der eingebetteten
UHF-Tags in Antriebsriemen durchgeführt.

iv



Declaration

Declaration

This thesis is the result of my own work and includes nothing which is the outcome
of work done in collaboration except where specifically indicated. It is not yet
published or submitted in whole or in part for a degree at any other university.
Some of the work is this thesis has been published in conference proceedings [1–4].

Paderborn, May 11, 2015

Kelash Kanwar

v



Acknowledgments

Acknowledgments

First of all, I am thankful to God for providing me the opportunity to study in
Germany.

I am sincerely grateful to my supervisor Prof. Dr.-Ing. Ulrich Hilleringmann for his
kindness, constant guidance, valuable suggestions and discussions throughout this
PhD work. Furthermore, I am thankful for his encouragement and the motivation
he gave me during the writing phase of this thesis. Moreover, I am really pleased
that he gave me opportunity to work at the Sensor technology Group, University of
Paderborn, and provided me opportunity to work in collaboration with Fraunhofer
ENAS-ASE, Paderborn, Germany.
I am so grateful to Prof. Dr.rer. nat. Reinhard R. Baumann for his acceptance to
become the second supervisor of this thesis.

I would like to give thanks to Dr. Christian Hedayat for providing me the chance
to work on an interesting topic and for utilizing the lab facility at the institute
of Fraunhofer ENAS-ASE, Paderborn. I am also thankful for his stimulative
discussions with me during this work. Furthermore, I am very glad that I worked
with many colleagues especially Christian Hangmann, Volker Geniess, Thomas
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CHAPTER 1

Introduction

Radio frequency identification is a technology that uses wireless signals for data
transmission and subsequently to automatically identify objects. This RFID
technology has several advantages compared to other automated identification
technologies such as bar code and magnetic strip card technologies. The primary
advantage is that the tagged objects can be detected without being in contact
or in line of sight to a detector system from distances of a few centimeters upto
several meters. Other benefits of this technology are the possibility to detect
several tags at once, the high data capacity and the insensitivity to dust effects
e.t.c.. This technology is considered to be one of the major alternatives to
bar codes or universal product codes in the future. Due to all these benefits
this technology got a phenomenal growth in various industries. It is being
used to identify, track and improve the inventory management of different ob-
jects and has resulted in better handling of objects and in reduction of labor
costs [5, 6]. In addition, this technology is also used to sense damages or to enable
transfer of different sensor data (such as temperature, pressure, stress e.t.c.) [5,7–9].

A typical block diagram of a general RFID system is shown in figure 1.1. It
comprises of mainly two parts, a tag and a reader system. The tag consists of a tag
IC (on which different information such as an unique identification code or other
data are stored) and a tag antenna. The reader system is combined out of a reader
module, an antenna and an application server [10].
With an RFID system the automatic identification process of an object starts when
a tag attached to a physical object passes or comes into the detection zone of a
reader system. The moment, at which the object enters the detection zone of the
reader system, the code information stored in the tag IC is transmitted wirelessly

1



1. Introduction

RFID Tag

antenna

Reader

Application server

Reader system

Tag IC

Object

antenna

Figure 1.1.: Block diagram of a typical RFID system

to the reader module, and the relevant unique code is extracted by passing
information to the application software installed on the host system. Additional
information (such as authentications, cost, date of manufacturing e.t.c.) related to
the detected code can be extracted from the data base accessed via the network [5,6].

There are various fields on which research can be focused. However, in this thesis, a
particular focus is given on how to analyze and design high performance ultra high
frequency (UHF) RFID tags for different kind of complex objects, especially rubber
products (e.g. rubber transmission belts).

1.1. Motivation

As already mentioned, RFID technology is used in various industries but its use in
rubber products is still limited especially for rubber transmission belts. These belts
are widely used for power transmission applications to produce motion between
different parts in various industries such as cement industry, automobile industry,
oil industry, civil constructions etc. Due to various applications, these rubber belts
have various shapes, sizes and thicknesses. Therefore, the costs of these belts vary
considerably and range between ten Euros to around thousand Euro [11]. Few of
the scenarios which motivate the usage of RFID technology are mentioned as follows.

At this moment counting and packaging of the rubber belts in a box is carried
out manually. It takes a lot of time and causes higher labor costs. Another
disadvantage of the manual counting is that sometimes due to human error
the counted value is wrong. In some industries it is necessary to minimize the
possibility of such mistakes. Especially in the automotive industry such counting
mistakes are undesirable because they interrupt the automatic assembling process.
Therefore, the manual counting requires some counter verifying mechanism.

2



1.1. Motivation

Sometimes it is necessary to notify the end user timely about a replacement of the
used belt. When the wrapped belt gets older its characteristic is changed. If the
belt is not replaced on time then it may cause damage to the machine and result
in huge money losses.
When the machines operate continuously for a longer time, the wrapped belts
may get heated. This causes some changes in the physical parameter such as the
elongations of belt dimensions or the change in stress on the machine e.t.c.. These
changes sometimes lead to damages or undesired operation of the machines. Hence,
it is necessary to notify the end user promptly about the changes of the physical
parameters of the belt to avoid undesired consequences.

In above mentioned application scenarios, improvements can be released with the
usage of the UHF RFID tags. Using them, total visibility of the objects at different
points during their handling in the supply chain and in inventory management can
be realized. In addition, with sensor enabled UHF RFID tags changes in physical
parameters can also be monitored [7–9]. Consequently, usage of the UHF RFID
tags can provide several benefits such as reduction in the labor costs to the rubber
belt manufactures, a way to verify the authenticity and monitor changes of physical
parameters of different belts caused by the operations of the rubber belts. However,
unknown electrical parameters of rubber materials, various shapes and sizes, and
flexible structure pose a great challenge to adopt the existing UHF RFID tag
antenna design solutions for achieving efficient embedded tags. Therefore, there
is a need to carry out detailed research to improve the design and the analysis
of the tag antenna. There are several problems, whereas the major problems are
mentioned below. These led to this research work.

When a UHF RFID tag is attached to a belt the tag performance is deterio-
rated. This is caused by unknown electrical parameters of the materials and
the geometrical dimensions of the considered rubber belts. In the intended
applications the high performance tags are desired to minimize the overall
implementation cost of RFID technology and to develop energy efficient RFID
systems. One of the most cost effective way to improve the performance of an
UHF RFID tag is to design the UHF tag antenna with the required impedance
value to maximize the matching with the attached tag IC. But designing of
the tag antenna with the required matching is itself a complex problem for
such heterogeneous structures. Hence, an optimized design and analysis process
to get an efficient UHF RFID tag needs to be established for such rubber structures.

Another problem is that damages may be caused to a tag or to the belt structure.
When a tag is attached or embedded, it may get damaged due to the flexibility, the
high speed values during operation and the high vulcanization temperature during
the fabrication of the belt. Damages to a belt structure may be caused when a tag,
having unappropriated dimensions and fabricated with incompatible materials, is

3



1. Introduction

embedded into it. Hence, it is important to perform tests that the designed tags
have no impact on the considered belt structures and survive throughout its full life
cycle.

Another problem is to obtain a viable and a cheap tag for the considered structures
if RFID is preferred as an alternative to other identification technologies. Tag
antennas are structured with different fabrication techniques, but it is not known
which technique is suitable, especially for embedding into the belt structure, due
to its specific fabrication recipe and layers stack-up. As the cost of embedded tags
also depend on the chosen antenna fabrication technique, it is also important to
select a suitable fabrication technique to obtain a viable and cheap embedded tag
for the considered belt type.

The main problem in the context of establishing the optimized design and analysis
process is that electrical parameters of the various rubber sheets are not known. The
electrical parameter values of these rubber sheets depend on the specific chemical
recipe and fabrication process. Due to this reason no prior information is available.
So first it is required to develop an electrical characterization setup via which the
electrical parameters of various rubber sheets can be determined.

1.2. Previous work and state of the art

A closely related product is a rubber tire. Here, a similar kind of investigation is
carried out to implement different RFID technology applications [12,13].
In [12] research was carried out on how to design high performance tag antennas
for surface applications on rubber materials. The design solutions are obtained
by approximating the tire with some approximated models by assuming some
average electrical parameter values. For surface tag designing, based on several
experimental measurements, these values are obtained by curve fitting with the
try and hit approach. This process makes this design strategy time consuming and
complicated because it takes a lot of time to approximate the belt model and then
to design the high performance UHF RFID tags.
In [13], multiple UHF tag antennas are designed to obtain the required range
with a simplified tire model. However, it is not shown how a tag antenna can be
designed with the required complex impedance value by considering the complex
tire structure. Due to this problem, using this approach it is hard to design and
analyze an embedded tag antenna with required complex impedance value for the
considered complex structure.
Hence to obtain the desired antenna with required matching and to analyze the
impact of rubber material accurately an optimized tag design process needs to be
established.

In addition, there are a few commercial UHF RFID tags available for a rubber tire

4



1.3. Focus of this thesis

with various shapes and sizes [14–16]. Antennas used in these tags and investigated
in numerous other tag applications [17–21] are structured in various forms with
different antenna fabrication techniques. But it is not known which antenna
structure and technique is suitable especially for embedding in a belt structure
due to its specific fabrication recipe and layer stack. Additionally, the cost of
an embedded tag depends on the adopted fabrication process for structuring the
tag antenna. Therefore, it is also important to find which antenna structure and
fabrication technique is suitable to obtain a cheap embedded tag for the thin and
flexible rubber belt structures.

In the context of designing a tag antenna, it is necessary to determine the electrical
parameters of the rubber sheets used in the considered rubber structures. A closely
related application in which similar investigations are carried out is [22]. In [22] a
material characterization setup was developed to determine the electrical parame-
ters. However, the extraction process of the electrical parameters is time consuming.
Furthermore, this extraction process needs to be repeated for every measurement
to determine the electrical properties of dielectric materials. Thus the extraction
process needs to be modified to make the overall electrical characterization process
simpler and faster.

1.3. Focus of this thesis

The work presented in this thesis focuses on solving some of the above mentioned
problems and to investigate the implementation of RFID technology for the complex
rubber structures. The details are given as follows:

• An optimized design and analysis process to obtain efficient UHF RFID tags
needs to be established for the considered heterogeneous rubber structures.
Furthermore, to check the suitability of RFID technology applications for
them investigations need to be carried out.

• In context of designing optimized tag antennas it is required to develop an
electrical characterization setup to find the electrical parameters of numerous
rubber sheets. Furthermore, it is required that the extraction process is simple
and fast to evaluate the electrical parameters.

• Various mechanical and adhesion problems need to be investigated for acquir-
ing a viable and cost effective embedded RFID tag design for the considered
structures.

5
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CHAPTER 2

RFID technology and tag antenna
fundamentals

The main focus of this thesis is the development of a RFID system for transmission
belts. There are two major areas, i.e. the rubber material characterization and
the design of the tag antennas for rubber transmission belts, on which focus is
given. Hence to understand the content and the results of this thesis, the basics
are presented separately in two parts. In this chapter, some basics related to RFID
technology and antenna characteristics are presented to understand the part of the
thesis content especially presented in chapter 4 and chapter 5. Basics related to
electrical characterization are presented separately in chapter 3.

2.1. Basics related to RFID systems

RFID systems can be differentiated according to various characteristics such as
operating frequency bands, working principles to detect the RFID tag (near field
or far field communication), the way they use power to operate a tag (passive,
semi-passive or active), and so on [5, 6, 23]. Few of the distinguished features are
discussed briefly in the following section.

Features of different RFID system

As already mentioned, RFID technology uses wireless data transmission. There-
fore, various RFID systems are developed, which operate at different radio frequen-
cies. Major radio frequency bands of most common RFID systems are depicted
in figure 2.1. The common frequency bands are 125/134 kHz (low frequency),

7



2. RFID technology and tag antenna fundamentals

HF

125/134 kHz

UHFLH

13.56 MHz 2.4 GHz865-960MHz

Inductive coupling Radiative EM waves

Figure 2.1.: Common frequency bands in which RFID systems operate

13.56 MHz (High frequency), 860-960 MHz (Ultra high frequency) and 2.4 GHz
(microwave frequency).

The RFID systems operating at 125/134 kHz are most commonly used to track
animals, because this frequency band is less insensitive to liquids. The 13.56 MHz
systems are used in smart cards, tracking luggage at airports e.t.c. due to their
wirelessly communication/authentication capabilities within a short range. The
860-960 MHz RFID systems are used for inventory management in industries and
large warehouses due to their ability of tracking bulk objects at several meters.
Furthermore, these systems are also used to sense or transmit the various changes
such as temperature, pressure e.t.c.. The 2.4 GHz RFID systems are used mostly for
sensor applications [5, 6, 23]. Moreover, due to the availability of more bandwidth
at higher frequency compared to low RF frequencies, the RFID systems operating
at higher bands have higher data rates.

The RFID systems operating at 125/134 kHz and 13.56 kHz are based on the
inductive coupling principle. They detect a tag when it enters the near field zone of
a reader system. UHF and microwave band RFID systems mainly use the radiative
field of the reader system for detecting the presence of a tag [5, 6]. Due to this,
earlier types of RFID systems have small read ranges compared to later one (up to
one meter vs. several meters). For those who are not familiar with the UHF RFID
systems, it is important to mention that UHF tags are still detectable in the near
field zone (explained in section 2.5) of the UHF RFID systems.

These RFID systems can be active, semi passive and passive. For active and semi
passive RFID systems, batteries need to be attached to the tags to carryout data
logging operation of the attached RFID microchips. Whereas, in passive RFID
systems, RFID tags use the energy supplied by the reader system to response to
its commands. The adding of a battery to the tag makes it bulky and increases
the overall cost of the RFID tag [5, 6, 10]. Therefore, final decision to select an
appropriate RFID system for a particular application depends on the application
requirements and the constrains.

Because of the best compromise in read range, size, cost, higher data rate, detec-
tions of several tags at once and sensitivity to environment effect, passive UHF (i.e.
working at 868 MHz in European countries) RFID systems are selected in this work
for investigation purposes. In the following section, some basics characteristics of a
UHF RFID passive system are discussed.
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2.2. Passive UHF RFID back-scattered system

2.2. Passive UHF RFID back-scattered system

A general detection process of a tag with a RFID system was mentioned in chapter 1.
In this paragraph, it is discussed how data from an UHF RFID tag are transmitted
to a reader module of the passive back-scattered RFID system. A typical layout of
such a system is shown in figure 2.2.

Zref

chip

P1

Zabs

UHF tag

Modulated
backscatterReader module

Directional
coupler

Transceiver

Power
and data

P2

'

antenna

Figure 2.2.: Passive UHF back scattering RFID system

In a passive back-scattering RFID system, in forward air link1 first power plus data
are sent to the tag by the reader system. In return, in reverse link2, once the tag
chip’s internal circuitry is powered up by the reader antenna emitted fields, the
tag sends back the signal to the reader antenna by the antenna’s reflective section.
The reflected signal is modulated by switching between the two impedance values
of the tag chip. The switching between these two impedance values causes either
maximum power delivered from the tag antenna to the chip or maximum power
reflected back to the antenna. Hence, in this way, the reflected or back scattered
signal is modified. The switching between two values is done in dependence on data
stored in the tag chip internal memory and is controlled by the modulator circuitry.
At the reader system, these changes in the reflected signal are detected and data
are decoded [5, 12].

2.2.1. Frequency bands and power regulations

Other RF systems operate near or around the mentioned ISM bands too. Therefore,
to avoid interference of the UHF RFID system with other kind of RF systems,
different countries across the world have assigned individual frequency bands for
the operation of UHF RFID systems. In addition, they also have put different
limits on the power to be transmitted by RFID systems to detect the RFID tags
in these allocated bands. Table 2.1 shows the frequency band allocation and power

1the air link from a reader system to a tag
2the air link from a tag to the reader system
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2. RFID technology and tag antenna fundamentals

transmission limits of UHF RFID systems in various countries around the world [5].

Table 2.1.: UHF RFID band allocation in different countries around the world

Country Frequency Band Maximum allowed power

EU 865.6-867.6 MHz 2 Watt ERP

USA/Canada/Argentina 902-928 MHz 4 Watt EIRP

China 920.5-928.45 MHz 2 Watt ERP

Australia 920-926 MHz 4 Watt ERP(license required)

Japan 952-956.4 MHz 4 Watt ERP(license required)

2.2.2. Standards

There are several standards drafted by international governing bodies for various
types of RFID systems in different countries. The principle purpose of these stan-
dards is to specify typical physical and logical operating requirements of the inter-
rogator and tags, so that components manufactured from different companies can
fit each other for flawless usage of RFID systems. There are various standardiza-
tion bodies across the globe, which specify these requirements in their region. The
famous standardization bodies for RFID technology are ISO and EPC globe. They
have purposed for long range UHF RFID systems ISO 18000-6 and EPC Global
Class1Generation2 standard [24]. Based on the desire of end supply users, recently
EPCGlass1G2 has been approved by ISO as the ISO 18000-6C standard. After
that, the ISO180006C/C1G2 is the dominating communication protocol standard
for long range communication in supply chains. The popularity of this standard is
caused by the fact that it provides better tracking of objects in the supply chains
using the EPC networks. Details about numerous RFID standards can be found
in [5, 25,26].

2.2.3. Electronic Product Code (EPC) system

EPC is a unique code assigning and network system. The concept of EPC was
proposed by MIT Auto ID and associated centers [6]. In this system, first a unique
EPC ID is assigned to the item via an EPC naming server, and then information
of this assigned unique code ID is stored in a central data base. Later on, object
authenticity in supply chains can be carried out via internet or network from the
central data base by checking the assigned ID with the acquired ID of the object.
After the first implementation of this concept, the RFID authenticity concept grew
fast in the supply chain management of different objects. Furthermore, due to this
the RFID technology also got a distinguished edge to its predecessor technologies
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2.3. UHF RFID tag

Header
(8 bits)

EPC Manager
(28 bits)

Object class
(24 bits)

Serial number
(36 bits)

Identifies
the EPC‘s

Identifies
the product
manufacture Type of product

unique serial no.
of the item

000212.000133.01 00464445

Figure 2.3.: 96 bits EPC data structure

such as bar codes and magnetic strip cards. In the future, the EPC system is
considered to be one of the major alternative to bar code or Universal Product
Code [6].

EPC data structure

EPC can be of different bit sizes [5]. A typical 96 bit EPC version is shown in
figure 2.3. In this version of the data structure, 32 bits are reserved for the naming
of a unique serial number to the item. With these bits around 4.2 billion unique
serial numbers can be assigned to each product of a company. 24 bits are dedicated
to the naming object classes. Using these bits around 1.6 million of unique code
IDs can be assigned to different types of objects of a company. 28 bits are dedicated
for naming the EPC manager field. With these bits around 268 million unique IDs
could be assigned to different companies. In addition, 8 bits are reserved for the
header field which are used to differentiate various versions of the EPC [5,6].

2.3. UHF RFID tag

As already mentioned, an UHF RFID tag (a few commercials tags are shown in
figure 2.4) is a tiny electronic device which is basically comprised of two components;
a tag chip and a tag antenna. The electrical function of these individual components
can be represented by circuit elements [10]. A simplified circuit representation of a
typical tag is shown in figure 2.5. It can be seen that a tag chip and a tag antenna
have a certain complex impedance. When a field impinged on the tag antenna from
the reader system, a voltage is created across the tag antenna terminal. This causes
a current flow in the circuit and hence powers up the internally circuitry of the chip.
Once the tag is powered by the external field then it starts to respond to the reader
commands. The tag responds to the reader system from several meters if it keeps
receiving the minimum power to power up its internal circuitry. The power delivery
from the tag antenna to the tag chip and subsequently the UHF tag performance
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2. RFID technology and tag antenna fundamentals

(a) Typical commercial UHF RFID tags

Figure 2.4.: Typical commercials UHF RFID tags

Rtg Xtg
Xchip RchipIant

Voc

Ztg Zchip

Figure 2.5.: A UHF tag circuit schematic

(in term of the maximum detection read range) is quite good when the impedance
values of the both components is equal in magnitude but complex conjugate to each
other. The parameter which quantifies this impedance match between these two
parts is named as the power transmission coefficient (τ). It actually characterizes
how much power received by the tag antenna is delivered to the tag chip. It can be
calculated with the help of (2.1) [27–29].

τ = 1− |s|2 = 1−
∣∣∣∣Zchip − Z∗

tg

Zchip + Ztg

∣∣∣∣2 = 4RtgRchip

|Zchip + Ztg|2
(2.1)

with s representing the power reflection coefficient, Ztg = Rtg + jXtg and
Zchip = Rchip + jXchip

For the maximum power transformation, it is required that the power transmission
coefficient factor should have the value 1.

When an UHF tag optimized for ambient air (by matching the complex conjugates
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with each other) is attached on the surface of a belt or embedded in them, the
complex impedance value of the tag antenna alters, which in turn results in a
mismatch between the tag IC and the tag antenna complex impedance values.
Due to this mismatch, the power received by the tag antenna is not completely
transferred to a tag IC, and it results in a decrease in read range of an UHF RFID
tag. This mismatch can be improved either by changing the tag IC parameters by
redesigning a new IC or by changing the tag antenna parameters. Since designing
costs of a new tag IC are huge, the UHF tag antennas are redesigned with required
parameters [2, 27].

In the design of efficient passive UHF tags, most commonly selected tag antennas
are of the dipole type having the overall λ

2
size or length [30]. For several tag

applications the required size of the dipole antennas at UHF frequency is too big
or need to be shrunk in certain areas due to application constrains (e.g. available
space, the flexibility and the environment around the tagged object). Therefore the
tag antennas are wrapped in the meander form and in arbitrary shapes to reduce
their overall size, so that these can be fixed or attached suitably on the tagged
objects. As antenna characteristics depend on these various constrains it is quite
hard to determine special characteristic parameters of a tag antenna and design the
tag antennas by analytical method [17]. Therefore mostly tag antennas are designed
with the help of numerical EM solvers by modeling the specific application scenario.
Then those models are counter verified by the measurements [30–33].

2.4. Antenna basics and its various characteristic

parameters

In chapter 4 and 5, it is shown how the tag antennas are designed for the considered
complex heterogeneous rubber structures using a numerical EM simulation model.
However, to understand general antenna characteristics and the special tag antenna
characteristics presented in those chapters, in the following section some basics of
various antenna characteristic parameters are discussed.

The application of antennas is so diverse that they are designed in various shapes
and sizes [6,30]. Generally, the basic purpose of an antenna in all these applications
is to transmit or receive electromagnetic (EM) waves. It transmits an EM wave
when an alternative source is attached to it, and it receives the signals when the
changing field is impinge on it. Due to reciprocity characteristics and cost effective-
ness generally a single antenna is used to perform both options. To give a general
idea of the EM field transmission or reception, the mechanism of field transmission
from the simplest form of an antenna structure is explained below.
The simplest form of an antenna is a linear dipole antenna (as shown in figure 2.6)
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2. RFID technology and tag antenna fundamentals

[34]. The mechanism of field transmission from this simplest antenna structure can

Radiation pattern
in spherical co-ordinates

q

j
y

z

P

s

Linear dipole
antenna

H
field

E
field

x E

H

Figure 2.6.: Linear dipole antenna and its typical orientation in spherical coordinate system

be explained with the help of two port transmission line theory [35]. The circuit
schematic of the two transmission lines is shown in figure 2.7. When an alternating
field source is applied from one end, i.e. from the source end, and is opened at the
other end, i.e. the load side, a sinusoidal standing wave pattern is created on them
due to back and forth motion of the current. A typical standing wave pattern is

l/2l/2

|I|

I0

l/2

z

d

s

Figure 2.7.: Two port transmission line

shown in figure 2.7. Such a type of transmission line has a minimum current at
the open ends, and exhibits a maximum at a distance of λ

4
and a zero again at a

distance of λ
2
from the open ends. Similarly on the transmission line this pattern is

repeated for multiple of these distances with increase of the distance from the open
ends. Furthermore due to back and forth motion of currents after every 180 degrees
a phase shift occurs, which is represented on the transmission line by a change in
the direction of the arrows (depicted in figure 2.7).
This type of transmission line generally transmits very little amount of the electro-
magnetic fields in the air due to closeness of each wire to each other. However, if
both wires from each transmission line are either bended, curved or mismatched
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2.4. Antenna basics and its various characteristic parameters

e.t.c. then the electromagnetic field is transmitted from the changed sections to the
air. A vice-versa phenomena is observed when field impinges on such segments or
structures [35].
If both wires from each transmission line are bended by λ

4
length and making the

overall size of the bended portion λ
2
, a simple form of dipole structure is created.

On such a structure a similar type of sinusoidal radiation pattern, associated with
the current density, is observed than that seen in λ

2
length on the transmission line.

The typical one is shown in figure 2.8. The reason of creation of similar patterns

s

d
I0

l/2

l/4

l/4

|I|

Figure 2.8.: A simple form of linear dipole structure on the two port transmission line

across its bended segment is that due to the bending, in each quart length portion,
the currents in both sections of the lines have opposite directions, which add up in
a constructive way.
If the length of the bended segment is greater than half and less than 3 quarter of
the wavelength, then the behavior in the pattern as shown in figure 2.9 is observed
due to spatial change. Hence depending on the overall length of the bended section,

I0

|I|

l/2

s

d

l > l/4

Figure 2.9.: Changes in radiation pattern due to different bended lengths

zero and different kinds of patterns are observed. At λ
2
length the dipole has maxi-

mum transmission and reception characteristics [34, 35]. Due to this characteristic
behavior, mostly in designing the high performance UHF tags, tag antennas with
overall λ

2
length are obtained.

2.4.1. Antenna patterns

The antenna radiation patterns give information on how electromagnetic fields
are oriented around it as a function of direction [36]. Generally there are various
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2. RFID technology and tag antenna fundamentals

antenna characteristic parameters which can be displayed and analyzed to study
the behavior and performance of an antenna. These patterns can be studied with
the help of 2D or 3D dimension plots. As an example, a linear dipole antenna
gain (described later) pattern in 3D dimension is shown in figure 2.10, whereas, 2D
(E plane and H plane [35]) is shown in figure 2.11. Generally 2D field patterns

Figure 2.10.: 3D far field Radiation pattern of a resonant dipole wire antenna

provide actual values of different antenna parameters as a function of angle around
the antenna. Whereas, 3D field patterns are good for visualizing the fields around
the antenna structure and provide a few information [35]. Often, various antenna
characteristic parameters are plotted in terms of decibel (dB). Due to this, these
are normalized to their maximum value or referenced to a fixed value. For example,
the gain of a reader antenna is usually expressed in dBi, which means the gain is
referenced to the isotopic antenna.

Power or intensity pattern

The radiation pattern can be specified either in terms of power or intensity. The
power pattern specifies how much power density is passing through a sphere of
a certain radius. The typical average value of power density around an antenna
structure is related to the electrical and the magnetic field intensity [35, 36]. Its
value at a point can be obtained with the help of a pointing vector relation given
as

P =
1

2
(E0.H0) (2.2)
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2.4. Antenna basics and its various characteristic parameters

(a) 2D far far field pattern in E plane (b) 2D far field pattern in H plane(across
dipole)

Figure 2.11.: Radiation pattern of a resonant dipole wire antenna in E and H plane

where E0 represents the electrical field with the unit V/m, whereas H0 represents
the magnetic field and its unit is A/m, P represents the power and its unit is
Watt/m2.
These E and H fields are related to each other. In air, the relationship between
these quantities is given by

H =
E

377Ω
(2.3)

Therefore specifying one of these quantities directly gives the other value.

2.4.2. Isotropic antenna

An isotropic antenna is an ideal antenna (practically does not exist) whose radiation
pattern is often used for reference purpose to compare the radiation pattern of other
antenna with it. In theory, an isotropic antenna is assumed to be a point source
which radiates power equally in all directions. Often the directive gain or the gain
of a tag or a reader antenna is referenced to it, and the results are given in dB or
dBi [34,35].
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2.4.3. Antenna gain

In antenna design, the power gain is of great importance. Thus when the term gain
is used, it implies the power gain of the antenna. Generally it describes how well
the power received by the antenna is radiated in EM waves compared to a loss-less
isotropic antenna or a reference antenna. Due to this the gain (G) is defined in
terms of an absolute or a relative value.
The absolute gain of an antenna can be defined as the ratio of transmitted power (P )
in the direction of the main radiated beam of an antenna to the power which would
have been transmitted by the antenna isotropically [35]. The power transmitted by
an isotropic antenna is equal to the power accepted by the antenna divided by 4π.
In mathematical form it can be written as

G =
P

Piso

=
P (θ, ϕ)

Pin

4π

(2.4)

where P (θ, ϕ) represents the radiated power per unit solid angle in the direction of
(θ, ϕ).
In terms of relative gain it is defined or calculated by determining the power gain
in a given direction to the power gain of a reference antenna in that direction. To
calculate or determine the relative gain mostly horn, dipole, isotropic or any other
antennas are considered whose antenna gain value is known or can be measured.

If the reference antenna is an isotropic antenna then the relative gain and absolute
gain are the same. Typically the λ

2
loss-less linear dipole antenna has the maximum

gain value of 2.15 dB or 2.15 dBi to emphasize that it is referenced to the isotropic
antenna [34, 35]. When it is referenced to the dipole antenna then it has the typ-
ical gain of 1.64 dBd. An illustration comparison between the gain pattern of an
isotropic and a dipole antenna is shown in figure 2.12.

Radiation pattern
of a dipole antenna

Radiation pattern
of an Isotropic antenna

q

G = 1

Figure 2.12.: Comparison of a typical isotropic vs dipole antenna radiation pattern
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2.4.4. Directivity

Generally, directivity (D) of an antenna describes how much power is concentrated
in a given direction compared to the reference antenna. It can be described as
the ratio of maximum power transmitted in the direction of the main radiated
beam peak point of an antenna to the average radiated power (Pave) in an isotropic
antenna [35]. Mathematically it can be mentioned as

D =
P

Pave

=
P (θ, ϕ)

Prad

4π

(2.5)

where Prad is the total radiated power by the antenna and P (θ, ϕ) represents the
radiated power per unit solid angle in the direction of (θ, ϕ).
The difference between the gain and the directive gain of an antenna is discussed
in section 2.4.6.

2.4.5. Input impedance

As already mentioned, functional behavior of an antenna could be described using
circuit elements. A more accurate model of a typical antenna structure is shown
in figure 2.13. In this circuit, Xant represents the total antenna reactance, and it

R
rad X

antI
ant

R
loss

V
in

Figure 2.13.: Antenna circuit schematic

characterizes how much the antenna stores energy in the field near the antenna. Rrad

represents the radiation resistance and it takes into account the energy transfer in
the propagated fields. The Rloss models the losses of the surrounding material to
which an antenna is attached [35].
In that case, the total complex impedance value of an antenna structure can be
described as

Zant = Xant +Rant = Xant +Rrad +Rloss (2.6)

In general, the total impedance value of an antenna depends on various parameters,
such as size, shape, surrounding material, frequency e.t.c.. As an example, the
dependence of the impedance value on the frequency of a linear dipole antenna is
shown in figure 2.14.
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Figure 2.14.: Dependance of the impedance value versus frequency of a linear dipole antenna

2.4.6. Radiation efficiency

As mentioned above, the useful power from an antenna structure is the power that
is radiated, not the power loss that is lost in terms of heat. The power dissipating
elements in the antenna structure are shown in figure 2.15. It can be seen that the

R
radI

ant

R
loss

Figure 2.15.: Power dissipated by different component of a antenna

Xant element is not considered because it just stores the energy. Hence, the total
amount of power dissipated in the antenna structure based on circuit analysis can
be given as

Pant = Prad + Pdiss = I2ant (Rrad +Rloss) (2.7)

and the amount of radiated power is given by

Prad = I2ant.Rrad (2.8)

Then the power radiating efficiency (η) of the antenna can be defined by

η =
Prad

Pant

=
Rrad

Rrad +Rdiss

(2.9)
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In terms of radiation efficiency of the antenna the directivity and the gain of an
antenna are related to each other [35]. The relationship among these quantities can
be mentioned as

η =
G

D
(2.10)

η represents the radiation efficiency of the antenna.
In brief, the major difference between G and D is that the gain takes into account
the effects of losses in the antenna and surrounding structures, whereas the direc-
tivity is solely determined by the radiation pattern shape of the antenna. In lossy
environment, the value of G is less than D because some power is consumed in
terms of heat [35].

2.5. Antenna radiating field region

The field radiated around an antenna can be divided into different field regions. The
major field regions are near field region, transition or radiation near field region and
far/Fraunhofer field region. These are discussed one by one as follows:
In the near field region (r), reactive fields are predominating. This field region is of
great interest for RFID systems which operate using the near coupling principle i.e.
RFID systems which operate in 125 kHz and 13.5 MHz bands. In this region, the
radiated field around the antenna decay quite fast with distance r. Approximately
fields decay with a factor of 1

r3
[35]. Due to this, the detection range is quite small

[10, 34]. An approximately maximum range limit of this region can be determined
using

r < 0.62

√
L3

λ
, (2.11)

where L is the largest dimension of the antenna and λ represents the wavelength of
the operating frequency.
In the Fraunhofer or far field region, the radiated field predominates. In this re-
gion, angular field distribution almost stretches from angular to straight form and
therefore the radiated field is independent of the angular distance from the antenna.
Mostly, back-scatter passive long range UHF RFID systems use this field region for
operation. Approximately, the beginning of this region can be obtained by [10,34,35]

r >
2L2

λ
(2.12)

The transition or radiation near field lays in between these above mentioned two
field regions and approximately can be given by

0.62

√
L3

λ
< r >

2L2

λ
(2.13)
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In this region the fields are in transit phase and the radiation fields depend on the
angular direction.

2.6. Performance evaluation of an UHF RFID tag

One way to analyze the performance of a tag design is to determine the maximum
detection read range. It is the distance at which an RFID tag attached to an object
can be detected in free space by an RFID reader, when the maximum allowed power
is transmitted. By comparing the read range of designed and fabricated prototype
tag with each other performance of tag can be evaluated. Furthermore using this
indirect way it is possible to determine the usefulness of an electrical model of
a structure [2]. Using that procedure basically the simulated and the measured
maximum read range of the designed tag are compared with each other. Using that
strategy, the developed electrical model of belt suitability is checked and results
are presented in chapter 4. However, in the following section some basics related
to estimate the simulated and the measured maximum read range of a tag are
discussed.

2.6.1. Estimating the maximum read range by Friis formula

The read range of a tagged objected can be estimated using the Friis formula [5,
27]. Details about how to derive the general expression and how to evaluate the
maximum read range of an UHF tag are discussed below.
Schematically a passive UHF RFID system can be represented by figure 2.16. A

Grd Gtg, Aeff

EIRP

Srd

Prd
Ptg

Reader Tag chip

R

Figure 2.16.: A passive UHF RFID system schematic redraw

typical value of the received power by the tag antenna Ptg from the reader module
can be given as

Ptg = Srd.Aeff (2.14)
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2.6. Performance evaluation of an UHF RFID tag

where Srd is the radiated power density at the tag antenna and Aeff is the effective
aperture of the tag antenna.
If the tag antenna is placed at a distance R from the reader antenna, sufficient apart
from the near field region, then the value of Srd can be specified by

Srd =
PrdGrd

4πR2
(2.15)

Generally, Aeff depends on the wavelength (λ) of the operating frequency and the
gain of the tag antenna Gtg. Its value can be calculated as

Aeff =
λ2

4π
Gtg (2.16)

If the value of (2.15) and (2.16) are put into (2.14) then the power received at the
tag antenna can be determined by

Ptg = GtgGrdPrd

(
λ

4πR

)2

(2.17)

The relation given in (2.17) is known as Friis formula. Now it will be shown how
(2.17) is modified to determine the read range of an UHF RFID tag.
The amount of power the tag antenna receives is not delivered optimally to the
tag chip if the impedance of the tag antenna and the tag IC do not match. The
parameter which defines this mismatch is known as, already defined by (2.1), τ . By
Incorporating that parameter in (2.17), the power delivered to the tag chip (Pchip)
can be calculated as

Pchip = Ptgτ = GtgGrdPrdτ

(
λ

4πR

)2

(2.18)

If (2.18) is rearranged in terms of R then the maximum read range can be calculated
as

R =

(
λ

4π

)√
GtgGrdPrdτ

Pchip

(2.19)

The equation (2.19) may be simplified as (2.20) because the maximum power to be
transmitted from the reader system is controlled from regulating authorities.

R =

(
λ

4π

)√
GtgτEIRP

Pchip

(2.20)

where EIRP represents the effective isotropic radiated power and is equal to the
product of Grd and Prd. The maximum of 3.28 Watt EIRP is allowed to be
transmitted by UHF reader systems in the European ISM band [6]. Pchip represents
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the typical minimum power at which the tag chip starts giving response to the
reader system.

Basically to determine the maximum read distance using (2.20), information about
the three parameters are required. Those parameters are the chip sensitivity, the
gain and the power transmission coefficient.
In general, the minimum power value Pchip is usually given by the RFID tag chip
manufacturer in their data sheets. For example the Impinj GmbH and the NXP
GmbH [37, 38] mention this value in their Tag IC data sheets. Additionally, the
impedance value of a tag chip is also given by the chip manufactures too. Hence, to
estimate the read range via (2.20) information regarding the tag antenna impedance
Ztg and the tag gain Gtg are required. These can be determined either by measure-
ment or with the help of numerical EM simulations [17, 29, 39, 40]. In this thesis,
these parameters are obtained using the later approach i.e via the numerical elec-
tromagnetic simulation results. Therefore the theoretical read range is named as
Rsim, and the modified equation to determine the theoretical read range is given as

Rsim =
λ

4π

√
GtgEIRPτ

Pth

(2.21)

2.6.2. Read range estimation via measurement in an
anechoic chamber

The read range of an UHF RFID tag depends on many factors [41, 42]. Typically,
it is upto 10 to 14 m for maximum allowed transmitted power [42]. Generally it
is hard to measure the maximum read range in the open air space condition due
to multiple path effects. Therefore, the read range of a tag is mostly estimated
based on measurement performed in an anechoic chamber [42–44]. An anechoic
chamber is a 3D box/room inside which, on their walls, field absorber materials are
stacked to absorb the impinged electrical fields. Due to field absorbers, minimum
reflection occurs with minimum impact on the measurement results. Therefore, such
a chamber is suitable for measuring the different antenna parameters.
Usually the size of an anechoic chamber is small compared to the maximum read
range of tagged objects in air, therefore the maximum read range can only be
estimated indirectly by measurements. The read range (Rmea) of a prototype tag
in air for maximum allowed EIRP can be calculated as [27,42,45]

Rmeas = drt

√
EIRP

GrdLlossPmin

(2.22)

where drt is the distance between the reader antenna and the tag, Lloss are the
total losses of coaxial cables connected between the reader module and the reader
antenna, and Pmin is the minimum power required to be transmitted via an RFID
reader to detect the presence of the tag.
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A typical setup used to carryout the measurement is shown in figure 2.17.
Principally, to estimate the maximum read range of a tag with this method, only

RFID
reader

module
coaxial cable

Reader
Antenna

Object attached
with tag

PC installed
with software

Figure 2.17.: The layout of the setup used to measure read range of a tag

one parameter, i.e. the Pmin value, needs to be determined. To find this value,
in an anechoic chamber, a tag or a tagged object is placed at a fixed distance in
front of the reader antenna. Then, the power from the reader module is stepped up
gradually at the desired frequency by changing the attenuator factor until the tag
presence is detected by it. The minimum power at which the tag is detected, by
the reader, corresponds to Pmin [2, 3].
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CHAPTER 3

Electrical characterization of different
rubber sheets

Generally, a raw rubber (obtained from trees or synthetic) is blended with various
chemical compounds in different percentages to obtain the requested flexibility and
hardness. Usually the materials are available in block or sheet forms. Depending
on the desired physical characteristic and shape in the end rubber product, various
rubber materials of a given thickness with some additional cords (if required) are
manufactured in the desired layer-stack. Then this layer-stack is shaped into dif-
ferent forms to get the end rubber product [46–48]. As rubber applications are so
diverse the used recipes are not unique. Due to this reason various kind of rubber
sheets have different electrical parameter values, and usually information regarding
them is not known or given in any data sheet. At least these are not available for
the considered rubber belts.
As mentioned in chapter 1, it is intended to establish and optimize the design and
analysis process of UHF RFID tag antennas for the rubber belts. First, for that, it
is required to study the electrical characteristics of the various rubber sheets, and
then to take account their impact on the tag antenna performance. Furthermore,
it is desired to cover a wide range of different structures of belts with a minimum
number of different tags. To explore that, it is required to find the typical range
of the electrical parameters for different rubber sheets1, the electrical parameters of
the specific rubber sheets used in the rubber belt and the variation in the parame-
ters.
In this regard, an electrical characterization setup is developed to determine the
electric parameter values of different rubber materials [1]. The detail of it is pre-

1used in the considered variety of rubber belts
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3. Electrical characterization of different rubber sheets

sented in this chapter. In addition, the reliability and accuracy of the setup is
examined and its results are discussed. Furthermore, by utilizing this setup the
electrical properties of two important materials (i.e. EPDM and CR) used in the
considered rubber belts are evaluated, and results are discussed.

3.1. Basics of the electrical characterization of a

dielectric material

Every material basically consists of atoms and molecules which are arranged in
either random or symmetrical order. The basic form of each atom and molecule
is composed of negative and positive charged particles. These charged particles
change their positions and directions when an EM field is applied to them. This
results in creation of either electric or magnetic dipoles or both in the material [49].
These generated dipoles create an extra field and exert an opposite force to the
applied field. If the number of created and aligned dipoles is sufficient, then these
dipoles create a measurable change in the applied field. Based on these phenomena,
a material is characterized either as dielectric or as magnetic material. As the
focus of this chapter is to investigate the electrical properties of rubber material,
the electrical properties can be examined by considering it as a lossy dielectric
material [12]. Therefore, some fundamentals are presented below to study the
electrical properties of such materials.

When a sinusoidal electrical field is applied to a linear isotropic material then the
relationship between the applied field E⃗ and the generated electrical dipoles, in
phasor form, can be described as follows [50]

D⃗ = ϵ0 (1 + χ) E⃗ = ϵ0E⃗ + P = ϵE⃗ (3.1)

where D⃗ is the displacement field vector, ϵ0 denotes the permittivity value of free
space, χ is a complex constant of proportionality called the electric susceptibility,
P = ϵ0χE⃗ corresponds to the electric polarization of the material and takes into
account average dipole moments created in unit volume, and ϵ represents the com-
plex permittivity of the material [50,51].
The complex permittivity consists of the real part ϵ

′
and the imaginary part ϵ

′′
.

This can be described as

ϵ = ϵ
′ − jϵ

′′
= ϵ0 (1 + χ) (3.2)

where ϵ
′
corresponds to the total energy stored in the material, ϵ

′′
takes into

account the energy consumed in the material due to frequency dependent effects
(i.e. the fractional force which exist while moving the generated charge in a
frequency cycle) [12,51].
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3.1. Basics of the electrical characterization of a dielectric
material

Generally energy loss in the dielectric material may occur due to some ionic conduc-
tivity σ and due to frequency dependent mechanism. It is hard to differentiate this
loss mechanism from the loss mechanism caused by the attenuating effect as far as
external causes related to power dissipation are concerned [51]. The significance of
such type of losses to our investigations may also be described as follows: Generally,
in a conductive dielectric material, the relationship between the ionic conductivity
(σ) and the resultant conduction’s current density J⃗ can be described as [49]

J⃗ = σE⃗ (3.3)

When the field with the angular frequency ω is applied to a material, then, using
one of the Maxwell equations2 [51], the relation between the conductive current and
the displacement current in the material can be given as

∇⃗ × H⃗ = jωD⃗ + J⃗ = jωD⃗ + σE⃗ (3.4)

where ∇⃗× represents the curl operator.
If the value of (3.1) and (3.2) is substituted in (3.4) then

∇⃗ × H⃗ = jω
(
ϵ
′ − jϵ

′′
)
E⃗ + σE⃗ (3.5)

is given.
If real and imaginary parts are rearranged then (3.5) can be modified as follows

∇⃗ × H⃗ = jωϵ
′
E⃗ +

(
σ + ωϵ

′′
)
E⃗ = jω

(
ϵ
′ − j

(
ϵ
′′
+

σ

ω

))
E⃗ (3.6)

Equation (3.6) shows that the total effective conductivity of the material is(
σ + ωϵ

′′)
.

With the help of (3.6) the loss of a dielectric material can be defined by

tanδ =

(
σ + ωϵ

′′)
ωϵ′

(3.7)

It means that tangent loss measurements include the conductive loss of a material
too. At higher frequency bands in low conductive dielectric materials, the value of
σ is much smaller than ωϵ

′′
[51]. Therefore the contribution of losses due to σ can

be neglected. Hence (3.7) can be modified as

tanδ =
ϵ
′′

ϵ′
(3.8)

2through which the wave propagation and interaction of EM waves with the material can be
studied in detail
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3. Electrical characterization of different rubber sheets

Practically, the real part of the permittivity value of a material is defined relative
to the permittivity value of air. The relative permittivity value of any material can
be defined as

ϵr =
ϵ
′

ϵ0
(3.9)

where ϵr is relative permittivity of a material. It characterizes the amount of energy
stored in the material relative to air.

If the value of (3.8) and (3.9) is substituted in (3.2) then the complex permittivity
ϵ can also be defined as

ϵ = ϵ
′ − jϵ

′′
= ϵ

′
(1− jtanδ) = ϵrϵ0 (1− jtanδ) (3.10)

In the tag design process, the ϵr value of a material mainly influences the size of the
tag antenna. The tanδ value mainly affects the impedance, the gain (typically its
radiation efficiency) and impedance bandwidth of an UHF RFID tag antenna.

3.2. Basics of electric characterization methods

The operation of radio frequency (RF) and microwave frequency electronic devices
is influenced by the dielectric properties of the materials [52]. Therefore, the knowl-
edge of dielectric parameters of the materials is quite important for RF and mi-
crowave engineering. Applications of electronic devices are so diverse that numerous
materials are utilized in such devices. These devices are widely used in common
people daily life, military, space, telecommunication communication e.t.c. Thus to
determine the electric properties of diverse materials numbers of electric charac-
terization setups have been developed. Broadly working principles of these setups
is either based on resonant or non resonant methods [52]. To investigate and to
evaluate the electric properties of the various rubber materials used in a rubber
transmission belt, based on each method, the electrical characterization is carried
out. Basics of these methods are discussed in the following section, and later the
results will be presented.

3.2.1. Electrical characterization using a parallel plate
dielectric resonator (resonant method)

Based on a resonance method, a parallel plate dielectric resonator (as shown in
figure 3.1) is constructed to determine the electrical parameters of the rubber mate-
rials [52,53]. It is a typical application of a rectangular waveguide [52,54,55]. Using
this method, the electrical parameters of a sample sheet, placed between the plates,
are calculated at the excited transverse electrical (TEmn) resonance mode frequen-
cies using the approximated analytical expressions [1]. These modes are excited
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3.2. Basics of electric characterization methods

between the plates when energy is provided via an external source such as a Vector
network analyzer (VNA). As the rectangular waveguide is not closed from all sides,

SMA connector for providing energy

w

l

metal plate

  embedded 

material sheet

Figure 3.1.: A parallel plate dielectric resonator

an analytical formula can be used to approximate the ϵr value of a material based
on the excited TEmn resonance mode frequencies and the dimension of the parallel
plates:

ϵr =

[
1

2fmnπ
√
µrµ0ϵ0

√(mπ

w

)2

+
(nπ

l

)2
]2

(3.11)

w is the width of the plate, l describes the length of the plate, fmn defines the
resonance mode frequency, and m and n represent the excited mode number.

The approximated tanδ value at the excited resonance mode can be calculated
by [1, 52]

tanδ =
2 (∆fr)−3dB

fr
(3.12)

where, (∆fr)−3dB is the value of the frequency point around the resonant mode
where the magnitude of the mode changes by -3 dB.

The advantage of this method is that it uses analytical expressions to calculate the
electrical parameter values of a material. Hence the reliability of the determined
results is quite accurate. The major disadvantage of this method is that to determine
the unknown electrical parameters of a sample sheet at the frequency of interest,
the resonance mode (especially TE01) should be excited with the proper chosen
dimensions of the parallel plates. Experimentally, the selection of proper dimensions
of the parallel plate is an iterative approach, as excitation of the principle TE01

resonance mode at a particular frequency depends on ϵr. Therefore, it is required to
construct a separate fixture using an iterative approach to determine the electrical
parameters of every rubber sheet. Hence the evaluation of the electrical parameters
is quite time consuming. In addition, practically it is observed that excitations
of resonance mode frequencies and its magnitudes are also slightly varying due to
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3. Electrical characterization of different rubber sheets

difficulty in pressing the parallel plate resonator fixture with homogenous force.
This adds some inaccuracies in the results [1].
To avoid these problems, this method is not used to determine the electrical proper-
ties of all rubber sheets which are used in the considered rubber belt. However, to
compare the accuracy of measurements taken from the open ended coaxial method
(described in the next section), this method is implemented once and results of the
comparison are presented in table 3.5 on page 52.

3.2.2. Electrical characterization using an open-end coaxial
probe method (non-resonant method)

An open-ended coaxial probe method is a type on non-resonant method. It
is applied to determine the electrical properties of various high loss materi-
als [1, 22, 52, 56–58]. Basically using this method, electrical parameters of an
unknown dielectric material are determined in two steps.

First Step: In the first step, changes on the impinged signal caused by a
material under test (MUT) are measured. Figure 3.2 shows a typical layout of
a measurement system used to detect such changes [22, 56, 57]. To measure the

Vector
Network
Analyzer

coaxial
cable

reflected
electrical fieldsopen ended

coaxial probe

Material sheet

Figure 3.2.: Measurement setup to measure changes in the applied signal

changes, first an open-ended coaxial probe is placed on a material under test.
Then, EM fields are launched through this probe via a vector network analyzer
(VNA) and are impinged on the MUT. Due to the applied field the MUT gets
polarized and causes variations in the applied field at the probe and MUT interface
as discussed in the section 3.1. These are measured via the VNA, usually in terms
of the complex reflection coefficient (S11) or impedance/admittance value.

Second step: In the second step, these measured value is compared to the
calculated value, obtained based on various techniques (such as complex math-
ematics computation [59], modeling techniques3 [60], numerical electromagnetic

3such as capacitive model, antenna model, virtual line model, rational functional model
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3.3. The measurement system in detail

computation using full wave solver [1,22] e.t.c.) to extract the electrical parameter
values.
Broadly in all such extraction approaches, the measured and the estimated value
are compared with each other and the error between these two values is reduced to
determine the electrical parameter values [61].

There are several advantages of this method. The major benefit is that only a single
fixture is required to determine the electrical parameters of various material sheets.
Furthermore, using the simple implementation process the electrical parameters
can be determined at any desired frequency [1, 22, 56, 57]. Due to these benefits
this method is preferred over the parallel plate resonant method to determine the
electrical properties of the different rubber materials. The details of the developed
setup, based on the open-ended coaxial method, are presented in the following
section [1].

3.3. The measurement system in detail

As just discussed, the electrical characterization using the open-ended coaxial
probe method is carried out in two steps. In the first step the changes caused
by the MUT is measured. In the second step the electrical properties with some
extraction technique are evaluated. In this section, details of the system used to
measure the changes are given. Afterward, in the next section the details of the
applied extraction technique will be discussed.

Figure 3.3 shows the complete measurement system built up in the laboratory, uti-
lized to sense the changes of the numerous rubber material sheets [1]. This setup
consists of the following major components:

• An open-ended coaxial probe

• Spring fixture

• Robot arm

• Vector network analyzer (VNA)

The function of these parts in the setup is discussed one by one as follows.

An open-ended coaxial probe
Basically, an open-ended coaxial probe is a typical type of a coaxial line. It usually
consists of an inner conductor, an outer conductor and a dielectric material which is
filled between them. The dimensions of these conductors and the electrical param-
eter values of the dielectric material affect the total impedance value of the coaxial
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3. Electrical characterization of different rubber sheets

Figure 3.3.: Picture of the complete measurement system built up in the lab utilized to detect
the changes in terms of the reflection coefficient

probe [51]. A general expression showing the relation between these parameters and
the impedance is given by (3.13).

Zc =
1

2π

√
µ

ϵ
ln

(
b

a

)
(3.13)

where a denotes the diameter of the inner conductor, b represents the diameter of
the outer conductor and Zc is the total impedance value of the coaxial model.
To built the measurement setup, an open-ended coaxial probe, having 50 Ω
impedance, from the HUBER and SUHNER (HUBER and SUHNER 23 SMA
50 01 [62]) is selected. The considered probe is shown in figure 3.4. The inner
conductor has a diameter of 1.2 mm, whereas, the outer conductor has a diameter
of 4.1 mm. A Teflon material exists between these connectors. Typical electrical
parameter values of the Teflon dielectric material are ϵr = 4.3 and tanδ=0.003.
To measure the changes in the reflection coefficient accurately, it is attached to a
spring fixture [1].

Spring fixture
To ensure a proper contact of an open-ended coaxial probe with the sheets, a spring
fixture is designed and fabricated. The fabricated one is shown in figure 3.5(a).
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3.3. The measurement system in detail

Figure 3.4.: An open-ended coaxial probe

(a) A spring fixture (b) An open-ended probe placed over a material sheet

Figure 3.5.: Spring fixture and its contact to a rubber sheet

A pressing mechanism in this spring fixture helps to reduce the air gap between the
open-ended probe and the sample (as shown in figure 3.5(b)). Additionally, it also
helps to apply a proper force between the open-ended probe and the sample. In
absence of the fixture, it would have been quite hard to hold and press the probe
over a sample sheet with a constant force for a longer time to measure the correct
changes [1].

A robot arm
A robot arm is used to control the position of the probe over the sample sheet.
With the help of the robot arm, it becomes easy to perform reproducible mea-
surements [1]. To show that the developed setup can reproduce the results, a
reproducibility test is carried out, and results are presented in subsection 3.6.2.
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3. Electrical characterization of different rubber sheets

Vector Network Analyzer (VNA)
The vector network analyzer is an important device that is used at radio or mi-
crowave frequency to determine or analyze various materials, components and ana-
log circuit’s electrical characteristics. Basically it measures the reflection coefficient,
magnitude and phases of transmission and reflection of a material or an analog cir-
cuit. Then it utilizes them to reveal all the electrical characteristics [52]. The basic
how to perform the measurements using a VNA can be found in [63].
A MUT can not be put directly on the detector of the VNA, therefore, a coaxial
cable is attached to the device to extend it’s measurement plane. Before detect-
ing the actual changes caused by a MUT, a calibration of the device needs to be
performed. Basically by using the calibration process, the impact of the attached
coaxial cable on the actual measurements is removed and the measurement plane is
extended to the end of an attached coaxial cable [64]. Calibration can be performed
via the user built fixtures or the electronic kit provided by the device manufacturer
such as Agilent [1, 64].
To carry out the measurements via the considered VNA, one port calibration is
performed using the electronic calibration kit. The following settings of the device
are set: frequency range from 600 MHz to 1150 MHz with 20000 points, device
output power of 0 dBm and filter bandwidth of 7 kHz. Once the calibration process
is carried out the open-end probe fixture is attached to the coaxial cable and then
changes are measured using the VNA.

Precaution while taking measurements

The following points need to be taken care of while taking the measurements using
the system [1]:

• A coaxial cable attached to a VNA should not move while carrying out the
measurement because movement of the cable affects the detected reflected
value.

• To measure the changes accurately it is required that the surface of the mate-
rial sheet and the plat-form on which the sheet is placed must be flat.

3.4. Extraction of the material properties

In the above section, the details of the measurement system are presented. Now
in this section, it is discussed how the electrical parameters are extracted from the
corresponding measured changes [1]. Afterward, it will be shown how the complete
electrical characterization setup is used to find the electrical parameters of the
various rubber materials.
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3.4. Extraction of the material properties

3.4.1. Extraction of electrical parameters using a 3D EM
model

In this thesis, the electrical properties of a material are extracted by an equivalent
3D model of the measurement setup (as shown in figure 3.6) using numerical
electromagnetic computation. The equivalent model consists of an open-ended

open-ended

coaxial probe

material under test

Figure 3.6.: An equivalent model of the measurement setup to extract electrical parameters from
the measured reflection coefficient

probe and a sample sheet model (further detail of the model is presented later
in this subsection). Starting from default values the electrical parameters of a
material model during the simulation are varied as long as the simulation result
fits to the measured result. These final model parameters are assumed to be the
characteristic material parameters of the measured material. Furthermore, to make
the process of finding the electrical parameters simple, fast and independent of
parametrized simulations, a look-up table is created. The table is defined, based
on the simulation results with predefined electrical parameter values, by writing a
Matlab script [1]. Then the electrical parameters are extracted from it similar to
an inverse like problem [65]. The detail about this extended extraction process will
be given in subsection 3.4.2.
The major benefit of the numerical electromagnetic computation technique is
that without solving tedious mathematics or using reference materials, electrical
parameters of unknown materials can be determined quite easily [59,66].
A similar numerical electromagnetic computation technique has been applied
in [22] with some differences. In [22] every time sequences of simulations need to be
performed to extract the material parameters. In this thesis, with the help of the
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3. Electrical characterization of different rubber sheets

modified numerical algorithm or based on the defined look-up table, the material
parameters are determined instantly without performing repetitive parametrized
simulations. Hence the proposed extraction strategy is more time efficient once the
loop-up table is constructed [1].

The thickness of a sample sheet is the main parameter on which the obtained sim-
ulated reflection coefficient and the accuracy of this method depends. One of the
simplest ways to determine the required minimum thickness of a sample sheet for
the considered coaxial probe is to use parametrized numerical EM simulations. In
this thesis, the required minimum thickness of a sample sheet is determined by a
3D numerical EM solver program (using CST Design Studio). To find this value,
a parametrized sweep of thickness parameters is carried out with the simulation
model. To accomplish this parametrized sweep, typical electrical parameter values
are supposed in the simulation model (ϵr = 7.3 and tanδ = 0.10). These are the
typical values which are expected for a rubber sheet. The results of this thickness
parametrized sweeps are shown in figure 3.7. It can be observed that the change
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Figure 3.7.: Relationship between thickness of a sample and corresponding simulated reflection
coefficient values

in the reflection coefficient value is not significant once the sample thickness be-
comes more than 2.2 mm. To be sure that sufficient thickness of the sample sheet
is included in the model, the final thickness of 3.2 mm is considered for the sample
sheet [1].

Detail of the 3D virtual measurement model

As just described above, the 3D virtual measurement model is used to extract the
electrical parameters. The detail of the virtual model (depicted in figure 3.8), used
in CST studio, is mentioned as follows. It consists of an open-ended probe and a
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      open ended

coaxial probe model

material under test model
boundary outline representing 

electrical boundary

Figure 3.8.: 3D numerical EM model of measurement setup

sample sheet model. The 3D model of the coaxial probe is constructed from the
CAD file provided from the manufacturer [62], whereas a material sheet 3D model,
having a thickness of 3.2 mm, is constructed using drawing tools provided by the
field solver.

After the construction of the 3D model, the next stage is to set a proper simulation
setting to acquire the simulated reflection coefficient. For that, the appropriate
port to launch the energy on the sample sheet, the boundary condition, a proper
field solver and the meshing of the both components are need to be chosen. The
selection of these various settings impact the amount of accuracy and the simulation
time. Therefore a compromise needs to be made between time and accuracy. For the
constructed model, the following settings for the various parameters are set/selected.

• A wave guide port is selected to launch the EM fields.

• A frequency solver with tetrahedral mesh is selected as field solver.

• Frequency range between 600 MHz to 1050 MHz with 20000 points is set.

• Add open space option is selected and a distance of 40 mm is set in all direction
except the wave guide port side to minimize the reflection of energy.

• Tetra meshing of the sample sheet, the inner conductor, the Teflon dielec-
tric material and outer flange conductor body is set locally. The considered
maximum step width of meshing for these parts is 1.99, 0.69, 0.70 and 0.70
respectively.
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3. Electrical characterization of different rubber sheets

3.4.2. Modified extraction process in detail

As explained in the above subsection, the measured reflection coefficient is com-
pared with the simulated reflection coefficient to extract the electrical parameters.
To obtain the required comparable simulation reflection coefficient value, the
electrical parameters of the sheet which represent the equivalent MUT in the
3D model, are varied as long as the simulation result fits to the measured result.
At the point, where both coefficient values matches with each other, these final
electrical parameters of the simulated sheet model are assumed to be the electrical
parameters of the MUT. This extraction technique gets time consuming and has to
be repeated to find electrical parameters corresponding to each measurement. To
avoid this, a modified extraction method is applied based on an inverse modeling
principle to determine the electrical parameters [1]. In the following paragraph,
the detail about the extraction process is given.

First, several discrete simulations of the measurement model are performed, within
the prior predictable range of ϵr and tanδ, in the numerical electromagnetic field
solver, to obtain the corresponding simulated complex reflection coefficients. The
relationship between these electrical parameters and the simulated reflection coeffi-
cients can be described mathematically as

Ssim
11 = g(ϵr, tanδ) (3.14)

where Ssim
11 = Ssim

real − jSsim
imag, represents the simulated complex reflection coefficient.

Then these data points are imported from the field solver program, and a look-up
table is created by writing a Matlab script. In this manuscript, basically first a re-
lationship between the simulated reflection coefficient and the electrical parameters
is stored using two mathematical functions (separately defined for each electrical
parameter as shown in (3.15) and (3.16)).

F1 = TriScatteredInterp(Ssim
real, S

sim
imag, ϵr) (3.15)

F2 = TriScatteredInterp(Ssim
real, S

sim
imag, tanδ) (3.16)

The TriScatteredInterp function is selected to create the relationship. Basically this
function creates a relationship between the simulated reflection data points and the
corresponding defined electrical parameter value and cover the intermediate space
using interpolation [67]. Then based on the measured reflection coefficient, electrical
parameters are evaluated from the look-up table, like inverse problem [65]. The
syntax of the used command to determine the electrical parameter is given below.

ϵr = F1(Smeas
real , S

meas
imag ) (3.17)

tanδ = F2(Smeas
real , S

meas
imag ) (3.18)
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3.4. Extraction of the material properties

where Smeas
real − jSmeas

imag denotes the measured real and imaginary part of the reflection
coefficient.
Basically, these functions first individually locate the position of the measured
reflection coefficient within the 3 nearest points in which the measured reflections
lay and then use, triangle interpolation, to find the approximated value of the
electrical parameter value [67]. The concept of evaluating, the electrical parameter
value is shown in figure 3.9.
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Figure 3.9.: Concept of extraction of electric parameters from the measured point

From electrical characterization experience it is noticed that the electrical proper-
ties of the investigated rubber sheets vary within a certain range. Hence the prior
relationship between the electrical parameters and corresponding simulated reflec-
tion coefficients are established within that certain range only (i.e. ϵr between 3 to
18 and tanδ between 0.01 to 0.7). However, this range can be extended by perform-
ing additional simulations and including those results in the defined mathematical
model [1]. Figure 3.10 shows a relationship created between the simulated reflection
coefficient and the corresponding electrical parameter values. Furthermore, as the
relationship is frequency dependent [61], the relationship in the interpolated func-
tions is defined only at the frequency of interest, i.e. at the 868 MHz, to determine
the electrical parameters accurately. However by following a similar procedure, the
relationship can be defined at any frequency of interest, and then the electrical pa-
rameters can be evaluated accurately.
Another approach4 can be applied to determine the electrical parameters at other
frequencies of interest if the electrical parameters are known at a frequency point.
In this approach, a material model (such as Debye model which assume frequency
dependence behavior [68]) used in a full wave solver can be utilized to evaluate

4 which may not be as accurate as described above
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Figure 3.10.: Look-up data showing the relationship between the simulated reflection coefficient
and the electrical parameters

electrical parameters at other frequency points [53]. For example, if the electrical
parameter values are defined at a frequency point in the material model then at
any desired broad frequencies range, with the help of the material models (utilized
in the CST studio), the approximated electrical parameters can be evaluated. In
the CST studio, usually such type of a material model is applied to consider the
approximated electrical parameter values at various frequency points during the
simulation of 3D electrical models.
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3.5. Results of electrical parameters of rubber

sheets

The developed electrical characterization setup, based on the open-ended coaxial
method, can be applied to determine the electrical parameters of various materials
[1]. In this thesis, this setup is applied to determine the electric properties of various
rubber sheets used in the rubber transmission belt. Before presenting and discussing
the results, the basic about the investigated rubber materials is given below.
Generally, the recipes of these two major rubber sheets, used in the investigated
transmission belts, are changed, and various rubber belts with numerous physical
characteristics are manufactured from them. Typical chemical names of two of the
rubber sheets are:

• Chloroprene rubber (CR)

• Ethylene Propylene Diene Monomer (EPDM)

A brief information about these rubber materials is given below.

Chloroprene rubber (CR)
The typical chemical name of a chloroprene rubber sheet is 2-chlorobuta-1,3 diene.
Its annual world wide consumption in various applications is thousand of tons.
Typical characteristics of such a considered rubber type are: good mechanical
strength, weather resistant, good aging resistant, adhesion to many substrates e.t.c.
It is widely used in various applications such as goods, transmission belts, cables,
conveyor belts e.t.c. [46, 47].

Ethylene Propylene Diene Monomer (EPDM)
Terpolymer, ethylene propylene diene (EPDM) rubber, due to economic costs
and various physical characteristics is used in huge quantity in various products.
Its typical characteristics are: it has high resistance to environment hazards and
moisture, and it is therefore mostly used on the exterior side of tires, walls and
roofs e.t.c. to protect them from these effects. In addition, it has several other
characteristics, such as it depicts high resistance to oil or polar fluids and has a
high resilience [46,47].

Typically considered rubber sheets are thinner in thickness in the raw form than
the minimum required thickness for various applications. Therefore number of
raw sheets are combined together to get the desired thickness. For investigation
purposes, rubber sheets with required thickness are obtained by vulcanizing a
few of these sheets together in the lab. Furthermore, the recipe of these selected
rubber sheets is also company specific, and no detail information is given due
to the company policy. Subsequently the determined parameters will be specific,
too. However, using the setup based on the open-ended coaxial probe method,

43



3. Electrical characterization of different rubber sheets

electrical parameters of various kinds of materials, especially rubber sheets can be
determined quite fast [1].

By determining the electric parameters of these two sheets the typical range of the
electrical parameters can be determined. Results of these sheets will be discussed
and presented in section 3.5.1 and 3.5.2. The evaluated electrical parameters of both
sheets using the electrical characterization setup can be presented directly without
showing the step results in between. However, for analyzing the results in a better
way the measurements results of one of the selected sheet (CR) are discussed in
detail. Afterwards the results of the other remaining rubber sheets are presented
directly.

3.5.1. Electrical parameter of a CR rubber sheet

First, using the measurement setup, the reflection caused by the considered rubber
sheet is measured at several locations by moving the rubber sheet under the probe
fixture. The measured reflection coefficients are shown in figure 3.11. The reason for
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Figure 3.11.: Smeas
11 values measured at various positions on the CR sheet

taking several measurements is to determine the average and variations of electrical
parameters over the sheet. At the desire frequency point i.e. 868MHz, the Smeas

11

values from these measurements are shown in figure 3.12. It can be seen that the
measured complex reflection coefficients have some different discrete values. Then,
corresponding to each measured reflection coefficient value, electrical parameters are
determined with the help of the defined mathematical functions. Afterward, these
determined parameters are further processed, using statistic principles, to obtain
an average, a minimum and a maximum value of each parameter. The summary of
the determined electrical parameters is shown in table 3.1.
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Figure 3.12.: Measured complex S11 in complex form of CR rubber sheet at 868 MHz at different
positions

Table 3.1.: Electrical parameters of the CR rubber sheet

CR sheet

ϵr tanδ

minimum 15.1 0.27

Average 16.3 0.34

Maximum 17.1 0.37

Note: Once the reflection coefficients are measured, then it takes approximately
a couple of minutes to load the measurement data files, determine these electrical
parameters and display them from the developed modified extraction look-up table.

Examining reasons for the electrical parameters variations

To show that the variations in the determined parameters are caused by variations
in the sheet, not by the numerical approximations, first, the one to one relationship
between the measured reflection coefficient and the corresponding determined
electrical parameter is plotted and shown in figure 3.13. Then measured reflections
are plotted in the parameter space of the look-up table, shown in figure 3.14. If
in these figures the location of these points is closely examined, then it can be
observed that the difference in the evaluated electrical parameter values is mainly
due to possible material variations, not due to any interpolation approximation.
Furthermore, from this one to one investigation experience, it is observed that,
the minimum and the maximum of two evaluated electrical parameters may not
correspond to each other for the same measured reflection value, i.e. if tanδ
has its maximum value at that measurement point, the ϵr may not have the
maximum value. Similarly, when tanδ has minimum value at that measurement
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point, the ϵr may not have the minimum value. Due to this phenomena, there
could be principally four minimum and maximum pairs which could indicate
the range of the evaluated electrical parameter values. However, to simplify
the investigation cases using statistic principles, simply the minimum and the
maximum value of each parameter are paired together and are tabulated in table 3.1.
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Difference in the electrical parameter values due to rubbed and non
rubbed surface of a sheet (CR)

From the measurement experience, it is observed that when these sheets are fabri-
cated in the lab, a different chemical layer of approximately a few hundred µm is
formed over the fabricated sheets. This layer has some impact on the determined
electrical parameters. Therefore, to find more accurate parameter values for the
sheet under observation, this layer should be removed from the top surface. A
scraper tool can be used to remove such a layer. To show the difference, electrical
parameters of a CR sheet with and without rubbed surface are determined and
shown in table 3.2. It can be seen that up to 10 percent variations in the electrical

Table 3.2.: Electrical parameters of rubber and not rubbed CR rubber sheet

CR rubbed CR not rubbed

ϵr tanδ ϵr tanδ

minimum 13.7 0.28 15.1 0.27

Average 15 0.31 16.3 0.34

Maximum 15.9 0.34 17.1 0.37

parameters are noticed due to the chemical layer created over the sheet. However,
if the overall range of variation in the electrical parameters of both, rubbed and
non rubbed sheet, are compared, then it can be noticed that non rubbed sheet have
comparatively more variations. Hence, to evaluate the more accurate electrical pa-
rameters it is required to scratch the surface of the rubber sheets. The electrical
parameters of the different rubber sheets, presented on wards (if not mentioned),
are determined by rubbing their surfaces.

3.5.2. Electrical parameter of the EPDM rubber sheet

The electrical parameters of the EPDM sheet are also determined by following
similar steps to find the electrical parameters of the CR sheet.

First, several measurements are taken at various positions on the EPDM sheet, and
the results are shown in figure 3.15.
After that, measured reflection coefficient values for 868 MHz frequency point are
noted. The measured reflection values are shown in figure 3.16.
Then using the defined Matlab script (i.e. loop-up table) the electrical parameters
are determined. The evaluated average, minimum and maximum electrical param-
eter values of the EPDM sheet are shown in table 3.3.

If the determined electrical parameters of the EPDM material rubber sheet are
compared with the CR material rubber sheet then it can be observed that EPDM
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Table 3.3.: Electrical parameters of the EPDM rubber sheet

EPDM sheet

ϵr tanδ

minimum 7.3 0.11

Average 7.68 0.12

Maximum 8.0 0.14

based rubber have smaller electrical parameter values compared to the CR rubber
sheet.
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3.6. Investigating reliability, reproducibility and

accuracy of the electrical characterization

setup

3.6.1. The reliability of the modified extraction code

To show the reliability of the defined extracting strategy5 one of the measurement
curves is compared with the simulated curve. The comparison results are shown in
figure 3.17. The simulated curve is obtained by performing simulations of the virtual

(a) real part of the reflection coefficients (b) imaginary part of the reflection coefficients

Figure 3.17.: Comparison of measured and simulated curves to show effectiveness of the nu-
merical code (red color curve shows the simulated curve and the cyan color shows
the measured curve)

measurement model. In the virtual model, the evaluated electrical parameters are
set by determining it using the defined look-up table. If we look at both reflection
coefficient curves i.e. the simulated and the measured one, then, it can be seen that
both curves fit quite good with each other. This shows that the defined code can
be utilized to find the electric parameters of unknown materials without performing
repetitive simulations. Furthermore by doing so, simulation such as CST studio
license resources and simulation time can be saved.

3.6.2. Reproducibility of measurements and the determined
electrical parameters

To determine that the characterization setup can reproduce the results, a repro-
ducibility test is carried out. The reproducibility of the results can be checked by

5i.e. the electrical parameters can be determined by the defined Matlab script with good accuracy
without the need of parametrized simulations

49



3. Electrical characterization of different rubber sheets

comparing the reflection coefficient value of a material sheet measured at the same
position after some time gap6 and by comparing the corresponding extracted elec-
tric parameter values with each other. To show the setup reproducibility, several
rubber sheet’s reflection coefficient values are measured. Then corresponding to the
measured reflection values, the electrical parameter values are extracted using the
defined Matlab script. These determined values are tabulated in table 3.4. From

Table 3.4.: Reproducibility test results

Measured S11 ϵr tanδ

sheet 1 0.7612− j0.5320 15.87 0.3432

sheet 1 repeat 0.7591− j0.5329 16.01 0.3455

sheet 2 0.7743− j0.5282 15.03 0.3149

sheet 2 repeat 0.7729− j0.5286 15.13 0.3180

sheet 3 0.8615− j0.4738 8.03 0.15

sheet 3 repeat 0.8606− j0.4743 8.09 0.1502

these results, it can be seen clearly that the developed setup shows a quite good
reproducibility.

3.6.3. Comparing the reliability and accuracy of the
determined parameters

To show that the developed setup can determine electrical parameters with good
reliability and accuracy, electrical parameters of one of the considered rubber sheets
(in this case the EPDM sheet) are determined based on the rectangular waveguide
resonance method as explained in subsection 3.2.1. Then these are compared with
each other [1]. The details about the built fixture, experimental procedure and
obtained results are given in the following section.

Determining electrical parameters of the EPDM sheet using the
parallel plate method for comparision

As already mentioned, to excite the TE01 mode at the desired 868 MHz frequency,
first it is required to determine the parallel plate dimensions. For that, based on
the evaluated7 ϵr average value of the EPDM sheet, suitable plate dimensions are
determined using (3.11). The following dimensions i.e. w = 45 mm and l = 66
mm of each parallel plate are selected. Using these dimensions, it is expected that
the TE01 mode is excited at the desired frequency, and the higher resonant modes

6around couple of minutes
7using the open-ended characterization method
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are excited at sufficient separable distances from each other, so that these can be
differentiated easily. Then an EPDM sample sheet is inserted between the plates.
Then the resonator fixture is constructed as shown in figure 3.18. After that, energy

Figure 3.18.: Prototype of fabricated parallel plate dielectric resonator

is launched in the fixture to excite several modes, which are then measured using
the VNA. The measured response is shown in figure 3.19. It can be seen that the
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Figure 3.19.: Resonance modes excited in the fabricated parallel plate dielectric resonator

TE01 mode is not excited at the intended resonance frequency. It means that the
electrical parameters of the EPDM sheet determined via the open-ended coaxial
method are slightly different from the parallel plate method. However, the ϵr value,
at the excited frequency point i.e. 854 MHz, for the considered dimensions can be
recalculated using (3.11). The calculated value of the sheet is ϵr = 7.1 [1].
Then based on the measured results, as shown in figure 3.19, the tanδ value is
calculated using (3.12). The calculated value is tanδ = 0.09 [1].

Once the electrical parameters are determined using the parallel plate resonant
method, the electrical parameters determined using both methods are summarized
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Table 3.5.: Comparison between the measurement results of two characterization methods

Open-ended probe method Parallel plate method

ϵr tanδ ϵr tanδ

Average 7.68 0.12 7.1 0.09

in table 3.5. By ignoring the variations in the electrical parameters caused by
frequency shifts, it can be observed that the determined electrical parameters match
quite well. This shows that, based on the open-ended coaxial method, electrical
parameters of a material can be determined with good reliability and accuracy [1].

3.7. Summary of the chapter

A measurement setup for the electrical characterization of different materials (espe-
cially for rubber mixture sheets) is developed. The measurement setup is based on
the open-ended coaxial probe method and uses the 3D electromagnetic simulation
model for determining the electrical parameters of materials. To simplify the mea-
surement process, a numerical algorithm is defined based on the 3D EM simulation
results. A summary of the steps to determine the electrical parameters using the
developed characterization setup is shown in figure 3.20.

Perform a standard calibration of the VNA

Attach the fixture to a coaxial cable and place it
on the sample sheet (MUT)

Measure the complex reflection coefficent value
at the desired frequency

Extract the corresponding electric parameters
from the simulation model or defined lookup table

Figure 3.20.: Summary of the steps to find the electrical parameters of an unknown rubber
material

For typical 15 measurements, the corresponding electrical parameters from the devel-
oped look-up are determined within a few seconds. Whereas, it takes approximately
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a couple of minutes to load the measurement data files, determine these electrical
parameters and display them using the defined Matlab script. Using the proposed
method, the electrical properties of the selected rubber sheets are evaluated and
presented in this thesis. In addition, the reliability and accuracy of the measure-
ment result are discussed. Values are compared with the parallel plate waveguide
resonance method.
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CHAPTER 4

Design process of surface UHF RFID tag
for rubber belts

As already mentioned in chapter 1, the major aim of this thesis is to optimize
the design and analysis process for developing high performance and cost effective
UHF RFID tags in flexible and heterogeneous rubber belts. However unknown
electrical parameters of rubber materials, various shapes, different sizes and the
higher flexibility of structures requests for great challenges to adopt the existing
UHF RFID tag solutions.
For that, in this chapter as a first step preliminary investigations are explained.
First, a design and analysis process for surface UHF RFID tags based on a 3D
model for the physical rubber belts is established and its details are presented [2].
To show the effectiveness of the established design process for UHF tags on rubber
belts, a set of surface UHF RFID tags are designed and fabricated. Then their
performance in terms of read range is analyzed. The details about the whole process
are discussed, too. Furthermore, to determine the impact of different variations1

of the considered rubber belts on the tag characteristics, various investigations are
carried out and results are presented [2, 4].

4.1. Physical layout of a rubber belt

There are numerous kinds of rubber belts for which it is interesting to implement an
UHF RFID tag. These belts are widely used for power transmission applications to
produce motion or revolution between different parts, like in industries such as the

1such as different shapes, various thicknesses and distinct electrical parameters
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cement industry, the automobile industry, the oil industry, the civil constructions etc.
Due to various applications, these rubber belts have numerous shapes and sizes. A
few types of the rubber transmission belts are shown in figure 4.1. The cost of these
belts vary considerably and range between tens of Euros up to a thousand Euros [11].
For investigation purposes a rubber belt, as shown in figure 4.2, is selected. The

Copy right Arntz Optibelt Group, www.optibelt.com

Figure 4.1.: Different configurations of rubber transmission belts

Top sheet

Cushion sheet

Cog sheet

Figure 4.2.: Physical layout of the chosen rubber belt

selected rubber belt is fabricated in various shapes and sizes (width and length)
with a similar rubber sheet layer stack. Few of them are shown in figure 4.3. As
already mentioned in section 2.3, it is quite hard to determine various characteristic
parameters of a tag antenna, and to design the tag antennas by analytical methods.
Therefore mostly tag antennas for complex applications are designed with the help
of numerical EM solvers by modeling [2,17]. Hence, to obtain the high performance
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Figure 4.3.: Various rubber belts having a similar layer stack up

tag for the belt, the tag antennas with their desired parameters are designed using
numerical electromagnetic simulations. However, it is required to represent the belt
with a 3D electrical model. First, details on the electrical modeling process of the
belt are presented in the following section. Later, it will be shown how to use
this model to design the surface tags. Furthermore, in section (4.5), it is discussed
how to use similar design concepts to determine the impact of different kinds of
variations2 of the considered rubber belts on the tag characteristics [3].

4.2. Representation of a belt with an electrical

model

For developing the electrical model of a belt, it is required to know two electrical
parameter values, i.e., the relative permittivity (ϵr) and the tangent loss (tanδ)
of different constituting materials (such as different rubber layers and fiber cords),
and their respective geometrical dimensions. It can be seen from figure 4.2 that the
thickness of some layers of the rubber belt is quite small (up to few fractions of a
millimeter), and some belt layers consist of fiber cords. These cords are placed at
various layers inside the considered rubber belt structure. Therefore, it is hard to
determine the electrical properties of such kinds of rubber belt structures directly
with any characterization method. However, the electrical modeling process can be
simplified by adopting the procedure mentioned in the following section [2].

Steps to follow to construct an electric model of a belt

To construct the model the required information is obtained using the following
procedure [2].
First, the electrical parameters of the different rubber layers are determined in-

2e.g. different shapes, thicknesses and different electrical parameters
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dividually based on the developed electrical characterization setup3 (details were
presented in the previous chapter) [1]. The determined electrical parameters of the
three different rubber sheets are given in table 4.1. However, it is neither possible

Table 4.1.: Electrical parameters of the different rubber sheets

Cog sheet top sheet cushion sheet

ϵr tanδ ϵr tanδ ϵr tanδ

Minimum 12.1 0.33 8.5 0.16 6.4 0.18

Average 13.8 0.36 9.9 0.18 7.2 0.21

Maximum 14.9 0.39 10.4 0.2 7.6 0.23

to measure the electrical parameters of fiber cords with the developed setup nor to
obtain unique information from literature. Only a general range of ϵr is mentioned
in [69]. For the construction of the belt, the following electrical parameter values
are assumed: ϵr = 3.5 and tanδ = 0.002.
Then, the required geometrical dimensions of all the rubber layers and fiber cords
are obtained by measurements.
Once all the required information is gathered, the electrical model is constructed
using a bottom-up approach, as shown in figure 4.4 [2]. To start the preliminary

 Top sheet
cushion

  sheet

cog sheet

Figure 4.4.: Electrical model of the considered rubber belt

investigation and to understand the tag design process, only a small portion on one
side of the belt is considered to design the surface tag antennas. This simplification

3 In this case, the changes are sensed via the VNA at the interface of the open-ended probe and
the MUT. The de-embedding of the probe fixture is carried out using the auto port extension
option. Then these changes are compared with the equivalent model to extract the electrical
parameters. In the virtual equivalent model, the waveguide port is shifted towards the MUT
and probe interface using shift reference plan option. The equivalent measurement models are
utilized to evaluate electrical parameters. Therefore this shift of the measurement plane does
not have much influence on the determined results.
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has some impact on the tags performance. However, if the full model of the belt
would have been considered for simulation then a lot of time would have been
required to conduct the preliminary investigations. Therefore, this simplification is
made. If a more precise tag design is required then the whole model needs to be
included.

Variation in the electrical versus the physical model of the belt

The electrical model may contain few variations compared to a real rubber belt due
to following reasons [2].

• Due to the fabrication process, the thickness of each rubber layer in the real
belt may vary by few 100 µm. However, typical thicknesses of each rubber
layer are considered in the model.

• Electrical parameters of the different rubber layers are determined in the form
of individual sheets which are fabricated in the lab. Therefore electrical prop-
erties of the real rubber belt layer may contain some variations compared to
those of the modeled rubber sheets.

• Average electrical parameter values of each rubber sheet are considered in
the model. However, during measurements it is observed that the electrical
parameters of individual rubber sheets contain variations approximately up
to 10 to 12 percent compared to the average value.

Based on measurements, it is hard to individually distinguish the effect of these
variations on the tag characteristic parameters. However, the simulation model is
used to determine the impact of such kind of variations. Further details about that
procedure are mentioned in section 4.5.

4.3. Surface UHF RFID tag design process

As already discussed in chapter 2, when an UHF tag is attached to the surface
or embedded in an object, the complex impedance value of the tag antenna alters,
which in turn results in a mismatch between the IC and the tag antenna’s complex
impedance values. Due to this mismatch, the detection read range of an UHF
RFID tag is reduced. This mismatch can be reduced either by changing the tag IC
parameters by redesigning or by changing the tag antenna parameters. Since the
designing cost of a new tag IC huge, mostly tag antennas are designed with the
required impedance value for a specific tag IC [2,27]. In this chapter, the designed
antenna complex impedance values are matched with the Monza 4 tag IC fabricated
by Impinj. The considered tag IC, when connected in the shunted connection, has
a complex impedance value Zchip = 5.5− j74 Ω and a minimum read sensitivity Pth

(i.e. minimum power required by a tag to be detected by a reader) value of -16.9
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dBm at a frequency of 868 MHz [37]. When connected in the open connection, it
has a complex impedance value Zchip = 13−j155 Ω and a minimum read sensitivity
Pth value of -17.3 dBm at a frequency of 868 MHz [37].
In the following section, a design process for obtaining tag antennas with the desired
impedance values is discussed in detail [2]. However, using a similar concept, the
optimized tag antenna could be designed for any other tag IC.

4.3.1. Basic of designed tag antenna

There are different kinds of antenna designs [30] which can be selected to obtain a
high performance UHF RFID tag. An antenna design with inductive coupled loop
is selected, because it offers various advantages. One major benefit is that it is
relatively easy to get the desired complex impedance (explained later in detail in
this section). Besides, it provides a wider impedance bandwidth compared to other
antenna designs such as T match antenna designs [31].
The fabricated prototype tag antennas based on the inductive coupled loop
principle to achieve the impedance matching are shown in figure 4.5. The antenna

Tag antenna 1

Tag antenna 2

Figure 4.5.: Prototypes of the designed tag antennas

design consists of two antennas, an external dipole antenna and an inner loop
antenna:

The external dipole antenna is used to enhance the gain of the overall tag antenna.
It can easily be matched to the dielectric environment and shows a real input
impedance value only at resonance frequency. This real part is inductively coupled
from the external antenna to the inner loop antenna, and the desired real part of
the impedance value of the tag antenna is obtained by controlling the distance
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4.3. Surface UHF RFID tag design process

between these antennas [2].

The inner loop antenna is primarily responsible for the imaginary part of the overall
antenna impedance value. Furthermore, due to its inductive character, this struc-
ture is hardly influenced by the electrical parameters of the environment. So it is
possible to design this small part of the structure once for a given Tag IC, and later
on a change of the external dipole antenna design is needed only for use in different
dielectric environments [2].

Evaluation of the tag antenna dimensions and mechanism to obtained
the desired impedance value

For surface tagging applications, due to the higher flexibility of the rubber belt,
the overall length of the dipole antennas at UHF frequency need to be shrunk to
approximately 60 mm. Therefore the external antennas are wrapped in a meander
form and in arbitrary shapes to reduce their overall size, so that the devices can be
properly fixed or attached on the belts. As the overall λ

2
dimensions of the external

tag antenna depend on the belt’s electrical parameters, shape and size, it is quite
complex to determine its dimensions with analytic expressions. Therefore, first
the overall λ

2
dimensions of the external tag antennas are obtained with the help

of parametrized simulations of the model (as shown in figure 4.6) for both tags.
For the desired surface tags, the external antenna with same dimensions is used

(a) Determination of the external antenna dimen-
sions using the model

length = 58.4mm

gap = 4.6mm

trace width = 1.4mm

height = 14mm

(b) Dimensions of the external tag antennas

Figure 4.6.: Dimensions of the external antenna and the simulation model used to determine
it

because it is designed for the same material environments. The dimensions of the
external antenna used for both tags are depicted in figure 4.6(b).

Afterwards dimensions of the inner loop antennas and the desired complex
impedance values are obtained using the following procedure. The impedance con-
trol mechanism of the inductive coupled feed loop antenna can be described using
the simplified antenna layout as shown in figure 4.7(a). If the simplified layout
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is modeled using the transformer circuit, as shown in figure 4.7(b), then the ap-
proximated expressions (i.e. to evaluate the inner antenna dimension and desired
impedance value) can be obtained as follows [2, 70,71].

external antenna conductor

d

la

lb

tw

inner loop

(a) Layout of the inductive coupled
loop feed antenna

Cext

Rext Lext Lloop

feed
terminals

M

Ztg

equivalent circuit of
external antenna

equivalent circuit
of inner loop

(b) Circuit schematic of inductive coupled loop feed
antenna

Figure 4.7.: Layout and circuit schematic of inductive coupled loop feed antenna

At resonance frequency, the input impedance of the external antenna (shown in
figure 4.7 as serial circuit Lext, Cext and Rext) is simplified to the real resistance
Rext. On the other side the resistive part of the inner loop can be neglected4, so
that its imaginary part of impedance is mainly defined by the inductance Lloop, and
the real part is contributed via the mutual coupling factor (M). The total complex
impedance value of the combined tag antenna seen from the feed terminal can be
determined as follow [2,70].

Ztg = Rtg + jXtg =
(2πfM)2

Zext

+ Zloop (4.1)

The value of the imaginary part of the tag antenna impedance can be calculated

Zloop = jXtg = 2πfMLloop (4.2)

The value of the inductance of a single loop (Lloop) inner antenna in air can be
calculated by [70]

Lloop =
µ0

π

[
lbln

(
2lalb

tw
2
(lb + lc)

)
+ laln

(
2lalb

tw
2
(lb + lc)

)]
+2

µ0

π

(
tw
2

+ lc − (lb + lc)

)
4as it has quite small resistance values
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4.3. Surface UHF RFID tag design process

(4.3)

where lc =
√
l2a + l2b, units of la, lb, and tw are in m, unit of lLoop is H, and

µ0 = 4π10−7 H/m.
Using (4.3) the approximated dimensions, the Xtg value can be calculated as the
inductance is hardly influenced by various material relative permittivity values.

Using (4.3) approximated information about the designed inner antenna’s dimen-
sions, the desired Xtg values are obtained. Then the final dimensions of the inner
antenna and impedance values are calculated using the 3D model. As it is required
to achieve a different imaginary impedance value for both prototype tags, the two
loops are designed with different dimensions. To acquire the desired imaginary
value matched to the shunted connection impedance of the tag IC, the following
dimensions of the inner loop antenna are selected; la = 7.62 mm, lb = 5.62 mm and
tw = 0.75 mm. Its calculated imaginary value using (4.3) and (4.2) is Xtg = 62 Ω
whereas the simulated imaginary part value is Xtg = j74.8 Ω. To obtain the
desired imaginary value matched to the open connection impedance of the tag IC,
the following dimensions of the inner loop antenna are selected; la = 11.62 mm,
lb = 9.62 mm and tw = 0.75 mm. Its calculated imaginary value using (4.3) and
(4.2) is Xtg = 121 Ω whereas the simulated imaginary part value is Xtg = j167.7 Ω.

When an external antenna is at resonance, the value of Rtg can be calculated as

Rtg =
(2πfM)2

Rext

(4.4)

The value of Rext for resonance dimension can be obtained with the help of a simu-
lation model by exciting only the external antenna at its center and observing the
corresponding value [70]. The value of Mutual inductance (M) can be evaluated by

M =
µ0la
2π

ln

(
d+

lb
d

)
(4.5)

The value of M is a function of distance d as illustrated in figure 4.7(a) for the
selected shape having la and lb dimensions. Hence by controlling the value of d,
the real part of the impedance value of the tag antenna can be controlled [2].

In the case of the designed tag antennas, the impedance Rext of the external tag
antennas at resonance frequency has a value of 33.4 Ω. Therefore, to get the desired
real part of the impedance value matched to shunted connection impedance of the
tag IC i.e. 5.5 Ω, the distance d = 1.675 mm is set between the two antennas: it is
calculated using (4.4) and (4.5). To obtain the desired imaginary value matched to
the open connection impedance of the tag IC i.e. 13 Ω, the distance d = 2.557 mm
need to be set between the two antennas. However, due to the higher losses with
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4. Design process of surface UHF RFID tag for rubber belts

the increase in d, the gain of the antenna also gets affected a bit, too. Therefore, a
compromise needs to be made between the matching coefficient and the overall gain
of the tag antenna. Furthermore, their is not much space available to move away
the inner antenna from the external antenna, and then attaching the tag properly
to the belt. Due to this in the final design, distance d = 2.075 mm is maintained
between the two antennas; it is approximated using (4.4) and (4.5).

4.3.2. Designed surface UHF RFID tags

Based on the above mentioned process, a couple of tags are fabricated for the surface
tagging applications as shown in figure 4.8. The tag design marked as 1, uses the

Tag 1

Tag 2

Figure 4.8.: Surface UHF RFID tags designed for the belt

tag IC connected in shunted connection, whereas, in the tag design marked as 2,
the tag IC is connected in open connection. Now on, these designs will be referred
as tag 1 and tag 2 in order to differentiation between the two designs.

4.4. Performance analysis of the designed surface

tags

One of the most important way to analyze an UHF RFID tag design is to measure its
performance in terms of the maximum read range. Just for recap (already discussed
in chapter 2), it is the distance over which a RFID tag attached to an object can be
detected in free space by an RFID reader if maximum allowed power is transmitted.

4.4.1. Estimating the theoretical read range of the surface
tags

Principally, to estimate the maximum theoretical read range via (2.21), information
about two parameters of a tag antenna at 868 MHz are needed. Those parameters
are the maximum Gain (Gtg) and the impedance (Ztg) to calculate the value of
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4.4. Performance analysis of the designed surface tags

τ . In this thesis, the information on both parameters is obtained via numerical
simulation of the tag antenna [2, 3].
To simplify the presentation of results of the two tags, first simulated results of
tag 1 are discussed and presented. Later on, using the same process, the read range
of tag 2 is evaluated and will be presented.

Gain of the tag antenna

In 3D, the gain pattern of the designed tag antenna 1 is shown in figure 4.9. In polar

Figure 4.9.: Gain pattern of the simulated tag antenna 1 in 3D

plot, the gain pattern across the tag antenna (in H plane) is shown in figure 4.10. It
can be seen that the gain pattern of the designed tag antenna is slightly asymmet-
rical. This is caused mainly due to the asymmetric nature of the tag antenna. This
effect has negligible impact on the implementations on the inventory management
application i.e. to detect several tagged belts packed in a box. For such applica-
tions orientation issue is not of great importance. However, the tag orientation is
of great importance while detecting the tag during operation. In this case it should
be analyzed more carefully. From these radiation patterns, it can be observed that
the tag antenna has a maximum gain value of -4.38 dB which corresponds to the
linear value of Gtg = 0.37 = (10−4.38dB

10 ). The gain degradation of the simulated
antenna is quite high compared to the linear dipole antenna having the resonance
dimension around λ

2
in air. The designed antenna has approximately 6 dB more

loss compared to the linear dipole antenna. This is mainly contributed by losses
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4. Design process of surface UHF RFID tag for rubber belts

Figure 4.10.: Gain pattern of the simulated tag antenna 1 in H plane

due to the rubber sheets and by a reduction in radiation resistance of the antenna
due to shrinking its length.

Impedance of the tag antenna

For tag 1, the simulated complex impedance is shown in figure 4.11. At 868 MHz
frequency, the tag antenna has an impedance value of Ztg = 5.8 + j74.8 Ω. Based
on simulation results, the calculated value of the power transmission coefficient
(τ) obtained using (2.1) is 0.99 and

√
τ = 0.99. Furthermore, it can be observed
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Figure 4.11.: Simulated impedance of the surface tag antenna 1
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4.4. Performance analysis of the designed surface tags

from figure 4.11 that the complex impedance values do not vary much around
the desired operating frequency. This effect is caused mainly by the losses
induced by the considered rubber belt. The overall benefit of this effect is
that even if the simulated tag antenna impedance show a little offset in terms
of frequency, the performance of the designed tag will stay close to the predicted one.

Once the required parameters i.e. the gain and the complex impedance value of
the designed tag antenna are gathered, the read range of tag 1 is calculated using
(2.21). The calculated theoretical read range (Rsim) of the tag 1 is 6.6 m.

Similarly, tag 2 antenna is simulated, the required parameters are determined
and then the read range is calculated. The simulated gain in 3D is depicted in
figure 4.12 and in polar plot, the gain pattern across the tag antenna 2 (in H

Figure 4.12.: Gain pattern of the simulated tag antenna 2 in 3D

plane) is shown in figure 4.13. Whereas, the simulated impedance is depicted
in figure 4.14. From gain pattern of figure 4.12, it can be observed that the
tag antenna has a maximum gain value of -4.07 dB which corresponds to the
linear value of Gtg = 0.39 = (10−4.07dB

10 ). At 868 MHz frequency, the tag antenna
2 has Ztg = 24.8 + j167.7 Ω. Based on simulation results, the calculated value
of the power transmission coefficient (τ) obtained using (2.1) is 0.75 and

√
τ = 0.87.

Next the tag 2 maximum theoretical read range (Rsim) is evaluated using (2.21).
The calculated maximum read range of the tag 2 is 6.4 m.
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Figure 4.13.: Gain pattern of the simulated tag antenna 2 in H plane
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Figure 4.14.: Simulated impedance of the tag antenna 2

The difference between the two tags read range is caused due to the difference in
the τ , the Gtg and the Pth value. Read range of tag 2 is less compared to tag 1 due
to the smaller power transmission factor value.

4.4.2. Read range estimations of the surface prototype tags
via anechoic chamber

As discussed in chapter 2, principally, to estimate the read range of the prototype
tags via anechoic chamber, only one parameter, i.e. the Pmin value, needs to be
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4.4. Performance analysis of the designed surface tags

determined. Once that value is determined then the maximum read range of each
designed tag can be estimated using (2.22). The results of both designed tags will
be presented one after the other.
Before presenting the results, the detail how to interpret the plot obtained via
performing the test and how to make the read range estimation process easier is
discussed below.

For performing the measurement to determine Pmin value, a 500 mW RFID reader
from the RF-embedded GmbH is used. The amount of transmitted power from
the reader can be controlled automatically by the application software provided by
the manufacturer, over a wide UHF frequency range by setting different attenuator
values. A typical plot displayed after performing the test is shown in figure 4.15.
In figure 4.15 the y-axis indicates the attenuation factor number and corresponds
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Figure 4.15.: A typical plot displayed after performing measurement test

to a certain power that is transmitted from the reader to get the response from the
tagged object, whereas the x- axis indicates the frequency at which that power is
transmitted.
The prior information about the transmitted power corresponding to various atten-
uation factor numbers is not provided by the manufacturer. Therefore, the amount
of the transmitted power corresponding to the various attenuated factor numbers at
desired frequency points is measured in the lab using the power meter. As the read
range of the designed tags is estimated for the European ISM frequency, i.e. 868
MHz, for that frequency point, a prior relationship between the transmitted power
versus the attenuation factor numbers is determined and tabulated in table 4.2. The
Pmin value required to estimated the read range is equal to the power corresponding
to the attenuation factor number given in the table.
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4. Design process of surface UHF RFID tag for rubber belts

Table 4.2.: Transmitted power (in mWatt) corresponding to various attenuation factor number
after 10 dB attenuation (for the 500 mWatt RF embedded reader module)

attenuation transmitted attenuation transmitted
factor numbers power factor numbers power

19 3.4 10 16.6

18 4.0 09 20.0

17 4.8 08 23.6

16 5.8 07 27.9

15 6.9 06 32.1

14 8.3 05 36.3

13 10.1 04 40.1

12 12.0 03 45.0

11 14.1 02 49.1

10 16.6 01 50.2

Estimation of the read range of the prototype tags via anechoic
chamber

To measure the read range of the fabricated tags, the experimental setup used
to perform the tests in the anechoic chamber has the following parameters:
drt = 80 cm, Grd = 8 dBi and Lloss = 0.45 dB. The information of these parame-
ters is also required to estimate the read range using (2.22).
Once the measurement setup is set, the belt is tagged with both tags one by one.
These are placed in front of the reader to determine the Pmin values. The obtained
results for both tags are presented one by one as follows.
The result of the performed test to detect the presence of tag 1 is shown in
figure 4.16. It can be seen, using table 4.2 and figure 4.16, that the tag’s presence
is detected by the RFID reader at a transmitted power of Pmin = 14.1 mWatt on
a frequency of 868 MHz. Based on measured Pmin, the maximum read range of
the designed tag 1 is calculated using (2.22). The calculated measured read range
(Rmeas) of tag 1 is around 5.15 m.

Similarly, the read range of tag 2 is measured. Figure 4.17 shows the result of the
measurement performed in the anechoic chamber to detect the presence of tag 2.
It can be seen, using table 4.2 and figure 4.17, that the tag presence is detected by
the RFID reader at the transmitted power of Pmin = 6.9 mWatt on a frequency of
868 MHz. Based on measured Pmin, the maximum read range of the designed tag 2
is calculated using (2.22). The calculated measured read range is around 7.4 m.
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Figure 4.16.: The attenuation factor number at which tag 1 is detected by the reader at various
frequencies
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Figure 4.17.: The minimum power at which tag 2 is detected by the reader at various frequencies

4.4.3. Checking the model by comparison of the read range
for the tags

One way to determine the model accuracy is to design a tag antenna based on
the model, then measure the fabricated tag antenna impedance and compare the
simulated and the measured impedance value with each other [39]. Using a similar
concept, it is tried to determine the accuracy of the model. But in case of the belt
model, it is quite challenging to verify this with quite good accuracy and reliability.
Especially, due to mechanical issues such as holding a differential probe over the de-
vice used test, making a proper contact with the designed antenna, and difficulties
in performing calibration. Due to the mentioned issues it was not possible to get reli-
able results. However, some results are obtained and are presented in the appendix,
section A.1. This measured results show similar tendency and give some idea about
the suitability of the model. Due to time limit, this procedure can not be optimized.

However, as explained in chapter 2, using an indirect way although less accurate,
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4. Design process of surface UHF RFID tag for rubber belts

it may be possible to determine the usefulness and approximately validate the
model. Using that procedure, the simulated (i.e. theoretical range) and the actual
measured read range of the designed tags are compared with each other citekan13.
The theoretical read range of the simulated tags and the actual measured read
range of the fabricated tags are tabulated in table 4.3. It can been seen from

Table 4.3.: Comparison between the simulated and measured read range of the designed tags

Tag number Theoretical read range Measured read range Relative error

tag 1 6.6 m 5.1 m 23 (%)

tag 2 6.4 m 7.4 m 16 (%)

table 4.3 that 16% relative error in the estimated tag performance is observed.
This is quite a good result keeping in mind the electrical parameter variations
(approximately upto 12%) of the belt, various tolerances at different design stages
such as measurement tolerances in various components used in the anechoic
chamber setup in estimating the read range, quantization of the transmitted
power value, accuracy of the tag chip information provided by the manufacturer,
placement of the inner loop antenna to the external antenna, the impedance change
due to the manual chip bonding with the tag antennas e.t.c. [4].

The results show a good correlation. Especially the designed tag 2 shows the suitabil-
ity of the developed model in designing the high performance tags for such complex
structures. Based on the results, it can be concluded that a high performance tag
for such complex structure can be obtained by the established design process [2].

4.4.4. Variation in the read range due to various tolerances

As can be seen from the results the difference in the read range of tag 1 is bigger
than for tag 2. The difference in the read range might be caused due to various
error contributing sources. One of the main sources can be the impedance value
change due to the chip bonding with the tag antennas by hand. Furthermore,
as the impedance values are small especially for tag 1, its transmission coefficient
factor is more sensitive compared to tag 2. The impact of these variations on the
impedance value and hence the transmission coefficient are unknown. However, the
possible impact of these variations on the transmission coefficient may be observed
with (2.1), if the effect of these changes are incorporated in terms of varying the
impedance value. Figure 4.18 and figure 4.19 show the impact of variations in the
antenna impedance values on τ and

√
τ of the designed tags. It can be seen

from figure 4.18 and figure 4.19 that tag 2 is quite insensitive to the changes in the
impedance values in comparison to tag 1. Depending on the availability of space
on the belt and on the required read performance both tag designs can be used.
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Figure 4.18.: Variation in the impedance and its impact on the transmission coefficient consid-
ering tag 1
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Figure 4.19.: Variation in the impedance and its impact on the transmission coefficient consid-
ering tag 2

4.5. Investigation of the impact of different

parameter variations of the belts

From table 4.1 it can be observed that there are some variations in the electrical
parameters of different rubber sheets. The impact of these variations are hard to
measure but using the simulation model it is possible to quantify the impact of
those changes on the designed tag. Furthermore, due to diverse belt applications,
the considered physical belt is fabricated in different shapes and width and with
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different chemical recipes. To carry out the effective feasibility, it is important to
determine the impact of these few mentioned variations on the designed tag. One
way to determined the impact of the variations is to use the developed strategy and
then to analyze the impact of those variations on a tag characteristic [4]. Results
of those investigations will be discussed in this section.

4.5.1. Impact of the electric parameter variations on the
tag characteristics

As shown in table 4.1, the different rubber sheets used in the belt have some vari-
ations in their electrical parameters. By changing the sheet’s electric parameter
values in the belt, the impact of these variations on the tag antenna impedance and
consequently the overall performance of the tag are evaluated. Figure 4.20 shows
the impact of those variations on the overall impedance value. Figure 4.21 shows
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Figure 4.20.: Electric parameter variations (present in different rubber sheet) impact on the
antenna simulated impedance

the impact on the gain of the designed antenna.
From these results it can be observed that the impact on the impedance and gain is
rather small. The resonance of the tag antenna shifts by a few tens of MHz and the
gain by a fraction of dB. The impact of these variations (determined using (2.21))
on the performance of the tag is not much. Hence, even if the belt has some elec-
trical parameter variations, the designed tag will still be detected as it has similar
performances [4].
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Figure 4.21.: Impact of the electrical parameter variations on the antenna gain

4.5.2. Impact of thickness variations on the tag
characteristics

Due to fabrication process, the thickness of different rubber layers of the fabricated
belt can vary by a few 100’s of µm. The impact of these variations, present in various
layers of the belt, on the antenna impedance, the gain and the read range can also
be determined using simulations of the belt model by changing the respective sheet’s
thickness. Figure 4.22 shows the impact of those variations on the overall impedance
value and figure 4.23 shows the impact on the gain.
It can be seen from these results that these variations in the antenna parameters is
quite negligible. Hence, the influence of these variation on the performance of the
tag can be ignored, too.

4.5.3. Impact of changes in the shape of the rubber belt on
the tag characteristics

Due to numerous rubber belt applications, a rubber belt of the same fabrication
recipe can have various shapes. Consequently, it is quite important to know, if the
designed tag also works with similar performance on other rubber belts or not. The
most common shape change is that the belt is fabricated in a rectangular shape
instead of the V shape (shape of the considered belt model). As the electrical pa-
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Figure 4.22.: Impact of thickness variations on the impedance of the tag antenna

Figure 4.23.: The influence of thickness changes of different rubber sheets on the antenna gain

rameters are the same, only the shape is different from the originally considered belt.
Thus, it is easy to investigate the impact of such a common shape variation on the
tag antenna with the help of simulation, just modifying its geometry, changing it into
a rectangular shape. The modified electrical model is depicted in figure 4.24, the
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corresponding simulated impedance values are displayed in figure 4.25. Figure 4.26

Figure 4.24.: Modified belt in rectangle shape instead of V shape
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Figure 4.25.: The impact of shape change on the simulated impedance of the tag antenna

depicts the gain of the antenna for corresponding changes. In figure 4.25 it can be
seen that the geometry change shifts the resonance frequency, it is detunned by
approximately 40 MHz. The reason for this effect is that the effective relative per-
mittivity value of the belt is higher compared to the V shape belt. The higher
relative permittivity reduces the resonance dimensions of the dipole tag antenna.
Therefore when a tag antenna designed for the V shape belt is attached to a rectan-
gular shaped belt, the resonance dimensions of the tag antenna appears to be bigger
than λ

2
for such kind of the belt. Due to this, the impedance at 868 MHz frequency

drops, as shown in figure 4.25. For that reason the resonant antenna structures i.e.
the external antenna dimension needs to be reduced for such a shape. However, its
impact on the transmission coefficient is not big. This can be determined based on
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Figure 4.26.: The impact of shape change on the simulated antenna gain

(2.1) [4].
Similarly, from figure 4.26 it can be observed that the impact of a geometry change
on the gain is not much. The possible reason is that as the tag is attached on the
surface it is not impacted by the belt shape change. If the designed tag is used for
such a belt, then based on (2.21), it is observed that the reduction in read range is
not much. Thus, the tag design can be used to tag belts with various shapes having
similar fabrication recipe without compromising too much on the performance. Nev-
ertheless, if optimized design is required then only the external antenna dimensions
need to be fitted [4].

4.5.4. Impact of electrical parameter changes (caused by
different chemical recipes) on the tag characteristics

Based on different application requirements, belts of the same shape can be fabri-
cated with different recipes. As the electrical parameter values of various rubber
sheets depend on the fabrication recipe, it is interesting to predict the performance
of the tag for such kind of rubber belts. Suppose the changes in electrical parameters
are 25 % or 50 % compared to the considered optimized belt electrical parameter
values. Then, the effect of these changes on the belt can be predicted by changing
these electrical parameter values in the belt model [4]. Figure 4.27 shows the sim-
ulated impedance for the mentioned changes in electrical parameters. Figure 4.28
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Figure 4.27.: Impact of variations in the electric parameters due to recipe change

shows the gain of the antenna for corresponding changes. Using (2.21), it is ob-

Figure 4.28.: Gain of the antenna if the electrical parameters change by various percentages
due to different fabrication recipes

served that the considered tag can be used with similar performance up to 25%
changes in electrical parameter values. When changes in electrical parameters are
more than half compared to the considered belt then the performance deteriorates
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to a great extent. For such cases, higher performance antenna with good matching
can be designed just modifying the external antenna dimension and the distance
between the inner and the external antenna [4].

4.6. Bulk reading test to investigate logistic

application

To check the suitability of the designed tags for logistic applications in real belts,
a bulk reading test is carried out. Basically in bulk reading testing, a packed box
filled with a given number of tagged objects passes a standard reader gate. At the
reader gate, a reader module detects unique assigned IDs of tags attached to the
products via reader antenna. If all IDs are detected and counted exactly the success
rate is 100 %. In this case bulk testing is successful.
For carrying out this test, the typical experimental setup consists of a gate, 1 reader
patch antennas, a 1 W reader module and the application software. This setup is
shown in figure 4.29.

Reader antenna

metal gate hanger 

Figure 4.29.: A typical detection gate for counting tagged objects

Before performing the test, a typical number of tagged objects in the box needs to
be mentioned in the application software (in this case 17 is mentioned). After that
in the box 17 tagged belts are packed. Before packing them into the box, unique
IDs were assigned to the 17 tags via the application software. The attached tags
are shown in figure 4.30. Then this box passes the gate (as shown in figure 4.31).
Afterward, at the screen of the application software, as shown in figure 4.32, it can
be seen that the detection/read success rate is 100% i.e. all 17 tagged belts are
identified and counted by the reader module. This means the performed bulk test
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Figure 4.30.: Tagged belts

Figure 4.31.: Tagged belts packed into a box

is successful.
By carrying out this test, it is shown that the designed RFID tags can be used for
logistic applications and can improve the counting mechanism of such complex and
heterogeneous structures.

4.7. Summary and outlook of the chapter

In this chapter, a design process established to obtain an optimized (in terms of the
transmission coefficient) UHF tag for rubber transmission belts, is presented. The
summary of the design process is depicted in figure 4.33.
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Percentage indicates the success rate

17 of 17 ( 100 % )

Figure 4.32.: Results of the performed bulk test

Represent a selected belt with a 3D electrical model

Obtain the external antena resonance dimensions
using the belt model

Fabricated the tag and evulate the read performance

Obtain the desired X value by selecting the proper

inner antenna dimensions
tg

Control the distance between the inner antenna and
the external antenna to get the desired Rtg value

Figure 4.33.: Summary of main steps to design a surface tag for a rubber belt

Furthermore, the performance of the designed UHF RFID tags in terms of read
range are evaluated and results are presented. The results in table 4.3 show that
up to 16% relative error in the measured read range of a tag matches to the
theoretical read range. In addition, the impact of different variations of the belt’s
structure on the tag antenna are investigated with the help of simulations and
the results are presented. From these results it is observed that, if the designed
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tag is attached to another belt having a similar fabrication recipe and different
shape, then the performance of the tag does not vary much. This is caused due to
the fact that the considered rubber belts have higher losses which exhibits wider
impedance bandwidth phenomena, which in turn keep the transmission coefficient
quite similar for various changes and shapes. This phenomena makes the design
insensitive to this variation. Hence, for such cases, a certain performance of the
designed tag can be granted.

Furthermore, from the results, it is observed that only a few different tag antenna
designs are required to cover a wide range of different rubber belts. Only external
antennas of the designed tags need to be modified as the imaginary part remains
quite constant for different electrical parameter values. Hence in a quite fast time
all kinds of rubber belts can be covered with high performance tags using the
established process.

By adopting this presented process established for the rubber belts, a high per-
formance and a good matched RFID tag for various kind of rubber products can
be achieved. Furthermore using the 3D electric model of the belt, the major in-
formation required to analyze the performance of a tag can be gathered quickly.
Additionally, quite fast feasibility of various UHF RFID tags (e.g. sensor enabled
RFID tags) for different application can be carried out, too [2].
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CHAPTER 5

Embedded tag design process for the
rubber belt

To establish an optimized design and an analysis process of UHF RFID tags for
the rubber belts, as a first step, a design and analysis process for the surface UHF
RFID tag is presented in chapter 4. Using the gathered know-how of the surface tag
design, in this chapter, major problems are tackled to obtain a high performance
embedded RFID tag design. Few of the typical problems investigated in this chap-
ter are: design and analysis of an embedded tag antenna for various applications,
determination of a suitable antenna structure and fabrication technique to get the
embeddable tag antenna, its chemical (adhesion compatibility) and mechanical im-
pact on the belt structure, and life cycle tests of the embedded tag in the physical
belt under various harsh conditions [3].

5.1. Determination of a suitable antenna

structure and fabrication technique

Broadly, two forms of tag antennas are used in tagging applications i.e. planar
and wire based antenna structures. These are fabricated in various shapes with
different structuring techniques, such as etching, printing, plotting and stitching
e.t.c. [17–21, 72]. Out of these, a suitable technique which has negligible chemical1

and mechanical2 impact on the belt structure, during the embedding process and
throughout its full life cycle usage needs to be determined. In addition, the cost

1adhesion problem between antenna material and rubber layers due to incompatible bonding
2crack in the belt structure due to various dimensions of an embedded tag antenna
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5. Embedded tag design process for the rubber belt

of a tag depends on the adopted fabrication process. Therefore, to obtain a cheap
embedded tag, it is also important to determine, which antenna structure and
fabrication technique is feasible for the considered belts.
To check these facts, based on a few of the available fabrication techniques, various
dipole type tag antennas3 were structured onto the individual raw CR material
rubber layer and then covered with a rubber layer of the same material. After
that, those various sample rubber layers were vulcanized at a temperature of
180 ◦C in the lab, under similar manufacturing conditions as used for the standard
rubber belt. Before discussing the outcome of the vulcanization results, a brief
description about those fabrication techniques and the structured antennas is
presented below [3].

The tag antenna structured by printing technique

Using printing technique, an antenna in a desired shape is structured by printing
a conductive material on a substrate or on an object. Then the printed material
is hardened onto the substrate by blow-drying [17]. A prototype of a tag antenna
structured onto the rubber sheet using this technique is shown in figure 5.1. The

Figure 5.1.: Antenna structured with pasting technique [17]

printed antenna is made out of silver paste and has the approximate dimension
of 100 mm by 10 mm. This antenna was manufactured at the department of the
Fraunhofer ENAS, Chemnitz, Germany [17]. The main advantage of the antenna
obtained by using this technique is that no chemical residues are created. Due to
this the handling and the structuring cost of the antenna are less compared to the
etching technique. Additionally, the overall thickness of the antenna is quite small.
The tag antennas are suitable for tagging various books in the library, tagging wind
screens of cars e.t.c. [17].

The tag antenna structured using the plotter and etching technique

A prototype of a tag antenna structured via the plotter and the etching technique
is shown in figure 5.2. The external antenna is structured via a plotter machine
by cutting the aluminium foil. The thickness of the aluminium is 35 µm on top

3There are different kinds of tag antenna designs, such as dipole or patch type, which can be
selected to design the embedded UHF RFID tag [13, 30, 73]. Dipole type tag antennas are
structured into the rubber sheets because of relative less amount of external materials required
to structure them.
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of a paper substrate of 65 µm. The inner antenna4 is structured via an etching
process on the polypropylene substrate. The details about a typical etching process
on flexible substrates can be found in [18]. The external antenna dimension is 90

Figure 5.2.: Antenna structured with the plotted and etching technique

mm by 15 mm whereas the inner antenna is 15 mm by 5 mm. The main advantage
of the antenna obtained by using this combined techniques is that the tag antenna,
especially the external antenna can be structured quite fast. This feature is quite
beneficial to get the high performance tags in quick time for various materials (a
typical application is discussed in the previous chapter). The tag antennas are
utilized in various objects tagging applications, for instance wood cases, plastic
cases, key chains e.t.c..
In addition, if no visible impact of the inner antenna on the rubber sheet is observed
then the stand alone etching technique can also be considered to construct the
embedded tag antenna. These tag antennas structured with the etching technique
are widely applied in various type of object tagging such as clothes, boots, boxes,
parcels, books e.t.c..

The tag antenna structured using stitching and etching technique

A typical tag antenna prototype5 structured at large scale using a combination
of the stitching and the etching technique is shown in figure 5.3. However, at the
time of performing the test, the tag antenna structure depicted in figure 5.4 is
used. In this prototype the external antenna is structured in arbitrary shape by
hand. Later on large scale, by attaching a thread to a wire and then using stitching

Figure 5.3.: Typical tag design with combination of stitching and etching

technique, the external antenna for the embedded tag in the desired shape and
dimensions can be obtained like the one shown in figure 5.3. In the considered tag
antenna, the external antenna is made of a steel wire, it has a diameter of 200

4for performing the test, this was provided by our partner, tagItron GmbH, Salzkotten, Germany
5http://www.tagitron.com/
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Figure 5.4.: Antenna structured with combination of stitching and etching(tested)

µm. It is approximately 70 mm long and 6 mm wide. The inner loop antenna6 is
structured on a FR-4 substrate with the etching technique [18]. The loop has a
diameter of 5 mm and is covered with similar material from the top. Hence the
inner antenna is fully enclosed in a FR-4 material body. The advantage of this tag
antenna combination is that it is mechanically strong and may survive in harsh
conditions such as high flexibility and high temperature. The tags fabricated using
this combination are mostly used in tracking washing textile used in various fields.

Now the impact of these tested antenna structures after vulcanization with the
rubber sheets is discussed [3].

The sheets obtained after vulcanization are shown in figure 5.5, figure 5.6 and
figure 5.7. From figure 5.5 and figure 5.6 it can be observed that some bubbles

Figure 5.5.: Impact of the antenna structured by printing technique on the rubber sheet

Figure 5.6.: Impact of the antenna structured by plotting and etching technique on the rubber
sheet

6for performing the test, this was provided by our partner this is provided by our partner, tagItron
GmbH, Salzkotten, Germany
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are created around the embedded antennas. The bigger bubbles are created around

Figure 5.7.: Impact of the antenna structured by the etching and the stitching technique on the
rubber sheet

the area where more metal or substrate materials are used, and smaller bubbles
are created where less materials are used. This may be caused due to the different
melting points of the materials or unknown chemical reactions which might occur
inside the rubber sheet during the vulcanization process. At such high vulcanization
temperature i.e. 180 ◦C, these materials inside the sheet may have changed their
matter form i.e. from the solid form to the viscous form partially or fully inside the
rubber sheet, and may also get mixed with rubber material. After the vulcanization
process, when the device is cooled down, then these materials might have changed
their state back to the solid form. During this process, the materials may have not
chemically bonded well with each other. The exact reason of the bubble creation is
not known exactly up to now. It could be either caused by the antenna materials
or due to limits (e.g. it can not handle such materials which are suitable to get
an embeddable antenna) of the fabrication techniques. Due to high investigation
cost and time limit this aspect is not investigated further. In future, more detailed
investigations could be carried out in this direction to determine the more accurate
causes of this effects.
However, from figure 5.7, it can be seen that no visible bubbles are created by the
embedded antenna between the rubber sheets. The amount of material used in the
antenna structure is less compared to the other two tag designs, and probably it did
not melt or interact chemically inside the rubber sheet during vulcanization. Due
to this reasons, no bubbles are raised in the sheet after the vulcanization process.
Therefore, based on these results, it is found that the antenna structure using a
combination of the stitching and the etching technique is suitable for the embedded
antenna, because no visual impact on the adhesion between the rubber sheets has
been observed [3]. This antenna structure is selected for the embedded antenna.
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5.2. The embedded UHF RFID tag design

process

As described in chapter 2, when an UHF RFID tag is attached onto a surface or
embedded into an object, the complex impedance value of the tag antenna alters
which in turn results in a mismatch between the tag IC and the tag antenna’s
complex impedance values. Due to this mismatch, the detection read range of an
UHF RFID tag is reduced7. One cost effective way to improve this mismatch is to
design a tag antenna matched to the considered tag IC [2, 27].
In this chapter, the designed embedded tag antenna complex impedance value is
matched with the Monza 4 tag IC. The considered tag IC has a typical complex
impedance value Zchip = 13− j151 Ω at 868 MHz frequency [37].

Design of the embedded tag antenna

Based on previous results, a dipole type tag antenna based on the inductive coupled
loop principle is selected for the embedded tag. The prototype of the designed tag
antenna is shown in figure 5.8 [3]. The tag antenna basically consists of the two

(a) A prototype of the embedded UHF RFID
tag

(b) Model to simulate the embedded tag
antenna

Figure 5.8.: Designed embedded tag antenna for the belt

antennas, i.e. an inner and an external antenna. The function of these antennas
and impedance mechanism is similar to the tag antennas presented in the previous
chapter. In the following section, a brief summary of the designed tag antenna and
its dimensions are presented.

External antenna: The basic purpose of an external antenna is to enhance the
overall gain of a tag antenna. In the tag antenna it is the main contributor of
the overall real part of the complex impedance value. It can be matched to any
dielectric environment, and it only shows a real part at resonance. The amount of
transformed impedance to the inner antenna and hence the real part of the tag
antenna depends on many factors. A few of them are shape of a loop, trace width,

7A typical impact on the air optimized tag characteristics is shown in appendix A.2
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distance between the two antennas e.t.c. [30]. For the considered complex belt
structure, the information regarding the real part of the impedance value and the
over all λ

2
dimensions of the external wire antenna are obtained using parametrized

EM simulations of the electrical model. The external antenna is wire based, it is
66 mm long and 5.5 mm wide. It major dimensions are depicted in figure 5.9(a) [3].

Inner antenna: The function of the inner antenna is to counter balance a capac-
itive part of a tag chip. In the tag antenna, it adds the overall imaginary part
of the complex impedance. For keeping the width of the tag small (to avoid any
kind of mechanical damage to the belt), the inner antenna is made of double loops,
because it is very hard to achieve a high imaginary part with a single loop with
approximately 5 mm diameter. Its major dimensions are shown in figure 5.9(b). In

width = 5.5 mm

gap = 5.5 mm

length = 66 mm

(a) External antenna

gap

300 mm

trace width

300 mm

diameter
5 mm

(b) Inner antenna

Figure 5.9.: Dimensions of the embedded tag antenna

the inner antenna8, the outer loop has a 5 mm diameter and the inner loop has a
4.4 mm diameter. The trace width is 300 µm for each loop. These two loops are
separated from each other by 300 µm. The inner antenna embedded in the belt is
encapsulated with FR-4 material and has a diameter approximately of 5.3 mm and
has an overall thickness of 0.7 mm [3].

5.3. Mechanical testing of the embedded tag

A couple of the prototype tags are embedded inside a couple of physical rubber
belts for performing the mechanical tests. Due to fabrication costs, it was not
possible to select the same belts for mechanical tests and performance analysis.
Therefore, different belts are selected. However, this does not affect the objectives
of this section i.e. to investigate and determine how the embedded RFID tag would
behave in the belt during various stages in the full life cycle of a physical belt. The
size of the tagged belts used for performing this test has smaller dimensions than
the tagged belts intended for the performance analysis (as discussed in section 5.5).
Both types of belts are shown in figure 5.10 [3].

8This double loop antenna is designed by Impinj for our partner tagItron GmbH, Salzkotten,
Germany
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Figure 5.10.: Considered rubber belts for investigation purpose

5.3.1. Tag placement inside a physical belt

The approximated location of an embedded tag inside the rubber belt is marked
in figure 5.11. At the indicated position, a minimum force is exerted onto the tag

Approximated tag position inside the belt

Figure 5.11.: Approximated position of tag inside the belt

during the real application of the belt. The placement of the tag on the rubber sheet
during the fabrication cycle is shown in figure 5.12(a). The tagged belt obtained

(a) Tag placed on the sheet

Approximated embedded tag position inside belt 

(b) The fabricated belt

Figure 5.12.: Tag placement during manufacturing and in the fabricated belt

after following all standard manufacturing steps is shown in figure 5.12(b). After
visual inspection of the location and moving the belt in different directions by hand,
it is observed that the rubber belt structure is not impacted by the embedded tag.
In fact, it is impossible to realize that the belt contains any embedded UHF RFID
tag in it [3].
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5.3.2. Mechanical test to check damages

After a tagged belt is fabricated, the next challenge is to check whether the embed-
ded tag will survive without damaging the belt, in standard belt application for its
full life cycle. Typical moving speed of such rubber belts ranges from 20 m/sec to
80 m/sec. To find this fact, generally two separate tests of the belts with different
time durations need to be performed in the quality control testing lab [3].
First a short duration test is carried out. The duration of this test is around
20 minutes. Usually, by performing such a short duration test, any mechanical ef-
fect of the tag on the belt can be observed either visually or in terms of wear and
tear signs in the belt structure. If no signs of damages are observed after this short
duration test then in the next stage a long duration test is performed. The duration
of such type of test is several hours. By executing this test, it is possible to deter-
mine that if the tag survived inside the belt in its full life cycle without influencing
the original usage of the belt or not.
To find out the damages to the tag or to the belt these tests are conducted one
after another and results are shown in figure 5.13. After carrying out both tests, no

(a) Belt after the short duration test (b) Belt after the long duration test

Figure 5.13.: Life cycle test of the tag in a physical belt

visible unexpected mechanical problems on the belt have been observed. Further-
more, the tag is still detectable after these tests. Therefore, based on these results,
it can be concluded that if such tag is embedded in similar flexible rubber belts,
then it is possible to track and identify the belts in it full life cycle without any
damages [3]. Furthermore, it may be possible to use such a tag antenna structure
for sensor-enabled RFID tag applications.

5.4. High speed test to detect a belt during

operation

A preliminary high speed detection test of the embedded tag is conducted to deter-
mine that a tagged belt can be detected at upto a speed of 3000rpm. Details of the
performed test and results are discussed in the following section.
Figure 5.14 shows the layout of the experimental setup that is used to detect the
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tag embedded in the belt during high speed operation. Normally this setup is used
in the quality lab to check the quality of the fabricated belts. In this setup only air
is present in the belt ambient. But in the real application scenarios usually a lot
of complex material structures surround the belt. Hence this setup for detecting
the tag is not optimum. Nonetheless, to obtain the initial feeling the detection of
UHF RFID tags at high speed this test is done using this setup. By carrying out

Figure 5.14.: Detection of the belt during high speed operation

this test, it is found that the designed tags can be detected by the reader system
up to a belt revolution speed of 3000 rpm. However, the read count of the moving
tagged belt is not much compared to the still tagged belt. Nonetheless, this is a
quite encouraging result and gives the idea that it is possible to detect the belt at
such high speed.
After this high speed test it is found that a rubber belt authentication and the data
transfer may be done during high speed operation of the belt. Though, for the real
belt application this test has to be optimized.

5.5. Performance analysis of the embedded RFID

tags

The performance analysis of the embedded tag is carried out in a similar way as
discussed in chapter 4. Results of this analysis are presented in this section [3].
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5.5.1. Estimating the theoretical read range of the
embedded tag based on the simulation

Principally to estimate the maximum read range via (2.21), information about two
parameters of the tag antenna are required. Those parameters are the Gain (Gtg)
and the impedance (Ztg) value at 868 MHz to calculate the value of τ . The infor-
mation about both factors is obtained via a simulation of the tag embedded inside
the belt model [3].

Gain of the tag antenna

The gain pattern of the tag antenna in 3D is shown in figure 5.15. It can be observed
that the simulated tag antenna has a maximum gain value of Gtg = −7.5 dB. The
gain degradation of the simulated antenna is high compared to a standard dipole
tag antenna. It is mainly caused due to the high tanδ values (i.e. ranges between
0.18 to 0.36) of the rubber sheets used in the belt [3].

Figure 5.15.: Simulated gain of the embedded tag antenna

Impedance of the embedded tag antenna

The simulated complex impedance of the designed tag antenna is shown
in figure 5.16. At 868 MHz, the tag antenna has the impedance value of
Ztg = 8.5 + j157.2 Ω. Hence, the value of τ obtained using (2.1) is 0.89 and

√
τ

factor is 0.93.
In addition, it can be observed from figure 5.16 that the simulated complex
impedance value has a wider impedance bandwidth compared to a tag antenna

95



5. Embedded tag design process for the rubber belt

0.6 0.7 0.8 0.9 1 1.1

2

4

6

8

10

12

14

16

18

Frequency (GHz)

R
tg

  (
Ω

)

 

 

868 MHz

tagged belt
R

tg
 = 8.5 ohm

(a) Real part of impedance

0.6 0.7 0.8 0.9 1 1.1

100

120

140

160

180

200

220

240

Frequency (GHz)

X
tg

 (
Ω

)

 

 

868 MHz

tagged belt
X

tg
 = 157.2 ohm

(b) Imaginary part of impedance

Figure 5.16.: Simulated impedance of the embedded tag antenna

designed for low loss materials. Due to this phenomena, a small variation occurs
in

√
τ factor. The overall benefit of this effect is that a tagged belt can have an

approximately similar
√
τ factor value in a similar layer stack with similar chemical

belt recipes having various width and sizes.

Once the required parameter values i.e. the gain and the complex impedance value
are obtained, the maximum theoretical read range of the simulated tag is calculated
using (2.21). The calculate read range is 4.6 m [3].

5.5.2. Estimating the read range of the embedded tag
based on anechoic chamber

As explained in chapter 2, to estimate the read range of the prototype tag,
only one parameter Pmin needs to be determined. To find this value in an
anechoic chamber a tagged object is placed at a fixed distance in front of a
reader antenna. Then the power is stepped up gradually at the desired fre-
quency from the reader with variable power until the tag presence is detected.
The minimum power at which the tag is detected by the reader corresponds to Pmin.

To find Pmin the tagged belt is placed in an anechoic chamber at a distance
(drt) of 120 cm in front of the read antenna having a gain of 8 dBi. The tagged
belt has been detected by the reader at the transmitted power Pmin of 40 mWatt [3].

Once all parameters are known, the maximum read range of the prototype tag is
calculated using (2.22). The calculate read range is 4.2 m [3].

96



5.5. Performance analysis of the embedded RFID tags

Comparison of the read ranges

The maximum theoretical read range based on simulation results is 4.6 m whereas
the read range based on measurements is 4.2 m [3]. These results show a good
correlation. Despite of -9.7 dB difference9 between the gain of that embedded
antenna to the dipole antenna in air, the achieved read range is quite good. This
read range is quite beneficial to build a power efficient UHF RFID system for the
inventory management of the rubber belts. Furthermore, using the presented design
process, the high performance tag or a sensor enabled tag for any kind of rubber
belts or other rubber products can be designed.

5.5.3. Variation in the tag performance

From the simulated results of figure 5.16 it can be observed that the designed an-
tenna resonance is not at the desired European ISM band. The reason is that the
belt in which the tag is embedded in has a bigger width than the reference belt
(originally planned to embed the tag). The difference between both belts is shown
in figure 5.17. Due to higher testing costs and time limits, the external antenna

(a) Reference belt model (b) tagged belt width 39 mm

Figure 5.17.: Difference in tagged belt and reference belt structure

dimension of the embedded tag could not be re-optimized. However, using the
mentioned design procedure, the difference in performance of the designed tag is de-
termined for both belts. The difference between the simulated impedance for both
belts is shown in figure 5.18, whereas variations in parameters of the embedded tag
are summarized in table 5.1 [3].
The results in the table show that the designed tag antenna has a similar τ factor
is caused mainly due to wider impedance bandwidth phenomena in such high loss
object. However, the gain of the tag antenna has a difference of -1.7 dB and is
caused due to the thicker belt size compared to the reference belt. Overall impact
of the belt changes on the designed tag performance is that its read range is re-
duced by approximately 20 %. By re-optimizing the external antenna dimension
the performance of the tag can be increased [3].

9mainly caused due to high electrical parameters of the rubber belt
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Figure 5.18.: Simulated impedance of the antenna in reference and tagged belt

Table 5.1.: Summary of different parameters of the tag

Reference belt Tagged belt

Width of belt 14 mm 39 mm

antenna impedance 16.7− j162.5 Ω 8.5− j157.2 Ω

τ 0.85 0.88√
τ 0.92 0.93

Gain −5.8 dB −7.5 dB

Rsim 5.5 m 4.6 m

Rmeas N − A 4.2 m

5.6. Summary of the chapter

A design process to get the optimized (in terms of the matching coefficient) em-
bedded UHF RFID tags for rubber transmission belts, based on a 3D simulation
approach is presented. The usefulness of this approach is evaluated by a comparison
of the theoretical read range and the measured read range of the fabricated proto-
type tag. In addition, adhesion problems of different kinds of antenna structuring
techniques on the considered belt are investigated. From these investigations it is
found that the antenna fabricated using a combination of stitching and etching is
suitable for the embedded tag because no visible adhesion problems are observed.
Furthermore, to investigate and determine how the embedded RFID tag will behave
throughout the belt full life cycle, a mechanical test has been carried out. From
the test results it is observed that the embedded tag passes the test, too, and is
still operational after a full life cycle of the belt. Furthermore, it is shown that the
tagged belt having such high electrical parameter values still can be detected up to
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a distance of 4.2 m by the embedded tag, having the overall dimensions of 66 mm
by 5.5 mm only [3].
Using the established process, quite easily and effectively preliminary investigation
for the considered complex structures can be carried out to check the feasibility of
various RFID applications. In addition, numerous types of efficient and high perfor-
mance tag antennas for item level tagging and for sensor-enabled RFID tags10 can
be designed [3].

10to sense different parameter changes of the belt e.g. elongation of the belt due to continuous
operation, aging of the belt etc
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CHAPTER 6

Summary and conclusions

The major focus of this thesis is to investigate the RFID technology usage
in complex heterogeneous structures such as rubber transmission belts. This
technology can be utilized to improve in the belt counting mechanisms, the
supply management of the rubber belts and to transmit or to sense the changes
in physical parameters of the rubber belts. However, various issues (such as
unknown electrical parameters of rubber materials, high flexibility, bending and
vulcanization temperature) of the considered rubber belts pose a great challenge
to adopt the existing UHF tag antenna design strategies for obtaining an efficient
embedded RFID tag. These mentioned problems are studied in this thesis, and an
optimized design and analysis process is established to get an efficient tag antenna
for such rubber structures.

In this regard, first an electrical characterization setup is developed to determine
the electrical parameter values of different rubber materials. This setup is based
on the open-ended coaxial probe method. Using it, electrical parameters are
determined in two steps. In step one, an open-ended coaxial connector is placed
on the material under test (MUT) and then changes in the complex reflection
coefficients caused due to the MUT are measured using a vector network analyzer.
Afterwards for extracting the electrical parameter values, these measured reflection
coefficients are compared with the simulated reflection coefficient, obtained from
the equivalent 3D measurement model. The major benefit of building a setup
with the open-ended probe method is that with a single fixture and simple
implementation process the required electrical parameters can be determined
quickly. Then by utilizing this setup the electrical properties of two important
materials (i.e. EPDM and CR) used in the considered rubber belts are evaluated.
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6. Summary and conclusions

From the evaluated electrical parameter values it is noticed that due to mixing of
different chemical compounds, electrical parameters of the same material sheet can
vary up to 15 percent. In addition, the accuracy and the reliability of the electrical
characterization setup are examined and results are discussed in this thesis.

Afterward, a design and analysis process is presented to obtain an optimized (in
terms of matching coefficient) surface UHF RFID antenna using a 3D model of
the belt. With the established process, two different surface UHF RFID tags are
designed. Then the performance of these tags is analyzed in terms of read range.
From the outcome it is observed that the read range of the fabricated tags shows
a good agreement with the simulated one. In addition, the impact of different
parameter variations of the belt on the tag characteristics are inspected. From the
obtained results it is perceived that, if the tag is attached to another belt having
a similar fabrication recipe but a different shape, the performance of the tag does
not vary much. This is mainly caused due to the high losses of the different rubber
materials used in the considered rubber belts. Due to these high losses, a wider
impedance bandwidth phenomena in the tag antenna is observed. This keeps
the transmission coefficient of the antenna quite similar for both shapes of the
belt. Due to this, the tag performance is quite insensitive and can be used with
approximately similar read range performance. Furthermore, from these probing
experience, it is recognized that only a few different tag antennas are required to
cover a wide range of different rubber belts. Only the dimension of the external
dipole structure and its distance to the inner loop in the designed antenna need
to be modified. Hence with the designed tag antenna, all the range of belts can
be covered quickly with high performance tags. Furthermore, to determine the
viability of the designed tags in the exact automatic counting of several belts a
counting test is carried out. It is noticed that the tagged belts can be counted
accurately.

Later on, based on the 3D model of a rubber belt, a design process of the embedded
tag for the rubber transmission belt is presented. Using the established process,
an embedded UHF RFID tag is designed and then a prototype tag is fabricated.
After that the performance of this tag in terms of read range is analyzed. From
the results, it is found that the fabricated tag shows a good coherence with the
simulated one. In addition, adhesion problems of different kind of tag antenna
structures and fabrication techniques to the considered belt material are examined.
After inspecting the results it is observed that the antenna structure fabricated
using a combination of the stitching and etching is suitable for the embedded tag.
Additionally, a life cycle test of the tagged belt is performed to check the damages
caused to the belt structure or to the functioning of the tag. From this test, it is
observed that the embedded tag in the belt survives and is still functional without
damaging the belt structure after its whole application life. From the investigations
it is shown that several benefits of RFID technology (such as individual item labeling,
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inventory management and tracking e.t.c.) can be achieved with efficient tags in
the considered rubber transmission belts.
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APPENDIX A

Appendix

A.1. Comparison of the electrical and physical

belt model

As explained in subsection 4.4.3, one way to check the accuracy of the electrical
model of the belt with the real physical belt is to compare the simulated and
measured impedance curves of a tag antenna with others [39]. Generally a
differential probe is preferred over a single-ended coaxial probe in measuring the
tag antenna impedance due to accuracy [74]. In this thesis, initially, using the
single-ended probe, it is tried to determine the accuracy of the model. However,
during measurement experiments it is observed that it is quite challenging to verify
this with quite good accuracy and reliability. Especially, due to mechanical issues
such as holding a semi rigid coaxial probe over the model, making a proper contact
with the designed antenna and difficulties in performing calibration. Due to the
mentioned issues it was not possible to get reliable results. Nonetheless, some
results are obtained and are presented as follows.

To show the model comparison, first a tag antenna with the required impedance
value is designed using the electrical model by parametrized simulations. The
simulated impedance of the designed antenna is shown in figure A.1. Then, the
impedance of the prototype antenna attached to the belt is measured by the single
ended semi-rigid coaxial probe after carrying out the calibration procedure (open,
short and load). Results are shown in figure A.2.

It can be seen from both figure A.1 and figure A.2 that the simulated and the
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Figure A.1.: Simulated impedance of a tag antenna attached to the model

(a) Real part of the measured impedance (b) Imaginary part of the measured impedance

Figure A.2.: Measured impedance of a tag antenna attached to the model (unit in Ω)

measured impedance curves show quite similar tendencies. Therefore, based on
these results, it can be observed that the belt is modeled quite well. Hence, the
developed rubber model may be used further on to design and analyze the UHF
RFID tags for the rubber belt.

A.2. Impact of the belt on the tag characteristics

As described in chapter 2, when an UHF tag is attached onto a surface or embedded
into an object, its characteristic parameters are changed. Few of those important
parameters are impedance, gain, read range e.t.c.. To get a typical idea by which
amount a tag characteristic changes due to rubber belt, first an air optimized surface
tag is designed, using the process mentioned in chapter 4. Then it is attached to
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A.2. Impact of the belt on the tag characteristics

the rubber belt 3D electric model and then changes in the tag characteristics are
analyzed using the simulation [4]. The simulated gain and the impedance results
are shown in figure A.3 and figure A.4.
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Figure A.3.: Detuning of the impedance of an optimized air tag when placed on a rubber belt

Figure A.3 shows the simulated impedance of a tag antenna in air and on the rubber
belt. Whereas, figure A.4 shows the simulated gain of a tag antenna when it is in
air and attached on the surface of the belt.

Figure A.4.: Impact on the gain when an air optimized tag is placed on the rubber belt
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A typical impact of the belt onto the air optimized tag characteristics are summa-
rized in table A.1 [4].

Table A.1.: Impact of the belt onto the air optimized tag characteristics

air tag Tagged on belt

Ztg 4.8− j72 Ω 1.15− j76.6 Ω

τ 0.96 0.49

Gtg 2.1 dB -4.3 dB

Rsim 13.7 m 4.7 m

It can be seen from figure A.3 that the frequency of the tag antenna is detuned by
350 MHz from the resonance frequency, i.e. 868 MHz. Subsequently, the antenna
impedance changes and results in a mismatch between the tag antenna and the tag
IC. Typically this mismatch impacts the τ value and changes it from 0.96 to 0.49,
calculated using 2.1. Additionally, the gain of a tag antenna is reduced from 2.1
dB to -4.3 dB, which means approximately 6.4 dB power decrease due to material
losses in the rubber sheets and detunning of the antenna dimensions. In terms of
the read range estimated using (2.21), the typical degradation of the air optimized
tag is from 13.7 m to 4.7 m [4].
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