Departamento de _ _
Universidade de Aveiro Electrénica, Telecomunica¢des e Informdtica

2016
Ricardo Miguel Desenho de antenas para sensores passivos em
Romao Goncalves materiais nao convencionais

Antenna Design for Passive Sensors in

Non-conventional Materials






Departamento de _ _
Universidade de Aveiro Electrénica, Telecomunica¢des e Informdtica

2016
Ricardo Miguel Desenho de antenas para sensores passivos em
Romao Goncalves materiais nao convencionais

Antenna Design for Passive Sensors in

Non-conventional Materials

Dissertacdo apresentada a Universidade de Aveiro para cumprimento dos
requesitos necessarios a obtencdo do grau de Doutor em Engenharia Elec-
trotécnica, realizada sob a orientagao cientifica de Nuno Borges de Carvalho,
Professor Catedratico do Departamento de Electrénica Telecomunicacdes e
Informatica da Universidade de Aveiro e de Pedro Pinho, Professor Ad-
junto da Area Departamental de Engenharia Electrénica Telecomunica¢des

e Computadores do Instituto Superior de Engenharia de Lisboa.

Apoio financeiro da Fundagdo para a Ciéncia e a Tecnologia (FCT) no
ambito de uma bolsa de investigagdo com ref. SFRH/BD/91249/2012.






Dedico este trabalho aos meus pais, Mario e Zélia, aos meus tios Anténio

e Fernanda, e a minha namorada Joana. Pelo apoio incondicional.

"Education is an admirable thing, but it is well to remember from time to

time that nothing that is worth knowing can be taught.”

— Oscar Wilde






o jari / the jury

presidente / president Doutor Armando da Costa Duarte
Professor Catedrético da Universidade de Aveiro (por delegacio da Reitoria da

Universidade de Aveiro)

vogais / examiners committee Doutor Glauco Fontgalland

Professor Titular da Universidade Federal de Campina Grande

Doutor Nuno Miguel Goncgalves Borges de Carvalho

Professor Catedrético da Universidade de Aveiro (orientador)

Doutor Henrique Manuel de Castro Faria Salgado

Professor Associado da Faculdade de Engenharia da Universidade do Porto

Doutor Joao Nuno Pimentel da Silva Matos

Professor Associado da Universidade de Aveiro

Doutora Luisa Rita Brites Sanches Salvado

Professor Auxiliar da Universidade da Beira Interior






agradecimentos /

acknowledgements

Em primeiro lugar tenho de agradecer aos meus pais, Mario e Zélia. Pelo
incansdvel apoio, amor e dedicacdo. Tenho também de agradecer aos meus
tios, Antdénio e Fernanda, por sempre me incentivarem a perseguir os meus
sonhos e por me ajudar a olhar o dia de amanh3d com otimismo. Agradeco
também aos meus padrinhos, que me ajudaram em todo o meu percurso
académico, por sempre acreditarem que era capaz de aqui chegar. E nao
podia deixar de agradecer especialmente 3 minha namorada, Joana, por ser
0 meu porto seguro. Por estar sempre ali para me apoiar nos bons e nos
maus momentos desta jornada. E por me mostrar o lado da vida que ndo

vem nos livros.
Além destes, tenho de deixar um agradecimento aos meus orientadores.

Ao Prof. Nuno Borges de Carvalho por me ter aceite como seu aluno
de doutoramento, e por me ter proporcionado inlimeras oportunidades e
experiéncias que me permitiram crescer, quer em termos ciéntificos quer
como individuo e por sempre confiar em mim e nas minhas capacidades.
E ao prof. Pedro Pinho, pelas diversas trocas de conhecimento, pela boa
disposicdo, pelo constante acompanhamento, preocupacao e motivacao, por
sempre ter uma palavra de incentivo.

E também devido um agradecimento muito especial a Caroline Loss. Pela
partilha de conhecimentos, pela entreajuda no desenvolvimento do trabalho
relacionado com as antenas téxteis e pela preciosa ajuda na revisdo desta

tese e os seus comentarios valiosos.
N3o posso deixar de agradecer a todos os meus amigos e colegas da Univer-

sidade de Aveiro. Ao Roberto Magueta e a Alcidia Duarte, pela ajuda no
desenvolvimento das antenas em cortica e papel e no desenvolvimento do
método de caracterizagdo. E aos restantes colegas, por todas as aventuras
e desventuras, todos os momentos de farra e acima de tudo boa disposi¢3o.

Pela partilha de conhecimentos e companheirismo.
Por fim, tenho de agradecer ao Instituto de Telecomunica¢des de Aveiro, por

me ter disponibilizado todas as condi¢cdes para desenvolver o meu trabalho
com sucesso. Em particular ao Paulo Gongalves e ao Hugo Mostardinha,
pela ajuda na construcdo de protétipos e na execucdo de medidas dos mes-

mos.






Palavras-chave:

Resumo

Antenas impressas, RFID, caracterizacdo de materiais, cortica, papel,

polimeros, téxteis.

Motivado pela larga expansao dos sistemas RFID e com o desenvolvimento
do conceito de Internet das Coisas, a evolu¢do no desenho e métodos de
producdo de antenas em suportes de materiais alternativos tem tido uma
exploragdo intensiva nos ultimos anos. Isto permitiu, n3o sé o desenvolvi-
mento de produtos no campo da interacdo homem-mdquina, mas também
tornar estes produtos mais pequenos e leves. A procura de novas técnicas
e métodos para produzir eletrénica impressa e antenas em materiais al-
ternativos é, portanto, uma porta aberta para o aparecimento de novas
tecnologias. Isto aplica-se especialmente no mercado dos sensores, onde
0 peso, 0 tamanho, o consumo energético, e a adaptabilidade a diversos
ambientes, tém grande relevancia. Esta tese foca-se no desenvolvimento de
antenas com suporte em materiais ndo convenvionais, como os ja testados
papel e téxteis, mas também na exploracdo de outros, desconhecidos do
ponto de vista eléctrico, como a cortica e polimeros biodegradaveis usados
em impressao 3D. Estes materiais s3o portanto usados como substrato, ou
material de suporte, para diversas antenas e, como tal, as propriedades elec-
tromagnéticas destes materiais tém de ser determinadas. Assim, é apresen-
tado neste documento uma revisdo de métodos de caracterizacdo de mate-
riais, bem como a proposta de um método baseado em linhas de trasmissio
impressas, e a respectiva caracterizacido electromagnética de diversos mate-
riais. Além disso, sdo propostos desenhos de antenas para diversos cendrios
e aplicacGes utilizando os materiais anteriormente mencionados. Com esta
tese concluiu-se que a utilizacdo de materiais alternativos é hoje uma re-
alidade e os resultados obtidos s3o muito encorajodares para o desenvolvi-
mento de um conjunto de sensores para aplicacées RFID com uma grande

capacidade de integracao.






Keywords:

Abstract

Antenna design, RFID, material characterization, cork, paper, polimers,

textiles.

The advancement of the design and fabrication of antennas using textiles
or paper as substrates has rapidly grown motivated by the boom of RFID
systems and the developing concept of the Internet of Things. These ad-
vancements have allowed, not only the development of products for man-
machine interaction, but also to make these products smaller and lighter.
The search for new techniques and methods to produce printed electron-
ics and antennas in alternative materials is therefore an open door for new
technologies to emerge. Especially in the sensors market, where weight,
size, power consumption and the adaptability to the target application, are
of great importance. This thesis focuses on the development of antenna
design approaches with alternative materials, such as the already tested
paper and textiles, but also others relatively unknown, such as cork and
biodegradable polymers used in 3D printing. These materials are applied to
act as substrates, or support structures for the antennas. Therefore, their
electromagnetic properties need to be determined. Due to that, a review
of electromagnetic characterization methods, as well as the proposal of a
custom method based on printed transmission lines, is presented in this doc-
ument. Besides, several antenna designs, for different application scenarios,
using the previously mentioned materials, are proposed. With this thesis it
was proved that it is possible to develop passive sensors in different alterna-
tive materials for RFID applications and others, which shows great promise
in the use of these materials to achieve higher integration in sensing and

identification applications.
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Chapter 1

Introduction

Antennas are essential devices for the efficient operation of any wireless system. These
are transitional devices that can transform guided radio waves into unguided radio waves
that are radiated to the atmosphere and vice-versa. Given the large number of wireless
communication applications, the requirements of the antennas used in each system are very
diverse and more demanding each day. Therefore, the research on antennas is wide and
the continuous thrive for new and better antennas attracts many scientists and engineers.

Antennas originated almost one hundred and thirty years ago, by the hand of Heinrich
Hertz when he tried to prove the existence of electromagnetic waves. The first antenna he
proposed is what is nhowadays known as a dipole, many times called the Hertz Dipole in
his honor. However, the most influential contributors for the development of antennas and
their importance were Nikola Tesla and Guglielmo Marconi. The former more focused on
the application of electromagnetic waves for energy transfer, the later more focused on the
transmission of information.

Since Hertz experiment, antennas have evolved considerably. On one hand, we have
large antenna development for long range transmission systems, such as TV broadcast,
radio links and also space communication systems. On the other hand we have small anten-
nas, such as mobile phones, WAPs (Wireless Access Point) and laptops.

In the case of small antennas, engineers have been developing new solutions in order to
promote integrability and adaptability of their designs to the desired final purpose of a given
device. In the recent years, due to the massification of the wireless telephony services, there
has been a large investment in the development of antennas for mobile phones. That subject
is still of great interest nowadays due to the growing number of technologies and standards
used for mobile communications, which need to be integrated into a single device, and yet,
operate seamlessly.

The antennas for current mobile devices are very interesting engineering challenges. The
antennas should comply with different frequency bands, present larger bandwidth and higher
gain, while maintaining small sizes and conformal structures. Moreover, the development of
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the antenna does not take into account solely the antenna by itself, but has to account for
the environment of the application scenario. For instance, an antenna for a mobile phone
has to take into account the materials that will surround the antenna, such as the remaining
electronics, the cellphone shell and the human hands and head, in order to guarantee that
the antenna will work properly in the real world.

Antenna design challenges, however, do not arise exclusively in mobile communications.
The recent use of microwave frequency radiation in biotechnology and medicine has opened
a new gateway for the development of antennas specifically designed to work in the vicinity
of the human body. Such as antennas used in reflectometry and tomography, which have
large directivity and wide bandwidth in order to get data from the interactions of the radiation
with the tissues. And small antennas for body-worn applications, with conformal designs
and different radiation characteristics based on the scenario of application. For body-worn
applications the development of antennas using textile materials is critical, since it allows the
seamless integration of the antenna into clothing, without any extra constraint for the user.

Then there’s the increasing number of appliances with wireless communication capabili-
ties. Such as watches, console remotes, TVs, among many others. The increasing need to
introduce wireless communication into several devices creates new challenges for antenna
design. Which leads us to the advent of the 10T (Internet of Things), also referred as the core
of the new industrial revolution, and the explosion of the connected devices. The principle
of the loT is to create very large networks of interconnected devices, from home appliances,
to cars and buildings, each full of embedded electronics, sensors and actuators, in which all
are able to connect to the internet and create interactions between a user with a computing
device, like a smartphone, and the object.

The "things” in this internet connected world can be heart monitoring implants, small
analysis devices for food and environment monitoring, to tracking or identification devices for
cattle, or even simple tracking devices for lost keys. The purpose of the "things” is to collect
data, through a set of sensors, and spread or transmit this data to the internet, therefore
creating a data flow between the devices.

On the light of all that has been stated previously on this Introduction chapter, one can
say that antenna design is, nowadays, a challenging engineering task that relies heavily on
simulations. Requiring knowledge, not only of the established electromagnetic equations,
but a wide knowledge of numerical methods of simulation and a clear understanding of the
interaction of electromagnetic fields with different materials and their constitutive character-
istics.

Considering the above mentioned facts, it is safe to say that the research in antennas
is a very active and challenging field with considerable potential to explore. In the following
subsections we will be presenting the motivation for this PhD work: What was addressed; It's
importance and applications; And how the problem was solved through a set of objectives.
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Figure 1.1: lllustration of the RFID back-scattering method for communication.

1.1 Motivation

The concept of the loT was first envisioned more than thirty years ago, when the first
smart device connected to a network was created. It was a Coke vending machine in the
Computer Science Department of Carnegie Mellon University [1], back in 1982. A decade
further, however, Raji published an article in IEEE Spectrum magazine, which better de-
scribed the whole concept [2]. But it was not until 1999, when the term Internet of Things
was coined by Kevin Ashton, the creator of the global standard for RFID (Radio Frequency
Identification), which was a technology that was created specially thought for the implemen-
tation of this reality [3].

Although the idea has been presented more that thirty years ago, and the technology to
create it, nearly twenty, the 10T concept is only recently, effectivelly, taking shape [4]. In order
to make it grow, a large number of sensor nodes with ultra-low power consumption (in opera-
tion), ideally battery-less, have to be implemented. Furthermore, all of these devices should
be connected to the cloud. In order to accomplish this, antennas are required, and they need
to be integrated in the most varied number of scenarios, which create opportunities for the
development of innovative approaches. One of the demands is that these antennas are inte-
gratable into such varied number of materials, and so be present in a range of alternative to
conventional PCB (Printed Circuit Board) materials. Materials such as plastic, paper, fabrics,
wood, cork, glass, among others.

As stated previously, one of the key technologies for the development of the concept of
the loT is the RFID technology. The back-scattering communication technique used in RFID,
illustrated in Fig. allows the development of simple and low-power wireless devices able
to sense different sets of data and communicate their data easily and efficiently only when
asked to do so, without creating unnecessary clutter in the propagation environment.

RFID technology is applied in an increasing number of applications from identification
and localization to various types of monitoring and sensing [3} [6]. Therefore, this technol-
ogy has been a large driving force into the research of new materials for the fabrication of
antennas. The exploration of low-cost easily accessible materials such as textiles, paper or

3
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PET (polyethylene terephthalate) and even plywood [5} [7] has been considered. The devel-
opment of techniques such as inkjet-printing of conductive inks has allowed the design and
manufacture of printed conformal antennas in low-cost flexible substrates, that boosted the
RFID acceptance into the market.

The expansion of the RFID technology has boosted the development of new application
scenarios for the technology, which, a few years back, was restricted to anti-theft systems
and access management. After the employment of RFID to electronic toll collecting systems,
luggage tracking and public transportation access management. We’ve started to see this
technology in more complex scenarios and for many different applications. One of such
cases is for indoor localization systems [8] or tagging of difficult targets such as liquid filled
bottles [9, 10, [11] and metallic objects [12].

In this thesis the aim is to study different materials, such as cork, paper, plastic and
textiles, in terms of electromagnetic properties and their suitability for the development of
antennas. Ultimately, present different design solutions of antennas integrated into the men-
tioned materials. Mostly for, but not restricted to, RFID and passive sensing applications.

1.2 Main objectives

As previously stated, this thesis aims at the study of the design and development tech-
niques of antennas in different, alternative, support materials. In order to achieve this larger
goal, a set of smaller objectives must be fulfilled. These objectives are described in this
section.

The study of characterization techniques and methodologies for the estimation of elec-
tromagnetic properties of materials comprises the first part of this thesis. The material’s
properties are essential to develop antennas that can couple and be embedded into the pre-
viously mentioned materials. Conductive and dielectric materials both influence, in their own
way, the propagation of the electrical and magnetic fields generated in their vicinity. There-
fore, the characteristics of the materials used to build the antenna development and placed
in close proximity to it must be well characterized.

The development of the antennas, designed around different materials in order to assure
conformability and easy integration with the target applications comprise the second part of
this thesis. In this part of the thesis, several antenna prototypes will be developed in different
support materials for different kinds of application, for instance: UHF (Ultra High Frequency)
antennas for passive sensors and RFID systems; Antennas for common communication
technologies, WiFi, Bluetooth and GSM (Global System for Mobile Communications); and
antennas that take advantage of dielectric materials in order to enhance their radiation char-
acteristics (e.g. lens antennas for radiation focus).

The global objective of this thesis is therefore to provide proofs of concept that will forge
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the future of wireless communications and will pave the way into the IoT.

1.3 Organization

This thesis is organized into five chapters with several sections. In this first chapter an in-
troduction to the thesis work was presented, along with the motivation and objectives. In the
following chapter the state-of-the-art relative to antenna development with alternative materi-
als, namely paper, textiles, plastic and ceramics, as well as a revision of conductive materials
used, is presented. In Chapter lll, an extensive (yet not completely thorough or complete)
review of several characterization methods, from resonant methods to broadband methods,
to test solid bulk materials or thin sheets, from methods to test semi-solids and liquids, is
presented. Along with a method that has been developed during the course of this thesis,
to measure the permittivity of a flat dielectric slab material, based on the measurement of
the input impedance of a open-circuit terminated microstrip line, presented in section 3.2.3.
In Chapter IV several antennas developed with different materials, namely, paper, cork, fab-
rics and plastic through 3D printing, are presented. Finally in Chapter V some conclusions,
regarding the work hereby presented in this document, are drawn and a discussion of the
possible future direction of this work is also discussed.

1.4 Original contributions

As stated in the previous sections, the main purpose of this thesis is the development
of antennas, for different kinds of applications, using alternative manufacturing materials. A
few proposals have been made which have been validated and recognized by the scien-
tific community, through the following original contributions both in international journals and
conferences:

Book Chapters:

e N.B. Carvalho, P. Pinho, A. Boaventura, R. Goncalves, R. Correia, “Far-Field Wireless
Power Transmission For Low Power Applications”, Chapter 6 in, Frontiers of Research
and Development of Wireless Power Transfer, CMC Books, Tokyo, 2016

Publications in Journals:

e R. Goncalves et al., “Wireless energy transfer: Dielectric lens antennas for beam
shaping in wireless power transfer applications”, Comptes Rendus Physique (2016),
http://dx.doi.org/10.1016/j.crhy.2016.11.004

¢ R. Goncalves, R. Magueta, P. Pinho, N. B. Carvalho, “Dissipation Factor and Permit-
tivity Estimation of Dielectric Substrates Using a Single Microstrip Line Measurement”,
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Applied Computational Electromagnetic Society Journal, Vol. 31, No. 2, pp. 118-125,
2016

C. Loss, R. Goncgalves, C. Lopes, P. Pinho, R. Salvado, “Smart Coat with a Fully-
Embedded Textile Antenna for loT Applications”, Sensors, Vol. 16, No. 6, pp. 938,
2016

R. Gongalves, S. Rima, R. Magueta, P. Pinho, A. Collado, A. Georgiadis, J. Hester,
N. B. Carvalho, M. M. Tentzeris, “RFID-based wireless passive sensors utilizing cork
materials”, IEEE Sensors Journal, Vol. 15, No. 12, pp. 7242-7251, 2015

L.R. Roselli, N. B. Carvalho, F. Alimenti, P. Mezzanotte, G. Orecchini, M. Virili, C. Mar-
iotti, R. Gongalves, P. Pinho, “Smart Surfaces: Large Area Electronics Systems for
Internet of Things Enabled by Energy Harvesting”, Proceedings of the IEEE, Vol. 102,
No. 11, pp. 1723 - 1746, November, 2014.

R. Goncalves, A. Duarte, R. Magueta, N. B. Carvalho, P. Pinho, “RFID tags on paper
substrate for bottle labelling”, Procedia Technology, Vol. 17, No. 1, pp. 65 - 72,
November, 2014

R. Salvado, C. Loss, R. Gongalves, P. Pinho, “Textile materials for the design of wear-
able antennas: a survey”, Sensors, Vol. 12, No. 11, pp. 15841-15857, 2012

Publications in Conferences:

A. Boaventura, R. Goncalves, D. Belo, P. Pinho, N. B. Carvalho, “A software-defined
radio RFID reader design with improved wireless power transfer capabilities”, Proc.
2016 IEEE Wireless Power Transfer Conference (WPTC 2016), Aveiro (Portugal), May
2016

R. Goncalves, P. Pinho and N. B. Carvalho, “Design and implementation of a 3D
printed discone antenna for TV broadcasting system”, Proc. 2015 IEEE APS/URSI
International Symp. (APS 2015), Vancouver (Canada), July 2015

C. Mariotti, R. Gongalves, M. Virilli, N. B. Carvalho, L. Roselli, P. Pinho, “Dual-frequency
antennas embedded into the floor for efficient RF “energy evaporation™, Proc. 2015
IEEE 65th Electronic Comp. and Tech. Conf. (ECTC 2015), San Diego (California,
USA), May 2015

C. Mariotti, R. Goncalves, L. Roselli, N. B. Carvalho, P. Pinho, “Energy evapora-
tion: The new concept of indoor systems for WPT and EH embedded into the floor”,
Proc. 2015 IEEE MTT-S International Microwave Symp. (IMS 2015), Phoenix (Arizona,
USA), May 2015
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R. Goncgalves, P. Pinho, N. B. Carvalho, M. M. Tentzeris, “Humidity passive sensors
based on UHF RFID using cork dielectric slabs”, Proc. 2015 9th European Conference
on Antennas and Propagation (EUCAP 2015), Lisbon (Portugal), May 2015

R. Goncalves, P. Pinho and N. B. Carvalho, “Passive Sensors for Food Quality Moni-
toring and Counterfeiting”, Proc IEEE Sensors, Valencia, Spain, November, 2014

S. Rima, R. Goncgalves, A. Collado, A. Georgiadis, N. B. Carvalho, “Passive UHF RFID
Enabled Temperature Sensor Tag on Cork Substrate”, Proc IEEE Int. Conf. on RFID-
Technology and Applications, Tampere, Finland, September, 2014.

R. Gongalves, R. Magueta, P. Pinho and N. B. Carvalho, “Passive Sensors Embedded
Into Logistic Chains”, Proc. URSI General Assembly, Beijing, China, August, 2014

R. Goncalves, R. Magueta, P. Pinho and N. B. Carvalho, “RFID passive tag antenna
for cork bottle stopper”, Proc. 2014 IEEE APS/URSI International Symp. (APS 2014),
Memphis (Tennessee, USA), July 2014

R. Gongalves, R. Magueta, A. Duarte, P. Pinho and N. B. Carvalho, “UHF RFID tag
antenna for bottle labeling”, Proc. 2014 IEEE APS/URSI International Symp. (APS
2014), Memphis (Tennessee, USA), July 2014

R. Gongalves, S. Rima, R. Magueta, A. Collado, A. Georgiadis, N. B. Carvalho and P.
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Chapter 2

State-of-the-art

As referred in the previous chapter, the 1oT concept is currently a major topic of research
and development. Yet, to make this concept reality, there’s several aspects of the technology
to develop. The concept of the IoT is based on wireless communications, which inherently
need antennas. In order to incorporate this communicating systems in every object of our
daily lives, there’s two approaches to take in antenna development for loT: On one hand,
there’s the antenna miniaturization; on the other hand, there’s the development of antennas
that can be embedded or integrated directly into the objects, that is, antennas developed
around different kinds of materials.

There is an extensive work done on antenna miniaturization in the last twenty years
[13, 14, [15], especially due to the expansion of the mobile phones [16]. On the other hand,
the development of antennas in non-conventional materials, was not much explored until
recent years. Especially with the advent of 3D printing in the past couple of years, there’s
been much more focus on the development of innovative antenna designs with different kinds
of materials.

In this chapter, there’s an overview of antennas developed with non-conventional materi-
als, and a look into most of these proposals to see which materials have been explored and
how. Most of the work developed on this matter has been essentially with textiles, which we
present in the first section of this chapter, but there’s also antennas developed with plastic,
ceramic and paper. There’s also a last section on this chapter discussing conductive mate-
rials that are used in conjunction with the previously referred dielectric materials, in order to
develop antennas.

2.1 Textile substrate antennas

Body worn and body sensing applications are one of the most interesting thematic under
the loT flag. For sports apps or medical use, the development of several sensing platforms
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Figure 2.1: Louis Vuitton brand logo shaped antenna as proposed in [27].

that can be seamlessly integrated into clothes are being researched and developed by sev-
eral institutes and companies around the globe [17, [18]. To make this sensing platforms
communicate, they need antennas. These antennas should also be integrated and be con-
formal to the clothes and be able to operate in the presence of the human body [19].

The first reported proposal of an antenna built on textile materials dates back to 2001,
and was proposed by P.J. Massey in [20]. A considerable number of proposals have followed
and were reviewed in [21] 22, [23] [24], in which it is clear that the research applied to the
development of textile antennas is an active and interesting subject.

Some more recent proposals have been presented, such as [25] 27]. In the first
case [25], a PIFA (Planar Inverted F Antenna) built in a felt substrate and three different
conductive surfaces is shown. The performance of the several conductors, which are copper
tape and two commercial conductive fabrics, is compared to prove the good performance of
conductive textiles when compared to a more conductive material. Also, a slotted version of
the PIFA is proposed to improve the radiation efficiencies of the antenna in on-body operation
regime, with overall efficiencies between 34 and 62%, depending on the body location of the
antenna, which are very reasonable radiation results. As for Agneeessens et al. [26], they
proposed a SIW (Substrate Integrated Waveguide) technique in conjunction with a quarter-
mode cutting in order to obtain a whole textile antenna structure, with good mechanical
toughness and performance stability. The antenna is also tested on-body and is proven to
guarantee relatively the same radiation properties as in off-body operation. In the last case
[27], a more applicational venture is taken and the versatility of the textile antennas is put to
test by showcasing an antenna with a brand logo shape, which is shown in Fig. that can
perform nicely at the ISM bands of 2.45 and 5.8 GHz. Other proposals of brand logo shaped
antennas can also be found on [28, [29].

The body worn systems are not only endowed with sensing, processing, actuation and
communication abilities, but with energy harvesting and storage applications as well, emerg-
ing as a solution to the challenges of ubiquitous monitorign of people in several differ-
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ent contexts. In this sense, several developments have emerged in the past few years
[30, 131} 132, 33].

Besides the design proposals, we’ve also seen some studies dedicated to the effects of
the conductive threads or fabrics in the radiation properties of the antennas, as in [34], the
effects of crumpling on the antenna as shown in [35], or even the deterioration effects that
the washing cycles have on textile antennas [36, 37].

It is clear, from the results presented by the previously mentioned studies, that textile
antennas have some complexity involved in its manufacturing in order for them to perform
efficiently. A lot has to be taken into consideration that is usually not an issue for traditional
printed antennas on common substrates. From the uncontrolled characteristics of the mate-
rials used in the manufacturing, the strain and stresses that these antennas are subject to
during their lifetime [38], 139] 40], and the harsh environments they are exposed to, such as
washing machines and environmental conditions [41], there is a lot to be considered in order
to make a functional antenna on textile materials, that at the same time is seamless, does
not constrain the mobility of the user and performs as expected in the vicinity of a human
body considering all its range of motion.

2.2 Plastic substrate antennas

Given that the loT goal is to connect everything to everyone, not only textile sensors and
antennas are required. For that reason, other materials like plastic, paper or ceramics have
been investigated.

Plastic and paper materials were already being applied in the design and manufacturing
of passive RFID tags [5] 6]. But the design of microwave component such as printed filters,
couplers and/or antennas, is much more dependent on the characteristics of the substrate
than the passive RFID tags based on inductive coupling techniques. However, there is also
active RFID tags that work on higher frequencies and, for those, the dielectric properties
are important to be known in the design process. Still, the application of passive RFIDs in
materials such as paper and plastics, opened the doors for the development of microwave
components on the same composites.

In [42] various methods for material characterization are employed to determine the char-
acteristics of a LCP (Liquid Crystal Polymer) composite. Printed transmission lines are de-
signed with the values determined to test and assure the stable characteristics of the material
and the good results obtained allowed further development on this material. In [43] |44] [45]
antennas and other RF components for different applications designed with a LCP substrate
are presented. These have good flexibility allied with robustness that grants them high ver-
satility for different applications. From the results presented in the referred publications, it
was proven that LCP can be effectively used as a substrate for printed RF components, in-
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Figure 2.2: Flexible bow-tie antenna developed in PEN substrate, proposed in [48].

cluding antennas, with good performance characteristics over their respective bandwidths
thus showcasing the impressively stable performance of LCP as a dielectric substrate.

Another possible substrate are polymeric type materials, such as PEN (Polyethylene
Naphthalate) [46, [47] 48] and PET. Once again, also on this type of materials, the results
between measurements and simulations agree relatively well and show that it is possible
to design efficient antennas with the desired properties in plastic based substrates, if the
electromagnetic characteristics are well known. Moreover, this solution is very interesting as
it allows the creation of very thin and conformal antennas that can be easily applied to any
kind of surface and is more water resistant when compared to the textile antennas, which
deteriorate more easily with the washing cycles. An example is shown in Fig. [2.2) from [48].

Furthermore, for higher frequency RFID systems these materials have become interest-
ing. In [49] the design of a printed antenna for an active RFID tag is fabricated and tested
for different kinds of materials including paper, well board, plastic and glass. Concluding
that plastic allows the design of printed antennas quite similar to a microwave conventional
substrate and that the use of silver ink performed quite reasonably in terms of readability
range when compared to a typical RFID tag of gold-plated copper on a microwave conven-
tional substrate. In [50] an approach using PDMS (Polydimethylsiloxane) as the substrate
and electrical plated thread are used to make an embroidered RFID tag working in the US
band, that is able to withstand some deformation and straining, and is also able to operate
in the vicinity of other dielectric materials.

2.3 Ceramic substrate antennas

Besides the previously shown textile and plastic antennas, there’s also development of
antennas on ceramic substrates. The LTCC (Low Temperature Co-fired Ceramic) technol-
ogy, commonly used for the development of MMIC (Monolithic Microwave Integrated Circuit)
chips, was one of the enablers and has also been applied to the design of antennas on
ceramics in a wide range of frequencies, from 900 MHz to 60 GHz [51], 52} 53] 54].
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Figure 2.3: Schematic of the ALN-9840 "Squiggle* tag from Alien Technology ® [62].

Besides the LTCC based, there’s also some proposals of printed antennas on ceramic
substrates like Alumina, (Al2Os), by printed screen methods [55]56]. These were developed
for WLAN (Wireless Local Area Network) applications. The higher permittivity, when com-
pared to traditional epoxy FR-4 substrates, allowed the design of smaller antennas. This is
probably not the best application, nor reason, to use a ceramic substrate. However, it proves
the feasibility of the concept.

The large permittivity of the ceramic materials make them very interesting choices to
make very small antennas, that are very useful for different kinds of applications such as mo-
bile communication devices [57,, 58] or for biomedical implanted applications [59]. The sta-
bility of these materials turn them into interesting targets for constrained applications where
very stringent operation performance is required. That is why these substrates have been
used for the development of GPS (Global Positioning System) receptor antennas [60, [61].

These, however, are very expensive materials and manufacturing processes. Moreover,
they’re not easily adaptable to moveable scenarios as the case of on-body applications,
where conformal and malleable antennas are required, in order not to interfere with the user.
They can be interesting however, for very high temperature application scenarios, or for the
exploration of mm-waves for communication, since these are usually isotropic and with stable
dielectric properties over wide frequency ranges.

Ceramic ended up being just roughly explored during the development of this thesis work
and being discarded from the final results presented, mainly due to lack of publications.
However, this brief exploration of the state-of-the-art in ceramic antenna development, being
part of the thesis initial proposal, was maintained in the final version.

2.4 Paper substrate antennas

As already mentioned, one of the materials used for RFID applications as a substrate is
paper. Not only for HF applications but also for UHF, as the case of the RFID tags sold by
Alien Technology® [62], as the example shown in Fig.

Some techniques for easier fabrication based on inkjet-printing of this kind of antennas
have been proposed in [63, 64,165, 66, 67]. In these cases, conductive silver inks are used in
printer cartridges and the antennas are printed directly into paper from a computer design,
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like any digital document.

This technique has allowed the development of flexible antennas not only for the RFID
systems. There has been recent proposals for UWB (Ultra Wide Band) antennas with paper
substrates, which have shown good performance, allowing for high bandwidths, and also
average gains and satisfactory radiation patterns, [68, [69].

There’s also proposals of more advanced structures designs for antennas on paper sub-
strates. In [70], a monopole antenna backed with an EBG (Electromagnetic Band-Gap)
structure, both printed on paper substrate with inkjet conductive ink is presented for a wear-
able bio-monitoring solution. In [71} [72], AMC (Artificial Magnetic Conductor) structures,
both printed on paper, are used to create a printed antenna with good gain, average to wide
bandwidth and also low profile.

2.5 Conductive materials

So far we’ve looked into the possible substrates that can be used to develop conformal
antennas for several applications with many different kinds of materials. Nearly all of the
before-mentioned antennas are printed into the substrate. However, most of these materials,
unlike common substrate materials, don’t come previously metalized with copper. In this
subsection conductive materials used in the development of these antennas are investigated
and discussed.

In the case of the textile antennas, several approaches for the conductive materials have
been proposed. Conductive textile materials can be obtained through the integration within
their structure of fibres, filaments or yarns that are intrinsically conductive, such as copper,
aluminium, stainless steel, silver, carbon, nickel, etc. or by creating coatings with conductive
material. These coatings, such as ones with conductive polymers, can be used on fibres,
yarns or textile materials, such as woven, knits and nonwovens [73].

The most common approach is the use of a conductive fabrics, such as Zelt (Woven
100% polyamide Cu/Sn plated, manufactured by Less EMF Inc., USA) or Flectron® (Woven
100% polyester Ni/Cu coated, manufactured by Laird Technologies, USA). Also, in the past
few years the use of conductive yarns has grown in popularity with the use of embroidery
techniques for antenna manufacturing [74], [75, [76]. Another way to integrate conductive
yarns into the textiles is through the three-dimensional weaving technique, contributing to
improve the mechanical robustness of the textile antennas [77].

Copper tape has also been applied in other surfaces, such as paper or plastic. Copper
tape is commonly used to make corrections in electronic circuits connections due to the
ease of application and good conductivity values, very close to the annealed copper values.
Besides, it is also easy to obtain the antenna and circuit designs with a good degree of
accuracy by using methods of production equivalent to those of traditional PCBs, using a
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Table 2.1: Brief summary of conductive materials used for development of antennas and
circuits in non-conventional materials.

Type Description Composition Conductivity (S/m)
Metallic  Annealed copper Electrodeposited Cu 5.8x10°
Metallic Copper tape Electrodeposited Cu ~4.5%x108
Fabric Zelt® Cu/Sn platted poly-amide ~0.1x108
Fabric Flectron® Ni/Cu platted poly-amide ~0.1x108
Yarn Stainless steel Steel fibers embedded 0.275x10°3
Ink Silver base ink Ag nanoparticle solution upto2x103
Ink Graphene base ink Graphene solution upto 0.3x10% 1

CNC (Computer Numeric Control) [78] or by chemical treatment using so called sacrificial
layers for transfer [79].

Besides these materials, another conductive material used in the before-mentioned de-
velopments is conductive ink. This has been successfully used in paper and plastic. The
application of conductive ink can be performed with lithography techniques, screen printing,
spraying and ink-jet printing. With the later being the most convenient and accurate method
to apply the ink to a given material. These have also found use in the development of anten-
nas in textile substrates through screen-printing techniques [80, 181].

A brief summary of some conductive materials referred in this section is presented in
Table[2.1] This is not a complete list and does not pretend to be a comprehensive final con-
sultation source for all the available materials, but rather, as a base for comparison between
their compositions and conductivity.

"Depends on sintering process temperature and duration.
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Chapter 3

Dielectrics characterization methods

In microwave regime, the dielectric properties of the materials are very important for the
design of several components and circuits. For instance, in the development of printed mi-
crowave circuits or printed antennas, knowledge of accurate data of the dielectric properties
of the substrate are critical. Therefore, dielectric characterization methods at microwave fre-
quencies are of paramount importance and are constantly being improved. Besides, there’s
an increasing demand for characterization methods of lossy solids and liquids. Typical appli-
cations for these range from dielectric measurements of biological tissue for cancer research,
building materials and structural integrity verification and electromagnetic shielding.

Printed antennas and transmission lines have dimensions directly related to the wave-
length and hence the frequency of the desired system [82, [83]. In turn, the wavelength is
dependent on the propagation speed of a given electromagnetic wave, which is dependent
on the permittivity and permeability of the propagation medium. A high permittivity medium
is referred as a slow material, since it will slow the electromagnetic waves traveling through
it. Therefore, in order to efficiently design antennas or RF (Radio Frequency) circuitry, the
electrical properties of the materials used as substrates or placed in their vicinity must be
known, since the relative permittivity (¢,.), the relative permeability (1) and the dissipation
factor (tan o) (also known as loss tangent) of the material influence the propagation char-
acteristics and, therefore, must be considered during the design of a circuit for microwave
applications.

The information regarding these parameters is commonly found on the substrates data-
sheets, but this does not happen for day-by-day materials, not intended for electronic appli-
cations (e.g. fabrics, ceramics, paper, plastic or cork). In this scenario, when designing RF
circuitry using such materials, as substrates or other purposes, characterization in terms of
permittivity and losses must be performed.

Permittivity characterization methods can be grouped into several categories. As shown
in Fig. on a large scale, one can separate them into two major groups, the resonant and
non-resonant methods:
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Figure 3.1: Schematic of the electromagnetic characterization method’s groups.

e The resonant methods are dependent on resonating properties of dielectrics or cavi-
ties. These can also be categorized into two sub-groups, the resonator methods and
the resonant-perturbation methods.

e Non-resonant methods are based on the impedance and wave velocities of electro-
magnetic waves when interacting with different materials. Within non-resonant meth-
ods we can then separate two other major groups of characterization methods, the sole
reflection and the transmission/reflection methods.

Electromagnetic properties characterization is a very challenging task. Dielectric proper-
ties of materials depend on frequency, homogeneity, anisotropy, temperature, and possibly
surface roughness (see section 3.1). Due to that, over the years, there has been a large num-
ber of methods developed to measure electromagnetic permittivity and permeability. These
techniques range from free-space methods, to cavity or dielectric resonators and transmis-
sion line techniques. So many methods have been proposed because there’s no single
method able to test every kind of material, in every state possible, under any condition and
at any given frequency. Each method has its own niche of applicability.

A brief discussion of some of these methods is presented in this chapter. The theory
underlying each approach is briefly described along with some simulations for verification of
the concepts and a small discussion regarding the scenarios of application.

In order to understand the concepts of electromagnetic characterization and to com-
prehend the presentation of this thesis, in the following section, a review of some relevant
electrical properties of materials is presented.
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3.1 Electrical properties of materials

Materials can be classified based on their conductivity. Materials with high conductivity
(o >> 1) are classified as conductors, also refered as metals, and materials with low con-
ductivity (¢ << 1) as insulators, also refered as dielectrics. What lies in between are referred
as semiconductors.

This thesis is mainly focused on the study of dielectric materials. For that reason only a
small reference to conductivity and two methods to measure planar conductive sheets are
described. The subsequent subsections are devoted to the properties of dielectric materials,
that introduce the concepts to understand the set of sections devoted to a more thorough
analyses of more methods for dielectrics properties characterization.

3.1.1 Electrical conductivity

The difference between conductors and insulators is essentially the amount of free elec-
trons present, which are responsible for carrying electric current. In metals, there’s a high
amount of free charge (electrons), therefore, when an electric field (E) is applied, this charges
will travel in the opposite direction of the electric field applied, creating a conduction current,
as described by the point Ohm’s Law.

J=0oE [A/m?] (3.1)

As the electrons move inside the conductor, due to some applied electric potential, they will
find some resistance, which according to Ohm’s Law is given by [84]
v L L

R=—

T~ o5 owt 2 (3.2)

where o is the conductivity of the material, L is the length of the conductorand S = W x ¢
is the cross section of the conductor, the product of the width (W) by the thickness (t).
Therefore, the higher the conductivity of a given conductor, the lower the resistance this one
presents to the movement of free charges.

As seen from equation (3.2), the conductivity of a material is related to its resistance.
However, this resistance is also dependent of the conductor geometry.

Therefore, in a conductivity measuring apparatus, the resistance may be dependent on
the geometry of the electrodes used for measurement. Nevertheless, resistance can be
related to sheet resistance, which is independent of the geometry of the conductor. For that
reason, conductivity measuring methods usually go about measuring the sheet resistance
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Figure 3.2: Measurement configuration of a square conductivity sample in the Van der Pauw
geometry.

of a conductor, then determine the conductivity based on the following constitutive relations

p=Rsxt [2m] (8.3a)
1
T R.xt

[S/m] (3.3b)

being p the resistivity and R the sheet resistance, which, revisiting equation (3.2), leads to
a resistance of

L
R = Rog [Q] (3.4)

being that the relation L /W gives the number of squares of that particular conductor, reason
why the resistance of a given conductor is independent of the size of the conductor, but is
actually dependent on the reason of the length over the width.

The two most widely used methods for the measurement of the sheet resistance of thin
conductive sheets of material are the Van der Pauw technique [85, 86] and the collinear four-
probe array method [87], being both standard methods, the former advised by NIST [88] and
the later by ASTM [89], and are both used in industry.

As originally devised by Van der Pauw, one uses an arbitrarily shaped, simply connected
(i.e., no holes or nonconducting islands or inclusions), thin-plate sample containing four
ohmic contacts placed on the corners of the plate. In this method, a current or voltage
potential is applied in a pair of corners and its reciprocal is measured in the opposite corner
pair. This is shown in the schematic of a rectangular Van der Pauw configuration in Fig.
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Conductive sheet ==

Figure 3.3: Measurement configuration of the colinear four-probe array method.

Van der Pauw demonstrated that there are two resistances R4 and Rpg, associated with
the corresponding terminals shown in Fig. calculated based on

Ry = 03 0] (3.5a)
I

Ry = V14 (] (3.5b)
Izs

These resistances R4 and Rp are related to the sheet resistance Rg through the van der

Pauw equation [85]
e(—WRA/Rs) + 6(—71'RB/RS) — 17 (36)

which can be solved numerically, or approximated by a polynomial. However, if R4 and Rp
are close, which can be achieved if the measured conductor sample is nearly square, then

(3.6), can be simplified to
m Ra+ Rp

"2 2
where the conductivity can be obtained if the thickness of the material (¢) is known, as shown
in[3.3b

(/000 (3.7)

The colinear four-probe array method uses four very small metallic probes in a linear
arrangement, with a very small contact area, as shown in Fig. [3.3] In this method, a current
is generated and passed through the outer conductors while a voltage is measured in the
inside probes. Two constraints are present in this method, one is that careful should be taken
in order to guarantee the conductor extends well beyond the edge of the outer probes, the
other constraint is that the spacing between probes should be at least ten times the thickness
of the conductor. Besides, the method is simplified if equally spaced probes are used, being
that the sheet resistance can simply be obtained from the measured voltage and current as

follows
_ V o

Ry = Tmo [©/00] (3.8)
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and, as mentioned before, the conductivity can be obtained from by knowing the thick-
ness of the material.

The methods presented so far are used to measure the bulk conductivity in DC regime,
and although this conductivity is useful, when considering RF systems, the skin effect [84]
becomes apparent and the values of sheet resistance tend to increase with the square root
of frequency. The sheet resistance can be related to the skin depth in similar fashion as in
DC regime (3.3a), however, with regards to the skin depth (d;) instead of the thickness (t) of
the material, as

R=P = /mE (/0] (3.9)

Os o

which means the sheet conductivity of the material, tens to drop with the square root of fre-
quency. This is important in some characterization methods using cavities and waveguides,
where the losses of the system have to consider the sheet resistance of the conducting walls.

There’s more to say about conductors and several other methods and standards to test
conductivity of different types of materials, but overall, this concept of conductivity of pla-
nar conductors is the most important when designing RF circuits, in order to understand
the source of ohmic losses and radiation resistance/efficiency, as presented further in this
document. Therefore, this chapter is more devoted to the characteristics of dielectrics and
their properties such as susceptability, permittivity, linearity, isotropy, homogeneity, dielectric
strength, and dispersion.

3.1.2 Polarization, susceptibility and permittivity

When an electric field is applied to a dielectric the charges are distended, where the
positive charge is displaced towards the direction of the electric field and the negative charge
is pulled the other way.

There are three different types of polarization formations within dielectrics, these are
illustrated in Figure The dipole or orientational polarization is evident in materials that
have permanent, randomly oriented, dipole moments, even in the absence of an electric field.
When an electric field is applied, this dipoles tend to align to the applied field (See Fig.
(a)). Water is a good example of such a dielectric [90]. The atomic polarization is evident in
ionic materials, when adjacent positive and negative ions get stretched, when an electric field
is applied (see Figure (b)). The electronic polarization occurs due to the displacement
of the electron cloud center of the atoms with regard to the atom nucleus (see Fig. ().
Each dielectric material may present one or more of these dielectric mechanisms and they
are responsible for the overall permittivity of the material.

When an electric field is applied to a dielectric slab, there’s going to be a positive surface
charge density (+¢5,) in one of the ends of the dielectric slab, and a negative surface charge
(-gsp) in the other end. In the middle, the positive and negative end of the formed dipoles will

22



Antenna Design for Passive Sensors in Non-conventional Materials

No applied field  Applied field No applied field ~ Applied field No applied field  Applied field
AP @ E E
(a) (b) (c)

Figure 3.4: lllustration of the different types of dielectric polarization. (a) Dipole, (b) atomic
and (c) electronic polarizations.

cancel each other, resulting in a net zero charge density. Thus, there’s an electric polariza-
tion vector (P) directed from the negative surface -q,, towards the positive surface +g¢,, in
the same direction as the applied electric field. Since the source creating the electric field
is maintained, this bound charges on the ends of the dielectric will force the appearance
of more free charges at the conductive surfaces creating the electric field. Otherwise the
electric field intensity would diminish.

The electric flux density is related to the applied electric field by the permittivity of the
material (eq. [3.10), but within a dielectric it can also be related to the electric flux density of
free space by the polarization vector (eq. [91].

D = ¢E, [C/m?] (3.10)

D=Dog+P [C/m?] (3.11)

where Dy is the electric flux density in free space and is given by Dy = ¢oE, and P
whose amplitude is given by |gs,|. Therefore, the polarization vector can be related to the
electric field as

P =E,(c —«p) [C/m?] (3.12)
since ¢ = ¢,.¢9 we get
P =Eaeo(er — 1) [C/m?] (3.13)
which can also be expressed as
P = coxcEa [C/m?] (3.14)

where x. is refered to as the electric susceptability, which is a dimensionless constant that
indicates the degree of polarization of a given dielectric to an applied electric field, as

1P
= —— 1
Xe= g (3.15)

Which means that the higher the susceptibility of a material is, the higher the polarization
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Table 3.1: Typical values for permittivity and dissipation factor of common materials.

Substance Relative permittivity (¢,) Dissipation Factor (tan d)
ABS 2.0-35 0.005-0.019
Air 1.0006 -
Alumina (99.5%) 9.6 0.0003 @ 10 GHz
Bakelite 3.6 -
Diamond 5.5-10 -

Epoxy Glass 5.2 0.01

FR-4 (low resin) 4.9 0.008 @ 3 GHz
FR-4 (high resin) 4.2 0.008 @ 3 GHz
Fused Silica 3.8 -

Gallium Assenide (GaAs) 13.1 0.0016 @ 10 GHz
Kapton® (type 100) 3.9 -
Neoprene 6.0-9.0 -
Polyethylene 2.26 0.0003 @ 3 GHz
Quartz 4.2 -

Teflon® 2.0-2.1 0.00028 @ 3 GHz
Water (distilled) 76.7-78.2 0.157 @ 3 GHz
Wood 1.2-2.1 0.03 @ 3 GHz

of the material when subject to an electric field. Therefore, the greater the capacity of said
material to store energy. Which makes the susceptibility intimately related to the relative
permittivity (e,.) of a material as

= =14 e (3.16)
€0

and is usually referred to as the relative permittivity or static dielectric constant.

Considering this, then the dielectric constant is the parameter that indicates the charge
storage capabilities, of a given material, relative to free space. The higher the relative per-
mittivity of a material, the higher the charge storage capability of that given material. It is
important to note, though, that relative permittivity, as presented in (3.16), represents values
at static ou quasi-static frequencies. These values vary with changes in frequency. This
is discussed in the next subsections. Typical values for permittivity of several materials is
shown in Table [3.1]taken from [92].

3.1.3 Complex permittivity and dissipation factor

As stated, the permittivity of a material describes the interaction of that material with an
electric field (E) and is actually a complex value

e =&, — jen (8.17)
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Figure 3.5: Vector representation of the permittivity in real and imaginary axis.

The real part of permittivity (¢/.) is a measure of how much energy from an external electric
field is stored in a material. The imaginary part of permittivity (c’) is called the loss factor
and is a measure of how dissipative or lossy a material is. The imaginary part of permittivity
(¢) is always greater than zero and is usually much smaller than the real part (¢,).

The imaginary part results mainly from the response of the dielectric constituents to the
electric field applied. Higher motion of the dielectric mechanisms leads to higher heat gener-
ation and, therefore, to higher losses, which can also be seen the other way around. Water
has many dipolar moments, which have a response at microwave frequencies, generating an
high amount of heat in response to an alternating electric field in the microwave frequencies
region. This is the principle behind the food heating process in a microwave oven.

The complex permittivity can be sketched in vector form, as shown in Fig. where the
real and imaginary component are 90° out of phase. The vector sum of this two components
forms an angle ¢ with the real axis. The tand is therefore the ratio of the imaginary to the
real part of the permittivity. Given this loss representation, the loss of a material is a ratio of
the energy lost to the energy stored. The tan d is commonly referred to as loss tangent, or
dissipation factor of a given material.

6//

tand = 6—7 (8.18)

It's also common to find the complex relative permittivity represented as

gr =&, (1 — jtand) (8.19)

The imaginary and real part of the permittivity are not completely independent. In fact
they are closely related, to such point that, if one knows the complete frequency depen-
dence of either the real or the imaginary part, the complete frequency dependence of the
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complement can be calculated based on Kramers-Kronig relations, as [93]

2 [®uw-el(W)
—2w [ el ()

3.1.4 Linearity, homogeneity, isotropy, dispersion and relaxation time

The electrical behavior of a given material is characterized by its electrical constitutive
parameters, namely the permittivity (¢), permeability (1) and conductivity (o).

A material is considered linear if its constitutive parameters are not functions of the am-
plitude applied field. Nearly every material is non-linear, however, the vast majority presents
a linear behavior within a certain range of the applied field, and a high non-linear behav-
ior beyond this point [94]. Therefore, most materials are considered linear since they’ll be
operated well within the linear ranges.

A material is considered homogeneous if the constitutive parameters do not depend on
the position of the applied field. The vast majority of materials are inhomogeneous. How-
ever, the degree of nonhomogeneity of most materials is so small that they’re treated as
homogeneous nonetheless.

A material is considered isotropic if its constitutive parameters do not depend on the
direction of the applied fields. Otherwise, the material is considered anisotropic. Regardless
of the anisotropy of a material, many times these are characterized in a single direction, and
regarded as being isotropic, considering they’ll be operated in that single direction, therefore
simplifying the characterization process.

A material is considered dispersive if its parameters depend on the frequency of the ap-
plied fields. All materials are in practice dispersive, and although there are certain materials
with very low degrees of dispersiveness, most dielectric materials have a very dispersive
permittivity and conductivity. Dispersiveness is closely tied to the mobility of the molecules
(dipole moments) that exist in the material.

A material may have several dielectric mechanisms, as described in a previous subsec-
tion. Dipole orientation interact strongly at microwave frequencies, where dipole moments
will rotate to follow alternating electric fields. This is a very lossy mechanism. Water presents
a large number of permanent dipoles, which is why, as stated before, when it is subject to
an electric field at microwave frequencies, its temperature rises - once again, this is the
principle for food heating with microwave ovens. Electronic and atomic polarization, on the
other hand, are called "slow mechanisms”, since these are nearly insensitive to alternating
fields in the microwave region. Atomic polarization will respond to fields alternating in the
infrared region, while electronic polarization mechanisms only respond to fields alternating
in the ultraviolet region and beyond. Polymers such as the PTFE (Polytetrafluoroethylene),
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most commonly known as Teflon®, which is hydrophobic, has nearly no permanent dipoles.
That is why its permittivity is so stable, and the reason it has such low losses, in the entire
microwave region.

Each dielectric mechanism has its own cutoff frequency, which is unique for each mate-
rial. The cutoff frequency of the dipolar mechanism is characterized by a relaxation effect,
while the electronic and atomic mechanisms are characterized by a resonance effect. As
the frequency increases dipolar rotation mechanisms tend to drop and the atomic and ionic
mechanisms become the main contributors for the permittivity of the material.

The relaxation time (7) is a measure of the mobility of the dipoles in the material. It is
the time required for the dipoles to align to an applied electric field (or the time it takes for a
displaced system to return to its random equilibrium state). The relaxation frequency (f.) is
inversely related to the relaxation time

- 1 B 1
T_wc_27rfc

(3.21)

At frequencies below the relaxation frequency, the dipoles are able to keep pace with the
alternating electric field. As the frequency increases, the losses (¢//) increase and the storage
capability (¢].) starts to decrease due to the phase lag between the dipole alignment and the
electric field. Above the relaxation frequency the electric field is too fast to influence the
dipole rotation. Therefore, this mechanism fades and both ¢/ and ¢! drop to lower values.

The permittivity variation of a material with frequency can be represented by the Debye
relation [93]

Er = Eop + o0 4 28 (3.22)
14+ jwr  jweg

where ¢, is the static permittivity (DC regime), ¢, is the optical permittivity, o, is the static
conductivity, while 7 is the relaxation time.

The Debye relation for water at 30° C is depicted in Fig. (a), where we can see a
peak for the losses at the relaxation frequency around 2 GHz.

The Debye relation is usually valid for liquids, but has a slight error in the approximation
of the response of polymers. Therefore, it is usual to use the Cole-Cole relation, which is

more broad, as [93]
€s — €00 Os

11 (oo

Er = €00 + (3.23)

jweo’
where « is a stretch parameter of the relaxation, allowing the representation of the frequency

response of several material with the same relaxation time, but different spectra response. If
a — 0 then it reduces to the Debye relation.

Although not so usual, sometimes the relation of the relative permittivity with frequency
is represented in a Cole-Cole diagram, as shown in Fig. (b).
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Figure 3.6: Permittivity variation with frequency of water at 30° C by the Debye relaxation
model. (a) Debye representation and (b) Cole-Cole diagram.

3.2 Characterization methods

As stated previously, there are several types of characterization methods. Each method
is particularly suited for a certain type of material, frequency of operation or testing condition.
There are standards institutions, such as IPC (Institute of Printed Circuits), NIST(National In-
stitute of Standards and Technology) and ASTM International (American Society for Testing
and Materials), that have defined test methods for permittivity and dissipation factor charac-
terization for industry. Plus, there’s several of methods defined by academic institutions. In
summary, there’s a very large pletora of methods for permittivity characterization.

In this section, a discussion regarding different kinds of methods is presented. It is hard
to make a thorough review of the subject and consider all the methods that have been pro-
posed. IPC alone has eleven different standards for permittivity characterization of materials.
Therefore, this section tries to briefly describe a few of the most widely used and acknowl-
edged methods, which are, in some cases, used for certification purposes in the industry.

The discussion of characterization methods is split into two major sections, as indicated
in Fig. the resonant and the non-resonant methods. Within each of these two main
sections, a subset of methods is discussed and one or more methodologies to apply those
methods are presented.

3.2.1 Resonant methods

Resonant methods tend to have higher accuracy and sensitivities than non-resonant
methods. This means that although able to measure the permittivity of materials with a
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Figure 3.7: lllustration of the side view of the dielectric rod resonator.

higher certainty level, they’re also more prominent to errors when testing reasonably lossy
materials [95].

There are essentially two different resonant methods for permittivity estimation of dielec-
tric materials: The resonator method, in which the dielectric under test is used as a res-
onator; and the resonance perturbation method, in which the dielectric under test is used to
create a perturbation on a resonant system.

Resonator method

In the resonator method the dielectric under test is used as a resonator, or a key part of a
resonating system. The resonator methods that are most used, are the SCR (Split-Cylinder
Resonator) [96], which is an evolution of the double-cylinder cavity method proposed by Kent
[97.198],199] and the Courtney resonator. Which was initially proposed by Hakki and Coleman
[10Q], further analyzed and developed by Courtney [101] and later revised by Kobayashi and
Katoh [102] {03].

The Courtney resonator, depicted in Fig. uses a specific measurement structure that
comprises two metallic disks shorted to each other and a dielectric rod, which is centered in
the structure, to form a resonating circuit. To excite the system, two right-angle E field probes
are used for coupling with the samples. These probes can be moved inwards or outwards in
order to vary the coupling coefficients.

The characteristic equation for the resonant modes T'E,,.,,; is given by [101]

e A 3 ) el lae) e
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where
D 911/2
a=—= [er — (IN/2L)7] (3.25a)
5= 2 [r2n - 1] (3.25b)

where J,,(«) is the mth order Bessel function of the first kind and K,,,(3) is the mth order
modified Bessel function of the second kind, X is the wavelength, D is the sample diameter,
L is the sample length, and [ = 1,2, 3, ... correspond to the multiple half-wavelengths in the
cavity along the axial direction.

If we focus on the T'Ey;1 resonant mode, then (3.25), can be written as

er=1+ <A1>2 (af +57) (3.26)
r D 1 1 .

where )\ is the wavelength of the T'Ey;; resonant frequency, a; and 5, are the first roots of
the characteristic equation (3.24) for m = 0 and [ = 1, which leads to the following relation

(o) (K 27

alJO(al) KO(/Bl)

Since ; does not depend on ¢,, one can find 5; based on (3.25pb) and then find the
solution that satisfies to calculate «;; and reach the value for the relative permittivity,
with and knowing the physical dimensions of the dielectric sample.

According to Hakki and Coleman [100] the dissipation factor (tan ) of the sample can
also be calculated according to

tand = A BR; (3.28)
Qo
where
A=1+ EK (3.29a)
Ao’ 1+ W
_ 20 2
A, 30721 (3.290)

JE (1) Ko(B1)K2(B1) — K£(B1)
J

W7 R0 () — ol ()

(3.29¢c)
where W is the ratio between the electric-field energy stored in the outside and inside the
dielectric rod [100], R is the sheet resistance of the conducting plates and ¢ is the bulk
conductivity of the conducting plates of the resonator structure.

Kobayashi [103] also reasoned that in order to obtain an accurate result for the dissipa-
tion factor, the value of the surface resistance of the conducting plates had to be known with
a very high degree of certainty, and described a procedure to use the same measurement in-
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Figure 3.8: lllustration of the Split-Cylinder Resonator as proposed by Kent.

strument, operated in reverse order, using two different samples with known characteristics,
to extract the exact surface resistance of the conducting plates.

It is important to note, that to achieve high accuracy with this method, the sample has to
have certain dimensions that guarantee that most part of the energy is concentrated inside
the dielectric rod, that means satisfying the trapped state condition for the T'Ey;; mode [102],

that is
2u0

- Imy/e, — 1

From (3.30) we can see that the ideal sample dimension is dependent on the permittivity
of the material itself. Therefore, a initial educated guess regarding the permittivity of the
material under test is necessary.

- > L, o

T Jo(ug) =0 (3.30)

The disadvantage of this dielectric resonator method is the requirement to prepare a
sample with well machined dimensions, which is not always possible, and most times is the
major source of error when performing measurements using this method. Therefore, the
resonant method proposed by Kent [97, (98], is more appealing, since it is suited to measure
thin materials, in the form that is used to be applied in PCB manufacturing, in which the only
physical constraint that is introduced is the thickness.

The cylindrical waveguide resonator, commonly referred to as SCR, proposed by Kent,
which is illustrated in Fig. is essentially composed of a cylindrical cavity that is split
in half where a thin slab of dielectric can be introduced for measurement. In this method, a
single resonant mode is analyzed and the estimations of the permittivity are obtained from an
equivalent model of the split-cylinder resonator. The measured quantities are the resonant
frequency of the T'Ey; mode, the insertion loss and the quality factor (Q).

The choice of the TF mode has to do with the fact that in this mode the electric field
component is normal do the plane of the dielectric sheet and interacts directly with it, there-
fore, these modes are usually more sensible to changes in the permittivity. Contrary to the
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T M modes where the electric field component is parallel to the plane of the dielectric sheet.
The choice of the resonant mode T M;,,,, in particular, the choice of a monopole mode m =1,
instead of a dipole mode m > 1, has to do with the spacing between adjacent modes, where
monopole modes appear more isolated in the spectrum, compared to dipole modes. Be-
sides, if the ratio of the height of half-cavity to the radius of the cavity is L/a < 0.8, then the
TEy; is easily identified as the third resonance, since, one expects to observe the modes
TFE11, TE2 and T Eyy, by order of increasing frequency.

According to [97], the permittivity of the dielectric slab is calculated according to the
following expression

e = 5 100 +1] 331)

where 6. = wh/\., n = A/, being A, the cutoff wavelength of the waveguide and )\, the
wavelength of the considered resonant mode, and 6 is the eigenvalue of the expression that
satisfies the relation of continuity of the fields in the dielectric interface, given by

®(0,p) =0tanf = <2hL> pcot (3.32)
where
0 = Bh/2 (3.33a)
o= poL (3.33b)
2 (2m\°_ (2r\
g = (/\0 " (3.33c)
(1/2)

2\ ? 21\ 2
5:[&<M) ‘(&)] (9559
which means that the right side of equation can be determined based on experimental
measurements and with it, substitute in (3.31), to obtain the permittivity value.

It is worth noting that this expression is only valid if the substrate is well contained within
the waveguide and shorted at its edges, otherwise, in the real scenario as shown in the il-
lustration of Fig. where the waveguide is open in the middle, the boundary conditions
make the expression (3.32) invalid. To correct this problem, approximate functions or experi-
mental calibration as proposed in [98], or numerical analysis tools as proposed in [104], can
be used.

Any of the choices leads to a very complicate and intricate problem for solving the system
to obtain the correct permittivity. The approximate functions use a subset of error coefficients,
which are related to the operating mode of the resonance cavity itself and to the sample
dimensions, in such a way that makes this method very sensitive to the correct determination,
down to the um dimensions of the sample.
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Figure 3.9: lllustration of the Ring Resonator structure with the mean radius of the ring
denoted as 7.

In order to guarantee the validity of the split-cylinder model, a dielectric shit with a given
thickness should be used that allows no air gaps in the cavity split and has a thickness that
satisfies the following condition

hQTﬂ\/e_T <<1 (3.34)

These conditions, however, are not always easy to satisfy. Therefore, extensions to this
method have been proposed to relax the constraints imposed by the original model. These
approaches use full-wave analysis models for the resonator or estimation based on higher
order modes [104), [105].

Besides the cavity methods, there’s also the printed circuit characterization methods. In
these, the material to be tested is used as substrate to a given printed resonant structure.
Although presenting less precision in the characterization, have an advantage of characteriz-
ing the material under the operation circunstances. That is, the permittivity component being
measured is exactly the same as the one that is used during circuit operation. Therefore,
even if the material has some kind of anisotropy, this can be safely discarded. The main
disadvantage of this method is the fact that the sample used for testing is lost and cannot be
reused for other purposes.

Any printed resonator system can be used for the purpose of this measurement system,
however, one of the most widely known is the RRM (Ring Resonator Method) [106, 107, [108].
The main advantage of the printed microstrip ring resonator when compared to other printed
structures is that radiation losses of the ring resonator are typically negligible due to the
absence of end effects [108]. The structure of the printed RR is presented in Fig. [3.9]

The simplest approach to calculate the permittivity, based on the printed ring resonator
method, is to use closed form analytical expressions from transmission line models applied
to the ring resonator structure. The resonant frequencies of the two-port microstrip ring
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resonator, are approximated by the following expression
27r = ng (3.35)

where r is the mean radius of the ring resonator and n), is the wavelength of the n'th
harmonic, where A\, = X\o/,/.c7s. Therefore, the effective permittivity of the substrate is
related to resonant frequencies of the structure by

nAo 2
Ereff = | 5= (336)

2rr

The relative permittivity of the substrate can be calculated from the effective permittivity
value and the physical dimensions of the microstrip line based on the approximate expres-
sions described in [63], as

26T€ff—|-M—1
% 37
c M1 (3-37)
where 12
12h
=14+ 3.38
( W+1-3ft[1+1n<2:>]> 859

being W the width of the microstrip line, h the thickness of the substrate and ¢ the thickness
of the conductor.

From the same approximated expressions for the transmission lines, the loss tangent can

be obtained from
adAg V Erzeff Er — 1 (3 39)
T er(refr — 1) '

tand =

where o, are the losses due to the dielectric that can be calculated from the total losses of
the system (a) substracted by the losses due to the conductor («.) and assuming that the
radiation losses are so low that can be neglected. The total losses of the system can be
obtained from the insertion loss at the resonant frequency (I L,,) and the insertion loss -3 dB
bandwidth (Ay) in hertz, as [107]

a=ag+ a. =0.00909 x 107 x Ay, /Erorr(1—10152/20)  [Np/m] (3.40)

and the conductor losses (a.), assuming that the ratio of the mean surface roughness of the
conductor to the skin depth of the conductor is higher than 1.93, can be obtained from

W
0.667 (")
Wers
h

We
a. = 10.881 x 107 RyAZpe, oy 7+

- [Np/m] (3.41)
1.444 +

where R, is the surface resistance expressed as shown in (3.9), Z, is the characteristic
impedance of the microstrip line and A is the ratio of the substrate thickness to the microstrip
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Figure 3.10: lllustration of the Stripline Resonator fixture as proposed in the IPC TM-650
2.5.5.5C.

width, containing a correction for the thickness of the conductor, in the form

A=1+ <Wfff> <1+1'j51n <2th)> (3.42)

This method is rather simple to use and does not require any kind of specific fixture
for measurement. Also, it does not require any simulation or equivalent model to reach an
approximate value for the permittivity of the MUT (Material Under Test). However, one can
improve the accuracy of the results if instead of using the closed form equivalent expressions
for the microstrip lines as described previously, use simulation models for the RR and then
uses optimization algorithms to match the simulation and corresponding measurements of
the structure.

Another method based on printed electronics, which is used by microwave substrate
manufactures for certification purposes, is the stripline test-fixture. This is defined by the
IPC as the IPC TM-650 2.5.5.5C test method and is used by the main microwave substrate
manufacturers, such as Rogers Corp.®, Arlon®, or Isola®, as a standard to characterize
their materials. This method, as defined by the IPC standard, is valid for frequencies in the
X-band.

The stripline resonator fixture used in this method is shown in Fig. A printed straight
stripline of length L is used as a resonator structure. The dielectric MUT is placed around
this resonator structure and then clamped with a large metallic structure that grounds the
line on both sides.

The permittivity of the dielectric sample can be calculated based on [109]

e = <W>2 (3.43)
"= \2(L+ AL) '

where n is the number of half-wavelengths along the resonant strip of length L and AL is a
correction factor for the fringing capacitance at the ends of the resonator element. In order
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to determine AL a set of resonator circuit cards with different lengths, multiples of the same
wavelength, should be used. For instance, a set of four resonators of length 9.5, 19.0, 28.6
and 38.1 mm may be used. The resonant frequencies shall be measured for each sample,
then a linear regression can be used to determine the slope of the least squares fit, where
that slope corresponds to the negative value of AL.

As in the previous case, the dissipation factor can be obtained by subtracting the losses
of the conductors, from the total losses of the system. Obtained from the quality factors of
each, as [109]

1 1
tand = — — — 3.44
0 Q. 844
where the total losses can be calculated based on the quality factor as
1 Af
— ==/ 3.45
Q Jo (3.45)

being Af the -3 dB insertion loss bandwidth and the conductor losses can be calculated

based on
1 . Oéc)\o

Qc_ﬂ' Er

where o, is the attenuation due to the conductors, which can be calculated from

(3.46)

- 4R5€TZO\IJ

= oG [Np/m] (3.47)

where Z is the characteristic impedance of the stripline, which can be calculated based on

7y = 120m [Q] (3.48)
Vel ()
and
Cf = % (28010 (A9 + 1) — (A0 — 1) In (AD? — 1)) (3.49a)
U =AY+ 2WGA:92 - Af <1 + Gt> In [m} (3.49b)
AY = GSGit (3.49c¢)

where G, is the ground plane spacing in mm, W is the width of the resonator stripline and ¢
is the thickness of the conductor.
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Figure 3.11: lllustration of the waveguide structure proposed for the cavity perturbation
method.

MUT

Resonant perturbation method

As stated before, in the resonant perturbation method the measured quantities used to
determine the permittivity of a given sample material are the resonant shift and the quality
factor changes on a given resonant structure, as opposed to the previous case where the
sample to test is used as part of the resonant system itself.

There are two main methods based on resonant perturbation techniques, one is the
cavity perturbation method and the other is the SDR (Split Dielectric Resonator). The first is
defined by the ASTM D2520-13 standard, and used by insulator material manufacturers for
permittivity estimation. The second has been defined by the IPC as TM-650 2.5.5.13, and is
used by substrate manufacturers.

The cavity perturbation method uses a rectangular waveguide structure, with iris-coupled
end plates, with a slot in the middle, where the electric field is maximum, to introduce the
dielectric sample to be measured. This fixture is illustrated in Fig.

By using a rectangular waveguide resonator for the cavity perturbation technique, the
relative permittivity of the sample can be calculated based on

r_ Velfe— 1)

Er = Tsfs +1 (3503)
w_ Ve (1 1
el = 3% ( 0. Q.;) (3.50b)

where Vy is the volume, Q x is the quality factor, fyx is the frequency, and the subscripts ¢ and
s stand for the values in an empty cavity and the cavity loaded with the sample, respectively.
These expressions are only valid for a sample within certain maximum dimensions limits.
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Support \ Dielectric resonator

Figure 3.12: lllustration of the Split-Dielectric Resonator structure.

Therefore, the dielectric sample needs to be machined with precision to fit into the cavity and
provide that it only interacts with the main component of the electric field in a single mode.

An iris is a thin metal plate across the waveguide with one or more holes in it and is a
means of introducing a discontinuity that excites evanescent higher modes, creating filtering
effects in waveguides. An iris with a small hole creates a narrowband filter which has an
inductive characteristic. The dielectric insert in the waveguide has an equivalent capacitive
characteristic, which forms a resonance with the shunt inductance created with the iris. The
iris coupled waveguide filter presents a very high @ factor, therefore, the output of the dom-
inant mode presents a very sharp peak, therefore making it easier to identify the dominant
mode of resonance and better determine the frequency shift.

The SDR proposed in [96] is an evolution of the structure proposed by Kent and is the
most common cavity characterization method available nowadays. These can usually be
found for sale from dielectric characterization equipment sellers and are used by microwave
substrate manufacturers, such as Rogers Corp.®, to confirm the results obtained with the
stripline resonator test method. The typical SDR structure is shown in Fig. In this case,
the structure is very similar to the SCR, but the cavity dimensions are reduced, especially
the height, due to the introduction of two dielectric disks inside, hold by metalic posts, that
create a natural resonance on the structure. The introduction of the dielectric disks with the
small height of the metallic enclosure reduces losses due to radiation and create a strong
evanescent electromagnetic field inside the cavity outside the dielectric disks region as well
as outside the cavity. Simplifying the problem of the air-gap region in the previous method.

As the SCR, the SDR is also operated in the T'Ey; mode, for exactly the same reasons.

In the SDR, the permittivity of the dielectric sample if obtained from the measured resonant

frequency shift and the quality factor changes by the introduction of the dielectric slab sam-

ple. The method to determine the permittivity using this method is iterative and based on the
following expression -
00— Js

er =1+ m (3.51)
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where h is the thickness of the dielectric sample, fj is the resonant frequency of the empty
resonator, f, is the resonant frequency of the cavity with the dielectric sample and K. (e, h)
is a function of the permittivity itself, that can be computed from

f(]_fs

e = g

(3.52)

To start the iteration process the value of K.(e,, h) is computed to initial value ¢, slightly
over 1, and then calculated to its subsequent values obtained from (3.51).

Obtaining the dissipation factor using this method is more complex though. According to
Krupka et al. [96], one can obtain the loss tangent of the dielectric slab according to

1 1 1 1
tand = — [ = — —— — — 3.53
" Des <Q QDR Qc) ( )
where
DPes = hETKs(Era h) (3543.)
Qc = QCOK€(€T7 h) (354b)
Qpr = QpRo - Jo PeDRo (3.54¢)

fs  DPeDR

being pes, ppr and ppro the electric energy filling factors for the sample, for the filled dielec-
tric resonator and for the empty dielectric resonator, respectively. Q.o is the quality factor,
depending on the conductor losses, of the empty resonator, while Q pro is the quality factor,
depending on the dielectric disk losses, of the empty resonator. In order to obtain these
parameters one must use a numerical method to simulate the structure and compute such
values. Particularly, Krupka et al. [96] used the Reyleigh-Ritz method to compute them.

3.2.2 Non-resonant methods

In the previous section a number of electromagnetic characterization methods based on
resonant systems were covered. In this section, another set of methods is presented, but in
this case, non-resonant methods. That is, broadband methods. These broadband methods
can be based on reflection waves, or on the transmission and reflection wave characteristics
when these are propagated through a given MUT. Therefore, this section is split into two
subsections, one focused on reflection methods, as is the case of the open-ended coaxial
probe, and another focused on transmission/reflection methods, as the case of waveguide
or printed transmission lines methods.
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Figure 3.13: lllustration of the coaxial probe measurement feature.

Reflection method

In reflection methods the permittivity is estimated based on the reflection due to impedance
differences when a dielectric sample is in the propagation path of a transmission line. One
of the most known and used features for dielectric measurements, and which is based on a
reflection method, is the open-ended coaxial probe [110]. This has been used for years as
a non-destructive testing tool. The versatility of this method is its greatest feature and thats
why it has been so widely used in many different areas and applications. It has been applied
to the permittivity measurement on solid, semi-solid and liquid materials [111, 112, 113].

In this method the probe is pressed against the test dielectric sample, as shown in Fig.
The impedance at the side of the MUT is directly related to the dielectric properties
of the material, therefore, this properties, namely the permittivity, can be obtained from the
reflectivity measurement at the interface.

In order to get the permittivity of the sample, an iterative method is used to search the
zero of an error function that is defined as

N(gr) = |YL(5T) - Ym| (3.55)

where Y, is the measured admitance of the sample and Y7 (¢,) is the theoretical admitance
calculated using the aperture model. The aperture model is therefore of crucial importance
to obtain the correct estimation of the permittivity of the sample. Several models have been
developed, which can be found in [114] 115 {17,118, 119] and, as explored in [113],
full-wave simulation models have also been used. It is out of the scope of this work to
explore which model is more appropriate, which might also be dependent on the particular
scenario. In most cases, the full-wave simulation models have proven to provide the best
approximations.

On another approach, it's also possible to extract the admittance using a calibration
method, by measuring a known sample prior to the MUT sample, as shown in [120]. Us-
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Figure 3.14: lllustration of the open-air reflection measurement (a) mono-static configuration
(b) bi-static configuration.

ing an aperture model defined by a capacitance (Cy) and a conductance (Gg) as
Y = /e2,Go + jwenCo (3.56)

we can then use a known dielectric to calculate the Gy and Cy parameters of the probe
and then use this result to estimate the permittivity of an unknown material. This calibration
procedure can also be very useful when applied with any other aperture models.

Another approach using the reflected signal from a dielectric interface to estimate its
permittivity is shown in [121,122] where a free-space environment is used. In this application
an antenna is used to radiate towards a planar sample of limited thickness, as illustrated in
Fig.[3.14

The sample’s permittivity can be obtained from the reflection coefficient. This reflection
can be measured in a mono-static (Fig. (a)), or bi-static (Fig. (b))configuration.

If we consider the mono-static configuration as described in [121], then the reflection coef-
ficient, which in this case is directly the measured S1; can be related to the permittivity as

_ Jaanptan fpd — 1

3.57
Jaantan B,d + 1 ( )

where z) ,, is the wave impedance and 3, is the propagation phase constant which are both
dependent on the MUT relative permittivity ()

(3.58a)
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2
AN (3.58D)

A
Similar to the previous case for the coaxial-probe, also in this case the permittivity is
determined by assuming an initial guess for its value and then determining the correct value

by minimizing the error of the function defined as
N(er) = |ST] — STil (8.59)

The bi-static configuration is not so advisable because the reflection is dependent on the
polarization of the incident wave and different polarizations will lead to different reflections
and results. Moreover it caresses from a particular calibration setup that is not easy to
perform.

Transmission/Reflection method

Transmission/reflection methods have enjoyed a wide acceptance by engineers and sci-
entists in many fields of applications, from life sciences to electronics, due to their simplicity,
ease of measurement, robustness and ability to measure broadband properties of materials.
In transmission/reflection measurements a dielectric sample if placed somewhere along the
propagation path of a given transmission line and its permittivity can be estimated based on
the measurement of the scattering parameters. Since we have access to the transmitted
and reflected signals, there’s more data available to estimate the permittivity of the samples
when compared to the previously mentioned reflection methods.

Nicolson and Ross [123] and Wier [124] have derived explicit formulas for the calcula-
tion of the permittivity of a given sample with the measured scattering parameters, which is
commonly known as the NRW (Nicolson-Ross-Wier) algorithm. More recently, a few opti-
mizations have been done to overcome the algorithm limitations, such as the estimation at
half wavelength multiples of the transmission lines resonance, as shown in [125].

The transmission/reflection methods have been thoroughly analyzed by Baker-Jarvis et
al in [126l 127,1128]. In this approach the permittivity is obtained through the measurement
of the propagation constant of a given transmition line loaded with the MUT. This is a general
approach based on transmission lines, therefore, more focus is given towards applicational
methods with a given equipment. Nevertheless, the foundations on those references are a
solid base to understand how the permittivity of a given material can be obtained through the
measurement of the scattering parameters of a transmission line, interacting with a given
dielectric sample. A more in-depth explanation about how to get the permittivity values of a
sample with the NRW method and the Baker-Jarvis approach can be found in [124},[128].

Direct application of these concepts have been made using different kinds of propagation
media. Such as waveguides [129) 130, [131], printed transmission lines [132}, 133, (134, (135
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Figure 3.15: lllustration of the cross-section cut of a waveguide measurement feature.

136] or even using focused beam antennas for free-space measurements [137, [138].

Waveguides can be used to estimate the permittivity of solid or semi-solid materials. In
the second case, a rigid solid material with known properties must be used to hold the semi-
solid in place. This is illustrated in Fig. If the MUT is solid, then the holding features
(light grey) can be removed which simplifies the problem.

In order to measure the permittivity using this method, a calibration at the ports of the
waveguide must be performed, so that the reflection at the interface of the waveguide is fully
compensated. Considering the T Ey; propagating mode inside the waveguide, the electric
and magnetic field in each of the layers can be described as

En(z) = Efe 1 4 Efeman (3.60a)
H,(z) = Hl e~ — g enen (3.60b)

while the propagation constant can be determined from

== () a1

Since the tangential components of the fields at the interfaces have to be continuous,

(3.60) can be written as

Elemmdn p premdn — pf 4 BT (3.62a)
Hiemmdn —gremdn — gl —Hr (3.62b)

if we relate the magnetic field to the electric field by the wave impedance (Z) ,,), we get the
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following system of eight equations

Efend 4+ Blend  Ef 4+ Ej

Blemd  grends — gI 4 B (3.63a)
Zx1 Z)2
Ef —v2d2 R evada Ef Er
Efend y prend — pf y gy, D2¢ T FTRACTT Mt (3.63b)
Zx2 Z)\3
. Ef —vy3d3 Er Y3d3 Ef Er
Efewds 4 prends — gf y gy, 3¢ T FEse ] Mt (3.63¢)
Z)\3 Z)\3
Ef —v4ads  prevads Ef Er
Efe-nds  grends — gf y gr,  2AC el B 5 (3.63d)
AW Zxs

As it is, this system is under determined. However, if the measurement is calibrated at
the waveguides planes, so that the coaxial-waveguide transitions are eliminated from the
measurement, then there’s no reflection at port 2 and as consequence E; = 0. Knowing the
permittivity of the layer 1 and 5, usually air, of the supporting material 2 and 4, and incident
amplitude EY, we have a linear system with eight unknown variables which can, therefore,
be solved.

The S-parameters for this system can be defined as

511:% (3648.)
El
Ef e—sds
Spp = 2> 3.64b
= (3.64b)

To determine the permittivity of the MUT we compare the theoretical estimation of the
S-parameters to the measured values. The correct permittivity value ¢, 3 is iteratively found
by minimizing the error in the form

N(er2) =15 — STi[* + 185, — S5t (3.65)

To find the minimum of the defined error function, different optimization algorithms can
be used. The study of the computational and mathematical complexity of each algorithm is
out of the scope of this work.

The disadvantage of this method is that it requires a precise machination of the dielectric
sample in order for it to fit inside the waveguide. If the sample does not completely fill the
waveguide borders and air-gaps exist between the sample and the waveguide walls, or if the
sample is very thin, large errors arise in the estimated values.

Some approaches considering the existence of air-gaps have been developed already,
which require even more complex computations. These are shown in [130, [131]. Although
these remove some constraints from the sample’s physical characteristics, it is not without
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Figure 3.16: lllustration of the two different length printed transmission lines with separation
of different transmission sections.

further complications on the computational side or in the obtained measurement errors.

The previous methods are applied to unmetallized substrates. However, most of the
times, microelectronics and microwave electronics use conductors deposited directly on a
substrate. Printed transmission lines like microstrip, stripline and coplanar strip, or antennas
are some examples of these fixtures. In the metalization process part of the metallic particles
can penetrate into the dielectric material, changing the permittivity and the losses. Therefore,
it is interesting to measure these characteristics on a system as a whole.

A possible approach is the phase differential method, In this approach, the phase con-
stant difference between a particular set of lines and the ideal, free-space, phase constant
is used to estimate the permittivity of the substrate that supports the printed lines.

This method was first introduced by Lee et al in [132], and was further developed in
[133,134]. In order to estimate the permittivity of a given substrate, two printed transmission
lines are needed, as depicted in Fig. [3.16] with the exact same characteristics but with
different lengths. With the transmission/reflection measurement data of these two lines, the
propagation constant, and therefore the phase constant, can be calculated.

The transmission matrix of each line can be obtained from the measured S-parameters
as
1| (S1208210 — S11iS22i) St
B 5211' —5221' 1

M; (3.66)

If we take on two microstrip lines as illustrated in Fig. [3.16, we can separate the different
sections of the line and say that the transmission matrix is the product of the transmission
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matrices of each depicted section of the form

Ml =A. 1 B (3673.)
My=A-T, B (3.67b)
which can be solved to reach
M-At=A"'T (3.68)
being
M = M, - My™!
T (3.69)
T=1T - T,
The T; is the transmission matrix of the middle section, so we can say that 7' is
e VAl 0
T = 0 A ] (3.70)

With this information, we can develop (3.68) to reach an eigenvalue ()\;) equation in the
form

Ao = % [To(0) + /T — 420 (3.71)

where Tr(M) is the trace and AM is the determinant of M.

Since the system is passive, the relation |e=7*! < 1| imposes a particular signal for the
solution of (3.71). The propagation constant can then be defined as

1 2mn

=Ly, 42 72
Alln)\ +7 Al (3.72)

v

being Ay, = % ()\1 + %) the average of the solution of (3.72) and if Al < A\¢2 then n=0. The
effective permittivity of the substrate can be related to the unwrapped phase of the calculated
propagation constant as

2
Eeff = <g) (373)

The relative permittivity of the substrate can be obtained from the effective value, by
the approximate forms for each type of transmission line used in this implementation, as
presented in [139]. This method has been further extended in [135, [136], using coplanar
lines to estimate the permittivity of superposed dielectrics, instead of the substrate holding
the lines.

Another simple method using microstrip lines, is the differential phase length method,
which is used by some manufactures, namely Rogers®, to determine what they present in
their datasheets as Design Dk, or design dielectric constant. They noticed that the value
of permittivity of the material determined based on the IPC TM-650 2.5.5.5C, when used in
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RF systems design and EM simulators to simulate planar circuits, especially with microstrip
lines, would often lead to errors in the predicted results, coming from an erroneous definition
of the permittivity value of the substrates. They realized that using the dielectric constant ob-
tained from microstrip line methods would lead to better matching between simulations and
measurements of planar circuits. This happens essentially because the equivalent permittiv-
ity estimated with microstrip lines already takes into account effects of melding between the
cladding and the substrate during electrodeposition process.

The differential phase length method needs at least two different microstrip lines, built
on the same substrate, with exatly the same characteristics except for the length. One of
the lines should be considerably larger (electrically speaking) than the other. The electrical
length of the lines is related to the propagation phase along the lines times its length, as

Bl = zwmgz (3.74)

Therefore, the phase difference of this two lines is closely related to the difference in lengths

Aﬁ = 27T,/€T’eff£Al (375)

By measuring the propagation phase of the two lines, obtained by unwraping the phase
component of the Sy; parameter, and by knowing the physical size of the lines, one can
reach the effective permittivity of the substrate as

(A8
Ereff = (27r 7 Al) (3.76)

the relative permittivity of the substrate can be calculated from the effective permittivity and
the physical characteristics of the line, with closed form expressions such as [139].

So far we have looked into measurement techniques that require a sample to be in close
contact with the testing equipment. However, there are some techniques that allow for the
characterization of dielectric without contact. These open-space techniques are very use-
ful for the characterization of materials that are difficult to handle or to characterize their
response with temperature or other conditions.

A proposal of the mentioned method is presented in [137, [138]. For the application of
this method spot-focusing lens antennas are used, with the MUT being placed in the middle
point between the two antennas, at a distance that corresponds to the focal distance, F'. The
setup is illustrated in Fig. 3.17]

As in the previous transmission/reflection methods, in this case the permittivity is ob-
tained from propagation constant of the waves in the media, in comparison to that of free-

space as
v (1-T
r=— | —— 3.77
© 70<1+r> 3.77)

47



Chapter 3. Dielectrics characterization methods

MUT

Antenna

Figure 3.17: lllustration of the open-air transmission/reflection measurement configuration.

where v and 7, are the propagation constant in the MUT and in free-space, respectively.
While v can be obtained from the transmission parameter (T') as described in the NRW
method in [83].

This scenario requires that the sample is wide enough so that the diffraction effects of
the radiation at the sample edges is negligible. Moreover, it requires a free-space calibration
to be performed and that the S-parameters be obtained by time-gating technique instead
of direct frequency measurement, in order to reduce ripple that occurs due to source and
load mismatches. Also, the sample must be thin enough (d < \,,), so that the permittivity
holds a single solution. Due to that, samples that cannot hold straight on the supports and
that present sagging, increase the complexity of the method since a holder for the sample is
required, which is more complex to de-embed from the S-parameters measurements.

3.2.3 Single microstrip line characterization

The printed transmission line methods shown so far have proven to be the most interest-
ing for characterization of the dielectric materials, especially considering most of them are
in the form of sheets. This is due to the fact that no additional fixtures of test equipment is
needed apart from a VNA (Vector Network Analyzer), and also due to the simplicity of the
measurement procedure.

All the materials that were characterized during the course of this thesis, have been so,
using the NRW method or the differential phase method presented previously. Although
the results obtained with this method have been rather satisfactorily accurate, the faulty
sample preparation would introduce a considerable amount of error in the measurement.
This happens due to the fact that the conductor part of the microstrip lines used had to
be made out of copper tape, which would be cut by hand, or using conductive ink. This
would make it very hard to create two lines with the exact same physical characteristics in
terms of width. Moreover, the dielectric sheets used, especially in the case of cork, were
not always exactly flat and the two lines used would have a slight difference in substrate
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thickness. Considering that printed transmission line methods require that both lines used
for measurement have exactly the same physical characteristics except for length, errors
were being introduced in the measurement due to sample preparation.

To avoid the mentioned problem, we looked into a way of measuring the permittivity of a
given substrate using a single microstrip line measurement, which would avoid the problems
of trying to prepare two samples with the exact same characteristics. This method has been
developed and has been presented in [140]. In this approach a single microstrip line is
fabricated and is measured with an open-circuit load from the VNA calibration Kkit.

In a transmission line ended with an open-circuit (Z;, = oc), according to [83], the
impedance seen at the entrance of the line along [ is

Z
Z’in = 0

= 7
tanh ol + j81 (3.78)

being Z, the characteristic impedance of the line and « and /5 the propagation constant
attenuation and phase, respectively. Considering that 8 = 2x/l and I = \,./2, where )\, is the
wavelength at resonance, then we have gl = «f/f.. If we replace this into [3.78 separate
the real and imaginary components and consider the input impedance at one fourth of the
resonant frequency (8l = m/4), then becomes

(3.79)

2 tanh al 1 —tanh?al }

A _
" O{l—i—tanh2 ol ]1—|—tanh2 ol

If we assume the losses are positive (which is the case for all natural materials), and
considering Z;, = R — j X, we can say

tanhal = —— —|— \/ ( ) (3.80a)

1+ tanh2 al 1 + tanh? ol
Zo=X =R 3.80b
0 1 — tanh? ol 2 tanh vl ( )

Recalling the closed form expressions for the characteristic impedance of a microstrip
line, according to [139], and transforming them in terms of the effective permittivity of the
substrate, we reach

60 (8h WY\\?
Ereff <Z In (W+4h>> , whenW/h<1 (3.81a)

2
1207 1
e = )
relt Zo W 1 1.393 +0.667In (W 4 1.444)

when W/h > 1 (3.81b)

being W the width of the microstrip line and A the thickness of the substrate.
With the knowledge of the effective permittivity of the substrate, one can calculate the
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+j1.0

«weetang=0.001

tan § f, (GHz) Zinaya (Q)

0,001 1,78640 0,280-j53,20
* 0,02 1,79335 1,205-j52,30

0,05 1,80105 2,684-j51,01

Figure 3.18: Simulation results of the input impedance of a microstrip line terminated with
an open circuit for different values of dissipation factor.

relative permittivity [139] of the material with

2ereff + —L 1
1120/ W (3.82)

Ep = I

1+ 14120/ W

This process to determine the permittivity of the substrate is rather simple, since it re-
quires a single microstrip line prototype and largely simplifies the problem since we only
need a single measurement to obtain the permittivity of the material. Therefore, avoiding the
problems with repeatability when manufacturing the line prototypes.

One thing to consider when measuring the microstrip line is to effectively use a open-
circuit load from the calibration kit of the VNA, otherwise the load impedance at the end
of an open line is not infinite nor close to it. Since the line edge will radiate, it will have a
finite capacitive impedance which deviate the resonant frequencies of the line and therefore
induce an error in the determination of the permittivity.

After a few trials for permittivity measurement with known materials, the values obtained
for permittivity were reasonably accurate, but there was a certain degree of error. It has
been observed that the increase of the losses of the substrate induce a shift in the resonant
frequency when compared to a lossless line. This happens because the losses will create
a curling effect in the input impedance of the line as frequnecy increases, as shown in Fig.
This shift in the smith chart for the input impedance of the line induces an error in the
estimation method, since the characteristic impedance of the line is wrongly estimated for a
material with high losses.

This shift in resonance however, is linearly related to the propagation losses. After a
considerable number of simulations with microstrip lines with different physical characteris-
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Table 3.2: Simulated results for resonance, corrected resonance and characteristic
impedance for a microstrip line on a varying dissipation factor substrate.

tand  f. (GHz) f; (GHz) 2@y, /4 Zo@y )4
0.001 1.78640 1.7817 53.21 53.42
0.02 1.79335 1.7729 52.31 53.25
0.05 1.80098 1.7549 51.01 53.10

tics, each of it, in substrates with varying numbers of dissipation factors, we realized that the
frequency at which one should verify the input impedance is not directly one fourth of the
resonant frequency, but is actually one fourth of a corrected resonant frequency given by the
relation

/: f'f’
I 1+ al

(3.83)

It is shown in Table the calculated characteristic impedance of the three microstrip
lines shown in Fig. for the normal resonance of the line and the corrected resonance
from (3.83). First, it is clear that the characteristic impedance of the line, calculated with
the normal resonance, decreases with an increase of the losses. Moreover, it is clear that
after the resonance correction, the determined characteristic impedance of the lines is more
like each other, which leads to a more accurate estimation of the relative permittivity of the
substrate.

So the procedure for correct estimation of the characteristic impedance of the line and
therefore, the correct permittivity of the substrate, is to measure the input impedance at one
fourth of the first resonance of the line. With that value, calculate ol according to (3.80a), and
apply the result in (3.83) in order to obtain the corrected resonance frequency (f/). Then,
determine the input impedance at one fourth of the corrected resonance and with it calculate
the characteristic impedance of the line using (3.80). With knowledge of the characteristic
impedance of the line and knowing the physical dimensions of the microstrip line, one can
easily obtain the permittivity of the substrate based on (3.81).

The dissipation factor of a substrate used for a microstrip line can be obtained, as shown
previously in (3.39), from the permittivity and the propagation losses due to dielectric. The
propagation loss is a sum of several losses, which include conductor, dielectric, radiation
and leakage losses. If the ground plane is large enough around the transmission line the
leakage losses can be neglected. However, unlike the ring resonator structure, the radiation
losses of a microstrip line cannot be neglected.

The conductor losses can be calculated using empiric closed form expressions as shown
in [141]. However, these expressions are empirical, meaning they’re dissociated from what
actually is being measured and are frequency independent. Since the losses from the di-
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Figure 3.19: Relation between the characteristic impedance of microstrip lines and the input
impedance at resonance for perfect conductor lines.

electric change with frequency, a small error in the calculation of the conductor losses can
lead to a large error in the overall result.

Using ADS Momentum EM simulator several lines were desgined, with different lengths,
widths and different values for the substrate permittivity, loss and thickness. Some of the
simulated lines and the corresponding obtained impedance results are presented in Table
Where z;, is the input impedance of the line at the resonant frequency, normalized to
the reference impedance of 50 2, when considering the use of perfect conductors (no loss
from the conductors). While z,, is the input impedance of the line at the resonant frequency
normalized to 50 2, but considering the conductor losses.

It is noticeable from the presented values, that there is a decrease in the input impedance
as the losses increase. Besides, there is a direct proportionality between the characteristic
impedance of the lines and the input impedance at resonance. We can see this tendency in
Fig. where the variation of the characteristic impedance of several lines with their input
impedance at resonance, considering tan = 0.01, is depicted.

A possible linearization of the relation between the normalized input impedance and the
characteristic impedance of the line is

Zin — 19520 —27.4 (384)

and since the loss tangent is inversely proportional to this input impedance, we reach

0.0195Zy — 0.274

Zin

(3.85)

tand =

This expressions can give a first estimation of the loss tangent. However, it only takes
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Table 3.3: Simulated input impedance of several microstrip lines for different substrates

Line characteristics tand z;, () o (MS/m) 2z, ()

1.0 3.03
Line 1 0.01 15.55 10.0 5.87
58.0 9.01
Zy=11.53 1.0 2.20
W =2mm 0.08 5.15 10.0 3.35
h=0.1 mm 58.0 4.17
e =2 1.0 1.73
0.05 3.07 10.0 2.34
58.0 2.70
1.0 30.43
Line 2 0.01 72.77 10.0 46.99
58.0 58.28
Zy =53.23 1.0 16.62
W =1mm 0.03 24.20 10.0 20.51
h=1mm 58.0 22.42
er=8 1.0 11.42
0.05 14.49 10.0 13.10
58.0 13.84
1.0 60.39
Line 3 0.01 110.94 10.0 47.28
58.0 48.91
Zy=70.18 1.0 28.50
W =2 mm 0.08 36.77 10.0 33.09
h=1mm 58.0 35.08
e =18 1.0 18.94
0.05 21.93 10.0 20.67
58.0 21.38
1.0 137.74
Line 5 0.01 254.03 10.0 190.75
58.0 221.63
Zy=148.13 1.0 65.18
W =1mm 0.03 84.09 10.0 75.63
h =3 mm 58.0 80.19
ep =2 1.0 43.29

0.05 50.29 10.0 47.28
58.0 48.91
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Table 3.4: Calculated K and 7 coefficients for several lines
tand o (MS/m) T K

1.0 210.63 0.858
0.01 10.0 141.62 0.673
60.0 118.54 0.426
1.0 139.59 0.600
0.03 10.0 114.82 0.349
60.0 105.18 0.185
1.0 125.45 0.436
0.05 10.0 109.28 0.228
60.0 103.62 0.114

into account the dielectric loss. In order to consider the remaining sources of losses in the
microstrip line, for the correct calculation of the dissipation factor, we consider a normalized
impedance z,, that tends towards z;, as the conductivity increases, which can be also de-
vised by the results on Table This relationship can be approximated by the following
expression

Zin = Zm, <1 — Kezofw)_l (3.86)

where W is the width of the line in millimeters, Z is the characteristic impedance of line, and
K and 7 are two constant values that depend on the losses. To reach the correct factors K
and 7, equation can be rearranged in order to get a relation between K, = and ZyW,
as follows

ZoW = 71n (1 _ j”) —rInK (3.87)
since z,, is the input impedance considering all the losses, which will tend towards z;,, as the
conductivity increases, one can calculate the K and 7 factors for different loss tangents and
different conductivity values. By doing so, we reached the values presented in Table [3.4]

According to these values, we can see that there is an inverse linear relation of K and
with the square root of the conductivity as depicted in Fig.

Based on these results K and 7 are a linear relation of the inverse of the square root of
the conductivity as follows

K = Tt b (3.88a)
ar
by by (3.88b)

where o, is an educated guess of the conductivity value and the values a,, b, ax and by
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Figure 3.20: Relation between the K and 7 factors with the conductivity of the line conductors
for different loss tangent values. (a) Relation of K and (b) relation of 7, with the inverse of
the square root of the conductivity.

are obtained from a linearization that relates to the loss tangent as follows

ag = 0.475 — 2.105 tan § (3.89a)
0.0644
b = —0.203 3.89b
K vVtand ( )
a; = 115.6 — 1991.0 tan & (3.89c¢)
b, = L1097 +95.53 (3.89d)
tan

Since this factors depend on the loss tangent themselves, this becomes an iterative prob-
lem.

The algorithm is described as follows: Start by calculating a first approximation to the loss
tangent with (3.85), after that we can calculate the K and 7 factors that allow the calculation
of (3.86). Using that new estimated input impedance (z,,) recalculate the loss tangent with
(3.85), by replacing z;,, with z,,.

A good approximation for the loss factor is achieved usually after four iterations, as is
shown in the convergence graphic depicted in Fig. From the results in Fig. [3.21] we
can see that, independently of the loss tangent or the conductivity, the method converges for
a very reasonable value after the fourth iteration. Moreover, even for very different conductor
loss values, the method converges for a very approximate dielectric loss; therefore, show-
casing low dependence on this parameter. This means that, even if the conductivity value is
not precise, one can reach accurate dielectric loss values.
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Figure 3.21: Convergence of the dissipation factor determination method with the number of
iterations, for different conductivity and dielectric losses.
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Figure 3.22: Loss tangent determination for different loss dielectrics with NRW method, ap-
proximation (3.80a) and the iterative method.

A comparison about the estimation of the loss tangent with three different methods is
shown in Fig. These results are obtained from simulation for dielectrics with different
losses (tand = 0.01, 0.02 and 0.005).

In the calculation of the loss tangent with the NRW method, the total losses are obtained
from "
a= —nl‘ (3.90)

where T is the transmission matrix obtained from the NRW method, which can be calculated
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Table 3.5: Dielectric substrate samples physical dimensions
Material L (mm) A (mm) W (mm) Wy (mm)

FR-4 39.6 1.59 0.8 18
RT6010  44.2 0.64 1.0 26
LDPE 46.0 1.00 1.16 31

from the S parameters, as [142]

T— Si1+ 89 =T
1— (S + S2)T

(3.91)

Either when using the NRW or the approximation (3.80a), the losses due to leakage and
radiation are discarded. In these methods the total propagation loss constant is calculated
and the portion corresponding to the condutor losses is subtracted. The conductor losses
are obtained according to the expressions in [141].

From the results depicted in Fig. it is clear that the iterative method proposed, leads
to better estimations of the loss tangent, independently of the dielectric or conductor losses,
when compared to other estimation methods.

In order to verify the proposed method, three different substrates with known dielectric
properties and different permittivity values, namely, a Rogers® RT6010 laminate, a FR-4 with
low resin laminate and a LDPE (Low Density Polyethylene) laminate, were used to fabricate
microstrip lines for measurement purposes. As we can see from Table 3.5, we used different
ratios for the line, so that the calculations would fall into the different intervals for each.

The microstrip lines on the Rogers and the FR-4 substrates were etched traditionally,
using a milling process. For the plastic, since these had no conductor electrodeposited in it,
we used copper tape for the conductive parts of the lines. The prototypes are depicted in
Fig. [3.23

The effective permittivity is calculated using the previously described expressions to ex-
tract e, s ¢, from which one can calculate the relative permittivity (¢,.) of the substrate. In order
to obtain better results one can consider the effective width of the lines (W), as described in
[139].

As for the loss tangent determination the iterative method as described previously in this
section should be used. The method stops when the variation of the value between iterations
is very small or when you reach a negative value, in which case, the current and previous
values should be discarded and second to last value obtained is the one considered the
closest to the loss tangent of the dielectric under test.

The results obtained for the considered lines based on the measurements and calcula-
tions described, yield the results presented in Table [3.6]

Comparing the obtained values for the permittivity and the dissipation factor with the re-
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Figure 3.23: Photograph of the microstrip transmission lines tested. From left to right: Rogers
RT6010 substrate, FR-4 substrate and LDPE (low density polyethylene) substrate.

Table 3.6: Estimated values of the three sample dielectric slabs based on the proposed
method and reference values from literature

Material Z, () Er Ref. &, tand Ref. tand
FR-4 93.3 4.29 4.3-4.7 0.018 0.01-0.04

RT6010 36.9 10.15 10.20 0.003  0.0023
LDPE 84.8 230 2.20-235 0.07 0.001

ported values in the materials datasheets we can see a good agreement. However, these
values are only relative references since the frequencies and methods used to character-
ize such materials differ. Besides, it is known, as stated earlier, that these parameters
are dependent on frequency and temperature. Therefore, it is expected to observe some
differences regarding the estimated values. Nevertheless, a statistical analysis has been
conducted in order to assess the stability of the measurement method. It is shown in Fig.
the probability function of the estimated permittivity and dissipation factor, for the three
different substrates.

From the results obtained one can see that the estimation of the permittivity of the LDPE
and FR4 are rather accurate, with obtained values in close relation to the reported in the
literature. The estimation of the RT6010 substrate has shown the highest deviation from the
documented values, since the obtained estimations for permittivity range from 9.8 to 10.8,
with the highest incidence around 10, while the manufacturer reports a permittivity of 10.2
to 10.8. It is therefore clear that, although the method shows reliable results for low and
medium permittivity materials, it may provide worst estimations for higher permittivity and
low loss materials.
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Figure 3.24: Probability function of the measured microstrip lines substrate permittivity (e,.)
and dissipation factor (tand). (a) Permittivity distribution and (b) Dissipation factor distribu-
tion.

3.3 Dielectric properties of non-conventional materials

After a review of the methods for electromagnetic material characterization, in this sec-
tion, the characteristics, permittivity and dissipation factor, for different types of alternative
materials is presented.

Although there are many methods for electromagnetic characterization, many of them
require specific equipment for measurement, or in other cases it requires the material sample
to be machined to a specific shape or form, such as the resonant methods based on cavities.
In many cases the platform for measurement is not available or the equipment for sample
machining is not available or even the sample is not prone to machining. Therefore, the
methods chosen to characterize the materials analyzed during the course of this thesis, are
the printed transmission lines methods, due to the easy fabrication process and availability
of testing and measurement equipment. Besides, as stated before, since the materials will
be used as substrate for printed electronic circuits, methods that use printed transmission
lines provide values more close to those that should be considered for design purposes
than the actual real value of permittivity of the material (See section 3.2.2 on Microstrip line
measurements). The results shown in this section were, therefore, obtained with either the
dual microstrip line NRW method, or single microstrip line method, and in same cases both.
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Figure 3.25: Microstrip lines used for permittivity measurement on (a) printer paper substrate
and (b) cardboard of recycled paper substrate.

3.3.1 Dielectric properties of paper

Two types of paper substrate was tested, the current 80 g office printer paper and a
recycled cardboard like compressed paper, as shown in Fig. The 80 g paper substrate
has a thickness of 0.1 mm while the cardboard substrate has 1.1 mm. The microstrip lines
on the 80 g paper where cut with approximately 1 mm of width, subject to slight differences
since these were cut by hand, while the lines on the cardboard substrate where cut with a
width of 2 mm. Different length microstrip lines were built, in order to apply the two length
line method presented in section 3.2.2 and the single microstrip line measurement presented
in section 3.2.3, which takes benefit of multiple line measurements in order to decrease the
error of the estimation.

Using the single microstrip line measurement, the medium value of permittivity obtained
for the 80 g paper was of 1.715, while for the cardboard was of 1.82. The results of the
measurements used for the calculation are summarized in Table [3.7l The medium value of
the dissipation factor of the 80 g paper was of 0.0182, which is rather high, but acceptable
since it's comparable to a regular FR-4 substrate losses, and expected, when compared to
other references [92]. On the other hand, the medium value of the dissipation factor of the
cardboard was of 0.0703, which is unexpectedly high.

In order to confirm the results obtained from the single microstrip line measurement, the
two length line method as described in [134] was used. For the cardboard substrate the large
and medium lines were considered for measurement and the smaller line was discarded,
since the results from the application of the single line method shown that the smaller line
presented the larger deviation from medium values. The lines were measured from 100 MHz
up to 4 GHz, since this was the maximum frequency of measurement, imposed by the length
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Table 3.7: Measured and calculated relevant values for permittivity determination of the pa-
per substrate materials

Material Line tanh(al)  fy (GHz) Zy () e tan §
60 qpapgy STl 00486 2829 2224 170 0.0176
9PAPET  |arge 0.0443 1923 19.38 1.73 0.0188
small 00243  3.297 7929 1.80 0.0738

cardboard medium 0.0276 2.399 73.68 1.83 0.0666
large 0.0286 1.910 7452 1.82 0.0704
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Figure 3.26: Measured dielectric constant and loss tangent of the samples of 80 g printer
paper and cardboard in the range from 0.1 to 4 GHz.

difference between the smaller and the larger line in printer paper substrate. The results
obtained from the application of this method are depicted in Fig.

From the results depicted in Fig. [3.26|one can see that they confirm the estimations with
the single line method, although the permittivity obtained with this method was slightly higher
for both samples. It’s also possible to observe that there is a decrease in the permittivity and
the losses with the increase in frequency . This is common for most dielectric materials, as
explained in section 3.1.4 about dispersion.

3.3.2 Dielectric properties of cork

Two types of cork material were tested for permittivity, a natural piece of cork and a
compressed piece made of an agglomerate of cork pieces and wood, as shown in Fig.
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Figure 3.27: Microstrip lines used for permittivity measurement on (a) natural cork substrate
and (b) compressed cork substrate.

Table 3.8: Measured and calculated relevant values for permittivity determination of the cork
substrate materials

Material Line tanh(ad) fi(GHz) Zp(Q) & tan §
small 0.0106 1.363 149.33 1.32 0.084
large  0.0132 1.045 152.05 1.31 0.058

small  0.0041 1.399 165.01 1.39 0.0273
large  0.0064 1.072 164.99 1.40 0.0256

natural cork

compressed cork

[3:27] The two natural cork substrate microstrip lines were cut with approximately 2.3 mm
of width, with lengths of 48.5 and 72.5 mm, in a substrate with 3.85 mm of thickness. The
two compressed cork microstrip lines were also cut with approximately 2 mm of width, with
lengths of 41.0 and 61.0 mm, in a substrate with 4.85 mm of thickness.

Using the single microstrip line measurement, the medium value of permittivity obtained
for natural cork was of 1.32, while for the compressed cork was of 1.40. The results of the
measurements used for the calculation are summarized in Table The medium value of
the dissipation factor of the natural cork was 0.084 and for the compressed cork of 0.0273.
This means that cork is a very lossy material, and can be essentially useful as a radiation
absorber.

The cork has many air gaps inside, and as expected the permittivity values of the cork
are rather low. The loss values, however, are considerably high. Although cork has remnants
of water content inside, which make it a rather lossy material, the high loss values obtained
from the single microstrip line method can, and probably have, another source of error, that
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Figure 3.28: Measured dielectric constant and loss tangent of axial and radial samples of
natural and agglomerate cork in the range from 750 to 950 MHz.

is due to the imperfect open-circuit load. The single microstrip method requires the line to be
terminated by a perfect open-circuit (Z;, = o), in order to emulate that load, the open-circuit
load from the calibration kit of the VNA was used, which approximates an open-circuit rather
well. However, the microstrip line to coaxial interface creates a discontinuity which will alter
the impedance of the load, making it quite finite. And the lower the impedance of the load,
the higher the estimated losses for the substrate are and the lower the permittivity, due to
changes in the determined characteristic impedance of the line.

As in the case for the paper substrate, the two-length line method was used to confirm
the previously calculated results and also to depict the permittivity of cork with frequency.
However, in this case, another pair of lines was fabricated in which the line conductor is
placed orthogonal to the first case. This was done in other to evaluate the anisotropic be-
havior of the cork. The obtained permittivity and loss tangent for the cork slabs is depicted
in Fig.

The values obtained with the two-line length method are approximate to the values de-
termined with the single microstrip line measurement for the agglomerate cork, with a slight
difference in permittivity, with values of approximately 1.5 which are close to the 1.4 of permit-
tivity determined with the single line method, and a slight difference for losses in the range
of 0.018 to 0.019 when compared to the 0.026 obtained with the single line method. The
natural cork however, presents a considerable difference.
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The natural cork slab sample does not present a completely flat surface, having several
slight bumps that lead to an erroneous thickness measurement. Besides, it has a consid-
erable surface roughness, that although unmeasured, is observable to the naked eye. This
bumps and roughness in the surface are responsible for creating air gaps in the interface be-
tween the conductor line and the substrate, therefore lowering the overall permittivity value
that is measured. Moreover, due to the uneven, nearly random, distribution of air holes in
the material, natural cork is a rather inhomogeneous and anisotropic material. The results
in Fig. show that natural cork is rather inhomogeneous and anisotropic, since in one
direction the substrate presents a value for permittivity that is considerably different from the
value obtained in another direction.

The anisotropic characteristic is also possibly present in the agglomerate cork, since
one of the surfaces of the cork is more rigid and compact that the other. Nevertheless, the
agglomerate cork slabs are more flat and present a smother surface than the natural cork
samples. In the agglomerate cork, however, the anisotropy is in the same component of
the electric field, therefore, it's equal for both microstrip lines. For that reason, the permit-
tivity results for the agglomerate cork are essentially the same for both directions (see Fig.
[3.28). Which proves that the agglomerate cork is isotropic in the horizontal plane and nearly
homogeneous.

3.3.3 Dielectric properties of fabrics

Fabrics have been widely studied by several research groups and there’s references for
the characteristics of different types of fabrics already published. The characterization of
some fabrics with the microstrip line methods was tried, however, without much success.
Nevertheless, many fabrics have already been studied, and the data for their properties is
readily available. A summary of some fabrics properties is made in Table

There are more references of fabrics characterization available, but in some cases they
present simply other methods to characterize the same materials or use methods for very low
frequencies, below 1 MHz, or very high frequencies, above 100 GHz, that are not interesting
for the applications envisioned in this thesis. For that reason the list in Table is not a
complete thorough list of all the textiles that have been characterized before, but a summary
of a few fabrics and leathers characterized around frequencies of interest and that could be
potentially interesting for the development of wearable devices.

3.3.4 Dielectric properties of plastic

Many substrate materials are made of plastic compounds, as is the case of FR-4 and
laminates from known RF substrate providers such as the 3000 series from Rogers Corp.®,
which is based on PTFE. The elertical properties of polymers are actually important for
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Table 3.9: Brief summary of the properties of some textile materials and leathers.

Reference Frequency Material Thickness Er tan o
(mm)
- 2.823 0.0268
o,
[143] 9.8 GHz 100 /‘;a'\gi'g” 6.6 - 2.7522 0.0242
- 2.7801 0.0283
[144] 1.5 GHz Cordura® fabric 0.5 1.1-1.7 -
[145] 2.4 GHz Fleece fabric 3.0 1.04 -
Cowhide leather 0.7 1.76 0.0009
- 5 45 and Sohﬁsgs;lﬂzéeztgsr 0.7 2.50 0.0035
4.5 GHz P 0.7 2.66 0.085
leather
Scratched cowhide 07 313 015
leather
Oiled cowhide 07 230 0.04
leather
100% washed
CO (Cotton) 3.0 1.51 )
100% CO Denim® 2.84 1.67 -
[146]  2.45GHz 650/ pES (Polyester), a0 5 _
35% CO fabric ' '
100% CO fabric 3.0 1.47 -
100% PES 2.85 1.44 -
100% PAN
UWB (3.1 L
[147] -10.6 GH2) (Polyacrylpnltrlle) 0.5 2.6 -
fabric
E-Glass G7628 0.210 4.80-5.00
E-Glass G880 0.152 3.84-4.00
[148] 8-11 GHz Kevlar K141 0254 397405 0003011
Kevlar K151 0.254 3.88-4.04
Felt fabric 4.0 1.215 0.016
[149] 1-6GHz Denim woven - 1.6 0.05

materials used in electrical insulation, therefore, many providers provide this characteristics
for the products they’re selling, as the case for Goodfellow®, which provides an extensive
catalog of polymer materials [150] for many different applications, including flat slabs that
can be used for substrates, as used in the previous section to prove the validity of the single
microstrip line characterization method.

There’s one plastic, however, which has been explored during the development of this
thesis, that is PLA (Polyactic Acid), which we characterized due to lack of information regard-
ing its electrical properties. PLA is a biodegradable thermoplastic derived from renewable
resources. Although its electrical properties were already studied by some groups of mate-
rial science for different applications [151], these were only evaluated up to 1 MHz, and the
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Figure 3.29: Photograph of the silver ink microstrip lines on PLA substrate prototypes.

dielectric properties in the microwave region were fairly unknown until a pair of years ago,
when 3D printing started to be used for the development of antennas and microwave circuits
[152].

Given the interest in designing antennas for microwave frequencies in the X and K-band
region the two-line method was used for characterization of the PLA up to the 18 GHz. In or-
der to do this, two microstrip lines were fabricated using conductive silver ink as shown in Fig.
The substrate was 3D printed with the BeeTheFirst 3D printer from BeeVeryCreative,
with a thickness of approximately 2 mm, and the width of the line of approximately 1 mm.
The use of conductive silver ink allowed for a better precision in the width and uniformity
of the conductive strip. Besides, it avoids the problem of air gaps in the interface between
conductor and substrate that arise when copper tape was used.

The results for the permittivity and loss tangent obtained for the PLA are depicted in Fig.
[3:30] As can be seen in the obtained results, the permittivity demonstrate a strange behavior
with frequency. There’s a considerable variation of the permittivity along the frequency and
it is not constant, by decreasing at the lower frequencies and then increasing again. The
variation in the losses is also very high, however, it is clear that there are two peaks for the
losses, one when the permittivity starts to increase around 6 GHz, and another when it starts
to decrease again, around 15 GHz.

Recalling the polarization properties of dielectrics, and since in this method we’re observ-
ing a wide frequency interval, this variation of the permittivity and losses can be associated
to the frequency interval were the atomic polarization start to cease and the electronic po-
larization moments become the main contributors for the permittivity value of the dielectric.
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Figure 3.30: Measured dielectric constant and loss tangent of samples of PLA: (a) in the
range from 1 to 18 GHz and (b) in the range from 1 to 5 GHz.

However, this is just a conjecture and a more broadband analysis of the material is needed in
order to confirm this claim. Besides, considering the limitations that this method imposes on
the lines dimensions, the range of frequencies tested are beyond the possible limits regard-
ing the difference in lengths. Therefore, some of the information regarding permittivity and
loss tangent beyond 5 GHz may be prone to errors of estimation. For that reason, it is shown
in Fig. (b) the permittivity and loss tangent estimated in the valid range of frequencies,
where we can see a more reasonable variation of these parameters.

As in the paper and cork cases, we recurred to the single microstrip line method in order
to determine the permittivity of the material, with which, a value of ¢, = 2.04 was obtained.
However, due to the size of the microstrip line, the frequency at which the permittivity of the
substrate is being determined with the single microstrip line method is its resonant frequency,
at 1.655 GHz, which is far from the X and K-band frequencies. Compared to the two-
line method, the single line method estimated an higher value for permittivity but in close
agreement between each other. Designing a single microstrip line for these bands would
make it very small and other problems would arise for measurement of the sample, such as
lack of space for conectorizing and large coupling between both ports.
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Chapter 4

Antennas in non-conventional
materials

By the end of chapter 3, the constitutive parameters of several non-conventional mate-
rials, which were studied during the course of this thesis, have been presented. With this
knowledge, a few antennas have been designed and developed for different applications,
with a larger focus on RFID.

The major interest in developing antennas in non-conventional materials, such as paper
or textiles, is to be able to introduce some kind of tracking and data logging capability, which
is a plus for logistics purposes, in common products and appliances, taking advantage of the
light weight and conformability properties of these. Due to that, RFID has been the major
target application in the development of antennas in non-conventional materials.

In this chapter we will describe a set of different antennas designed for several applica-
tions, were each section covers the designs on antennas with a specific type of material.

4.1 Antennas on paper

One of the first materials that was explored, for the development of antennas in non-
conventional materials was paper. This bio-degradable material is very interesting due to
its low-cost, its physical characteristics, such as the light weight and small thickness, and is
also an eco-friendly material.

Different prototypes of tag antennas were developed, both in common 80 g printer paper
and in cardboard material. Whilst the first one was targeted for bottle labeling, the second
one was targeted for identification of cardboard boxes. In the later case, the design was
rather simplified since no objects were considered to in the vicinity of the tag. The former
case was more complex, since besides the support substrate, the presence of the glass from
the bottle and the liquids inside were also considered during design and simulation.
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Figure 4.1: RFID tag antenna design for paper substrate. (a) Schematic of the simulation
model and (b) prototypes photograph.

4.1.1 Standalone tags on paper

The first approach was to design a simple tag antenna, developed with paper substrate,
as shown in Fig. [4.1] with the dimensions explicited in Table [4.1] It comprises a meandered
dipole with an inductive ring designed to match the Murata LXMS31ACNA-010 tag chip, that
has an input impedance of 12-j1122 at 866 MHz. The dipole was manufactured manually
by cutting a piece of copper tape into its form. This was the introductory step for RFID tag
antenna design and optimization.

Due to the difficult manufacturing process of the prototype, which led to a performance
below our expectations (see Fig. [4.2] for reference), the tag was adapted in order to make it
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Table 4.1: Meandered dipole antenna dimensions

Prototype Parameters dimensions (mm)

Ly, Lo, L3 15.0, 20.0, 9.0
Prototype 1 (Paper substrate) Ly, W1, Wo 9.0,1.0,4.5
W3, Wy, g 8.5,6.5,0.5

Li, Lo, L3 20.5, 5.0, 10.25
Prototype 2 (Cardboard substrate) L4, Wy, Ws 12.5, 2.0, 4.0
W3, Wy, g 8.5,6.0,0.5

— Prototype 1
= = Prototype 2 on cardboard
ar Prototype 2 on paper

820 840 860 880 900 920 940 960
Frequency (MHz)

Figure 4.2: Reading range with frequency of the RFID tags on paper and cardboard sub-
strates

easier to fabricate. The new version comprises the dimensions explicit in the second row of
Table 411

This second version was slightly adapted to maximize its efficiency for a cardboard sub-
strate instead of the paper substrate. The cardboard has a lower permittivity than the paper
substrate, however, it has a larger thickness, therefore, the differences from using one sub-
strate or the other are very slight. In result, the tag can be applied in a sheet of paper or
on a cardboard piece and obtain essentially the same results, as shown in Fig. The
performance of the tag antennas namely reading ranges with swept frequency and angle
were performed according to the methodology described in Appendix A.

From the results depicted in Fig. we can see that the first prototype of the RFID
tag on paper substrate presents the worst performance. The cause for this can be mainly
attributed to manufacturing problems, since hand-cutting the copper tape with such small
margins is a very difficult task. This led to a non-optimal performance of the tag, since
the impedance match is not perfect, and also, a small correction (approximately 1 mm) to
the length of the end arms was needed, to correct the resonating frequency of the dipole.
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Figure 4.3: Normalized reading range with angle of the second prototype on cardboard (solid
line) and the first prototype on paper substrate (dashed line) in the (a) XZ-plane and (b) YZ-
plane.

Nevertheless, maximum reading ranges of 2.65 m and 1.50 m were obtained at 866 and
915 MHz respectively, which is a reasonable reading range for UHF RFID tags.

The second prototype, designed to reduce the manufacturing errors using larger margins,
has evidently shown a better performance. With maximum reading ranges of 3.43 and 2.21 m
at 866 and 915 MHz, respectively. Being that on a cardboard substrate we can see a very
slight difference at 866 MHz, with a maximum reading range of 3.6 m. This is due to the
fact that this antenna was designed having the cardboard substrate in mind, however, since,
as stated, the differences in impedance matching are not significant between substrates, the
reading range difference is only noticeable at the frequencies were the antenna presents the
better matching.

The measured reading ranges with sweeping angle represent an approximation to the
radiation patterns of the antennas. The normalized reading ranges for both orthogonal cut-
planes of the antenna, are shown in Fig.

The expected omnidirectional characteristics of the RFID tag antennas is clearly present
in plots depicted in Fig. There’s very small differences between prototypes, except for
the fact that the cardboard prototype provides a narrower pattern, which is indicative of a
higher directivity, that is also another factor for the higher reading ranges reported.

It is also worth noting that in both cases the tag is only detectable within 120° angle range,
which is roughly over its HPBW (Half Power Beam Width). This happens since the tags are
being tested at +3dB from the minimum activation power at a fixed distance, therefore, it is

72



Antenna Design for Passive Sensors in Non-conventional Materials

|
t 10.0
2.0 18.0

Figure 4.4: Simulation model of the monopole RFID tag antenna in paper substrate. All
dimensions in millimeters.

expected to observe a pattern which responds within the HPBW range.

4.1.2 Antenna for bottle labeling

The antenna is based on a dipole with a matching inductive ring in order to match the
RFIC input capacitance. The straight dipole approach was chosen given the good band-
width characteristics of these kind of antenna, which promotes robustness to the environ-
ment changes. That is compared to the meandered topology, in which the turns in the arms
reduce the inductance per unit length of the arm, due to capacitive coupling between them.
Therefore, making the straight arm dipole less sensitive to differences in the dielectric envi-
ronment around it.

This antenna was designed to have in consideration the presence of the bottle close to
it. For that purpose it was designed with water inside(¢,=78.3 at 25 °C [153]), and the glass
of the bottle (¢,=4.8).

The antenna design is shown in Fig. Where the dimensions presented are final, for
the whole system considered.

The bottle considered for this design was of a spirits beverage, with a rectangular shape.
The presence of the water right behind the antenna is very impactful in the radiation of
the antenna. To overcome this problem, a reflector plane, made of a conductive tape, was
placed in the back of the bottle with a dimension of 115x80 mm. The size of the reflector
was obtained by optimization with EM simulation.

The radiation pattern with a summary of the efficiencies and directivities obtained from
the antenna are shown in Fig. [4.5

From the results shown, it is clear that the presence of the water has a very considerable
effect in the radiation. However, the use of the reflector on the back of the bottle allows the
system to perform reasonably. By providing a slight increase in the directivity and a very
slight increase in the radiation efficiency.

The reading range obtained for the RFID tag antenna in paper substrate for bottle la-
belling is shown in Fig. [4.6]

Since the antenna was tunned to operate in the vicinity of the liquids, there was no
expectations regarding the operation of the tag antenna when standalone, however, as seen
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Figure 4.5: Simulated radiation pattern of the antenna in different scenarios with a summary
of the directivities and efficiencies. (a) Standalone, (b) with the glass and liquid presence
and (c) with the reflector in the back side of the bottle.
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Figure 4.6: Reading range with frequency of the RFID tags on paper substrate in standalone
form and on bottle

from the results in Fig. [4.6] it actually presents a very reasonable reading range although
being shifted in frequency. Nevertheless, the antenna in the bottle presents a maximum
reading range of 1.48 m, which is very good and above expectations considering the low
radiation efficiency estimated during simulations.
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4.2 Antennas on cork

Cork is a very interesting material, economically speaking it's one of the major export
assets in Portugal, therefore, it is highly interesting to develop technology on a support that
can possibly create a product with high impact on the economy. Not only that, cork has a
particular set of characteristics that make it rather interesting for sensing applications and
loT applications. Cork is used for sound and thermal isolation in many different scenarios,
from buildings to spacecrafts. Therefore, the addition of remote battery free sensors on such
a support material can offer a wide range of applicability.

This section introduces the cork as a possible substrate for the implementation of an-
tennas at UHF band and explores its use for the development of a passive humidity sensor.
Two different types of UHF RFID tag antennas are presented. The first design is a compact
design based on a meandered monopole antenna to be placed inside a bottle cork stopper,
shown in Fig. The second prototype is a miniaturized configuration of a dipole antenna,
achieved by reducing the antenna to the matching ring and a lumped component, shown in
Fig. This is wrapped around the surface of a regular bottle cork stopper. The bottle cork
stoppers were simulated having in consideration a glass bottle in empty and filled conditions.
Water is very close to wine from an electromagnetic perspective, therefore, it was used in
simulation, to provide a better approximation to the real operation environment.

4.2.1 Bottle cork stopper

In this subsection we used agglomerate pressed cork and designed an antenna for an
RFID tag that could be inserted into a cork stopper for a wine bottle.

The proposed RFID tag antenna design for the wine bottle cork stopper is depicted in Fig.
This topology was chosen in order to reduce the size of the antenna when compared to
a dipole, therefore, allowing it to fit inside a typical glass bottle neck.

As shown in Fig. the antenna is connected to a conductive circular disk on the top of
the cork stopper that operates as a large impedance matching stub. Similar to the previous
cases, there is an inductive loop at the feed point, in order to match the antenna to the
complex input impedance of the chip. In this case, a UCODE SL3ICS1002 from NXP, which
has an input impedance of 16-j158 ) at 866 MHz.

The radiation pattern is essentially omnidirectional which was expected considering the
antenna geometry. This can be observed in the simulation results depicted in Fig. (a).
However, this is true when the bottle is empty. The simulation model was adapted to consider
a glass (¢,=4.8) bottle with a thickness of 6 mm, which is the typical thickness of the glass
from common wine bottles. The presence of liquid inside the bottle has a considerable effect
on the radiation pattern, which is shown in Fig. (b). As stated before, for simulation
purposes, water was considered inside the bottle, since from an electromagnetic simulation
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Figure 4.7: Simulation model and photograph of the monopole RFID tag antenna in agglom-
erate cork, with detail in front and top view. All dimensions in millimeters.
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Figure 4.8: Simulated radiation patterns of the monopole RFID tag antenna considering (a)
an empty bottle and (b) a filled bottle.

perspective it will render similar results to wine. Water has an estimated permittivity of 78.3

at 25 °C [153]. The edge of the water level is set at a distance of 15 mm from the stopper

edge, which corresponds to the wine level inside a bottle in an upright position.

The liquids inside the bottle will contribute to an absorption and dispersion of the elec-

tromagnetic radiation, therefore, the radiation efficiency obtained is considerably affected,
with a significant drop from 91% to less then 20%. Nevertheless, it is still possible to get an
acceptable reading range from this tag even inserted into a filled bottle.
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Figure 4.9: Simulation model and photograph of the conformal RFID tag antenna with detail
in front and side view. All dimensions in millimeters.

This prototype has rather large dimensions that extrude the top of the bottle. Due to the
visual impact it was decided to further reduce the size of the antenna in order to make it fit into
regular bottle stoppers. The proposed prototype was designed in order to fit on the surface
of a regular T-cork stopper, which is a stopper commonly found on liquors, that provides
a secure grip while applying little deformation to the antenna. The proposed prototype is
presented in Fig.

In order to miniaturize the antenna, a SMD resistor of 6.2 Q2 is used in the impedance
matching ring in order to reduce the size while maintaining a good matching of the antenna
impedance. The thought process to create this design was starting with a regular RFID tag,
and by knowing some general rules of how the variation of the parameters such as the width
and length of the inductive ring affect the input impedance matching, such as described in
[154]. Therefore, by cutting the dipole arms and modeling only the inductive ring, as shown
in Fig. (a), one can achieve an input impedance with an inductive characteristic that
matches the imaginary part of the chip impedance. However, the lack of the dipole arms
makes the impedance of the ring, nearly purely inductive. To introduce a certain degree
of resistance, a SMD resistance was used, placed in between the top loop of the ring, the
highest resistive point. Therefore, lowering the parallel resistance value and increasing the
input resistance seen at the port, as shown in Fig. (b) and (c).

This implementation dissipates power through the resistor, therefore reducing the overall
efficiency of the antenna in nearly 90%. However, the impedance mismatch before the inser-
tion of the resistor corresponds to a reflection of I' = 0.98, which results in a total efficiency
below 1%, that is effectively lower when compared to the efficiency with the resistive ele-
ment, which is around 5%. Moreover, this is a relevant drop if we consider the antenna in the
vacuum, however, with the presence of the liquids the overall efficiency of the antenna would
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Figure 4.10: Detail of the bottle stopper RFID tag inductive ring design. (a) Constitutive
parameters illustration, (b) current distribution in the open loop and (c) current distribution in
the closed loop with SMD resistance.

be severely affected anyway, so the overall efficiency of the tag in the working environment
renders the losses from the resistive element rather meaningless.

The antenna is simulated in two different scenarios, one in an empty and another with a
water filled bottle, for comparison. As before, the presence of the liquid has a large influence
in the radiation pattern and also in the total efficiency, which is rather expected since, as
referenced before, water being a highly energetic material absorbs electromagnetic energy
[155]. The changes of the radiation pattern of the antenna when considering the empty bottle
versus the liquid filled bottle are depicted in Fig.

Due to the radiation efficiency reduction in this prototype the reading range of the tag
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Figure 4.11: Simulated radiation pattern of the conformal RFID tag considering (a) an empty
bottle and (b) a filled bottle.

is considerably reduced, but that is a reasonable price to pay for the ability to implement a
RFID antenna inside a regular cork stopper.

As the antennas on paper substrate, these also have complex input impedance. There-
fore, they could not be measured directly into a VNA or in an anechoic chamber. So, as in
the previous cases for the paper tags, the way to provide an estimate as to the best matched
frequency of the antenna as well as a rough estimation of the radiation pattern, the reading
range was measured using the procedures as described in appendix A. The obtained read-
ing range for swept frequency is shown in Fig. while the reading ranges obtained for
swept angles in the XZ and YZ planes is shown in Fig

It is important to note that the work presented in this section is meant as a proof of con-
cept. That is, this investigation goes into the development of possible RFID tag antennas
that can work within the vicinity of liquids while inserted into glass bottles. When we con-
sider the possibility of industrialization of these designs, some issues arise which can only
be tackled with a careful design, having into consideration the cork manufacturing and the
bottling processes. For instance, the bottle tag of Fig. is not a common shape cork stop-
per, therefore, a new cork stopper model would need to be used and the bottling processes
would need to adapt to this new shape, besides, the manufacturing process of the cork stop-
per would also need to be revised. In the case of the tag in Fig. due to its application
on the surface of the cork and its compact size, it can be used with common shaped stop-
pers. However, since it is located on the surface, it requires some cover material around the
cork, which is not advisable. Besides, it requires the bottling to be done slowly and with little
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Figure 4.12: Reading range with frequency obtained for first prototype (solid line) and second
prototype (dashed line), considering (a) an empty bottle and (b) a filled bottle.

pressure, contrary to what is the current bottling process.

In summary, these prototypes serve as a proof of concept into the design of RFID tags
for bottle labeling, but some constraints need to be addressed to make them viable for in-
dustrialization process.

4.2.2 Humidity sensor based on cork

In order to develop a passive humidity sensor, cork was used as the sensing substance.
Cork is a porous dielectric material, and as such absorbs water. This means that it is sensi-
tive to humidity changes. In order to determine to which extent the cork permittivity changes
with the difference in water content, permittivity measurements were performed on the dry
and soaked cork slabs, using the two-line method, according to [134], with microstrip lines.

Looking back at the data in section 3.3.2, it is noticeable that the permittivity changes
considerably, between 1.5 when dry to 3 when in wet condition. Which proves the water
absorptive properties of the cork. Besides, one can also observe an increase in the losses,
from around 0.015 when dry to 0.04 when wet.

In order to develop the passive sensor, a UHF RFID antenna was designed to be inserted
in between two cork slabs. Given the low precision method of hand-cutting copper tape, in
this development a different technique was experimented. This new prototype antenna was
developed using an inkjet printing technique.

The conductive part is done with a silver based ink, that is prepared in house with a high
density silver particle solution from ANP [156].

Being cork so porous, when inkjet printing directly on top of it the ink is absorbed and
spread around. Therefore, in order to be able to create a precise printing of an antenna on it,
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Figure 4.13: Normalized reading range with angle obtained for first prototype (solid line) and
second prototype (dashed line) on an empty bottle: (a) XZ-plane and (b) YZ-plane; And on
a filled bottle: (c) XZ-plane and (d) YZ-plane.

a dielectric coating surface has to be created to support the silver ink printing without spilling.
Epoxy and SU-8 were used for this purpose. By placing a slim layer of epoxy on the surface
of the cork we were able to create a smooth surface for printing. Then SU-8 was printed on
top of the epoxy in order to create a surface with high surface tension to sustain the ink in
place.

The simulation model comprised four different dielectric layers. An epoxy layer followed
with a SU-8 layer, on top of which the metallic part of the antenna was placed, and two
different layers of cork in each side. The fact that the water will spread from the outside to
the inside of the cork slabs was taken into account, therefore, the two cork layers considered.
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Figure 4.14: Passive humidity sensor based on RFID. (a) Schematic of the antenna with the
dielectric layered structure and (b) photograph of the prototype. All dimensions in millimeters.

A slim one in the inside with a fixed permittivity equivalent to the dry cork, and an outside
shell with a varying permittivity to simulate varying humidity levels. The proposed prototype
is shown in Fig. [4.14]

The antenna was designed to match the input impedance of a Higgs 4 RFID chip from
Alien at 915 Mhz, which corresponds to 18.4+j181.22. The size and placement of the induc-
tive ring is determined according to the guidelines from [157].

In order to access the behavior of the tag, the minimum threshold power to turn on the
tag is measured at each frequency. For this specific tag antenna, instead of the range
measurement method as described in the Appendix A, a specific measurement equipment
from Voyantic was used. The access to this equipment was limited in duration, it was only
available during the short period of time that this part of the project was being developed.
For that reason all the other measurements were performed with the technique described in
Appendix A except for this specific tag, in that Tagformance 7 by Voyantic has been used.

The advantage of using the Tagformance 7 is that it performs a calibration of the prop-
agation environment prior to the measurements of the reading range. This is useful since
the measurements are usually being performed indoor, therefore, the path loss is different
from the one predicted with the Friis formula, as described in Appendix A. Although the
approximation of the propagation environment with the Friis formula gives a reasonable ap-
proximation, a calibration process to the propagation environment will always provide a more
realistic estimate of the real reading ranges of the RFID tags.

Using this equipment, the transmitted power that is needed to obtain a valid response
from the tag was measured, which is related to the reading range of the tag. The transmitting
powers needed to activate the tag for each frequency and for different wet conditions of the
cork slabs is shown in Fig. [4.75] The frequency at which the tag presents the lowest turn on
power corresponds to the frequency at which the antenna has the better match to the chip
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Figure 4.15: Measurement of the humidity sensor tag for different wetting conditions. (a)
Minimum threshold power and (b) equivalent reading range of the tag.
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Figure 4.16: Simulated reflection coefficient of the sensor tag antenna for different permittiv-
ity values of the outside cork slabs.

input impedance.

By looking to the transmitted power measurements it is easy to identify a shift in the
matched resonance of the antenna to the chip for different humidity values. Being that when
dry the better match is at 920 MHz, as expected, since this was the design frequency, but
right after spraying the cork slabs with water, that resonance is shifts downward to 845 MHz
and requires more power to active, which is indicative of a mismatch in input impedance. This
behavior agrees with simulations as shown in Fig. [4.16] Where the different permittivities try
to emulate the different humidity levels.

Comparing the simulation and the measurements we can see a relationship between the
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Figure 4.17: Threshold power variation with humidity, measured within the thermal chamber
with humidity control and linearized response for comparison.

threshold power to turn on the tag and the reflection coefficient of the sensor tag antenna.
For a permittivity of 1.7, which corresponds to the near dry cork, the resonant frequency is
around 920 MHz where a good match (reflection coefficient at -15 dB) is obtained, which
correlates to the lowest threshold power measured, happening for the dry cork at 920 MHz.
While for a permittivity of 2.8, which is almost the value obtained for 100%, the resonance is
around 850 MHz with a poor match (reflection coefficient at -8 dB), which correlates to the
wet condition with the lowest threshold happening at 845 MHz with 3 dB difference to the dry
condition.

Another measurement was performed inside a thermal chamber with humidity control.
In this case, the threshold power was measured at a single frequency of 915 MHz and
evaluated for different humidity levels. There’s a threshold power difference of roughly 4.4
dB, between 50 to 96% relative humidity. The threshold power variation with humidity is

shown in Fig.

This behavior confirms the response obtained for the previous measurements by spraying
and drying the cork. The absolute threshold power difference, between this measurement
and the one shown in Fig. is due to the propagation environment in which the measure-
ments were made. The thermal chamber has metallic walls, therefore the propagation inside
is unknown and random with multiple reflections happening. For that reason, the frequency
sweep was not performed, and an accurate threshold power couldn’t be obtained, since
the propagation environment is very different from open space. Nevertheless, the change
in threshold power in relation to humidity condition is considerable and can be considered
viable independent of the environment.
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4.3 Antennas on fabrics

Being one of the most investigated materials by the time this work was started, fabrics
were a relatively known material, with a considerable number of research articles dedicated
to the development of high frequency electronics with its support. Nevertheless, as stated
before, due to the advent of the Internet of Things and the increasing interest in the 'wear-
ables’ development, the design and development of communication electronics embedded
in fabrics and clothing is an highly interesting subject. Therefore, during the course of this
thesis, the development of some antennas using fabrics as support has been investigated
as well.

This section is mostly devoted to a dual-band textile antenna for GSM900 and DCS1800
frequency bands that has been presented in [30, [19], and to some microstrip patch antennas
that have been use to study characteristics and performance of several textiles and their
usefulness for the development of integrated antennas.

4.3.1 Fully textile microstrip patch antennas

One of the first steps investigated regarding textile antennas was the manufacturing tech-
nique. Most of the proposals analyzed in the state of the art used glue to attach the layers
of materials of the textile antennas, while some examples used embroidery and conduc-
tive yarns over dielectric fabrics. Point being, there are other methods to develop a textile
antenna, besides, when developing wearable antennas one has to consider the possibility
that these will be subject to washing processes. Therefore, a set of prototypes of a mi-
crostrip patch antenna were developed employing different manufacturing techniques, and
were measured in order to investigate which method presents the best compliance. After
that, the prototypes that proved the best were washed in a regular washing machine in cold
water program, to avoid shrinkage, and measured again to verify the impairments that the
washing cycle could create and evaluate which method is the best for the development of
wearable antennas. All the prototypes were developed with the same substrate, Cordura®
(e, = 1.7) and the same conductive fabric, used for both the patch and in the ground plane,
Zelt® (¢ = 1.75 x 10S/m). The patch was dimensioned to resonate at 2.45 GHz and its
schematic is shown in Fig.

The different techniques and the corresponding prototype number are summarized in
Table[4.2] The photograph of the corresponding prototypes can be found in Fig.

A comparison between the simulation and the measured reflection coefficient for all the
prototypes is shown in Fig. Were antennas 2 and 4 are not shown, due to the fact
that the considered manufacturing technique did not produce a viable antenna at all and,
therefore, the results were immediately discarded.

When manufacturing this antennas, although a laser cutting machine was used, it is im-
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Figure 4.18: Textile microstrip patch antenna design. All dimensions in millimeters.

Table 4.2: List of prototypes developed and techniques used for the manufacturing of textile
microstrip patch antennas.

Prototype | Manufacture technique Description

Ant. 1 Interlining Fast2Fuse 0.1 mm thick thermal adhesive interlining applied
with ironing

Ant. 2 Resin in between layers Strong resin is applied between fabric layers

Ant. 3 Machine sewing Machine sewed with non-conductive yarn in a
5 pts/cm spacing pattern

Ant. 4 Resin on the surface Strong resin is applied covering the complete sur-
faces of both sides of the antenna

Ant. 5 Interlining Fixorete Losango 0.1 mm thick thermal adhesive interlining applied
with ironing

Ant. 6 Interlining Fixorete Losango Interlining applied only around the borders of the
conductive surface

Ant. 7 Interlining Fixorete Continuo 0.1 mm thick thermal adhesive interlining applied
with ironing

Ant. 8 Interlining Fixorete Continuo Interlining applied only around the borders of the
conductive surface

Ant. 9 Isolating glue in the edges Isolating glue is applied around the edges of the
conductive layers

Ant. 10 Isolating glue in all the surface  Isolating glue is applied in all the surface of the con-
ductive layers

Ant. 11 Isolating glue in small isles Isolating glue is applied in all the surface of the con-
ductive layers in small isles with 1 cm separation

Ant. 12 Super glue around the edges Super glue is applied around the edges of the con-
ductive layers

Ant. 13 Super glue in all the surface Super glue is applied in all the surface of the con-
ductive layers

Ant. 14 Super glue in small isles Super glue is applied in all the surface of the con-
ductive layers in small isles with 1 cm separation

Ant. 15 Fabric glue around the edges Fabric glue is applied around the edges of the con-
ductive layers

Ant. 16 Fabric glue in all the surface Fabric glue is applied in all the surface of the con-

ductive layers
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Figure 4.19: Photograph of the textile microstrip patch antenna prototypes.
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Figure 4.20: Comparison between simulation and measurements for the reflection coefficient
of the different manufacturing techniques of textile antennas.
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portant to keep in mind that there are tolerances in the dimensions of the patch. Since the
substrate is very thin, a small error in the patch length can result in a considerable shift in
the resonant frequency of the antenna, or a slight difference in the width can impose a con-
siderable change in the antenna impedance. Nevertheless, from the results of the reflection
coefficient, the prototypes that provided the best results were Antenna 3, 5, 7,10, 11, 13 and
14. Where prototype 14 has nearly matched the simulation results, whilst prototypes 3, 11
and 13 presented s slight shift upwards and prototypes 5, 7 and 10 presented a slight shift
downwards in frequency.

From this results we can say that, thick interlining as the case of antenna 1 should be
avoided or accounted for in simulation in order to reach satisfactory results. Resins cannot
be used at all, since when dried they become rigid and can easily break or shatter. Interlin-
ing, super glue and isolating glue are good solutions, but have to be applied in all the surface
of the patch and ground plane, to completely unify the layers. Applying small isles of glue
all around the surfaces creates the same bonding effect and therefore is also advisable. Ap-
plying glue or interlining only around the edges creates air gaps between layers that change
the permittivity of the medium, and lead to shifts and bad impedance matching, as seen in
the results for prototypes 6, 8, 9 and 12. Fabric glue proved to be the worst glue from all the
tested samples.

Given this results, this prototypes were put to wash inside a regular washing machine,
along with other clothes and detergent, in what can be considered normal washing condi-
tions. The only prototypes that came out of the washing process, in good apparent good
condition, were prototype 3 and 9. However, due to the already bad performance of proto-
type 9 before washing, it was rendered a bad solution for implementation of textile antennas.

Contrary to initial expectations, the sewed prototype antenna has presented a relatively
satisfactory result. This was unexpected since the sewing process creates an uneven surface
on the patch forming possible air holes between the patch and the substrate that would
considerably change its impedance. Besides, the sewing could possibly create shorting
points by carrying conductive fibers from the patch to the conductive textile on the ground
plane, and vice-versa. Nevertheless, this technique presents the most sturdiness from all the
techniques tested, which proved able to survive the washing process more than one time,
unlike all the other prototypes. However, after washing, although the antenna came out in
seamingly good conditions, after measuring it was realized that there was a considerable
degradation in performance. Still, the prototype was washed a second time, and although
some visible tearing on the edges of the patch was already visible, the antenna remained
apparently intact. After measuring, an even further degradation of the obtained reflection
coefficient is observed.

It should be noted however, that glued prototypes came out of the washing process com-
pletely torn apart. All the layers of textiles were split from each other. However, the interlin-
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Figure 4.21: Textile antenna design and prototype. (a) Schematic of the textile dual-band an-
tenna; (b) Photograph of the front-view of the prototype, and (c) Back-view of the prototype.
All dimensions in millimeters.

ing prototypes were almost able to withstand the washing process, coming out still together,
apart from the edges of the patch and the ground plane, that became detached.

In summary, none of the previously mentioned methods is a solution for the implemen-
tation of all textile antennas. Therefore, impermeabilization of the antennas, or a different
structure using superstrates in order to keep the conductive parts hidden from the surfaces,
has to be considered. Considering the results obtained so far, the impermeabilization of tex-
tile antennas with interlining of thermal adhesive layers, or the use of superstrates, bonded
with thermal adhesive layers seems to be the solution for the manufacturing of all textile
antennas.

4.3.2 Cloth integrated dual band monopole antenna

The antenna that has been presented in [30, [19] is based on a dual folded monopole
structure, in which the shorter arm will resonate at the highest frequency band, and the
longer arm will be resonant at the lowest frequency band. The feed point is chosen so that
the impedance at that point is real, therefore, a single feed line is sufficient to get to a 50 Q2
input impedance. The design of the dual monopole antenna in shown in Fig.

This antenna presents an omnidirectional radiation characteristic, which is shown in the
simulated radiation patterns in Fig. [4.22] where one can see that, although, at 900 MHz the
radiation pattern is seamless and mainly resultant from the monopole arm, with barely any
influence from the presence of the nearby ground plane, the same is not true at the highest
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Figure 4.22: Simulated radiation patterns of the dual band monopole antenna at (a) 900 MHz
and (b) 1800 MHz.

frequency. Being that at 1800 MHz a clear deformation to the radiation pattern is observable,
nonetheless, it still presents an omnidirectional characteristic.

With this design, seven prototypes were built using different manufacturing techniques,
namely, two prototypes with thermal adhesive lamination and five prototypes with embroider-
ing. After a final reasoning, this antenna was integrated into a jacket, fully embedding it into
its constituting materials.

It is not suffice to say that the correct knowledge of the properties of the materials used for
the design and simulation of antennas is of paramount importance. When textile antennas
are considered, other matters surface and become relevant, such as the surface roughness
of the material, the surface tension they can comply and the moisture regain factors, which
have been discussed in [22]. In this work, all materials used to manufacture the wearable
antennas are commercially available and described in Table [4.3] For the dielectric substrate
a synthetic fabric with low regain was chosen, in order to minimize the effect of the moisture
absorption on lowering the resonance frequency of the antenna.

Beyond choosing the textile materials, the construction technique of the antenna is also
crucial because the textile materials are highly deformable. The geometrical dimensions of
the conductive patch and of the dielectric substrate should remain stable when connecting
them, as the mechanical stabilization of both materials is essential to preserve the desired
characteristics of the antenna. The geometrical precision of the conductive patch is also
critical as the proposed antenna has thin details, as shown in Fig. [4.21] Moreover, the
technique to connect the various layers should not affect the electrical properties of the
conductive layers.
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Table 4.3: Characteristics of the textile materials used to develop wearable antennas.
Mass per Unit Thickness

II\)III:tI::i:II: Fabric Surface (g/m?) (mm) &r tan o
Cordura Light 280 0.5 1.9 0.0098
Fabric Mass per Un;t Thickness Conductivity
Conductive Surface (g/m-) (mm) (MS/m)
Materials Zelt 55.87 0.06 1.75
Yarn Linear Mass i Conductivity
(dtex)] (MS/m)
Silverpam 250 - 0.005
. Mass per Unit Thickness
Fabric Surface (g/m?) (mm)
Other
Materials Atlantic 120 0.3

Adhesive Mass per Unit Thickness
Sheet Type Surface (g/m?) (mm)

Fixorete 0.28 0.01
Losango

One of the techniques that allows an easy assembly of the antenna layers and good
stability and resistance to tear of the structure is by using thermal adhesive sheets in between
layers. Thermal adhesive sheets are very thin layers of bonding material that is activated with
heat. They’re applied in between the layers to be bonded and ironed with the fabric materials
together. However, careful should be taken during the ironing process in order to avoid the
use of steam, which will cause an oxidation of the conductive layer, therefore increasing its
electrical resistivity.

Three prototypes of the antenna were produced using this technique. In the first case the
antenna was cut in a direction that was parallel to the fabric warp and bonded with steamless
ironing. In the second case, the same cut was performed by the layers were bonded with
steamy ironing. In the third case the antenna was cut with a 45° angle to the fabric warp
and bonded with steamless ironing. In all cases the monopole was cut using a laser cutting
machine for precision purposes. This allowed us to observe the effects of steam in the
ironing process and the influence of the cut direction in the conductive fabric.

The measured reflection coefficient obtained for each antenna is shown in Fig.

According to the measured results on Fig. we can see a higher frequency shift in the
antenna made using steam in the ironing process. In order to investigate the source of the
problem the thickness of the antenna was measured using a compressional tester. For the
antenna without steam the thickness is 0.62 mm, and for the antenna with steam is 0.60 mm.
This difference can be due the higher compaction of the materials when steam is applied.
As one can see from the SEM (Scanning Electron Microscope) images in Fig. in the
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Figure 4.23: Comparison between simulated and measured reflection coefficient for the three
fabric monopoles manufactured with and without steam.
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Figure 4.24: SEM images: cross-section of the antenna assembled without steam on the left
and with steam on the right.

antenna without steam the adhesive sheet (see yellow arrows) remains as interface between
the conductive and dielectric layers. However, when the steam is applied, the adhesive sheet
has merged with the textile structure (see green arrows). This effect may be responsible for
a decrease in conductivity due to the presence of the glue among the conductive yarns.
Also, the presence of the adhesive sheet into the Cordura fabric, will have an impact in the
substrate’s permittivity. Moreover, the shift in the frequency can be affected due to other
factors, such as the manufacturing process.

Nevertheless, it is worth noting that this effect can be further studied, and these effects
can be accounted for, during the antenna design, in order to be compensated, which is rather
important if one pretends to develop antennas on clothes that will eventually be subject to
ironing with steam.

Comparing the two cut directions, from the results in Fig. the measurements match
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Table 4.4: Parameters of the embroidered antenna prototypes.

Prototype 1 2 3 4 5
Diagonal  Diagonal

Description Horizontal Vertical Vertical step stitch  step stitch
P step stitch  "Satin” stitch  step stitch ($520) P

Draft of stitch e PP

Number of stitches 1255 2084 1378

Yarn consump. () 0.27 0.39 0.22

Yarn consump.
per area(g/m?)

489 706 398

reasonably with simulation. Both cuts have shown an upwards shift in the resonance fre-
quencies. However, apart from the frequency shift, the diagonal cut matches relatively well
to simulation, as the parallel cut shows a worst behavior. The frequency shift can be at-
tributed to manufacturing tolerances when cutting the fabric, which led the actual length of
the monopole arms to fall shorter than supposed to. However, for the parallel cut case,
the difference is beyond the simple frequency shift and there’s a considerable difference in
matching even at the lower bands. This effect is difficult to understand, but, an obvious con-
clusion one can take from this results is that a 45° cut of the fabric warp direction leads to a
better precision of fabrication. Nevertheless, the reflection coefficient is low at the operating
frequencies, meaning that the antenna presents a low impedance mismatch at both, GSM
and DCS bands.

The embroidering is a promising method in terms of repeatability and mass-manufacturing
[158], as the embroidered antennas do not need cutting or lamination process, thus reduc-
ing the production costs. In this section, the embroidering technique to produce antennas
that can be easily applied in clothing as an emblem is explored. This way the embroider-
ing technigue may possibly increase the interest in the development of textile antennas into
clothing.

Five prototype antennas were developed with this technique, using an automatic em-
broidering machine, which are shown in Fig. The antennas were embroidered in the
Atlantic fabric using the Silverpam yarn (see Table [4.3). The parameters of the embroi-
dery are described in Table The orientation of the stitch was considered by performing
stitches along four different directions, for prototype antennas 1, 3, 4 and 5. The number
of stitches was considered by varying the float of the stitch, between antennas 2 and 3. To
avoid possible differences in the fringe effects occuring in the feed line, due to the different
directions of the stitches, all antennas have feed line embroidered with horizontal step stitch.
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Figure 4.25: Photograph of the embroidered antenna prototypes.
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Figure 4.26: Comparison between simulated and measured reflection coefficient of the em-
broidered antenna prototypes.

Simulated versus measurements of the reflection coefficient, for the five embroidered an-
tenna prototypes, are shown in Fig. The measurements match fairly to the simulations,
with all the prototypes showing a slight upwards shift in the lowest resonant frequency. Being
that, prototype 3 is the one with the best match to the simulation.
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The fact that the prototype 3 presents the best match can be attributed to the fact that the
embroidery stitch direction is parallel of the feed line, therefore, homogenizing the current
flow. Antennas 4 and 5 present a very similar behavior that indicates that the angle of the
diagonal direction has little influence on the current flow, rather, it supports the statement that
only the difference in interface between the feed line and the monopole arms plays a major
role in the input impedance match of the antenna. Coherently, antenna 1 shows the highest
shift of the resonant frequency, being that direction of the embroidery stitch in the monopole
arms is perpendicular to the feed line, corroborates with the previous assumptions.

Comparing different types of stitches with the same alignment, in antenna 2 a "Satin”
stitch was used to compare to a simple vertical stitch, such as antenna 3. Even though the
direction of the embroidery in antenna 2 is coincident with the direction of current flowing
from the feeding line, as in the antenna 3, the reflection coefficient difference between both
antennas is rather considerable. However, in antenna 2, the direction of the stitch is rotated
along the arms, besides, the particular characteristic of the "Satin” stitch creates a lump in
the middle of the monopole arms. Both this characteristics can have a large influence in the
current distribution along the antenna, which in turn, affect its impedance, which explain the
difference in the results, as well as the difference between simulation and measurement.

After this study, the antenna design proposed has been integrated into a fully fabricated
jacket. But, unlike previews proposals as described in [29, [27], where the antennas are built
ex-situ and posteriorly integrated in the lining of the cloth or pockets, or even glued to the
cloth, this prototype was manufactured directly in the clothing with the same textile materials
composing the jacket.

The antenna was integrated using the thermal adhesive sheets technique. The coat is
fabricated with Cordura® and a 3D fabric (reference 3003-3D fabric, from LMA). This way,
we could verify the influence of the human body and the integration effects in the antenna
behavior. The jacket with the integrated antenna is shown in Fig. where it is also shown
the setup to measure the behavior with a human body.

It is possible to see the agreement between the simulated and measured values of re-
flection coefficient, even in the on-body measurements, in Fig. The textile antenna
presents an operating frequency range capable of completely covering the GSM900 (880-
960 MHz) and the DCS 1800 (1710-1880 MHz) bands.

Even after integrated on clothing, the radiation pattern of the antenna is clearly omnidi-
rectional. The Fig. shows the differences in the radiation pattern between the mea-
surement of the standalone antenna fully integrated into the smart coat structure and the
measured on-body performance. The results depicted in Fig. correspond to the XZ-
plane. Due to the configuration of the antenna placement on the jacket, this is the only
measurable plane (see Figure [4.27). Nevertheless, it is the most relevant plane in order
to evaluate the omnidirectional characteristic of the antenna. Moreover, given the position
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Figure 4.27: Photograph of the jacket with the embedded textile antenna in the anechoich
chamber setup. (a) Jacket in standalone measurement, (b, c) jacket dressed into human
subject.
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Figure 4.28: Comparison between simulated and measured reflection coefficient of the inte-
grated antenna with and without the human body presence.

of the antenna on the jacket, shown in Fig. it is clear that the direction at which the
antenna will be less subject to influence from the jacket or person occurs at nearly 30° in
broadside direction. This is confirmed by the measurement results depicted in Fig.
According to the measured results on Fig. we can see that the presence of the
jacket and mainly the person, influence the radiation characteristic as expected. In the empty
jacket measurement, we can see that when the jacket is between the probe antenna and the
test antenna, around 160°, there’s a reduction in the antenna gain, this is due to the presence
of a large dielectric body, that is the jacket. Nevertheless, the antenna showcases a nearly
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Figure 4.29: Measured radiation pattern of the integrated antenna into the jacket, with and
without the presence of the human body, at (a) 900 MHz and (b) 1800 MHz.

omnidirectional pattern. The on-body performance is different. Since the human body is a
large dielectric mass, comparable to water as in the previous bottle applications, it absorbs,
reflects and refracts electromagnetic waves. We can see from the measurements that when
the body is between the probe and the test antenna, at 160°, it will absorb a great deal of
radiation and reflect the rest in the opposite direction, shielding the test antenna, creating
a null of radiation at this point. While, when the body is right behind the test antenna,
at 30° broadside, leaving the best clearance, its when the antenna showcases the best
transmission. This happens for both frequencies, being even more clear at 1800 MHz.

4.4 Additively manufactured antennas

Additive manufacturing technology, namely 3D printing, has seen a major massification
in the past few years. The expansion of the small scale and desktop grade 3D printers
and large access to the printing material at low costs has allowed the exploration of this
technology for prototyping purposes in research and academia.

In this thesis the use of 3D printing technology has been used for antenna development
in two very different applications, and also different from the RFID applications shown so
far. On one hand, an antenna for an RF digital system with agile frequency operation, which
required an omnidirectional radiation and wideband frequency of operation for broadcast
purposes. On the other hand, very high gain antennas at K-band for space communications
and wireless power transfer applications.
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Figure 4.30: lllustration of the evolution from dipole, to biconical and to the discone antenna.

4.4.1 Discone antennas

On a first approach to antenna development with 3D printing, a printed plastic structure
was used mainly for support of a discone antenna. Although the properties of the material
had to be considered during simulation, due to being in such close contact with the conduct-
ing parts of the antenna, the plastic in this scenario was used solely for support purposes
and presented a very slight influence (practically negligible) in the radiation properties of the
antenna.

A discone antenna is based on the biconical antenna, which is an evolution of the dipole
(see Fig. [4.30). The discone can be thought of as a monopole, but the principle of operation
is actually different, since in the monopole there must be a ground, and the disc in the
discone is not a ground plane, but a rather large impedance matching stub.

The operational characteristics of the discone antenna are mainly dependent on the ra-
dius of the bottom and top and the height of the cone. Rules of thumb for discone antenna
design, as provided by [159], state that the disc radius and the height of the cone are re-
lated to the minimum frequency of operation of the antenna, where the cone height should
be close to a quarter wavelength at the lowest operating frequency, and the disc around 0.7
times the height of the antenna. The cones bottom (smallest surface) and the gap between
the cone and the disc controls the input impedance and is used to guarantee the impedance
match. This will inherently influence the maximum operational frequency. These dimensions
where initially estimated and further optimized through EM simulation in order to achieve an
operating bandwidth between 0.4 and 2.5 GHz.

A first iteration was done and presented in [160Q], which is shown in Fig. In this,
the gap between the cone and the disc was air, and therefore, the cone had to be glued to
a support ring structure. Besides, the conductors were applied in the exterior which made
them more prone to ripping and pilling. This caused the antenna to be rather fragile, specially
in the feeding point since the weight of the cone broke the contact point of the feeding pin
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Figure 4.31: Photograph of the prototypes of the first and second iterations of the discone
antenna.

several times during the measurements of the antenna. Due to that, a second iteration
was designed, where the antenna was composed of a single piece and, therefore, the gap
between the cone and the disc was filled with PLA, being that the conductive part was applied
in the inside of the PLA structure, as shown in Fig. [4.31]

The schematic with the dimensions of the first and second iterations of the discone an-
tennas is shown in Fig. .32l To make the discone antenna into a single printing piece
for robustness, forced the top radius of the cone to decrease and the bottom radius to in-
crease. The reduction of the cone top radius and the increase in the cone bottom radius led
to a smaller bandwidth of operation, but allowed the operation nearly at the same starting
frequency, even thought the height of the cone was reduced by 10 mm.

The first discone has a fractional bandwidth of more than 200%, starting at 420 MHz
up until 3.5 GHz in simulation and 3.2 GHz for the measured prototype. Since the upper
band is much larger than the needed frequencies for the system that would go up until
2.5 GHz at most, the second iteration could be slightly condensed and the operation bands
are comprised between 420 MHz and 2.40 GHz in simulation and between 380 MHz and
2.54 GHz for the measured prototype. The simulated versus measured reflection coefficient
is shown in Fig. [4.33

The radiation pattern of the discone antenna is essentially omnidirectional. It is perfectly
omnidirectional for frequencies where the dimension of the cone are below one wavelength,
where the radiation pattern is the product of the fundamental mode of operation of the an-
tenna, this is shown in the radiation pattern in Fig. (a) and (b). For higher frequencies,
higher order modes are excited and the resulting radiation pattern changes. Moreover, the
electrical size of the disc increases for higher frequencies and it starts to act as a ground

99



Chapter 4. Antennas in non-conventional materials

144,2 104,0

163,5 150,0

$35 [ 18,0 |
>
io 1100 40 1352

(@) (b)

Figure 4.32: Schematic of the first and second iterations of the discone antenna. (a) First
discone antenna schematic with air gap feeding and (b) Second discone antenna with PLA
gap feeding. All dimensions in millimeters.
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Figure 4.33: Simulated versus measured reflection coefficient of the (a) first iteration and (b)
second iteration of the discone antenna.

plane, which leads to a tilt of the radiation pattern, the same behavior that is observed in
monopole antennas, this is observable in Fig. (c). Which eventually leads to an almost
isoflux-kind radiation pattern at the upper end of the operating band as observed in Fig.
(d).

The directivities follow the increase in the electrical size of the antenna, and the tightening
effect on the radiation pattern, as the frequency increases, is accompanied by an increase
in the maximum directivity of the antenna. The simulated directivities and efficiencies are
summarized in Table 4.5

As expected, the antenna presents very high radiation efficiencies as is usual for dipole
and monopole type antennas only subject to the losses in the conductors.
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Figure 4.34: Simulated radiation patterns of the second iteration of the discone antenna at
(a) 400 MHz, (b) 800 MHz, (c) 1500 MHz and (d) 2000 MHz.

Table 4.5: Simulated directivities and efficiencies of the discone antennas.
Prototype Frequency (MHz) Directivity (dBi) Radiation efficiency(%)

400 1.48 97.7
Discone 1 800 2.26 99.8
1500 4.41 99.8
2000 6.03 99.9
400 1.64 98.2
Discone 2 800 2.16 99.9
1500 4.58 99.9
2000 6.14 99.8
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Only the XZ plane was considered for measurement, since being the antenna essentially
omnidirectional, the XZ plane is symmetric to the YZ plane, and the XY plane is equivalent
at all frequencies and having no nulls would provide little ground for comparison.

The simulated versus measured results of the radiation patterns for the first prototype
at four different frequencies is shown in Fig. whilst the simulated versus measured
results of the radiation patterns for the second iteration prototype are shown in Fig. It
is clear, from the results depicted for both antennas, that there is a good agreement between
simulations and measurements for the radiation patterns. Although the measurement for the
first prototype at 1500 MHz is missing, given the good agreement between simulation and
measurement obtained for the remaining frequencies, one can expect the antenna to behave
similarly to the simulation prediction, also at this frequency.
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Figure 4.35: Simulated (dashed line) versus measured (solid line) radiation patterns of the

first iteration of the discone antenna in the XZ-plane at (a) 400 MHz, (b) 800 MHz, (c) 1500
MHz and (d) 2000 MHz.
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Figure 4.36: Simulated (dashed line) versus measured (solid line) radiation patterns of the
second iteration of the discone antenna in the XZ-plane at (a) 400 MHz, (b) 800 MHz, (c)
1500 MHz and (d) 2000 MHz.
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4.4.2 Dielectric lens antennas

Besides the discone antennas, 3D printing has been used for the development of dielec-
tric lens antennas. These dielectric lens antennas can be used to create very high gain
antennas, particularly interesting for wireless power transfer applications at microwave fre-
quencies in the K-band.

Lenses are used to shape wavefronts and are usually classified as dielectric lenses or
constrained lenses [161]. Dielectric lenses were traditionally harder to fabricate and more
expensive since they were fabricated using injection molding, which required the construction
or acquisition of specific molds for each lens. This cost is significantly reduced when we
consider the fabrication with 3D printers. Besides, it also allows to speed up the prototyping
phase.

The lens size are bound to the radiation properties one pretends to achieve. That is,
the profile of the lens can be shaped in order to provide the highest gain possible (narrower
beam), provide broader beams, or even be shaped to provide a isoflux type pattern [162,
163].

The size of the lens should be of several wavelengths in order to effectively shape the
radiation pattern. Therefore, at low frequencies the size and weight can prohibit its use. At
higher frequencies, where the lens can have reasonable physical sizes while being several
decades of wavelengths in length have other limitations that come from the losses inherent
to the dielectric material used in the lens. Dielectrics, as described in the previous chapter,
have losses that affect the propagation inside the lens. If the lens is very large and the dielec-
tric is very lossy the radiation efficiency of the antenna can drop significantly. Nevertheless,
dielectric lens are an attractive solution to achieve high gain and to easily manipulate radia-
tion characteristics of antennas, specially when working on high frequencies above X-band.

The lens can have flat surfaces, in either the focal plane or the wave-front, spherical sur-
faces on both planes, but can also take arbitrary shapes, in order to achieve a very particular
radiation shape [164]. The design of the lens is tightly connected to the refractive index of
the material used, therefore, it is highly dependent on the permittivity of the dielectric. For
3D printing the dielectric lens the material that was used was PLA, that has been previously
described and whose characteristics have been presented in the previous section 3.3.

The dielectric lens developed started from a spherical profile shape and evolved into
a parabolic profile shaped lens, in order to optimize the obtained radiation gain. Another
aspect that was evaluated, was the use of dielectric filled or air filled gap between the feeding
antenna and the dielectric lens.

There are different types of antennas that can be used to feed a dielectric lens, being
the most common feed antenna used the horn antenna. The second most common feed
antenna for dielectric lenses are microstrip patch antennas, which was the chosen structure
to feed the developed 3D printed dielectric lens antennas. The microstrip antenna is easy
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Figure 4.37: Schematic of the slot coupled microstrip patch antenna used to feed the dielec-
tric lens. (a) Front view and (b) bottom view.

to design and has the advantage of being easier to fabricate and much lower cost, which is
very important to consider for prototyping purposes. Moreover, it enables a more compact
and lightweight design when compared to a horn antenna.

Three different dielectric lens antennas were designed and tested. A spherical lens an-
tenna and a parabolic lens antenna with the same focal plane radius, and another parabolic
lens antenna, with the same profile curve but a larger focal plane radius and increased
height, for improved directivity.

For feeding purposes, a slot coupled, square microstrip patch antenna was developed.
The slot coupled design is used to avoid interference that could disrupt the radiation pattern
by isolating the feed line and the patch electric fields. The schematic of the slot coupled
microstrip patch antenna is shown in Fig. The dimensions used for the patch antenna
for each different lens are described in Table [4.6!

Usually for the design of a lens antenna, one picks a geometry according to the ap-
plication and the radiation shape one pretends and then optimizes the dimensions, from
geometric optics rules [165], in order to guarantee that most of the radiated field compo-
nents of the feeding antenna hit the lens and are bent to a given direction, therefore, shaping
the radiation to a given form. However, in this particular case, there’s an interest in keeping
the lens constrained to a maximum physical size of 20 mm of base radius due to integration
purposes. This does not allow a complete maximization of the directivity, nevertheless, the
only free variable, the focal point distance, was determined in order to provide the maximum
available directivity for this configuration, which led to an increase of 8 dBi of the directivity
when compared to the microstrip patch antenna on its own.

The spherical profile lens antenna was the first step since it is the easiest lens geometry
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Table 4.6: Dimensions of the microstrip patch antennas used to feed the dielectric lens
antennas.

Prototype Parameters Dimension (mm)

Ws, Lys, Lts  40.00, 50.00, 40.00
Hemispherical W, Ly, Ly 6.42, 6.42, 33.05
Wiy, Lg, Wy 1.15, 3.71, 0.60

Ws, Lys, Lts  70.00, 80.00, 70.00
Parabolic Wy, Ly, Ly 5.30, 5.30, 42.80
Wi, Lg, Wy 1.8, 3.90, 0.60

to implement, where one just has to adjust the radius of the lens base and optimize the focal
distance. To avoid complications with errors in the estimated permittivity of the dielectric, we
considered air filling in the gap between the patch and the lens focal plane, as it is shown in
Fig.

The measured reflection coefficient of the spherical lens antenna matches with the sim-
ulations and we can see it is centered around 13.2 GHz, as shown in Fig. (a).

In order to increase the directivity of the antenna the approach that is proposed in [166]
was followed, by converting the spherical profile of the first lens into a parabolic profile, that

follows the expression
22
y=h\1-— (4.1)
T

being h the height of the lens and r the radius of the lens base. The base height follows the
relation mentioned in [166], which is obtained from geometrical optics optimization, and that
places the focal plane at a distance of L = h/e,, if the base is filled with dielectric, which
was the case for this new lens prototypes. This led to an antenna as shown in Fig.
Since the base of the lens is filled with dielectric material, that is superposed to the microstrip
patch antenna feeding the lens, it will affect the resonance of the microstrip patch, therefore,
a correction to its dimensions had to be performed. That is the reason why the dimensions
of the feeding microstrip patch antenna are different for the spherical and for the parabolic
profile lens, as presented in the previous Table [4.6]

Contrary to the spherical profile lens, the measured reflection coefficient of the parabolic
profiles lenses, exhibit an upwards shift in terms of resonance. This is due to, probably, two
different aspects of the lens: An inaccurate value of permittivity considered for simulation;
The warping effect at the base of the pieces that can occur in 3D printing.

The characterization of the permittivity of the material is prone to errors, therefore, the
true value of the permittivity of the lens can be slightly different that the one considered for
simulation. However, the permittivity of the lens would have to be less than 1.6, in order for
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Figure 4.38: Spherical profile dielectric lens antenna. (a) schematic of the lens antenna,
(b) photograph of the assembled prototype and (c) photograph of the prototype with all its
constitutive pieces. (All dimensions are in mm).

the resonant frequency in simulation to match the measured values. This is a very large
difference from the measured permittivity for PLA and such an error magnitude is not rea-
sonable. Therefore, the inaccuracies in permittivity value estimation are most certainly not
the only cause for the deviation between simulations and measurements.

By looking at the reflection coefficients depicted in Fig. [4.39 (b) and (c) it is clear that
the larger lens, has a larger deviation compared to simulations, than the smaller lens. What
is also observed is that in the larger lens, the warping effect observed in the edges of the
lens base is more prominent. Warping is an effect that occurs when the plastic material
being printed does no adhere completely to the printing bed and tends to bend upwards
as the printing goes on, particularly in narrow edges of the object. For larger objects the
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Figure 4.39: Simulated versus measured reflection coefficient of the (a) hemispherical lens,
(b) smaller parabolic lens, (c) larger parabolic lens and (d) comparison between the three
lens antenna prototypes.

probability of occurrence increases and is sometimes very difficult to avoid it. Although the
lens base were sanded in order to minimize surface roughness and the warping effects, truth
is the bases are not perfectly flat as considered in simulation. Therefore, the bending that
they exercise over the microstrip patch board is most certainly a source for the differences
observed between simulation and measurement. Which is also consistent with the fact that
the larger lens creates a larger shift in resonant frequency.

The simulated normalized radiation pattern of each lens is shown in Fig. Whilst
the simulated versus measured normalized radiation pattern obtained for the three lens pro-
totypes are depicted in Fig. The HPBW (Half-Power Beam Width) difference between
simulation and measurement was of 6° for the spherical lens antenna in the XZ plane, nearly
0° in the YZ plane, 2° in the XZ plane and the YZ plane for the smaller parabolic profile an-
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Figure 4.40: Parabolic profile dielectric lens antenna. (a) schematic of the small lens an-
tenna, (b) schematic of the large lens antenna and (c) photograph of the prototype with all
its constitutive pieces, from left to right, the bottom of the feeding patch antenna, the top
microstrip patch and the printed large and small parabolic profile lens. (All dimensions are in
mm).

tenna and 1.6° in the XZ and less than 1° in the YZ plane of the larger parabolic profile lens
antenna. Therefore confirming the good agreement between simulation and measurements
in both planes measured.

In terms of gain and efficiency obtained for each approach, it is shown in Table the
values obtained with simulation. In terms of measurements, the spherical lens antenna has
proved the worst performance, with a measured gain of 11.2 dBi, nearly 1 dB below the
simulated value. The parabolic lens antennas have provided a good agreement between
simulations and measurements, with a measured gain of 14.2 dBi, actually slightly higher
then the simulated gain, for the small parabolic lens, and a measured gain of 18.2dBi, for the
large parabolic lens.

From the results in Table |4.7) one can also see the increased directivity from the use of
a single microstrip patch element compared to the application of a dielectric lens, with an
increased of 6.1 dB for the spherical lens, 7 dB for the small parabolic lens and 11.4 dB for
the large parabolic lens (in terms of simulation). As well as the increase between each of
the lens, with an increase of 1.7 dB between the spherical and the parabolic lens with the
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Figure 4.41: Simulated 3D representation of the normalized radiation pattern of (a) hemi-
spherical lens, (b) smaller parabolic lens and(c) larger parabolic lens.

Table 4.7: Simulated and measured gain and efficiency of the three different lens antenna
prototypes and the respective feeding microstrip patch antennas.

Prototype Sim. Gain (dBi) Meas. Gain (dBi) Efficiency (dB/%)
Spherical lens 12.3 11.2 -0.35/92.3%
Small parabolic lens 14.0 14.2 -0.62 / 86.7%
Large parabolic lens 18.4 18.2 -0.67 /85.7%
Small patch standalone 6.2 - -0.37/91.8%
Large patch standalone 7.0 - -0.7/85.1%
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same base radius dimensions and an increase of 4.4 dB between the smaller and the large
parabolic lens.

It is clear, from the demonstrated values, that one can achieve very high gains by us-
ing dielectric lenses. Due to limitations concerning the maximum volume of fabrication of
the available 3D printer, it was impossible to test larger models in order to verify the lim-
its. However, besides the physical constraints concerning the size and weight that the lens
will showcase, it is comprehensible that there is going to be a limit to the possible radiation
gain one can obtain, that will be bound by the decrease in radiation efficiency as the lens
increases in size and the losses in the dielectric become more noticeable.
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Figure 4.42: Simulated (marked black line) versus measured (solid blue line) radiation pat-
terns of the (a) hemispherical lens in the XZ plane, (b) hemispherical lens in the YZ plane,

(c) small parabolic lens in the XZ plane, (d) small parabolic lens in the YZ plane, (e) large
parabolic lens in the XZ plane and (f) large parabolic lens in the YZ plane.
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Chapter 5

Conclusion

Given the recent developments in batery-less sensors, body worn technology for logistic
and medical applications, and the overall exploration of systems for different application sce-
narios under the flag of the loT, for which wireless communication is critical, the development
of conformal, seamless and embedded antennas has become an important research issue.

A large part of this PhD work has focused on the study of dielectric characterization meth-
ods. Many different methods, from resonant methods to broadband methods were covered.
During this study, realizing which methods were possible to implement with the in-house
equipment and features available was important. Many of the methods studied, specially
the resonant cavity based methods, as well as the coaxial probe or the waveguide methods,
required special equipment or features to implement. Other methods were so sensible to
feature model characteristics that would require large corrections and several iterations in
order to achieve high certainty results for a particular material under test. Also, most of the
resonant methods, as well as the waveguide methods, require a specific machination of the
dielectric sample under test, which is not always possible. So considering the equipment
availability and the limitations concerning the dielectric material samples for testing, printed
transmission line methods were concluded to be the best possible way to characterize the
different set of dielectric materials under study, since the dielectric samples in most cases
were flat, or could easily be machined to a flat slab, and the printed transmission line methods
could provide a reasonable accuracy in the estimation of the permittivity, not so much about
the dissipation factor, of all the different dielectrics considered. Besides, the measurement
setup is simple and quick.

The two-length microstrip line method was, therefore, the most widelly used method for
substrate characterization. Nevertheless, one of the problems that was faced during the im-
plementation of this method in materials such as cork and paper, was the ability to create a
pair of microstrip lines that had the exact same physical characteristics, apart from length.
Since these lines were manufactured with copper tape on top of the dielectric material, it
was not easy to have two stripes of copper with the exact same width and perfectly straight
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along all the length, which in some occasions led to erroneous results, demanding another
set of lines to be manufactured with better precision. Due to that, a method for the permit-
tivity estimation using a single microstrip line measurement was developed. This method
was successfully used to determine the permittivity of three different and known substrates
with different values of permittivity. Concluding that the method presents larger errors when
determining low loss and high permittivity substrates.

Using the two-length line method and the developed single microstrip line method, three
different materials were characterized and presented in this thesis: Two types of paper, two
types of cork and a single batch of black PLA. Although these two characterization methods
have a certain degree of uncertainty associated, the estimated values have proven to provide
very good approximations to the real values of each material, when applied to the design of
different antennas.

Regarding the design of antennas with alternative materials, most of the antennas de-
signed were for passive tags based on RFID systems. The first approaches were the design
of tags on paper substrate for bottle labeling. The implementation of antennas that can work
in the vicinity of a liquid filled bottle is a challenging task, since the liquid is very lossy and
will hinder the radiation efficiency of the antenna close by. This efficiency loss occurs due to
the high dielectric value of the water and its lossy nature, which interacts strongly with the
fields and fades the overall radiated energy. Nevertheless, by placing a reflecting plane in
one of the faces of the bottle opposed to the antenna, one is able to reduce the effect of the
liquid. The interrelations of this scenario are yet to be understood and, therefore, in order to
the correct design of the tag antenna and the size and placement of the reflection plane can
only be obtained through optimization of simulation.

Still of the development of RFID tags for bottle identification, cork was explored as support
material. Two prototypes were developed, one based on a monopole approach, and another
a miniaturized approach, comprising only the inductive ring and a lumped resistor. Unlike the
paper tags that were envisioned to be placed on the label of the bottles, the cork RFID tags
are used as cork stoppers for the bottles. That simplified the problem regarding the vicinity
of liquids. Nevertheless, in both cases, the presence of the liquids inside the bottle have
proved to largely influence the resulting radiation pattern. Still, two working prototypes that
do not require any special reflector plane have been designed and which proved functional.
Although one of the prototypes was very large for a practical cork stopper, the miniaturized
version is seamlessly integrated into the bottles and we were able to achieve at least 0.5 m of
communication range at 866 MHz. Even though the communication range is rather short for
a typical RFID system, it's a constraint that is easily acceptable considering the application
scenario and given the miniaturization factor achieved.

Cork has also proved useful as a sensing mechanism for humidity. A passive sensor
tag based on RFID was developed using cork as sensing device and it was shown that it is
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possible to determine the ambient humidity around it with a reasonable precision. When the
humidity in the air increases, more water molecules get trapped inside the air holes present
in the cork, due to this, the permittivity of the cork increases, which if placed around an RFID
tag antenna will de-tune the input impedance of the antenna and create a resonant frequency
shift. Based on a simple calibration method, one is able to infer the ambient humidity based
on the activation power of the tag at a given target frequency.

Concerning the developments with fabrics, since this was the most studied subject and
there was already a great deal of research into the development of antennas with textile ma-
terials, a greater focus was given to manufacturing techniques of textile antennas. Several
prototypes of a fully textile microstrip patch antenna were developed, with different construc-
tion techniques, in order to evaluate which provided the best compliance with the simulation
and which could resist washing in a regular washing machine program. It was proven that the
interlining process with thermal adhesive layers and the sewing processes were the ones that
provided the closest to simulation results, rendering these the best construction processes.
However, only the sewed prototype has proved to resist washing process intact, although
after washing, a degradation on the measured results was evident. It was concluded that
a successful all textile antenna had to be manufactured with a different structure. Probably
recurring to the interlining with thermal adhesive layers, but with impermeabilization layers
around it in order to safeguard the antenna structure during the washing process.

Taking into consideration the manufacturing techniques experimented for the microstrip
patch antenna, another prototype was designed, in this case a dual band monopole antenna,
that would allow the testing of another manufacturing technique and the impairments arising
in the integration of such antennas into a real peace of clothing. The monopole antenna
was developed with two different manufacturing techniques, the interlining with thermal ad-
hesive layers, which proved the best approach for microstrip patch type antennas, and also
embroidery, which is only possible to use for groundless antennas as the case of the printed
monopole. For the embroidered antennas, five different types of embroidering was tested
and it was concluded that when doing embroidery, the direction of the stitch should be co-
incident to the surface current flow direction in the antenna. Nevertheless, interlining with
thermal adhesive layers has proven the be most reliable manufacturing technique. The in-
tegration of the antenna was simple and the antenna has proven good reliability even when
operating close to the human body with some movements associated. As expected, the
radiation pattern is affected by the presence of the human body, that works as a shielding
structure. Nevertheless, careful placing of the antenna in the clothing can turn the human
body presence into a benefit. Bending, stretching and compressing was not tested, however,
the reasoning behind this, is that these effects are very hard to overcome. Therefore, one
should chose the best possible location in the clothing so that the antenna is subject to the
least possible bending, stretching or shrinking during operation.
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Chapter 5. Conclusion

Finally, 3D printing was used to create plastic support structures for antennas and to cre-
ate lenses able to shape the radiation for a given antenna. On the first approach, 3D printing
was used to create a compact UWB table top discone antenna, with a fractional bandwidth
of nearly 1.6:1. This antenna has been widely used by the amateur radio community for
communications in the VHF band. The developed prototype was aimed at a frequency ag-
ile system with operating services in the UHF, L and S bands (433.9 MHz, 915 MHz and
2.45 GHz, respectively). The first approach to the discone antenna, although successful in
terms of operating conditions, had a clear integrity and stability problem, which made it im-
possible to obtain all the radiation pattern measurements since the structure kept breaking
the contact at the feed point. This structural problem was resolved in the second prototype,
which was also more compact than the first, while maintaining essentially the same operat-
ing band as the primer. In summary. when developing 3D printed structures careful with the
structure integrity is of high importance.

The second approach to 3D printing was the development of dielectric lenses. Dielectric
lens are used to shape wavefronts, much like reflectors, and can provide highly directive
radiation patterns. Three different lenses were designed and developed using 3D printing,
where a single slot coupled microstrip patch antenna was used as feeding source. The first
lens was a spherical wave front lens with compact size, which is the most simple wave-
front shape lens design. Nevertheless, the overall gain of the spherical lens antenna was
11.3 dBi, which is more than 5 dB improvement in gain compared to the single microstrip
patch antenna radiation. In the second lens design, the radius of the lens base was kept the
same, but the wavefront shape was changed from spherical to parabolic, which resulted in
an improved gain of 3 dB in comparison to the spherical lens, with an overall gain of 14.2 dBi.
In the last lens prototype, the same parabolic profile from the second lens was kept, but the
radius of the base was increased in order to further improve the antenna gain, reaching a
final measured gain of 18.2 dBi.
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The antennas for passive tags are usually differential in nature. Moreover, they’re matched
for a complex impedance at the target frequency. Therefore, for measurement purposes, one
needs to use an adapted tag antenna with a matching network for 50 2 and connect an SMA.
This will inherently modify the results of the antenna. Even deembedding the matching net-
work piece the results will never be accurate, since its difficult to create a replica of the single
matching network piece for calibration purposes.

The best way to judge the tag antenna in terms of matching with frequency, its to look
at its reading range in relation to frequency. To implement it, one can use a monostatic
scenario, using a VSG (Vector Signal Generator), an antenna to transmit and receive the
signals and a digital oscilloscope or a VSA (Vector Signal Analyzer), as shown in Fig. or
use a bi-static scenario, using a VSG, an antenna connected directly to the VSG and another
one connected to the VSA, as shown in Fig.

In order to evaluate the distance of communication with the tag, a query is sent to the
tag and the back-scattered response is analyzed to see if a modulation is discernible. The
back-scattered signal from the RFID tag is received by the digital oscilloscope which can
be configured to perform the FFT over the received time window and show the frequency
spectrum. A VSA can also be used to check the frequency spectrum. Since the tag uses
ASK (Amplitude Shift Keying) to modulate the back-scatter signal, the presence of the tag
response is discerned by the presence of sub-carriers around the interrogation carrier.

In order to determine the read range, a fixed distance (d) between the antenna and
the RFID tag is set and then the transmitted power from the generator is varied to find the
minimum threshold power (P;;) necessary to turn on the tag. The read range for a given
transmitted power (EIRP) can be determined using the following expression

EIRP
R=d\ 5 r.a (A1)

where L. are the losses due to cables and directional coupler between the signal generator
and the antenna and G, is the gain of the transmitting antenna.

This way, by sweeping the frequency of the interrogation carrier, one can determine the
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Figure A.1: Schematic of the passive RFID tag antenna monostatic read range measurement
setup.
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Figure A.2: Schematic of the passive RFID tag antenna bi-static read range measurement
setup.

reading range of the tag with frequency, which gives a rough estimation to how well the
antenna is matched at each frequency. However, this is just a rough estimation, due to
two essential reasons: Since most measurements are done in an indoor environment, the
propagation channel is subject to multi-path, while expression (A.1), being based on the
Friis propagation formula, is valid for a free-space environment; The other reason being the
non-linear response of the tag chip. While the second reason is not so important, since in
terms of tag characterization, the reading range is actually more important than the reflection
coefficient of the antenna itself, the first reason can be relevant.

The fact that the tag measurements are performed in indoor environments, means that
the channel is subject to multipath, which makes the Friis formula estimation for the propa-
gation path invalid. It does not necessarily mean that the reading ranges estimated using
expression are completely wrong, but might present a certain degree of inaccuracy,
that may be relevant. In order to overcome this problem, a solution is to use a standard, per-
fectly characterized, RFID tag at the measuring distance, with which one can characterize
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the forward and backward propagation path at each frequency of interest. This is a proce-
dure that is used when doing range measurements with a dedicated equipment such as the
Tagformance from Voyantic, mentioned in Chapter 3.

The reading range measurements can also be used to characterize the radiation pattern
of a given RFID tag. For this particular measurement the frequency, the power and the
distance of the tag are fixed. The distance is chosen so that the threshold power to activate
the tag is, at least, less than 6 dB below the EIRP. The tag is kept on top of a protractor
and the threshold power to activate it is measured for each angle, the reading range is then
calculated using (A.1). This way, obtaining the maximum read ranges of the tag for swept
angle.
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For reference purposes, in this appendix a collection of the publications in International
Journals, as listed in the first chapter of the thesis, is added.
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[J1] - R. Salvado, C. Loss, R. Goncgalves, P. Pinho, “Textile materials for the design of
wearable antennas: a survey”, Sensors, Vol. 12, No. 11, pp. 15841-15857, 2012
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Abstract: In the broad context of Wireless Body Sensor Networks for healthcare and
pervasive applications, the design of wearable antennas offers the possibility of ubiquitous
monitoring, communication and energy harvesting and storage. Specific requirements for
wearable antennas are a planar structure and flexible construction materials. Several
properties of the materials influence the behaviour of the antenna. For instance, the
bandwidth and the efficiency of a planar microstrip antenna are mainly determined by the
permittivity and the thickness of the substrate. The use of textiles in wearable antennas
requires the characterization of their properties. Specific electrical conductive textiles are
available on the market and have been successfully used. Ordinary textile fabrics have been
used as substrates. However, little information can be found on the electromagnetic
properties of regular textiles. Therefore this paper is mainly focused on the analysis of the
dielectric properties of normal fabrics. In general, textiles present a very low dielectric
constant that reduces the surface wave losses and increases the impedance bandwidth of
the antenna. However, textile materials are constantly exchanging water molecules with the
surroundings, which affects their electromagnetic properties. In addition, textile fabrics are
porous, anisotropic and compressible materials whose thickness and density might change
with low pressures. Therefore it is important to know how these characteristics influence
the behaviour of the antenna in order to minimize unwanted effects. This paper presents a
survey of the key points for the design and development of textile antennas, from the
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choice of the textile materials to the framing of the antenna. An analysis of the textile
materials that have been used is also presented.

Keywords: wearable antenna; flexible antenna; textile materials; dielectric properties

1. Introduction

Body worn systems endowed with sensing, processing, actuation, communication and energy
harvesting and storage abilities are emerging as a solution to the challenges of ubiquitous monitoring
of people in applications such as healthcare, lifestyle, protection and safety [1]. Accordingly, the new
generation of clothing will be able to sense, communicate data and harvest energy in a nonintrusive
way [1,2]. The wearable antenna is thus the bond that integrates cloth into the communication system,
making electronic devices less obtrusive. To achieve good results, wearable antennas have to be thin,
lightweight, low maintenance, robust, inexpensive and easily integrated in radio frequency (RF)
circuits [3—6]. Thus, planar antennas are the preferred type of antenna as, despite the fact their
maximum attainable bandwidth-efficiency is significantly lower than the theoretical limit for
electrically small antennas, they allow an excellent integration of the antenna with the RF circuits,
feeding lines and matching circuits on a standard multilayer board material [4]. Therefore, they might
be integrated in cloth in a minimally intrusive way [2,5]. In particular, the microstrip patch antennas
are good candidates for body-worn applications, as they mainly radiate perpendicularly to the planar
structure and also their ground plane efficiently shields the body tissues [5,7]. Specific requirements
for the design of wearable antennas are thus: planar structure; flexible conductive materials in the
patch and ground plane; and flexible dielectric materials [3,5,8]. The characteristics of the materials
are crucial for the behaviour of the antenna. For instance, the permittivity and the thickness of the
dielectric substrate mainly determine the bandwidth and the efficiency performance of the planar
antenna [4]. Also, the conductivity of the ground plane and of the patch is an important factor in the
efficiency of the antenna and must be the highest possible.

Textile materials, being universally used and easily available, are possible materials to design
wearable antennas for in- and on-Body Area Networks (BAN). The characterization of their electric
and electromagnetic properties is essential for the design of the antenna [8]. Electrical properties of
conductive textiles have been accurately characterized using the Transmission Line Method [9],
Cavity Method [10] and MoM-segment Method [11], and their surface resistivity are often given by
specialized producers. Therefore, specific conductive textiles, sometimes designated electrotextiles,
that are commercially available have been successfully used in antennas [5,12—-16]. Ordinary textile
fabrics have been used as dielectric substrates. However, little information is found on the
electromagnetic properties of regular commercialized textiles. Therefore, this paper is focused on the
analysis of textile materials, mainly dielectric fabrics, that have been used in antennas [2,17-22].

The following section presents an overview of the influence of some features of the textile
materials, dielectrics and conductive ones, in the behaviour of the antennas. It also gives some
guidelines for the choice of materials for the design of textile antennas. Later, Section 3 reviews the
textile materials that have been used to develop different wearable antennas, focusing on the regular



Sensors 2012, 12 15843

fabrics used as dielectrics and listing their relative permittivity and loss tangent values. Furthermore,
Section 4 presents an overview of guidelines for the construction of planar and wearable antennas and
the techniques used to assemble the various materials. Finally, Section 5 presents the main conclusions
of this work.

2. Important Features of Textile Materials in the Design of Wearable Antennas

Fabrics are planar fibrous materials which properties are mainly determined by the properties of the
component fibres and the structure of the yarns and/or of the fabric. They are porous materials, in
which the density of the fibres, air volume and size of the pores determine general behaviour, for
instance, air permeability and thermal insulation. Accordingly, fabrics are flexible and compressible
materials which thickness and density might change with low pressures. Moreover, the main
orientation of the fibres and/or yarns introduces an intrinsic planar anisotropy of general properties.
Plus, fibres are constantly exchanging water molecules with the surroundings, which affects their
morphology and properties. All these features are somehow difficult to control in real applications of
textiles, therefore it is important to know how they may influence the behaviour of the antenna in order
to minimize any unwanted effects. Moreover, some characteristics of the textile materials known to
influence the performance of the antenna and referred in the literature are reviewed in this section.

2.1. The Dielectric Constant (Relative Permittivity) of the Fabrics

The constitutive parameter of dielectrics is the permittivity, &, that is a complex value parameter. It
is usually expressed as a relative value &: € = & = &(€',—j€"’;), where & is the permittivity of
vacuum, which is 8.854 x 107'* F/m [17]. In general, the dielectric properties depend on the frequency,
temperature, and surface roughness [17], and also on the moisture content, purity and homogeneity of
the material [18]. The real part of the relative permittivity, £, is called the dielectric constant, but one
must note that it is not constant in frequency. The ratio of the imaginary part to real part is called the
loss tangent, tand = £,/ &’,.

Some researchers have studied and reviewed the dielectric properties of textiles [19-21]. As textile
materials are anisotropic materials, their characterization also depends on the electric field orientation.
This anisotropy is fully described with a permittivity tensor, although in most practical applications
like the ones surveyed in this paper, a specific component of this tensor is enough to characterize the
behaviour of the textile material for a specific application. Thus, the relative permittivity describes the
behaviour of the material tested under a specific electric field orientation and frequency.

The dielectric behaviour of textile materials depends on the properties of the constituent fibres and
polymers [19], and on the fibre packing density in the fibrous material [18,20]. However, textile
fabrics are rough, porous and heterogeneous, having air in between the fibres, making their
characterization difficult [23]. In addition, the ability of the fibres to absorb moisture must also be
considered in the characterization of the dielectric behaviour of textiles, as will be explained further in
Section 2.4. Thus, the accurate measurement of dielectric characteristics of textiles is challenging and
different experimental techniques have been used, such as the Cavity Perturbation Method [4,10],
MoM-segment method [9], Resonance Method [21], Free Space Method [24] and Transmission Line
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Method [25-27]. Among these techniques, the simplest ones and thus very promising ones are the
techniques based on the measurement of the behaviour of transmission lines [25-27].

In general, textiles present a very low dielectric constant as they are very porous materials and the
presence of air approaches the relative permittivity to one. As an example, Table 1 shows the dielectric
properties of normal textile fabrics, possible dielectric substrates, that were obtained with a waveguide
cavity method, under 2.6 GHz [10].

Table 1. Dielectric Properties of normal fabrics tested in [10].

Nonconductive Fabric &’ tand

Cordura® 1.90 0.0098
Cotton 1.60 0.0400
100% Polyester 1.90 0.0045
Quartzel® Fabric 1.95 0.0004
Cordura/Lycra® 1.50 0.0093

The low dielectric constant reduces the surface wave losses which are tied to guided wave
propagation within the substrates. Therefore, lowering the dielectric constant increases spatial waves
and hence increases the impedance bandwidth of the antenna, allowing the development of antennas
with acceptable efficiency and high gain [3,28-30]. Again, one should note that the relative
permittivity value changes with the moisture content of the substrate affecting the bandwidth of the
antenna [2,29].

2.2. Thickness of the Dielectric Fabrics

The bandwidth and efficiency performance of a planar microstrip antenna is mainly determined by
the substrate dielectric constant and its thickness [4,31]. As referred before, the changes in permittivity
may change the antenna bandwidth, but lowering the substrate permittivity can also increase the
resonance frequency of the antenna.

As textile materials present a quite narrow range of permittivity values, it is therefore their
thickness, which values may present much larger variations, that will mainly determine the bandwidth
as well as the input impedance of the antenna and so its resonance frequency [28]. The thickness of the
dielectric material is thus crucial in the design of antennas [2,31]. For a fixed relative permittivity, the
substrate thickness may be chosen to maximize the bandwidth of the planar antenna. However, this
value may not optimize the antenna efficiency. Therefore, the choice of the thickness of the dielectric
material is a compromise between efficiency and bandwidth of the antenna [4,31].

The influence of the thickness on the bandwidth (BW) of the antenna may be explained by
Equation (1), where Q is the antenna quality factor:

BW~1/Q (1

The Q factor is influenced by the space wave (Q,,4) losses, the conduction ohmic (Q.) losses, the
surface waves (Qg,,) and dielectric (Q4) losses as shown in Equation (2) [32]:

L A L
Qt - Qrad Qc Qd QSW (2)
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For thin substrates (h << 4y) the quality factor associated with radiation (Q,,4) is usually the
dominant factor and is inversely proportional to the height of the substrate [32]. Therefore, increasing
the height of the substrate lowers the Q factor (Q;). As the Q-factor decreases with an increased
aperture between the patch and the ground planes of the antenna, a thicker substrate allows a larger
antenna bandwidth [5].

Moreover, the thickness of the substrate also influences the geometric sizing of the antenna. This
means that a thick substrate with low relative permittivity (value between 1 and 2) results in a large
patch and a thin substrate with the same dielectric constant results in a smaller patch [5].

There are commercially available fabrics with a very diverse range of thickness values. Plus,
nominal thickness values are given in any technical data sheet, allowing a careful choice of the
material based on the required thickness. Moreover, accurate values of the thickness of fabrics under
specified pressure are easily obtained by simple standard methods, such as ISO 5084:1996 and ASTM
D374-99(2004) or with a Digimatic Indicator [31]. Therefore, the thickness of the fabrics is a feature
that may guide the search for suitable textile dielectrics.

2.3. The Electrical Surface Resistivity of the Conductive Fabrics

Fabrics are planar materials and therefore their electrical behaviour may be quantified by the
surface resistance and characterized by the surface resistivity. The surface resistance, which unit is
(Q), is the ratio of a DC voltage to the current flowing between electrodes of specific configuration
that are in contact with the same face of the material under test [33]. The surface resistivity is the ratio
of the DC voltage drop per unit length to the surface current per unit width. Surface resistivity is thus a
property of the material, not depending on the configuration of the electrodes used for the
measurement. It is usually expressed in Ohm/square (£2/sq; /o) [34].

Despite the existence of several standard methods, i.e.,

- AATCC Test Method 76-2011: Electrical Surface Resistivity of Fabrics

- ASTM D4496: 2004 Standard Test Method for D C Resistance or Conductance of Moderately
Conductive Materials

- ISO 10965:2011: Textile floor coverings—Determination of electrical resistance

- ISO 21178:2005: Light conveyor belts—Determination of electrical resistance

to measure the surface resistance and resistivity of textile fabrics, they are dedicated to moderately
conductive materials and are still aim of analysis [35]. An accurate characterization of highly
conductive fabrics demands other techniques, such as for instance the ones based on transmission lines
and waveguide cavities [9-11,36].

For the antenna design, the relevant parameter is the conductivity of the fabric, o, which unit is
Siemens per meter (S/m). It is related to the surface resistivity, ps, by Equation (3), where ¢ is the
thickness of the fabric:

o=1/(ps"t) 3)

Besides the dielectric constant of the substrate, the choice of the conductive fabric for the patch and
the ground planes is also very important to assure a good performance of the antenna. In general these
fabrics must have a very low electrical surface resistance in order to minimize the electric losses and
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thus increase the antenna efficiency. Despite the fact that the surface resistance value should be
constant over the area of the antenna [2], the fabric may present some heterogeneities, such as for
instance some discontinuities in the electric current. If these discontinuities are parallel to the surface
current they will not interfere with the electromagnetic fields [37], but if discontinuities impede the
flow of the electrical current, the fabric resistance will increase [2]. The structure of the fabric should
thus be considered, seeking to determine the density, the continuity and the alignment of the
conductive components, which may be fibres, filaments or surface covers. In [2] the studied fabrics
having conductive fibres performed better than the coated fabrics, because of discontinuities that
increased the surface resistance of the coated fabrics. In [10] higher conductive thread density in the
woven fabric results in higher effective conductivity.

Wovens and knits with electric surface resistivity below 1 Q/o are commercially available (e.g.,
Less EMF Inc. at http://www.lessemf.com or Shieldex Trading at http://www.shielextrading.net) and
have been successfully used [2,24,26]. However, knits may present higher anisotropy than wovens,
showing different electric surface resistance along the longitudinal and the transversal directions and
this anisotropy may increase with the knit deformation. Indeed, in fabrics composed of conductive
threads, conductive paths exist in all directions through the conductive threads and/or inter-contact
points across threads [10]. According to Locher et al. [2], for the studied knit material that is composed
of silver plated polyamide fibres, deformations under 8% of elongation along the direction of the wales
slightly change the surface resistivity. However, when elongating the knitted fabric along the direction
of the courses the electric surface resistivity results stable up to 3% of elongation but then increases
and at 8% of elongation it reaches triple the initial value.

The influence of the structure of the fabrics on the surface resistivity may be better understood
looking at Figure 1 that shows schemes of regular patterns of fabrics: the jersey knit and the satin
5 weave patterns. If the conductive threads in the weave pattern are along the intended direction for
current flow, woven patterns are much more efficient in terms of electrical conduction than knit
patterns, because the conductive paths in woven are better aligned with the current direction, which
minimizes the conductive losses, as concluded in [10].

Figure 1. Schemes of: (left) Jersey knit; (middle and right) satin 5 woven; (a) front
and (b) back.

WALES

v

COURSES (a) FRONT (b) BACK

Moreover, fabrics present differences between their faces that should be consider when positioning
the conductive fabric in a planar assemblage. For instance, in Figure 1 the right and back sides of the
satin 5 woven are clearly different. In [10], a satin 5 woven composed of conductive yarns (represented
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by white rods in Figure 1) and non-conductive yarns (represented by black rods) was tested in a
microstrip resonator measurement to study the effect of the differences among faces on the electrical
properties of planar structures, as wearable antennas. It was proved that keeping the conductive face
against the dielectric substrate is preferred for lowering the electrical losses.

2.4. The Moisture Content of the Fabrics

Textiles always establish a dynamic equilibrium with the temperature and humidity of the air
surroundings they are in contact with, as the fibres are constantly exchanging water molecules with the
air. However, the amount of water that a material takes until reaching this equilibrium depends on the
type of material. The extent to which a material is sensitive to moisture is described by its regain,
which is defined, by the ratio of the mass of absorbed water in specimen to the mass of dry specimen,
expressed as a percentage, [20]. In [20], page 169 shows the relation between regain and relative
humidity of the air (RH), for various textile fibres, compiling studies made by several authors. Indeed,
for the same RH conditions, there are textile fibres with largely different moisture contents. For
instance, at 65% RH, wool fibre might present a regain of 14.5%, cotton might present a regain of
7.5% and polyester fibre might present a regain of 0.2% [20].

In general, the moisture absorption changes the properties of the fabrics. Because of this, textile
metrology is performed always in a conditioned environment (20 °C and 65% RH). Also, for
commercial transactions there are national legislations setting nominal values of moisture content that
are values close to the regain obtained at 65% relative humidity.

Water has a dielectric constant of £’ = 78 at 2.45 GHz and 25 °C [31]. Although this value depends
on the salinity, temperature and frequency [38], water has a much higher and more stable dielectric
constant than textile fabrics, whose dielectric constant is generally in the range £, = 1 — 2 because of
their high porosity, as previously presented. Therefore, when water is absorbed by the textile fibres or
is trapped into the fabric structure, it changes the electromagnetic properties of the fabric, increasing
its dielectric constant and loss [2,5,19,20,31]. Charts presenting the relationship between the RH of the
air or the moisture content of various fibres and their dielectric properties can be found in [20].
Additionally, several authors have been correlating the electromagnetic properties of fabrics to their
absorption properties [31,38].

Likewise, the absorbed water by or trapped into the textile components of the antenna dramatically
changes the behaviour of the antenna. The higher permittivity of the water drives the performance of
the antenna, reducing its resonance frequency [2,6] and bandwidth [9,29,31].

Beyond these effects, when textile fibres absorb water they swell transversely and axially, causing
tightening of the fabrics [20,39]. This tightness affects the dimensional stability of the fabrics and
therefore affects the dimensional stability of the antenna, influencing its behaviour [2]. The swelling of
the fibres also contributes to the change of the dielectric properties, as swollen fibres decrease the
porosity of the fabric [39]. Indeed, as seen above, the low relative permittivity values of the fabrics are
mainly determined by the presence of air in them. In [20] (page 227), experimental results from several
authors are compiled, showing that values of swelling in water vary the same way as the values of the
regain of the fibres. For instance, when cotton is in water, its cross section area might swell 40%,
whilst polyamide only swells 3.2% [20].
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Moreover, water absorption by the fibres is an exothermic reaction and the released heat of wetting
is the greatest for the highly absorbing fibres. This affects the temperature and thus the electromagnetic
properties of the material. More details and data quantifying these effects can be found in [20].

Therefore, climatic changes altering the relative humidity of the air or environmental water, ice and
snow conditions will influence the textile antenna performance [31,40]. In the same way, when the
antenna is used close to the skin, the hydrophobicity and the regain of the fabric are very important
features [28,41] as the fabric will absorb moisture from the skin.

In general, the characteristics of antennas based on textile materials with small moisture absorption
values (regain less than 3%) are more stable [31]. Therefore, materials with low regain are preferable
for use as substrates and the same conclusion applies to the textile conductive components of
the antenna.

2.5. Mechanical Deformations of the Dielectric and Conductive Fabrics

A curvature on a human body consists of a superposition of bends in arbitrary directions. Because
of their excellent flexibility and elasticity textile materials adapt well to these surfaces. However, when
the textile fabric adapts to the surface topology it bends and deforms, causing changes to its
electromagnetic properties and thus influencing the antenna performance [2,29,42]. Indeed, the bending
and the elongation of the dielectric fabric influences its permittivity and its thickness, which affects the
resonance frequency of the antenna and especially the bandwidth, as previously explained [28].

Moreover, the variation of the geometric dimensions of the textile components of the antenna due to
their elongation and/or compression diminishes the geometric precision of the shape of the antenna
affecting its behaviour, which may change its resonance frequency [28].

In addition, from the point of view of manufacturing antennas, the elasticity of the fabrics is an
inconvenience as it makes difficult the precise definition and cut of the shape of the components and
also makes difficult the superposition of the several materials without folds. Wovens and nonwovens,
being more stable fabrics than knits, allow higher geometrical accuracies of the frame of the antenna.
In general, the accuracy depends on the thickness of the component yarns or fibres. For instance,
conductive woven may allow an accuracy of about £0.15 mm [2]. For these reasons knits are not stable
enough for the dielectric of an antenna. However, as further presented in Section 4, they might be suitably
stabilized if assembled with a more rigid textile material, such as a fabric with high tensile strength.

3. Textile Materials Used in Wearable Antennas

Wearable antennas are a recent research subject, although one of the first proposals on the subject
appeared in 2001 [3], when Salonen et al. [22], presented a Planar Inverted F Antenna (PIFA) for
dual-band operation, built on a flexible unspecified substrate. It was intended to be placed in the sleeve
of clothing and operate at GSM (900 MHz) and Bluetooth (2.4 GHz) frequency, although the lower
band was not achieved, the antenna still showed good performance, even for human-body presence,
around the 2.4 GHz band. Later in 2003, they presented an antenna built on a textile substrate intended
for WLAN applications [43], where results are claimed to be acceptable.

Furthermore, in 2004 Salonen et al. [28] proposed a GPS antenna with circular polarization, in
which they have experimented with five different synthetic fabric materials as dielectric substrates.
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The conductive parts were made of copper tape. The dielectric synthetic materials sued were:
(1) Vellux®, which is a 5 mm thick fabric covered on both surfaces with thin layers of plastic foam,;
(2) synthetic felt, which is a 4 mm thick nonwoven in which fibres are looser on the surface than in the
centre; (3) Delinova 200, which is a strong fabric made of polyamide Cordura® fibres laminated with
Gore-Tex membrane, weighing about 370 g/m” and having a thickness of 0.5 mm; (4) fleece, which is
a very soft polyester fabric with 4 mm thickness, commonly used in sportswear; (5) upholstery fabric,
which is composed of three fabric layers bound together resulting in a thin (1.1 mm) fabric of polyester
and acrylic that has firmness. The relative permittivity, €’;, of the five fabrics was measured by a cavity
perturbation method, at 1.575 GHz, and the values ranged between 1.1 and 1.7. Among the studied
fabrics, the one made of high tenacity polyamide fibres (Cordura™) was pointed out as the more
interesting fabric for the development of a flexible antenna, because of its constant thickness and its
high resistance. These properties allow more stable geometric dimensions of the antenna.

More recent demonstrations on wearable antennas for Personal Area Networks (PANs) to operate in
the 2.45 GHz Industrial, Scientific and Medical (ISM) band and for GPS applications are presented
in [5,12]. In these examples, antennas for wearable protective clothing intended for professional use
under rough conditions are presented and their behaviour in various practical scenarios is discussed.
High performance aramid fabric that can withstand high temperatures is used as substrate while
conductive textiles, like Shieldit® and FlecTron®, are used for the antenna patch and ground plane.
These antennas have shown acceptable performance, even in a real environment with human-body
presence and when subjected to bending and deformations.

Locher et al. [2] have built four purely textile wearable patch antennas for Bluetooth applications.
They have used three electrical conductive fabrics: (1) a nickel-plated woven fabric (with plating
thickness about 250 nm applied on the fabric surface); (2) a silver-plated knitted fabric; (3) a
silver-copper-nickel-plated woven fabric. Fabric (3) is the one preferred for building textile antennas
with geometric precision, as it is woven and not knitted and its electric surface resistance was more
homogeneous than the one of fabric (1). For the dielectric substrate, they used two types of fabrics:
(1) woollen felt of 1,050 g/m* with a thickness of 3.5 mm and (2) polyamide spacer fabric, of
530 g/m’, with a thickness of 6 mm. The felt was dimensionally more stable and harder to bend,
whereas the spacer fabric was lighter and more elastic due to its knitting-based structure. The dielectric
properties were measured by a transmission line method, at a frequency of 2.4 GHz, obtaining as
results for the felt: permittivity £, = 1.45 and loss tangent tand = 0.02, and for the spacer fabric:
permittivity €', = 1.14 and the loss tangent was negligible. The four different antennas produced have
shown good performance and could satisfy the Bluetooth specifications, even when subjected to
bending effects. However the antennas lose their circular polarization when subject to bending.

The same year, Tronquo et al. [13] presented rectangular-ring textile antennas for body area
networks (BAN) that are circularly polarized, covering a bandwidth of more than 190 MHz. For the
conductive antenna patch and ground plane they used the conductive fabric named Flectron®, that is a
thin copper plated fabric with low surface resistivity, lesser then 0.1 /o For the dielectric substrate
they used a fleece fabric of 2.56 mm thickness. Its dielectric properties were measured testing antennas
and they obtained a relative permittivity of &', = 1.25.

In 2007, Zhu and Langley [18] developed a dual-band coplanar patch antenna integrating
electromagnetic bandgap material (EGB), to operate at the 2.45 and 5.8 GHz wireless bands. The
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conductive parts were made of Zelt® fabric while the dielectric substrate was a thin felt, with 1,1 mm
thickness, and with relative permittivity £’ = 1.30 and tand = 0.02.

Matthews and Pettitt presented in [44] three types of antennas which are integrated into clothing,
a broadband wire dipole, a bowtie and a spiral antenna, operating in frequencies from 100 MHz to
1 GHz. They have tested different materials (textiles and others), different frames and manufacturing
techniques. Among the tested conductive materials there are conductive ribbon, conductive paint and
ink, conductive nylon fabric (that is also adhesive on the back face), phosphor bronze mesh fabric (also
adhesive on the back face), conductive thread, liquid crystal polymer (LCP) and copper coated fabric.
The phosphor bronze mesh, LCP and copper coated fabric have the advantage that the antennas can be
directly soldered to. In some antennas, a conducting epoxy was used to bond materials, but this shows
some lack of robustness. In terms of radio frequency (RF) performance of the designed antennas, the
spiral antenna, in which the spiral is broidered with conductive thread, performed worse than any other
antenna and was clearly loss. Overall, based on RF performance, the most attractive materials to
design wearable antennas were the textile fabrics: the conductive nylon and the copper coated fabrics.

In [16] the stability and efficiency of wearable and washable antennas are discussed for textile
antennas in which the conductive parts were screen-printed with conductive ink. These antennas have
shown acceptable performance. The combination of screen-printing with a breathable thermoplastic
polyurethane (TPU) coating assured the performance was maintained even after several wash cycles.
An embroidered technique was used in [45,46] to sew conductive fibres into polymer and fabric
substrates, and it was proved that by increasing the density of the embroidering stitching, the
conductivity of the conductive section is increased and also the accuracy of fabricated prototypes,
which allowed better conformance with the simulations. Dipole, spiral and microstrip patch antennas
were fabricated with this technique and presented very good RF performance when compared to the
corresponding rigid copper structures. Moreover, these antennas when made on flexible polymer
substrates conform well to curved surfaces and thus maintain their performance. Table 2 summarizes
the main characteristics of the textile materials that have been used to develop wearable antennas,
focusing mainly in the dielectric materials.

The performance of the textile antennas presented earlier can be improved with integrated solutions,
for instance, if diversity techniques such as Multiple-Input Multiple Output (MIMO) are considered [47],
or, as shown in [48], with the introduction of a low-noise amplifier (LNA) in a wearable garment
which was used to achieve an active integrated antenna, increasing the sensitivity and the gain of the
overall system.

Declercq et al. [13] showed another integrated solution consisting of an aperture-coupled antenna
on a textile and foam substrate, with a flexible solar cell, for tracking and monitoring solutions. Instead
of integrating a LNA to increase the wearable antenna performance, Zhu and Langley [11,12]
developed a dual-band coplanar patch antenna, to operate in the 2.45 and 5.8 GHz wireless bands, in
which they integrated an electromagnetic band gap (EBG) to reduce body-presence effects and
increase antenna gain. As shown in Table 2, the conductive parts were made of Zelt™ fabric while the
dielectric substrate was a thin felt with relative permittivity £’ = 1.30 and tand = 0.02. They proved
that the introduction of the 3 x 3 array EBG with the coplanar patch could reduce the radiation towards
the body by 10 dB, while increasing the antenna gain in 3 dB.



Sensors 2012, 12 15851

Table 2. Comparison of the textile materials used to design wearable antennas.

Dielectric material

Reference Application Conductive material | Performance
Material h (mm) & tan 6
GSM (900 MHz)
[22] and Bluetooth | Unspecified material | 0.236 3.29 0.0004 - Acceptable
(2.4 GHz)
[43] WLAN (2.4 GHz) Fleece fabric 3 1.04 - Knitted copper fabric Acceptable
® Between
[28] GPS (1.5 GHz) Cordura™ 0.5 - Copper tape Good
1.1and 1.7
ISM (2.4 GHz)
. Acceptable to
[5,12] and GPS Fleece fabric 2.56 1.25 - Flectron
Good
(1.5 GHz)
Polyurethane
[13] ISM (900 MHz) ) 11 1.16 0.01 Flectron Acceptable
protective Foam
WLAN (2.4 GHz
[14,15] Felt 1.1 1.30 0.02 Zelt Acceptable
and 5.8 GHz)
[16] ISM (2.4 GHz) Cotton/Polyester 2.808 1.6 0.02 Flectron/Conductive ink | Acceptable
Not specific Polydimethylsiloxane Embroidered conductive
[6,46] - 3.0-13 0.02 Good
(2-2.4 GHz) (PDMS) fibres
Bluetooth Polyamide spacer o Silver-copper-nickel
[2] ) 6 1.14 Negligible ] Good
(2.4 GHz) fabric plated woven fabric
Bluetooth Silver-copper-nickel
[2] Woollen felt 3.5 1.45 0.02 ) Good
(2.4 GHz) plated woven fabric

4. Construction of Wearable Antennas

After choosing the textile materials to design an antenna, their assemblage in the antenna is also
crucial and specific, as they are very deformable materials. Thus, the conformation of the conductive
patch with the dielectric substrate is critical [2]. Many authors have been improving the manufacturing
processes [2,5,24,27] to construct textile antennas and some guidelines can be summarized as follows:

(1) The geometrical dimensions of the patch should remain stable while connecting to the dielectric
substrate as the mechanical stabilization of both materials is essential to preserve the desired antenna
characteristics [2,31]. In the microstrip patch antennas developed by Hertleer ef al. [31] an alteration of
no more than 0.5 mm on the length or the width of the patch influenced the performance of the antenna
by causing a slight shift of the antenna characteristics. For this reason, woven fabrics, being more
stable, are preferred to make the patches. However, the antenna geometrical stability can be achieved if
at least one component is less deformable. For example, bonding using an adhesive sheet with a
deformable patch, such as a conductive knit, with a less deformable substrate, such a woven dielectric,
results in a stable frame [2,28].

(2) The techniques used to connect the various layers must not affect the electrical properties of the
patch, such as its surface resistivity, nor the properties of the substrate. Connections using adhesive
sheets or conductive fabrics with a thermal adhesive face have shown good results [2,5,29,31]. Indeed,
the adhesive remains at the interface of the materials and therefore the surface resistance of the patch
and the relative permittivity of the substrate are not significantly changed. However, in [29] the authors
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show that the adhesive layer introduces extra losses in the substrate. This process of attachment of the
superposed layers is very simple to perform by a simple ironing operation. However, attention should
be made to the ironing process, in special if the patch is made of a fabric with metallic components.
Indeed, the oxidation of the metallic component, due to the hot moistening of the fabric, may increase
the surface resistance of the fabric and so decrease the efficiency of the textile antenna [27].

Connection with seams is an alternative technique [7,31] but it presents some difficulties. Firstly,
the seam must be plane, without wrinkling, what might be difficult to achieve with deformable
materials. Secondly, the stitch passes through all materials: the patch, then the substrate and further the
ground plane of the antenna, which may cause electrical shorts between them. In Locher et al. [2]
report that the sewing needle has pulled conductive fibres from the patch through the substrate,
shorting the patch with the ground plane.

Another technique is connecting with liquid adhesives [31]. However, it is difficult to apply a thin
layer of glue. This difficulty introduces heterogeneity and in the zones where there are accumulations
the glue may play the role of insulator between the conductive yarns of the patch. Furthermore, these
adhesives are usually stiff and brittle, and so they cannot be applied in an area-wide manner on textiles
as they will interfere in their flexibility [2]. In order to obtain a uniform thickness of the attachment of
the several layers, Tronquo et al. [29,31] perform an additional stitch, in addition to the glue.

In [5] a smooth fabric was added to both faces of the substrate to optimise the attachment of the
conductive components.

(3) The positioning of the textile components must consider the differences between right and back
faces, in terms of roughness and of density of conductive elements [7,10]. In [10], a satin 5 woven was
tested in a microstrip resonator, placing it in two positions: (1) with the right face against the dielectric
substrate and (2) with the back face, the conductive one, against the dielectric substrate. It was
observed that when the conductive face is placed on the top of the substrate and so underneath the
nonconductive yarns of the nonconductive face, most of the electrical field is contained in the
substrate. Thus, the dielectric loss in the nonconductive yarns is minimized.

(4) The core of the antenna may be obtained by stacking low-loss fabrics [7], adjusting this way the
desired thickness of the substrate. However this introduces heterogeneities in the substrate due to the
extra layers of air between the fabrics, influencing its dielectric properties.

(5) Finally, the connections at the antenna terminals may also be critical as in wearable and flexible
antennas these connections have to be mechanically robust. In general, textile fabrics cannot be
directly soldered to (an exception is F lectron®™ that already showed good resistance to soldering [5]).
Therefore conductive epoxy has been used, but some concerns remain as this connection is not very
resistant [44].

5. Conclusions

The developed wearable antennas are mainly planar ones, specifically microstrip patch antennas,
because they mainly radiate perpendicularly to the planar structure and also their ground plane
efficiently shields the human body. The bandwidth and efficiency performance of a planar microstrip
antenna is mainly determined by the substrate dielectric constant and its thickness.
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In general, textiles present a very low dielectric constant, between 1 and 2, as they are very porous
materials and the presence of air approaches the relative permittivity to one. The low dielectric
constant reduces the surface wave losses that are tied to guided wave propagation within the substrates.
Therefore, lowering the dielectric constant increases spatial waves and hence increases the impedance
bandwidth of the antenna. However, lowering the substrate permittivity can also increase the
resonance frequency of the antenna, allowing the development of antennas with acceptable efficiency
and high gain.

In addition, the ability of the fibres to absorb moisture must also be considered in the characterization
of the dielectric behaviour of textiles. Water has a much higher and more stable dielectric constant
than textile fabrics. Therefore, when water is absorbed by the textile fibres or is trapped in the fabric
structure, it changes the electromagnetic properties of the fabric, increasing its dielectric constant and
loss tangent. Likewise, the absorbed water by or trapped into the textile substrate reduces the
resonance frequency and bandwidth of the antenna. In general, the characteristics of antennas based on
textile materials with small moisture absorption (regain less than 3%) are more stable. Therefore,
materials with such low regain values are preferable for use as substrates and as conductive
components of the antenna.

The thickness of the dielectric material is also crucial in the design of antennas. For a fixed relative
permittivity, the substrate thickness may be chosen to maximize the bandwidth of the planar antenna.
However, this value may not optimize the antenna efficiency. Therefore, the choice of the thickness of
the dielectric material is a compromise between efficiency and bandwidth of the antenna. Moreover,
the thickness of the substrate also influences the geometric sizing of the antenna.

The conductive fabrics for the patch and the ground planes must have a very low electrical surface
resistivity in order to minimize the electric losses and so increase the antenna efficiency. There are
several conductive textile fabrics, and also yarns, available on the market that has been successfully
used in planar antennas. Coated fabrics might perform worse than the fabrics having conductive fibres,
because of discontinuities that may increase the surface resistivity. Wovens and nonwovens, being
more stable fabrics than knits, allow higher geometrical accuracies of the frame of the antenna and
thus may be preferred to make the patch. In general, the sizing accuracy of the patch made of woven
fabric depends on the thickness of the component yarns.

After choosing the textile materials, their assemblage may also be critical, as the elongation and
bending causes mechanical deformations that interfere with the antenna behaviour. The presence of at
least one textile material presenting high tensile strength, high bending rigidity and stable geometry
stabilizes the frame of the antenna. When connecting the various layers making up the antenna, the
positioning of the textile fabrics must consider differences between right and back faces in terms of
roughness and of density of conductive elements, in order to minimize losses.

Finally, despite the fact the performance of the textile antennas can be improved with integrated
solutions and despite the major progresses already achieved in the development of wearable antennas,
further study and better characterization of ordinary and conductive textile materials may still offer
relevant improvements to their design and to the optimization of their behaviour.
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Abstract

In this paper we present a possible solution for an RFID tag antenna to be used in bottle labels. To develop this solution we used a
transmission line method in order to estimate the permittivity and the dissipation factor of the paper to be used as substrate and also
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reader, with which we demonstrated the proper functioning conditions of the proposed tag and how it surpasses commercially
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1. Introduction

Radio frequency identification (RFID) is currently a major enabling technology. It’s being extensively used in many
different kinds of applications and is one of the most promising bets for the development of the Internet of Things
concept. Among its current applications, there’s the identification of products in stores and warehouses, anti-theft
systems, animal tracking, luggage handling and access management in buildings and public transports. [1]

There are different types of RFID systems that are classified based on the behaviour of the ID tag. Therefore,
there are passive, semi-passive and active RFID systems, where the passive type is one particular case in which the
reception tag does not possess any kind of power source (i.e. battery).

The purpose of this paper is to show the design of a RFID antenna for a passive tag operating at 866 MHz. The
purpose of this antenna is to be placed on expensive spirit beverage bottles for tracking and labelling. Hence we’ve
characterized the dielectrics on the scenario considered (paper and glass) and developed a few approaches for antennas
that could be used for the considered purpose.
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2. Dielectric characterization

In order to develop the RFID antenna we had to characterize the dielectrics that would be used. To do so, we used
a transmission line method by extracting the characteristic impedance of a microstrip line. We built microstrip lines
in paper and glass substrates, as shown in Figure 1.

(b)
Fig. 1. Microstrip lines with (a) pressed paper, (b) 80g paper and (c) glass substrates.
According to [2] the input impedance of a transmission line at point /, being [/ the length of the line, is given by
Z; + Zytanh (yl)
Zy + Z; tanh (yl)

Since the propagation constant y = @ + jB and considering that the line is terminated by an open-circuit, we can
reach

Zin(D) = Z (1

Zy

Zin = Canh (al + 78D @

Since the phase constant, also known as wave number, can be defined as 5 = 27" means that 8l = ﬂ'%, being fj the
resonant frequency. So if we look at the input impedance at 1/4 of the resonant frequency of the line terminated by an
open-circuit and using trigonometric rules we can separate the real and imaginary components to reach

2 tanh (al) _ tanh® (@)
Zin (] 2 —-J 2
1 + tanh” (al) 1 + tanh” (al)

Since in these cases the losses will be always positive, this would not be true for metamaterials only, and writing
Zin = R £ jX, we can say

3

2

tanh (o) = —% + (%) +1 (4)

and, therefore, we can determine the characteristic impedance of the line as

_ 1+ tanh® (a)

%= 2 tanh (al) )
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Using a vector network analyzer (VNA) we found the first resonance of the microstrip lines and then determined the
characteristic impedance of the line by measuring the input impedance at one fourth of that frequency and applying it
in (5). Using the microstrip line impedance expression and according to [3] we could determine the substrate effective
permittivity by
2

Erer = 3600 - (6

In (S—M’} + %1)
Zy

in cases for which the the width, W, of the line is smaller than the height, &, of the substrate, or otherwise, can be
determined by

1207 1 ?
Eref = W W (7N
Zy T +1.393+0.667In[ + 1.444]
which then led us to the substrate relative permittivity as
1
o = 280pf + VIt 120/ W -1 @)
T 1
L+ VI+12R]W

The loss tangent was determined based on the Nicolson-Ross-Wier (NRW) method [4,5]. The NRW method is
used to determine to total losses in the printed transmission line as

In(|T
o= 207D ©
being / the line length and T the transmission coefficient define as
Siu+8Sy-T
- 21 21 (10)
I =S+ 8200
being I the reflection coefficient of lossy lines, define as
F'=A+ VA2-1 an
in which A is
1-5 %1 -S %1
- 12

By knowing the conductivity one can reach the conductor losses and, according to [3], then use it to determine the
loss tangent as

_ Vgeff(gr - 1) C
tand = m?'(a—a’c) (13)

The measured input impedance of the lines is depicted in Figure 2. The resonant frequencies, the input impedances
measured and the characteristic impedance of the lines are shown in Table 1.

Table 1. Measured resonant frequency and impedances of the microstrip lines.

Dielectric fo (GHZ) Zin@fy (Q) Zy ()
80g Paper 2.966 512.08 17.24
Pressed paper 3.380 823.24 72.90
Bottle glass 1.337 2306.0 71.83
Window glass 1.093 2452.0 88.29

The permittivity and loss tangent obtained for the different dielectrics is shown in Table 2. Although the pictures
in Figure 1 show different lines in the same substrates, the values presented in the tables stand for the smallest lines
since these are the ones with less losses. The other lines were used as control subjects.
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Fig. 2. Measured input impedance of the microstrip line in (a) 80g paper, (b) pressed paper, (c) normal glass and (d) bottle glass substrates.

Table 2. Determined permittivity and loss tangent for the different dielectric materials.

Dielectric & tan
80g Paper 1.72 0.0182
Pressed paper 1.82 0.0703
Bottle glass 4.84 0.0302
Window glass 5.29 0.0223

3. RFID tag design

The conductive parts of the RFID tags were made using a copper strip that was cut and pasted into paper. The
RFID chip used for the tag design is a NXP SL3ICS1002 with an input impedance of 16-j148Q.

For simulation CST Microwave Studio was used [6]. It does not allow the definition of complex ports, therefore, a
capacitor with a capacitance equivalent to the chip (1.242 pF) was placed in series with a 16Q port in order to emulate
the chip input impedance.

A first approach to the tag design in order to prove the correct characterization of the materials was based on a
traditional design, by using a ring plus a meandered dipole as shown in Figure 3.

The ring creates an inductive effect that with the antenna arms matches with the chip’s input capacitance. The arm
length sets the resonant frequency. As the antenna is essentially a dipole so its radiation pattern will be omnidirec-
tional, as is shown in Figure 4 (a).
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(b)

Fig. 3. First prototype of a RFID tag antenna on paper substrate: (a) simulation model (b) prototype.
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Fig. 4. Simulated radiation pattern of the (a) first (b) second and (c) third prototype of the RFID tag.

Due to the small radiation gain, as reported in Table 3, the reading distances of the tag were small, although
satisfactory as it is shown in Figure 8. Therefore, a second tag was designed. In order to increase the gain of the
antenna a reflective plane was introduced. The simulation model and prototype of the second tag is shown in Figure
5.

The introduction of the reflective plane imposed a complete change in the antenna geometry. Due to the small
thickness of the substrate and the relatively low work frequencies the size of the antenna becomes quite large. In-
creasing the initial geometry indefinitely didn’t lead to any possible solution. Therefore, we decided to remove the
matching ring in the input and connect to a dipole with a impedance match step in each arm.

(a) (b)

Fig. 5. Second prototype of a RFID tag antenna on paper substrate: (a) simulation model (b) prototype.

By using a reflective plane, the omnidirectional characteristic is lost and a directive pattern is achieved with a much
higher directivity, as shown in Figure 4 (b). The drawback of the reflective plane is the increase of the antenna size
and decrease in the antenna bandwidth as is proven in Figure 6.

Although the simulation results look promising the experimental results were not so good. Figure 8 shows the
reading range measurements obtained for the different RFID tags, in which we can see that the prototype 2 presented
the poorest results. This might be due to several reasons, but the main problem is related to the very small bandwidth
associated to this antenna. Any slight deviation of the resonant frequency would completely mismatch the antenna
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Fig. 6. Simulated return loss for the different RFID antenna prototypes.

and therefore severely reduce the radiation gain of the antenna, given the manufacturing process of the antenna, this
is a very plausible cause for the poor results obtained.

After the first two trials a third prototype was built, this time in 80g paper substrate to be easily integrated into
a bottle label. Given the mismatch problems observed in the second prototype, we rescued the meandered dipole
design, but made some changes in order to reduce the overall size of the antenna and make it easier to build. The last
prototype is shown in Figure 7, from which we can see that it is the smallest of the three presented prototypes.

(@) (b)

Fig. 7. Third prototype of a RFID tag antenna on paper substrate: (a) simulation model (b) prototype.

The return loss obtained for the different prototypes is shown in Figure 6. From the results, we can observe the
bandwidth of the different prototypes. As expected, the second prototype as obtained the smallest bandwidth, while
the first prototype obtained the highest. The third prototype stands in the middle. Although no reflective plane was
used for this antenna, the size reduction is the main reason for this bandwidth reduction. However, due to the decrease
in bandwidth, there was an improvement in the antenna efficiency, as shown in Table 3.

According to [7] there is a relation between the antenna bandwidth, which is bound to its quality factor and the
efficiency of an antenna. Although the relation is not direct, the point is that an antenna cannot present a high efficiency
while showcasing large bandwidths.

Table 3. Simulated efficiency and gain for the different antenna prototypes.

Antenna Efficiency (%) Gain (dB)
Prototype 1 52.2 -0.70
Prototype 2 99.3 7.74

Prototype 3 84.4 1.18
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Since no reflective plane was used the radiation pattern of this last prototype is omnidirectional, as is the case of
the first prototype. This is shown in Figure 4 (c).

4. RFID tag measurements

In order to assess the performance of the antennas these were tested with a commercial RFID reader, the Alien
ALRB8800 that is EPC Gen2 compatible. The measurement setup was in accordance to the proposed in [8]. The tags
were placed upon a cardboard structure and aligned to the reader. The distance of communication was varied and the
output power of the reader was varied to allow valid readings. The reading distances are depicted in Figure 8.
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Fig. 8. Measured reading distances of the RFID tags.

The results obtained from the reading distance tests confirm the expectations based on the antenna characteristics
presented in the previous section. The last prototype has shown the best performance, even beating a commercial
tag solution for half a meter at maximum power. The second prototype has shown very poor results considering
the antenna simulated characteristics as shown previously. However, as stated before, this poor performance is most
probably due to the large bandwidth constraint associated to this antenna.

5. Integration into a bottle

The purpose of the development of these antennas is to integrate them into bottle labels, therefore we tested their
performance when placed in close proximity to liquids, that is, attached to the glass of water and wine filled bottles.

Unfortunately none of the prototypes was able to shown any good performance in this scenario. The presence of the
dielectrics such as glass and water completely change the propagation characteristics around the antennas, therefore
destroying the matching that was previously obtained. We rebuilt the simulation models of the third prototype, by
considering the presence of an empty bottle, as shown in Figure 9, and the glass by itself was able to change the
antenna matching completely as shown by the return loss obtained from simulation in Figure 10.

It is therefore needed, to readjust the antenna’s dimensions in order to match it for the proper resonant frequency
when in the vicinity of dielectrics such as glass and water or wine. Besides, it is expected that the tag designed for
such environment will not work without the presence of these elements. The challenge is therefore the design of a tag
antenna that will be able to work when the bottle is filled with liquid either in the vertical and horizontal position.

6. Conclusion

The results shown in this paper present two major contributions. First, the permittivity estimation of common 80gr
paper and window and bottle glasses. Secondly, the proposal of an RFID tag antenna that is small enough and built
in a thin paper substrate that is suitable to be applied into bottle labels. When the behaviour of the developed tag
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Fig. 9. Third prototype of a RFID tag on paper substrate simulation model with bottle glass.
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Fig. 10. Simulated return loss of the third RFID antenna prototype with the glass bottle.

is compared with a commercially available RFID tag in a plastic card, we were able to slightly enhance the reading
range and robustness to misalignment. However, when placed in the vicinity of liquids, eg. in a bottle surface, the
antenna is mismatched and therefore the reading range is severely affected. As a future work reference we expect to
develop an RFID antenna that is matched in the presence of the bottle and can work in the presence and absence of
the liquids such as water or wine.
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ABSTRACT | Energy harvesting is well established as one of the
prominent enabling technologies [along with radio-frequency
identification (RFID), wireless power transfer, and green
electronics] for the pervasive development of Internet of
Things (IoT). This paper focuses on a particular, yet broad,
class of systems that falls in the 10T category of large area
electronics (LAE). This class is represented by ‘““smart surfaces.”
The paper, after an introductory overview about how smart
surfaces are collocated in the 10T and LAE scenario, first deals
with technologies and architectures involved, namely, materi-
als, antennas, RFID systems, and chipless structures; then,
some exemplifying solutions are illustrated to show the
present development of these concurrent technologies in this
area and to stimulate further solutions. Conclusions and future
trends are then drawn.
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I. INTRODUCTION

Looking at the telecommunication (TLC) market develop-
ment worldwide in the last five years, we see an average
decrease of about 5% per year, in both gross domestic
product (GDP) contribution and employment [1]. Against
this trend, the global information and communication
technology (ICT) market has remained grossly constant.
Some compartments, in fact, are experiencing an opposite
trend. Beside some sectors related to new consumer pro-
ducts, such as tablets and smartphones, new Internet of
Things (IoT) related products are growing at two digits
per year and some estimations from big players report a
market value in the order of trillions of dollars in the next
decade [2], [3]-

The vision behind IoT is in fact to connect objects
directly to the Internet so as to allow them to provide
information directly to the web without any human inter-
mediation [4]. This vision will have a great impact on sev-
eral electrical and electronic technologies, ranging from
the basic physical layers (technology platforms) to the
highest ones: communication protocols, software, human
interface, and information management.

0018-9219 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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In terms of physical layer, IoT actually inherits the
technologies developed for wireless sensor networks
(WSNs), bringing the distributed nature of that to the
extreme. WSN, in fact, can be synthetically seen as a mesh
of sensor nodes purposely conceived to build and com-
municate a sensed image of a monitored area. Within IoT,
the sensing nodes are not purposely deployed to monitor
something specific; instead, they are simply hosted by
“objects” in order to provide the information they are able
to collect and make it available on the web. Conceptually
speaking, there is not a big difference, but in terms of
related technological challenges, there is. Nodes must be
hostable by objects; objects are of many types, and the
better the nodes fit themselves transparently to the hosting
objects, the denser and more reliable the information they
are able to provide.

Several challenges can be envisioned in this evolution:
first, electronic systems must be mechanically flexible,
thin, and miniaturized in order to conform to the shape of
as many objects as possible; second, the adopted materials
have to be as recyclable as the hosting objects in order to
avoid pollution from guest apparatuses; last but not least,
hosted nodes must be autonomous, because they cannot be
either connected to the grid or powered by life batteries.

A great technological paradigm shift is going to be pulled
by the development of IoT; green materials, autonomous
systems, ultralow-power circuits, energy saving protocols,
and energy harvesting (EH) are concurrently mandatory.

Conversely, this technological evolution is pushing
new solutions and architectures, so far constrained by the
limits of conventional technologies. The development of
inkjet printing techniques, the introduction of very cheap
and eco-friendly materials compatible with roll-to-roll
(R2R) circuit realization techniques [5] and so forth, open
new horizons also to large area electronics (LAE).

LAE, first applied to printed photovoltaic and organic
screens [6], is actually at the onset of its development. The
development of R2R techniques and related materials, in
fact, is allowing for tremendously increasing the dimen-
sions of LAE circuits and systems, from the present tens of
centimeters to meters and beyond. Along this evolutionary
scenario, new configurations and architectures, based on
massive integration of large circuits over conformable sur-
faces, can be envisioned, opening the way to what can be
called the smart surfaces (SSs) approach.

SS, in turn, can be seen as a branch of IoT evolution.
Large 2-D arrays of autonomous sensor nodes, for instance,
make possible granular tracking of whatever parameter,
ultimately providing augmented imaging of the environ-
ment; large 2-D arrays of tags can provide a very low-cost
platform for precise localization and location-based ser-
vices (LBS), thus enabling the realization, for instance, of
smart floors [7] and smart wallpapers [8]; inheriting quasi-
optical approach [9] contact-less electromagnetic (EM)
wave processing (filtering, frequency conversion, selective
shielding, etc.) can be conceived even at low frequencies.

On the one hand, SS is thus an approach stimulated by
technologies pulled by IoT; on the other hand, it contri-
butes to a class of architectures, within LAE, that can even
widen the huge horizons of IoT applications in a sort of
virtuous circle.

According to this wide vision, the paper is organized as
follows. A review of the technologies suitable for distri-
buted systems implementation to a large extent is given in
Section II; then, the explanation about how radio-
frequency identification (RFID) can be considered one of
the most suitable technologies for the implementation of
IoT architecture, and how it can be naturally integrated
with SSs, is provided (Section III). In order to deal with
the implications of the development of RFID systems
compatible with SS and LAE evolution of IoT, two specific
sessions have been provided: the first relates to antenna
implications (Section IV), and the second relates to
electronic architectures for RFID tags (mainly chipless
ones; Section V). In order to smoothly bring the reader
from relevant technologies to applications, quasi-optics, as
an example of general approach concurrently exploiting
the mentioned technologies to provide a platform suitable
for LAE, is described in Section VI. After this, some appli-
cation examples of how SS concept can be articulated,
according to the IoT paradigm, are described; specifically,
smart floor (Section VII), smart shoes as useful subsystems
for the implementation of smart floors (Section VIII), and
energy skin (Section IX). In order to have a vision of the
logical links behind the many topics dealt with in this
paper, a synoptic picture can be found in Fig. 1.

II. TECHNOLOGY FOR LAE
DISTRIBUTED SYSTEMS

Given the described scenarios of SS, it is clear that the
technologies involved have to be compatible with LAE

Challenges:

- wireless

- autonomous
- eco-compatible

Fig. 1. Synoptic view of the paper structure reflecting the IoT vision
described in the Introduction.
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Fig. 2. Inkjet printing technique, synoptic description. The ink is
deposited on the substrate with the desired pattern and after a curing
procedure the next layer can be printed. The thickness of each film
depends on the number of passes.

approach, as described in the Introduction; according to
[6], for example, the eco-compatibility of the materials, the
mechanical flexibility of the substrates to make the device
conformable to the hosting surface, and the life cycle (ope-
rability and biodegradability) have to be accounted for.

The new techniques proposed from different research
groups [10]-[12] focus mostly on the printing techniques
that can be industrialized easily with R2R methods, already
investigated for the traditional printing on paper. Within the
printing methods, one of the most attractive and investigated
in the last decade is the inkjet printing of conductive and
dielectric layers (Fig. 2). This technique allows circuits to be
printed on almost any kind of substrate: from the photo-
graphic paper to liquid crystalline polymers (LCP) or Kapton,
that are flexible, thin, and eco-compatible; to glass or poly
methyl meta acrylate (PMMA, commonly referred to as
Plexiglas) that are usually thicker but not flexible.

A first proof of concept for the inkjet printing tech-
nique at radio frequency (RF) and microwaves has been
obtained on photographic paper by printing simple struc-
tures, such as antennas and other planar circuits and de-
vices [10], [13]-[22], with a technology stack simply
composed by the substrate and the conductive layer
(usually realized by means of nanoparticle silver ink).

Recently, this method has been improved thanks to the
development of new inks, usually composed by a polymer
and a solvent (i.e., SU-8, PVP, PMMA, PEDOT, etc.); more
complex fabrication procedures of multilayer structures
are now possible, as shown in [23] and [24]. Another no-
ticeable feature of this technology is represented by the
resolution: conductive tracks of 50 pm of width and space
gaps of 50 pum can be printed, allowing the design of
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millimeter-wave (mm-wave) frequency devices [25]. The
combination of the quite high resolution (considering the
simplicity of the technology) with the multilayer featuring
also gives the opportunity to manufacture very easily ma-
trix of passive and active devices that can be used in the SS
development. It is worth noting that the process can be
developed in a few steps based on the design and mostly on
the number of layers needed. For example, a metal-
insulator-metal (MIM) device can be realized by printing
silver on the substrate [26], curing it in the oven in order
to create a surface that, with the proper treatment (for
instance, UV-Ozone exposure or preheating), is ready for
the insulator printing. Then, the dielectric is cured as well
and the last metal layer can be printed on top of it. The
entire structure can be then cured at temperatures ranging
between 130 °C and 200 °C.

In a perspective of industrialization of the inkjet print-
ing technology, the hypothesis of R2R manufacturing of
circuits is being investigated and some examples are al-
ready reported in literature for solar cells and other de-
vices [27], [28].

Today, many pros have been mentioned for the inkjet
printing method, and others can be found in the non-use of
wasted chemicals (as is for the traditional lithographic
technologies), in the no-need of clean-room environment
for the fabrications, in the low-cost and rapidity of manu-
facture, and in a R2R perspective compatibility. However,
the necessity of a curing procedure after the printing of a
layer still represents the biggest inkjet limit for two main
reasons: first, the time and type of curing are dependent on
the inkjeted materials and on the material stack-up; sec-
ond, especially on a laboratory level, the curing can cause
misalignment issues, given the fact that the sample is re-
moved and then replaced in the printer after the last layer
curing.

Currently, the platform mostly used worldwide by
researchers is the Dimatix 2800 DMP. In terms of inks, it
is possible either to buy printable solutions or mix solu-
tions in labs; for example, the combination of polymers
and solvents allows layers to be printed with different
electrical properties and thicknesses.

Besides the inkjet printing method, in [11], a new
technique, suitable for LAE, has been proposed. It uses a
metal (copper in that case) adhesive laminate technology
based on the application of the standard etching process to
an adhesive copper laminate material. This technique was
already adopted to produce mm-wave circuits and to char-
acterize the resulting compound substrates, as reported in
[29]-[31]. A brief illustration of the metal laminate tech-
nique is here reported referring to Fig. 3.

The production process can be divided in five steps.
The first step consists of the deposition of a (positive)
photoresist film on the copper surface; then, the circuit
layout is transferred to the photoresist by means of a pho-
tomask and ultraviolet exposure. After that, the unim-
pressed film of photoresist is removed using a NaOH
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Fig. 3. Process steps for the circuit fabrication using the adhesive metal laminate. M: metal, A: adhesive, P: protection, R: photoresist,
S: sacrificial layer, SUB: hosting substrate. After the standard lithographic procedure, the copper pattern can be transferred on top of any
substrate by means of a sacrificial layer and exploiting the adhesive face of the copper tape.

developer solution [Fig. 3(a)]. In the second step, the
copper tape is wet etched. As can be seen in Fig. 3(b), in
this way, the adhesive layer is exposed where the copper
was removed, while it remains everywhere else covered by
the original copper tape that serves as protection for the
adhesive underneath.

The first two steps are, in this example, similar to those
adopted in standard photolithographic technology. More-
over, different ways to remove the not needed metal can be
used, as, for example, by means of numerical control
pattern cutting plotters.

In the third step, depicted in Fig. 3(c), a sacrificial layer
is stuck on the top copper side and, finally, the protection
layer on the bottom is removed. The sacrificial layer is very
important because it keeps the relative distances among
the layout features constant even when these are not phy-
sically connected.

The fourth step is characterized by the transfer of the
etched metal to the hosting paper substrate and, finally,
the sacrificial layer can be removed [see Fig. 3(d) and (e)].
The last step is also useful to remove most of the exposed
adhesive material.

With this method, quasi-fully-organic circuits and de-
vices can be realized. The performance in terms of tracks
width and pitch are, at present, a bit lower than what can be
obtained with the inkjet printing, with the advantages of no
curing processes, the possibility to fix devices on the circuit
using standard soldering techniques, and a better conduc-
tivity (the conductivity of copper laminate, in fact, is one
order of magnitude higher than that of the cured nano-
particle silver ink: 5.8 x 107 S/m versus about 6 x 10°—1 x
107S/m obtained with at least five layers of silver).

To verify the validity of the metal laminate technology
at microwave frequencies, a 50-Q microstrip line was
manufactured exploiting the Mitsubishi photografic paper
as the substrate (thickness 250 pm, relative permittivity
&r = 3.2, and loss tangent tan é = 0.08). The line is 30
mm long, and the measured scattering parameters are
shown in Fig. 4. The same graph also compares the
performance of a similar transmission line manufactured
with an inkjet printing process. The performance of the

o
=)
S
0 -3 E
a4 experiment (Cu line) —e—
simulation (Cu line)
simulation (Ag ink)
-5 . : : :

0 2 4 6 8 10
frequency (GHz)

Fig. 4. Measured scattering parameters versus frequency for a

50-) microstrip line on paper substrate. The line, shown in the inset,
is 30 mm long; the ruler division corresponds to 17.2 . m. The graph
also reports a comparison with a microstrip line of equal dimensions
made with an inkjet printing process (Ag ink, 3-.m thickness,

oink = 1.1 x 107 S/m after curing). After [11].
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Fig. 5. Screen printing technique. The squeegee is used to press the screen with impressed pattern and transfer it on top of the substrate.

metal laminate structure is superior compared to that of
the inkjet printed line. At 10 GHz, the measured specific
losses for the metal laminate microstrip are about 0.6 dB/
cm [11]. Results at higher frequencies are also reported in
[31]; in particular, an insertion loss of about 1.8 dBm/cm at
30 GHz is demonstrated.

The tradeoff is the adoption of a photolithographic
step; it is worth mentioning, however, that the process is
still compatible with R2R implementation.

Other possibilities for LAE are the screen printing [12]
and the gravure printing [12], both of them adaptable to
R2R industrialization techniques.

Screen printing consists of dragging a layer of ink
across the surface of a screen and squeezing it through the
open pores of the patterned mesh onto the substrate
(Fig. 5). In general, the thickness of the printed layer and
the achievable resolution depend on the density of the
mesh and on the ink properties. Usually, the ink viscosity
is in a range of 1-50 Pa X s, and this allows for printing
with a resolution of about 100 pm and a thickness up to
100 pum. Until now screen printing has been adopted to
realize low-resistance structures, solar cells, and field
effect transistors (FETs), exploiting the possibility of
printing very thick layers.

Gravure printing, also known as rotogravure, is consid-
ered a very high volume printing (Fig. 6) process, and it is
being adopted to produce very conductive structures as, for
example, capacitors, antennas, and organic devices such as
pentacene-based diodes, organic light-emitting diodes
(OLEDs), organic field effect transistors (OFETs), and
organic thin film transistors (OTFTs).

The resolution can be of about 20 pm. The method is
implemented by engraving the patterns into a metallic
cylinder by a laser, by chemical etching, or electrome-
chanically (as separate cells or intaglio trenches). Typi-
cally, the print pressure is high (1-5 MPa) in order to
achieve a good ink transfer and to reduce the percentage of
unprinted dots caused by the surface roughness of the
flexible substrate. However, this high pressure of printing
makes this technique suitable only for robust substrates
with no soft, previously printed, layers that could be
damaged.
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To summarize, the technologies described in this sec-
tion are characterized by some common features, such as:
flexibility and conformability, compatibility with large
area realization of circuits and interconnections, use of
additive or mixed (subtractive/additive) deposition tech-
niques, easy use of eco-friendly materials and, in some
cases, compatibility with classical bond wiring as well as
soldering techniques for electronic device placement.

Table 1 summarizes the main features of the described
technologies.

III. RFID: A MIX OF
CONCURRENT TECHNOLOGIES
FOR SS IMPLEMENTATION

As mentioned in the outline paragraph at the end of the
Introduction, after describing the technologies enabling SS
development (Section II), here we illustrate RFID as a
suitable means to transfer information through EM trans-
mission between tags and readers to the Internet.

An RFID tag has a unique identification code and a
memory used to store information, while the reader can

Printing Cylinder
\

Substrate

Pattern Cylinder

Fig. 6. Gravure printing process. Note that these machines
can be from 20 cm to 3 m wide with a diameter ranging from
5cmto5m.
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Table 1 Technologies Comparison

Technology | Resolution Cost Waste Speed
Inkjet 50 pm Low Low Fast
Copper 100 pm Low High Medium
Gravure 20 pm High Medium | Very fast
Screen 100 pm Medium Low Very fast

write or read data on and from the tag through RF trans-
missions. The tag is usually attached to an object that
needs to be identified and monitored, or contains infor-
mation to be read. In typical RFID applications [32], the
main goal is to provide mapping of physical objects that are
equipped with an RFID tag attached or embedded. In this
way, RFID technology inherently leads to identifying,
tracking, and localizing, but it can also enable the storage
and transmission of information regarding object status
and surrounding environments by embedding sensing
capabilities.

As mentioned previously, IoT is most commonly de-
scribed as a structured system of technologies concurrently
working to capture meaningful data from objects and com-
municate them through networks to a decision-taking level.
Useful keywords, whenever a definition of IoT is given,
include: smart objects, autonomous logistics, machine-to-
machine communication, RF technologies, centralized in-
formation, and so on.

In order to implement these functionalities, an IoT
platform, an SS for instance, has to provide at least unique
object identification together with wireless communica-
tion for data management.

The IoT physical layer can thus be naturally thought of
as meshes of RFID and sensor nodes. The RFID tag that
embeds a sensor can use the same working principles and
protocols of the conventional RFID tags; a differentiation
can be made, considering the way sensor tags are powered
up, in active, semipassive, and passive tags; actually, the
difference consists of the way they are powered.

Active tag sensors may use customarily conceived com-
munication protocols or rely on RFID standards enabling
the tag to be easily integrated into the existing wireless
infrastructures so that they will not require expensive
readers. In [33], a system architecture was developed to
integrate WSNs and the RFID systems. Bluetooth and
ZigBee technologies are adopted as the communication
protocol of WSNs to meet the requirements of a large
number of sensor nodes, large areas, and low cost.

Active tags with integrated sensors are used in several
applications, including temperature and position monitor-
ing, vibration detection, blood pressure, heart beat moni-
toring, and more. This type of sensor tags, besides having
larger amount of energy provided by batteries, affords both
a large range and multiple functionalities; some of them
have also external buses that enable the use of connected
external sensors [34].

Passive tags with an integrated sensor operate without
battery, collecting the needed operational energy from ex-
ternal environment sources. The main requirements of
this class are high energy conversion efficiency, large stor-
age capability, and overall low-power consumption. Pas-
sive systems have usually low operating range and limited
processing capability.

In this field, research activities are directed toward
ultralow-power design of integrated sensor tags [35], an-
tenna design for improving reading range [36], sensor
overall performance optimization [37], and development
of optimum protocols allowing for additional power saving
[38], [39].

Typical applications are, for instance, temperature
monitoring [40], photodetection [41], motion detections
[42], etc.

Semipassive tags use both batteries and energy sources
coming from the environment; they can integrate more
operational capabilities than the passive ones, since they
can exploit a higher amount of energy. For the same reason,
semipassive RFID tags are more suitable to integrate a
sensor; the operational methodology is similar to the pas-
sive one, using the reader signal to interrogate and cause a
response from the tag. The primary difference is that the
semipassive tag does have a battery used not to generate a
response, but only to power electronics, like sensors in-
corporated in the tag, while exploiting RF circulation to
reply to the reader interrogation. Just like passive tags,
semipassive ones are limited in terms of slow reading
speeds and short reading distances. In [43], the design,
realization, and experimental validation of a battery-
assisted RFID tag with sensing and computing capabilities,
conceived to explore heterogeneous RFID-based sensor
network applications, was presented.

Dealing with battery-less devices that are, by far, the
most interesting ones for IoT, LAE, and SS applications, we
can now focus on the typical energy sources adopted. No
battery devices can exploit solar scavenging [44], [45],
vibrational [46], [47], or RF radiations [48]-[52].

In many cases, wirelessly powered systems can harvest
energy from the incident RF waves, thus generating the
required direct current (dc) voltage to power the system.
The EM energy present in the environment may be signi-
ficant in some regions (some urban areas or indoor sites);
here the use of proper conversion devices may allow
enough energy to be scavenged. RF power harvesters
usually consist of an antenna, an impedance transformation
network, a rectifier, and a storage element. In [53], a design
example of integrated rectifier antennas (rectennas) for
wireless powering at low incident power densities, from
25 to 200 uW/cm?, is given.

Regarding mechanical energy scavengers, they may be
categorized upon the kind of energy source exploited;
there are scavengers providing energy from a constant
motion over extended periods of time (e.g., turbine air
flow) or others based on intermittent motion (e.g., human
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step). Particular attention is given to vibrational energy
sources; in this case, the amount of energy that can be
harvested depends mainly on the vibration amplitude and
frequency and on the vibrating mass (mass of the harvest-
ing device) [54]-[56].

In order to power the systems by using energy sources
available in the working environment, proper energy
transducers thus have to be chosen. Focusing on distrib-
uted systems (IoT, LAE, and SS), it is worth referring to
typical parameters for optimum transducer design since, in
these applications, the different kinds of energy available
in the various scenarios may lead to the need of integrating
more than one energy conversion system into the same
device, in order to take advantage of all the accessible
energies. The main design parameters are the available
power output, the electrical impedance, and the operating
voltage. Table 2 summarizes them for the most common
energy transductions [57], [58].

To conclude this section, the mentioned reasons why
RFID can be considered a useful technology for the imple-
mentation and development of LAE and, more specifically
for SSs, are summarized. RFID systems, especially in the
passive version of tags, are communication systems charac-
terized by the following characteristics: compatibility with
very low-power communication protocols, compatibility
with the constrains posed by the hosting objects, especially
when they are implemented by adopting the technologies
described in Section II, inherent capability to gather infor-
mation from the environment (sensor tags) and from the
hosting objects, a low number of electronic devices (inher-
ent circuital simplicity) and, finally, proven compatibility
with printing technologies.

For all these reasons, RFID technology has to be con-
sidered the leading one to pursue the development of LAE
and SSs as a communication platform for the evolution
of IoT.

IV. ANTENNA DESIGN FOR NODES

Distributed systems for ubiquitous electronics (UE) and
WSNs [59], [60] are, today, increasingly employed for mo-
nitoring and sensing applications. These systems can be
seen as networks of nodes, massively distributed in the
environment and communicating wirelessly with a base
station. This massive deployment can be designed and
structured to monitor a set of specified parameters by
means of purposely conceived sensor nodes, as in the
classical WSNss, or it can be obtained by integrating nodes
into existing objects, which is the vision of IoT evolution. In
general, the nodes can have different functionalities, how-
ever they have to provide information collected by em-
bedded sensors (such as, for instance, identification codes,
position and monitored environment parameters as well as
object status) whenever it is required.

In this scenario, the RFID technology, summarized in
Section III, is attractive. When RFID technology meets
sensor nodes, information goes from the node to the
Internet via a question-and-reply protocol between nodes,
hosted by tagged objects, and readers.

Thinking about distributed systems and specifically SS,
it is natural to think about radiative coupling in the avail-
able industrial-scientific-medical (ISM) frequency bands,
including mainly the ultrahigh frequency (UHF) and mi-
crowave frequencies (around 0.9, 2.4, 5.8 GHz, and
higher), exploiting the communication standard such as
the WiFi [61]. Recently, also the ultrawideband (UWB) has
been considered in order to minimize the limitations of
narrowband systems (mainly localization accuracy and
sensitivity to interference) [62].

Multistandard systems are often adopted for large
compatibility and higher use flexibility. An example of this
recent approach is given in [61] where near-field UHF
nodes are combined with far-field transceivers. This allows
application fields with compromised radiation capability,

Table 2 Transducer Characteristics for Several Forms of Ambient EH [57], [58]

Energy Typical Typical Voltage | Typical output
Source Electrical power
Impedance
Light From low to | DC: Outdoors:
10s of KQ 0.5Vto5V 100s mW/cm?
Indoors: <
500 pmW/cm?
Vibrational | Constant AC: 100s pW/cm?
Impedance 10s of Volts
10s of k€2 to
100k
Thermal Constant DC: 10s £W/cm?
Impedance 10s of mV to (20° gradient)
12 to 100s 10V
of Q
Radio Constant AC: Varies Wide-range
Frequency | Impedance with distance
Low KQs and power
0.5Vto5V
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such as in proximity of metal and liquids at short ranges, to
be improved.

It is clear that antenna systems are key elements in
these apparatuses. The foundation of antenna design rules
can be found in [63]. The antenna design specific for dis-
tributed systems, in turn, has to take into account several
instances. Beyond the typical design criteria, other aspects
are: the communication standard, the form and the size in
agreement with the application, the communication range
as a function of the equivalent isotropic radiated power
(EIRP) limits, of the environment and of the orientation,
the reliability under several conditions and processes, and
the material cost considering massive production [64]-
[67]. Among them, the operating environment is the most
critical aspect that influences the node behavior [68].

As a consequence, antenna topology and materials for
SS and IoT systems, in general, have to be chosen in order
to make the antennas capable of operating in variable
environmental conditions and to be integrated into ob-
jects. As an example, let us think about wearable antennas
for body area networks (BANs): they must be washable,
flexible, and able to shield the body from radiation [69].

In general, antennas for SS should be flexible, planar,
and low profile; moreover, by adopting low-cost materials
and technologies (see Section II), cost per unit surface is
low, thus large arrays and big elements can be adopted
more easily, ultimately allowing for easy developments of
LAE distributed systems and SS, even at low frequency.

Materials compliant with SS implementations must be,
in turn, mechanically robust, flexible, and very low cost,
while exhibiting acceptable EM performance. These mate-
rials must also exhibit high tolerance levels in terms of
bending repeatability. Flexible materials, often used, are
polymers and polymer-ceramics composites such as the
poly-di-methyl-siloxane (PDMS) and the titanate-based
ceramic [68], which provide flexibility, robustness, and
resistance to harsh environments in order to protect an-
tenna and circuit. Moreover, when eco-compatibility has
to be guaranteed, recyclable materials and related technol-
ogies have to be adopted; among them, cellulose substrates
in combination with inkjet printing of conductive inks
[18], [70] or with conductive adhesive laminate technology
[11] are increasingly frequently adopted. The aforemen-
tioned techniques, compatible with the well-known indus-
trial printing and the R2R processes [5], are in agreement
with the low-cost fabrication and are expected to facilitate
widespread and very low-cost electronics for distributed
systems. These fabrication technologies can also be
adopted for electronic devices on flexible polymeric sub-
strates. An example of cellulose-based antenna for smart
floor applications, such as indoor localization, is docu-
mented in [71]: a low-profile planar loop antenna is real-
ized on cellulose substrate exploiting adhesive copper tape.

Although beyond the scope of this paper, which focuses
on SS, it is worth mentioning here that this evolution
toward the development of more and more sophisticated

“unconventional” materials for electronics has a great
impact on other IoT related developments such as, for
instance, implantable systems.

When applications require devices with soft visual im-
pact (think about SS, such as smart windows, glass integ-
rated inside and outside buildings and glass for automotive
applications, or smart skins [72]), transparent and conduc-
tive materials, such as transparent conducting oxides
(TCOs), and in particular indium-tin-oxide (ITO) and
ITO-based multilayers, have been proposed [73]. These
materials afford a good compromise between minimum
electrical resistivity and high optical transmittivity in the
visible light spectrum when patterned on see-through
materials such as glass or transparent polymers. A tech-
nique to improve the efficiency of the transparent anten-
nas, without affecting their transparency, is the application
of a layer of highly conductive coating or metallization
strips on the antenna edges where the current density is
high [72].

Among SSs, or in general distributed systems within
the IoT vision, a fast growing field of research is repre-
sented by wearable electronics for BANs [74]. In this case,
the integration of electronic devices in the garments re-
quires the development of wearable and washable anten-
nas and antenna arrays on fabrics. Washable antennas can
be realized by covering textile antennas by a breathable
thermoplastic polyurethane coating in order to protect the
device against water absorption and corrosion [69].

Although dimension constraints are not very critical for
distributed systems on cheap materials, they cannot be
neglected thoroughly. At RF, for example, high permittiv-
ity materials [68] and magnetic composite substrates [75]
can be adopted. Artificial magnetic conductors (AMC) can
be employed alternatively to the magnetic composites with
similar results [76]. These approaches are simply demon-
strated from the wavelength equation: wavelength is a
function of the relative permittivity and permeability and
adopting suitable materials to increase these values, the
effective wavelength, and therefore the antenna size, de-
creases. Anyway, the use of these materials introduces a
tradeoff between dimensions and performance: generally
the substrate losses decrease the antenna radiation efficien-
cy, thus affecting the communication range of the overall
wireless system, as documented in [68], [75], and [76].

In terms of design methodology, the introduction of
unconventional materials as well as the environmental
constraints posed by distributed systems and systems for
IoT influence and drive the design strategies. Some solu-
tions are proposed in the literature to cope simultaneously
with these constraints; in [68], shielded configurations
have been analyzed to mitigate environmental sensitivity.
In [69], an example of robust patch antenna for BAN ap-
plication that reduces the effect of the body on the perfor-
mance is illustrated; in [77], the use of broadband antennas,
such as the Chebyshev monopoles with a fractional band-
width of about 40%, is proposed to reduce the frequency
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shift introduced by the background materials or by the
bending effects.

In SSs, and in general in IoT applications, antennas are
used both to transmit and receive information and to har-
vest the necessary energy from the surrounding environ-
ment. Regardless of the fact that the available energy is
randomly released in the environment by existing services
(GSM, WiFi, and so on, in urban and semi-urban environ-
ments [78], [79]) or purposely delivered to empower a
distributed population of nodes [80], antennas have to be
able to harvest EM energy. This kind of “double effect”
antenna is widely referred to in the literature as
“rectenna’: it combines rectifying circuitry with EM to
electrical energy transduction.

The fundamental codesign techniques of antennas and
rectifiers, focusing on the improvement of the conversion
efficiency exploiting matching circuits, are described in
[53]. Harmonic-balance and load-pull simulations are
often used in order to find the optimal impedances that
allow best efficiency to be obtained as a function of the EM
incident power.

Multiband, broadband, and circularly polarized anten-
nas are often adopted in EH applications to reduce the
overall sensitivity to the environment. An example of pla-
nar antenna array for EH applications, in agreement with
the SS principle, is documented in [81]: spiral antennas are
proposed in order to provide a wide operating frequency
band, and the rectification circuitry is optimized and char-
acterized for low incident power levels. Similar antenna
array for UWB EH is shown in Fig. 7.

A rectenna can be used in addition to the communi-
cation antenna or, alternatively, the same antenna can be
used for both EH and data transmission. The use of dif-
ferent antennas is generally adopted if harvesting and
communication are carried out at different frequencies

Large surface

RF signals rectenna array

DC current
output

<= DS
combiner

Fig. 7. scheme of the rectenna array able to collect RF energy evenin a
broadband (depending of the kind of receiving antenna element),
according to the solution adopted in [81].

Fig. 8. Hybrid rectenna for solar and EM-EH. The hybrid rectenna
consists of a broadband antenna and a solar cell combined in the same
structure. After [82].

and, mainly, in order to enhance harvesting efficiency
without decreasing communication performance. In any
case, this requires a codesign and can affect the node di-
mension and complexity. Alternatively, a single antenna
can be a feasible compromise if communication and har-
vesting share the same frequency band and if the antenna
harvesting efficiency is not the main issue; examples are
the passive RFID tags empowered by the reader with a
standard RFID antenna able to provide both EH and com-
munication capability, as documented in [64] and [65].

However, the EM-EH is not the only solution to ener-
gize nodes and SS elements: hybrid EH, in fact, can be
performed by exploiting different energy sources; that is,
combining the rectennas with other sources of energy.

Recently, a low-cost and conformal structure for hybrid
EH, based on low-cost and flexible poly-ethylene tere-
phthalate (PET) substrate and an amorphous silicon solar
cell, has been proposed in [82]; other examples are dis-
cussed in [20] and [83]. The use of low-cost, printable
photovoltaics deposited on flexible substrates to form part
of the antenna radiating structure is documented in [84].
In all these contributions, the main challenge appears to be
the codesign of the antenna and solar cell in order to avoid
reciprocal detrimental effects. The antenna is designed
with a solar cell integrated on top of the radiating surface
to obtain good radiation characteristics and to incorporate
connections for the extraction of the dc provided by the
solar cell. In [82], it was demonstrated that, by adopting
thin film solar cells and paying attention to not exceeding
the perimeter of the RF antenna, the solar cell can be
integrated so as not to significantly affect the performance
of the antenna. The hybrid rectenna for solar and EM-EH
documented in [82] is shown in Fig. 8.
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In terms of industrial assembly, the use of new mate-
rials and the need for low-cost and large-scale fabrication
techniques would be fostered by architectures more insen-
sitive against geometrical errors and placement misalign-
ments. Following this direction, EM coupling can be
exploited instead of ohmic contact to connect antennas on
a flexible substrate to Si chips or, more generally, to the
active circuitry [85]. This technique exploits a planar
heterogeneous transformer, with the primary and second-
ary windings implemented on the antenna substrate and
the Si chip, respectively. In this way, the galvanic contacts
and the soldering process are avoided, and the final struc-
tures have been proven much more robust to alignment
errors than traditional ohmic techniques without any
significant performance degradation. By artificially apply-
ing a misalignment of 150 pm, which is the common di-
mension of a soldering pad, the technology proposed in
[85] causes a loss increment of only 0.1 dB, due to the
applied misalignment, while the same misalignment, when
adopting ball grid arrays, would have implied missing the
contact. This approach is quite attractive especially in
combination with nonrigid materials where mechanical
stress can result in significant substrate deformations. Re-
cent contributions show the application of the aforemen-
tioned approach to inkjet printed antenna on PET
substrate coupled to the chip for wireless nodes [86] and
a textile patch antenna, magnetically coupled to the active
circuitry, suitable for garment integration (see Fig. 9) [87],
the reflection coefficient of which is shown in Fig. 10.

In order to testify the robustness of the proposed solu-
tion against uncertainties inherent to textile and garment
electronics assembly, the radiation efficiency of the an-
tenna, as a function of horizontal and vertical misalignment
of the two transformer windings, used to perform the
magnetic coupling, is plotted in Fig. 11(a) and (b), respec-
tively. This technique can be extended also to interlayer
communications of multilayer devices, and an example is
documented in [88], where the circuitry fabricated on
different garments communicates by means of overlapped
coils.

V. CHIPLESS APPROACH

It has already been discussed that SS represents a possible
technology for the development of killer applications with-
in the IoT paradigm. Thanks to the convergence of several
technologies, ranging from EH and sensing to RFID and
LAE, SS can afford complex functions. For example, SSs
can be used in intelligent buildings for structural moni-
toring and alarms (fire, for instance). To achieve these
goals, SS must be equipped with a huge number of tags,
each one monitoring a small portion of the surface itself.
The passive RFID systems can be divided into two
families, namely, chip-based and chipless tags. The first
family usually exploits a low-power complementary metal—
oxide-semiconductor (CMOS) chip to implement the

Fig. 9. Example of textile patch antennas operating at 2.4 GHz.

The antenna and the ground plane are made of Flectron, a conductive
textile, and the substrate is black foam. These materials are flexible
and integrable in the garments. Magnetic coupling is exploited to
connect the antenna and the active circuitry on flexible substrate.
After [87].

main tag functions [RF carrier rectification, dc voltage
regulation, amplitude shift-keying (ASK) demodulation,
IDentification code (ID) decoding, load modulation,
etc.] and thus can be adapted to sensor applications by
a few additional circuit blocks [signal conditioning,

Measured reflection coefficient S44 (dB)
| I | | [ | |

20 [ AN IR NN N N N M
2.0 21 22 23 24 25 26 27 28 29 30

Frequency (GHz)

Fig. 10. Measured reflection coefficient of the previous textile
antenna in the frequency band 2.4-2.48 GHz. After [87].
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Fig. 11. variation of the radiation efficiency evaluated versus

(a) horizontal and (b) vertical misalignment between the antenna and
the circuit windings. This test allows the robustness of the antenna
performances against mounting uncertainties inherent to textile
electronics to be evaluated at glance. After [87].

analog-to-digital converter (ADC), etc.]. The main advan-
tage of such an approach is the digital modulation of the
transmitted signal, and thus the flexibility of the related
data treatment, as shown in [89] and [90]. The production
costs of chip-based tags are mostly associated with the
heterogeneous integration of the silicon chip with the
antenna [85], [91], the latter being manufactured typically
on a flexible substrate or a textile substrate [92]-[97].

In order to reduce the aforementioned costs and to save
as much energy as possible, solutions requiring minimum
amount of electronics must be pursued. For this purpose,
the chipless tag family was introduced and applied to
wireless sensing in the recent years [98]-[103]. It is worth
recalling here that the introduced buzzword “chipless”
stands for a family of tags that are actually able to imple-
ment their functionalities by using only a few lumped
components and passive distributed elements, without re-
quiring any electronic integrated circuit (IC), the chip
indeed, to be mounted.
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The standard chipless tags (i.e., only coding and no
sensing) exploit, basically, two mechanisms, namely, time-
domain and frequency-domain scattering [64]. In the first
case, the elapsed time between multiple reflections is used
for coding. These reflections are obtained, at tag level, by
connecting the antenna to a transmission line structure
with several discontinuities. In the second case, instead,
the tag has a specific frequency signature that is decoded at
the reader level; to implement such a behavior, a coded
series of resonators is realized on the tag antenna in order
to reflect or not the corresponding frequency. Both ap-
proaches (time and frequency domain) lead to tag circuits
that are not necessarily easy to miniaturize; nevertheless,
it is worth noting that they are compliant with the LAE
paradigm.

When dynamic sensor information has to be added to
the static identification, we talk about chipless RFID sen-
sor tags; these exploit an antenna, the electrical properties
of which are controlled by the change of the physical
parameter to be detected. There are, mostly, two proposed
approaches for this. The first one is to induce a permanent
change in the antenna property when a certain critical
threshold (acceleration, temperature, fluid level, etc.) is
exceeded [104]; this is useful for alarm type operations.
The second one exploits a sensing load, i.e., a load the
impedance of which is controlled by the sensed variable,
connected to an antenna [105]. In both cases, the whole
wireless sensor system (tag and reader) needs to have
absolute accuracy, thus limiting the system performance
with respect to both distance and fabrication tolerances.

A different method has been recently introduced in
[106]. In this paper, a novel sensing principle is associated
to the generation of an intermodulation signal from a tag,
the latter being illuminated by two waves at different
frequencies. The advantage of this idea is that the tag
response is generated at a known frequency, thus the pre-
sence or the absence of such a signal can hardly be
misinterpreted. Similar techniques have been used in har-
monic radar systems [107] and in one-bit frequency doub-
ling tags [108].

In line with the above ideas, a novel and completely
original approach was proposed in [20] and [109] to solve
the issue of absolute accuracy of the most of the passive
chipless RFID sensors. The chipless tag described in [109]
is based on the harmonic radar concept [110], [111], i.e., on
a tag that, being illuminated by a carrier at frequency fy, is
capable of generating the second harmonic 2fy.

A simplified block diagram of the tag is illustrated in
Fig. 12. For this purpose, the sensor information is en-
coded as the phase difference between two signals, one
acting as the reference signal for the other one. First, the
tag receives a carrier at frequency fo- Then, two equal
signals at frequency 2f; are generated by means of a diode-
based frequency doubler and a power divider. At this point,
one of the two signals is phase-shifted using a passive
sensing element. Finally, the 2f; signals are reirradiated by
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Fig. 12. simplified block diagram of a harmonic chipless tag with
sensing capabilities. After [109].

exploiting two orthogonally polarized antennas. With this
approach, the sensor information can be extracted by a
suitable reader equipped with two complex (I/Q) receivers.
It must be observed that chipless tags, due to their in-
herent simplicity and extremely low number of lumped
components, are easily realizable on flexible substrates by
means of metal laminate [29], [30] and inkjet printing
technologies. In particular, antennas [112], diodes [113],
and passive sensing elements [114]-[117], i.e., all the main
tag components, have already been experimented in
cellulose-based materials. This will soon make SSs, equipped
with sensing chipless tags, feasible at affordable prices.

VI. QUASI-OPTICS

“Quasi-optics concerns the propagation of EM radiation
when the size of the wavelength is comparable to the size of
the optical components (e.g., lenses, mirrors, and apertures)
and hence diffraction effects become significant” [118].

In optics, operations are usually performed by using
lenses. At EM frequencies, by following the quasi-optics
analogy, lenses become large arrays, several wavelengths
in size, of unconnected elements, each of them being able
to get part of the signal incident on the array (usually
focused by using a Gaussian beam), to carry out an ope-
ration and to irradiate the modified signal. The sum of the
radiated signals modified by the array elements ends up in
a radiated beacon elaborated with respect to the incident
one [118]-[120]. From a historical point of view, quasi-
optics was first introduced experimentally by Heinrich
Hertz in the late 1880s [120] when he demonstrated the
possibility of collimating EM signals on a multiwavelength
surface by using cylindrical reflectors and studying effects
that, until that time, were observed only at infrared and
visible EM spectrum.

After more than 70 years, owing to the increasing
demand for bandwidth and to the development of optical
wavelength systems, quasi-optics experienced its palin-
genesis at the millimeter and submillimeter wavelengths.

We can classify the quasi-optical components into three
main categories: frequency independent, frequency selec-
tive, and active devices. Frequency-independent surfaces
include: delay lines, polarizing grids, hybrid junctions
[121], attenuators [122], power dividers [123] and combi-
ners [124], nonreciprocal devices [125], [126], absorbers,
and calibration loads. Frequency-selective surfaces [127]-
[129] include: inductive grids, capacitive grids, resonant
grids, thick structures (perforated plates), and interferom-
eters. Active devices include: oscillators [129], [130], am-
plifiers [131], [132], mixers [133], [134], phase shifters
[135], [136], multipliers [108], [137]-[139], and switches
[140]. This approach has been used so far mainly at milli-
meter and submillimeter frequencies because, being the
size of the apparatuses proportional to the wavelength of
the radiated wave, lower frequencies would have been
prohibitive due to the very large size required. With the
present development of technologies for LAE, however,
quasi-optics has become a feasible approach even at RF and
microwave bands, where large arrays of operational ele-
ments can be conceived.

Inheriting the quasi-optical approach, contact-less EM
wave processing (filtering, frequency conversion, selective
shielding, etc.) can be implemented even at low frequen-
cies (in the order of megahertz). Two pioneer examples are
switches [140] and the cross-dipole frequency doubler,
proposed in [108], and implemented in [141], where,
among various operating principles, the generation of
harmonics is chosen to demonstrate the feasibility of such
a component at microwave frequencies.

The layout of the proposed quasi-optical frequency
doubler is shown in Fig. 13. The structure is inkjet printed
on a cellulose-based substrate (a piece of photografic paper
from Kodak). It consists of two crossed \/2 dipoles. The
longest dipole receives the incoming power at the
fundamental frequency fo = 3.5 GHz, while the shortest
one transmits the generated power at the doubled
frequency 2fy in an orthogonally polarized orientation.
The length of the dipole operating at fy is 32 mm, while the
2fy dipole is 16 mm long. The width of the tracks used to
implement the dipoles is about 2 mm. The multiplication
is provided by four diodes in a bridge configuration, thus
forming a fully balanced multiplier unit.

Due to the omnidirectional nature of the dipole an-
tenna, the harmonic signal is irradiated with the same
intensity in the azimuthal plane (small differences are due
to both the dielectric substrate and the planar nature of the
dipole conductors). This means that the harmonic signal is
reflected toward the reader and the transmitter toward
other directions at the same time. A measurement of the
received power at 2fy = 7 GHz is reported in Fig. 13(b).
Here the interrogation distance is 10 c¢cm and the

1734 PROCEEDINGS OF THE IEEE | Vol. 102, No. 11, November 2014



Roselli et al.: Smart Surfaces: Large Area Electronics Systems for Internet of Things Enabled by Energy Harvesting

(a)
'40 l “’
-50 ' ——paper —| ’
— s et e SR e —
E\ 60 Ei plastic
S 70 T T Fig. 14. Example of quasi-optical frequency doubler based on an array
] 80 i f I of crossed dipoles. This structure is implemented on a Rogers
% :' substrate, but this can be substituted with a cellulose-based material
.g' -90 : to reduce costs and obtain mechanical flexibility.
g -100 : :
o i ; ;
o :
2 -110 ;
_— E tions where a complete surface can be interrogated and
f answered by generating a harmonic signal. The fabricated
'130-5 3 1 1 3 5 prototype uses a Rogers substrate, thus it is not flexible.
f-f, [kHz] However, adopting a cellulose-based substrate, a flexible
(b) structure can be built. The bending capability of cellulose-

Fig. 13. Cellulose-based prototype of the (a) crossed-dipole frequency
doubling tag and (b) measured second-harmonic response. The
measurements have been carried out interrogating the tag at

fo = 3.5 GHz and receiving the 2f, — 7 GHz frequency component.

The interrogation distance is 10 cm, and the transmitted power is
equal to 20 dBm. The transmitter is equipped with a two-element
Yagi antenna at fo, while the receiver uses a helix antenna at 2f,.

The fundamental frequency dipole is 32 mm long. After [141].

transmitted power is equal to 20 dBm. The transmitter
(reader side) is equipped with a two-element Yagi antenna
at fo, while the receiver (reader side) uses a helix an-
tenna at 2fy. In these conditions, the power received from
the cellulose-based (paper) tag prototype at 2fy is about
—80 dBm. The same structure implemented on a plastic
substrate produces more power, mainly because of a better
frequency tuning. An improved efficiency could be
achieved by: 1) adopting a frequency multiplier with better
harmonic terminations; and 2) using directive antennas in
order to address the power only toward the reader.

In the frame of the IoT, the crossed-dipole tag is a very
simple one-bit tag that can alarm a system when it is placed
within the range of the reader. However, with very simple
modifications, this idea can be used to implement a variety
of on/off sensors (the paper substrate can be easily torn
when a certain mechanical strain is exceeded).

The crossed-dipole structure can also be used as a
building block to form arrays, an example being shown in
Fig. 14. These arrays are mainly intended for LAE applica-

based circuits is quite good and only limited by the discrete
components mounted on them.

The second example consists of a paper-based contact-
less frequency doubler for harmonic RFID applications
[142]. The doubler, realized on paper substrate, generates
the harmonic signal by means of a single Schottky diode.
The system operates at 7.5 and 15 MHz, and these fre-
quencies are chosen, without lack of generality, to accom-
plish the realization of a fully organic frequency doubler
exploiting paper printed coils and organic diode
(pentacene-based), the present frequency limit of which
is around 15 MHz [143]. Fig. 15 shows a picture of the
organic tag, while Fig. 16 shows the doubling efficiency of
the organic tag versus transmitting/receiving (TX/RX)
distance, assuming TX power as a parameter (for the sake of
completeness, it is worth noting that TX and RX antennas
of the reader are equal to the RX and TX antennas of the
tag, respectively).

As a final remark, it is worth noting that, to the authors’
knowledge, only planar developments of quasi-optical arrays
have been proposed so far; reasonably, combining quasi-
optics with LAE related technologies can lead, in the near
future, to new SS solutions only in a limited planar extent.

VII. SMART FLOOR

The new concept of smart cities is generating a group of
new scenarios that will impose a new way people interact
with the environment. This immersion brings the IoT to a
new level of relationship with people and environment,
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Fig. 15. Fully organic tag prototype of the frequency doubling tag
operating at 7.5-15 MHz. After [142].

where the scenario around is aware of people’s needs and
can interact with their way of living.

This new concept brings IoT to areas that cover broad
topics, including transportation, energy distribution, data
communications, and all technologies in a sense that they
will become transparent to the normal users and citizens.

The growth of smart cities will significantly increase
the quality of life, the reduction of energy waste, and the
availability of information by using ICT. All these devel-
opments have, as a motivation, the overall inclusion of
people into the city in a way that ICT should become
completely embedded into our surroundings.

These new concepts are viable only if the smart envi-
ronments are enabled by IoT. IoT is actually taking shape
and is growing everyday through the number of devices
that get connected to each other.

Nevertheless, most of these devices that team up with
each other to build up the IoT world are powered by some
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Fig. 16. conversion (doubling) loss of the reader tag harmonic RFID
system as a function of the reader tag distance, assuming the output
reader power as a parameter. After [142].

kind of power sources. This is actually the main limitation
of present IoT solutions. In order to be able to create real
IoT environments, RFID, wireless power transfer (WPT),
and EH devices appear as a major enabling technology for
the IoT, due to their inherent simplicity and ability to
provide sensing to remote objects without the need for
constant powering.

In this scenario, the concept of a smart floor becomes
real. Smart floors should be capable of interacting with the
environment seamlessly and be aware of persons and
objects on top of them.

The focus of this section is going to be smart floors as
an information system, where RFID capabilities are used to
provide an identification and information source embed-
ded into the floor. This massive RFID immersion will allow
to create low-power high accuracy location, navigation,
and, generally speaking, an information system that can
team up with passers in a noninvasive way.

In this approach, the system uses passive RFID tags that
are spread beneath a flooring in order to create a map that
can be read with a mobile unit that might be self-powered
through energy harvested from the movements of the sub-
ject to be located [144], [145].

This new location system based on smart floors can
actually be extremely competitive when compared with
existing solutions; among them, we can take into consid-
eration those based on image processing [146]; they pro-
vide a high level of information at the price of high cost,
power consumption, and intrusiveness. Another approach
is based on pressure sensors [146], [147], providing actually
a different type of smart floors; pressure sensors are nonin-
trusive and can be less expensive in terms of equipment
when compared to the imaging systems; however, they can
still be quite expensive to install into the floors; moreover,
they do not allow for seamless identification of an individ-
ual in a given space. Eventually, ultrasounds [148] and RF
localization system detection [149] have to be listed; al-
though very flexible, they require dedicated communica-
tion infrastructures, additional complexity and costs, and
they are mostly sensitive to environmental changes, both in
terms of accuracy and functionalities.

The just mentioned smart-floor-based system tackles
most of these challenges as it is very low cost, able to have
a good, and precisely predictable, accuracy, and able to
detect different users in a given space.

A. RFID-Based Smart Floor Including
Material Aspects

Smart environments and floors should be completely
seamless to the users. This entails the need to embed
electronic devices into the environment in a noninvasive
way. Nevertheless, this embedding of electronic devices,
mainly wireless transceivers into the floor, is not a simple
matter. Floors, in fact, have been made by almost the
same kind of materials for centuries; tile industries are
weakly available to introduce new materials to match
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Floor
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Fig. 17. Readable distance test scheme (a) without and (b) with tile. After [144].

requirements posed by embedded electronics. Similar
considerations can be made about the consolidated tech-
niques to build apartments and houses: they are quite
mature and whatever adaptation of them to embedded
electronic systems is unrealistic. The consequence of this
is that constitutive elements of SSs embedded into the
floors must be suitable to materials and technologies al-
ready present: materials available are those adopted for
tiles and SSs must be adapted to building constraints.

In this section, we focus on the most important ap-
proaches for the characterization of the EM properties of
the materials, commonly adopted in floors, and their in-
teractions with our electronic radio systems. As an exam-
ple, ceramic tiles are going to be selected as the floor
element where electronic tags have to be embedded.

Ceramic tiles have been used for ages to pave floors.
These make up a great deal of most floor types in public
buildings, from airports to banks, therefore, they are the
most interesting ﬂooring elements to investigate.

As the first approach, the study of the influence of
some materials for floor surfaces, such as ceramic, cork
laminates, and wood, in the communication between the
transmitter and receiver devices has to be made; in this

Table 3 Results From Average Readable Distance Test

case, low-frequency (13 MHz) inductors are going to be
used as the wireless interface.

In order to do the measurements, traditional RFIDs are
used, which simplify the measurement approach signifi-
cantly. A test setup is shown in Fig. 17, and experimental
results are summarized in Table 3. What can be seen from
the results presented in the table is that none of the tested
materials affect the electrical characteristics of the RFID
propagation significantly.

Another approach to the measurement is to evaluate
the impact of the presence of metal inclusions beneath the
ground; these can appear from pipes or from buildings
supporting structures. In order to test this scenario, the
presence of a metal sheet close to the coil was tested to
verify its impact on the RFID reading distance. The test
setup is presented in Fig. 18. In this case, when the reader
is aligned (1) with the center of the coil beneath the tile, a
minimum distance of 10 mm between the metallic sheet
and the tag must be guaranteed in order to allow for the
proper reading of the tag. In the other approach, the edge
aligned scenario (2), the minimum distance between the
metallic sheet and the tag increases to 30 mm to allow for
communication.

Tile type Aligned (1) | Edge Unaligned
aligned (2) (R)]
Without tile 4.5cm 4.3cm 2.4cm
Ceramic tile 4 mm thick 4.5cm 4.3cm 2.4cm
Ceramic tile 6 mm thick 4.5cm 4.3cm 2.4cm
Ceramic tile 7mm thick 4.5¢cm 4.3cm 2.4cm
Cork laminate 5 mm thick | 4.5cm 4.3cm 2.2cm
Wooden floor 8 mm thick 4.3cm 4.2cm 2.2cm
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This test allows us to conclude that, in a real scenario,
when considering the typical distance from the antenna to
the floor, where the reader is usually embedded into a
mobile device, a minimum distance from the tile to any
metal inclusions in the ground has to be guaranteed. As
seen, this safe distance should be at least 30 mm.

B. Navigation Approach Based on Smart Floors

A meaningful example of the applications of the smart
floor concept is the demonstrator developed at the Univer-
sity of Aveiro, Aveiro, Portugal. It allows a nomadic RFID
reader on top of it to be identified and localized by means
of a smart floor.

The prototype in the present state is composed of four
main components: a set of tagged tiles forming the smart
floor, the nomadic reader, a wireless communication de-
vice to connect the reader to the information system, and a
computer on which the location and navigation software is
installed. A potential scenario of application for the moni-
toring of elderly housing is shown in Fig. 19. In the de-
monstrator presented, the RFID reader is connected to the
radio unit and inserted into the user’s shoes in order to
read the passive tags as the user walks around a given area.
The tile IDs are detected by the reader and sent to a

Fig. 19. Example of smart floor application scenario.

centralized information system using, without lack of
generality, a nonstandard wireless communication system,
purposely developed in the laboratory.

The software in the computer then decodes the ID of
the smart tile, and correlates it with a preloaded refer-
enced map, thus being able to provide the precise position
of the walker in the environment.

The location can be subsequently translated to a navi-
gation system, and combined with artificial intelligence to
allow navigation, situation awareness, etc.

Plenty of applications and related solutions can be en-
visioned on the basis of this smart floor approach: robot
control, automatic pallet managements, prevention in
harsh environments, and so forth.

VIII. SMART SHOES AND BAN

The aforementioned smart floor (Section VII), initially pro-
posed to localize moving subjects in a given area, actually
allows for the implementation of a very low-cost, accurate,
and reliable system able to provide each kind of detectable
information from an equipped area to the Internet.

To exploit the potentiality of a smart floor, it is obvious
that developing purposely conceived communication units
acting, on the one hand, as readers for tag tiles and, on the
other hand, as communication systems with the web is
needed.

One of the investigated systems for this is the so-called
smart shoe [21]. Smart shoes are intended as shoes incor-
porating a reader able to illuminate the tag embedded into
the tile and a wireless interface to communicate data to the
web. To this extent, smart shoes can be seen as hubs of
BANSs able, on the one hand, to get information from the
surrounding environment (body included) and, on the
other hand, to communicate the collected information to
the Internet. According to common buzzwords, they can
be seen as the second technological layer, just above the
first physical one consisting of tagged objects, in a hierar-
chical picture of IoT. Alternatively, they provide the cloud
of nomadic readers with networking capabilities required
for the implementation of the so-called networked RFID
(N-RFID) [150] strategies. In the referred structure [21],
the necessary antenna system is inkjet printed on paper,
thus exploiting the process described in Section II, and it is
a trademark-logo-shaped dual-band antenna working at
900 MHz and 2.4 GHz. A block diagram and its equivalent
realization are shown in Fig. 20: it is worth noting that the
reader itself works at 13.5 MHz exploiting the near-field
communication (NFC) concept, according to what is stated
in the smart floor section; as a consequence, there are no
issues about the interference between the dual-band an-
tenna and the NFC reader. Moreover, an approach similar
to [145] is proposed to power the reader: the idea here is as
well to harvest the energy produced by the human walking
by means of piezoelectric materials embedded into the sole
of the shoe.
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Fig. 20. (a) Block diagram, (b) photo, and (c) dual-band antenna results
of the smart shoe that works as an energy autonomous reader for
smart floors able to collect the localization data from the smart tiles
and send them to a centralized system. After [21].

Fig. 21(a) shows the shoe with the mounted electronics
consisting of a trademark-logo antenna inkjet printed on a
flexible paper substrate together with the circuits in which
the components [Fig. 21(b)] are fixed by conductive epoxy
glue. A piezoelectric push button was embedded in the shoe
to scavenge energy from human walking strike. This energy
is then collected by a simple electronic circuit based on off-
the-shelf components and used to supply the RFID trans-
mitter. As reported in [145], the system is composed by the
power-generator/energy-conversion device, the energy
storage device, the power regulator circuit, and the RF
transmitter that can broadcast the tag ID and the stored
information.

When the push button is pressed, an inner spring is
compressed and when the pressure exceeds a fixed thresh-
old, the spring-loaded hammer will be released to deliver
the dynamic mechanical force to the piezoelectric compo-
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Fig. 21. (a) Mounted electronics on shoe with piezoelectric energy
harvester and block diagram of the transmitting tag, driven by the
EH unit. (b) Photograph of the assembled prototype showing the
key components packaged on an organic flexible substrate.

After [145].

nent; once the hammer strikes the piezoelectric element, a
pressure wave is generated and reflected a few times be-
tween the hammer and the element, creating a mechanical
resonance [151]. As a result, the generated output voltage
follows closely an alternating current (ac) signal course.
The signal out of the piezoelectric element is characterized
by high voltage and low current; therefore, since this RF
circuitry requires lower voltages at higher currents, a step-
down transformer is used for better impedance matching
to the following circuitry.

An energy storage device is adopted to collect the
electrical energy and to provide it to the transmitter even
when the external power source is temporarily unavail-
able; in fact, the RF transmitter takes tens of milliseconds
to transmit one complete word, while the piezoelectric
push button harvests energy in a transient time. To store
the collected energy, a 4.7-uF tank capacitor was chosen.
An ac—dc full wave diode bridge rectifier is used to convert
the ac voltage from a piezoelectric element into a dc source
and a dc linear regulator is added to adapt the dc voltage
across the capacitor to 3-V transmitter operating voltage.
For this purpose, a MAX666 low-dropout linear regulator,
providing a stable 3-V supply until the tank capacitor
charge is drained below the reference level of the dc linear
regulator itself, is chosen. The transmitter used, the LINX
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Table 4 shoe Energy Performance Summary

Energy provided by the
pushbutton

Utilized energy

Available energy

Energy required by the
circuit for a one-word
transmission

stored in the capacitor 848.4 ul
below 2.7V capacitor 17.1 pd
voltage, the active RFID

tag stops transmitting

848.4u) —17.1 ) 831.3 ]
Power Needed for 50ms | 450 uJ
operation: 9 mW

TXE-433-KH2 [152], is able to combine a highly optimized
RF transmitter with an onboard encoder.

The maximum voltage across the capacitor is 19 V;
therefore, the energy stored in the capacitor can be calcu-
lated to be close to 850 puJ. After the strike, the regulator
becomes active, providing power to the tag circuitry; its 3-V
output remains constant before it starts to drop to zero
according to the capacitor discharge rate. When the voltage
across the capacitor drops below 2.7 V, the active tag stops
transmitting. The resulting energy left in the capacitor and
not used is about 17 pJ. The required time for successful
completion has been measured to be close to 50 ms; the
total circuit energy consumption for a 50-ms transmission
is then approximately 9 mW (Section IV). Consequently,
the energy required for a one word transmission is ap-
proximately 450 pJ, much less than the power collected by
the energy conversion and regulation unit. The energy
performance of the smart shoe is summarized in Table 4.

“Smart” solutions like smart shoes are suitable for smart
floor interaction and for collecting information (position
included) from them. The smart shoe has actually a double
functionality: on the one hand, it is a means to collect
information from the environment (smart floor included)
and from the on-body sensors and apparatuses; on the other
hand, it transfers data to the Internet, via WiFi, for in-
stance, while likely receiving control and feedback signals.
To this extent, it contributes to the development of wear-
able electronics for body-centric communication systems,
according to the scheme of Fig. 22. This class of devices is
based on the BAN concept (see Fig. 22): a network of
wearable computational units, sensors, energy harvesters,
and transceivers networked and implemented around the
human body. The information is acquired by means of sev-
eral sensors and, after processing and digital modulation, is
transmitted by means of off-body transceivers. The most
attractive application of BANs and wearable systems, so far,
is probably health monitoring [88], but the number of
foreseeable applications is constantly increasing (personal
fitness monitoring, personal audio system, personal alarm
set, and so on). Today, a big contribution to the BANs is
being given by the interaction with portable devices such as
smartphones which can be exploited as gateways.

Low-power ICs, sensors, and wireless communications
are key elements of the BANs, and the use of EH techniques

and mixed technologies such as RFID, as in the above de-
scribed smart shoe, can contribute to the development of
autonomous BANs. According to the notation adopted in
[74] and [153], BANs can exploit wireless communication
not only for off-body communications with other systems,
but also for on-body and in-body communications to inter-
connect networked devices [wireless body area networks
(WBANS5)]. Generally, the proposed WBAN solutions are
based on existing communication standards; but, recently,
the IEEE 802.15.6 working group has provided a standard
for short-range, wireless communications in the vicinity of,
or inside, a human body based on ISM bands for BANs
[154]. In this rapidly evolving scenario, smart shoes can be
seen, in turn, as a promising mean to interface information
coming from smart floors to the BANs and ultimately to the
Internet, directly or via portable devices.

IX. ENERGY SKIN

Within SSs, another area is emerging, which requires dc
energy. The availability of devices that can actually increase
the battery life of our electronic gadgets [155] is the holy
grail of IoT; the idea is actually to convert energy from

(<g))
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<
3G/4G
Blood Pressure .ECG Sensor J
Sensor ))
Insuline Pu 'p 0
. ) .&) G Sensor
) )
| | Mdtion Sensor ~ Wifi 1
! a]
) 9

Access Point

Fig. 22. BAN integrated with IoT: the data sensed on the human body
and collected by smart devices are sent to the Internet through the
standard protocols like third generation/fourth generation (3G/4G)
and WiFi.
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Fig. 23. EM source, likely supplied by solar energy in order to

keep eco-friendliness, is used to broadcast energy to the urban
neighborhood where houses are equipped with local RF-dc converters
able to power supply local devices (external lamps in the example).

different sources, as solar to dc [156], EM radio signals to
dc, thermal to dc [156], vibration to dc [157], etc. [158].
Portable converters from solar to dc are today com-
monly available on the market at very low prize. Similar
portable scavengers can be easily envisioned even for other
energy converters. On this basis, plenty of sophisticated
and more complex solutions are being proposed. Just as an
example, we report the solution in Fig. 23, where the solar
energy is used to supply an EM source that broadcasts RF
energy in the surrounding urban environment; this energy
is converted to dc energy at building level and, in turn,
exploited to supply external local lamps. This approach was
conceived for space applications [159], [160], but could be
used in certain conditions in earth stations as well. The
concept can actually move forward and be integrated into a
smart skin, in the sense that all devices could be powered
up by the skin energy conversion that a person can carry
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Abstract—This paper presents the design of low-cost,
conformal UHF antennas and RFID tags on two types of cork
substrates: 1) natural cork and 2) agglomerate cork. Such RFID
tags find an application in wine bottle and barrel identification,
and in addition, they are suitable for numerous antenna-based
sensing applications. This paper includes the high-frequency
characterization of the selected cork substrates considering the
anisotropic behavior of such materials. In addition, the variation
of their permittivity values as a function of the humidity
is also verified. As a proof-of-concept demonstration, three
conformal RFID tags have been implemented on cork, and
their performance has been evaluated using both a commercial
Alien ALRS8800 reader and an in-house measurement setup.
The reading of all tags has been checked, and a satisfactory
performance has been verified, with reading ranges spanning
from 0.3 to 6 m. In addition, this paper discusses how inkjet
printing can be applied to cork surfaces, and an RFID tag printed
on cork is used as a humidity sensor. Its performance is tested
under different humidity conditions, and a good range in excess
of 3 m has been achieved, allied to a good sensitivity obtained
with a shift of >5 dB in threshold power of the tag for different
humid conditions.
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I. INTRODUCTION

FID technology has been applied in an increasing number

of applications ranging from identification and local-
ization to various types of monitoring and sensing [1]. The
large and diverse number of application scenarios has resulted
in various challenges for the tag design, which include the
use of a diverse range of substrate materials such as paper,
plastic (PET) [1], plywood [2], to name a few, as well as the
use of different fabrication techniques targeting large volume
production such as inkjet printing [3], and consideration of
low cost conductive materials such as paperclips [3].

A characteristic example of the requirement for low-profile,
conformal RFID tags is related to liquid bottle tagging,
including water, wine as well as a variety of other liquids.
The challenge for conformal and low-profile antennas, has
led to different designs, such as a meander monopole placed
inside a hollow plastic bottle closure [4], and several designs
consisting of dipole antennas placed around the bottle plastic
or glass neck [5], [6] or body [7].

This paper is a more in-depth analysis and an extension of
the work presented at [8] and [9]. In this work we discuss
in detail the design and analysis of the UHF tag antennas
proposed in the symposium papers and how the presented
solutions are viable for efficient bottle tagging. We also
propose a possible implementation of a humidity sensor using
the supporting cork as the sensing element.

RFID has been used as the foundation technology for
the implementation of several passive remote sensors for
different application scenarios, from temperature to chemical
sensors [10]. The basic techniques to perform sensing in
a wireless way are usually based on resonant frequency
shifts [11] and/or wake-up power changes of the passive
tags [12].

Temperature sensing using passive RFID tags has been
explored in [11]-[13], in the first and second cases by
using substrates with permittivity sensitive to the temperature
changes, while in the third case thermistors are used in the tag
matching network to shift the resonant frequency of the tag
according to the temperature.

Instead of just temperature measurements, in [14] a com-
bined temperature and humidity sensor is explored. In this

1530-437X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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case a proposal for HF and UHF sensor tags is presented.
A micro-controller is used to interface a RFID chip and the
sensor elements or ICs responsible for the temperature and
humidity measurements. The micro-controller reads the data
from the sensors and writes it in the RFID chip memory, which
is then accessed with a regular RFID reader. This solution
seems to be the most mature and most reliable although
it is also the more expensive. It has been also considered
for harsh environments but it is severely dependent on the
packaging which may affect the accurate temperature and
humidity sensing in many scenarios.

Other sensing capabilities are explored in [15] and [16].
In the first case a passive sensor for pH of solutions is
presented. This one is based on HF RFID approach, by
connecting pH sensing electrodes in parallel to an inductive
coil which will result in a resonant frequency shift of the coil.
Every measured resonant frequency value is matched to a spe-
cific pH level of the target solution. A temperature-dependent
resistor is used in parallel with a varactor and the electrodes
and coil in order to monitor the temperature. Temperature
shifts will impose a change in the quality factor of the coil
which can be detected therefore allowing a temperature
compensated pH measurement. In [16] a microfluidic channel
are used to create a varactor sensor for chemicals which are
introduced into an UHF RFID tag antenna. These microfluidic
structures impose a resonant frequency shift of the antenna
for different chemicals, therefore allowing the detection of
certain substances using passive remote sensing.

In addition to its application in wine and bottle industry,
cork material has found increasing applicability as an
insulator in various fields, including space technology, due to
characteristic properties such as lightweight and low thermal
conductivity [17]. Therefore the characterization of this
material and the successful design of antennas and circuits
in it might open the door for many diverse and interesting
applications.

There are several ways to etch the cork with conductive
materials in order to fabricate the antennas or circuits on cork.
Standard milling fabrication is used to transfer the antenna
design on a low cost adhesive copper tape, which is then
attached to the cork substrate, allowing for a fast and cost
effective fabrication. Another possible implementation is the
use of inkjet printing, if care is taken to create a coating on the
cork that has enough surface energy to sustain the ink in place.

This paper describes the dielectric properties of cork
and introduces the cork as a possible substrate for the
implementation of antennas at high frequencies and explores
its use for sensing of humidity. This document is organized as
follows. In the following section the electrical properties of
two types of cork samples are characterized. The permittivity
and loss factor of a natural cork sample and a fabricated
pressed agglomerated cork sample are extracted with two
characterization methods for comparison purposes. Section III
shows the design of three different antennas for passive RFID
tags to be embedded into barrels or bottles for inventory.
Section IV presents the measurement setup and the measured
results for all the proposed tags. Section V investigates the
permittivity shift with humidity variation and shows a possible
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implementation of a passive humidity sensor based on RFID
using cork as the sensitive mechanism. Finally, section VI
draws the main conclusions about this work.

II. CORK PERMITTIVITY AND LOSS ESTIMATION

Antenna design requires knowledge of the electrical prop-
erties of the materials which comprise the antenna topology;
in the case of cork, its electrical properties have been relative
unknown in the RF frequency range. Moreover, through visual
inspection of the cork material and given the structure of
the material of the cork laminates, we expect to see an
an anisotropic behavior of the dielectric material. Therefore,
different orientations should be considered when analyzing
cork’s electrical properties.

A. Permittivity and Loss Estimation: Theory

In order to estimate the permittivity and loss tangent of
the cork we used transmission/reflection methods based on
microstrip transmission lines.

The method utilized to characterize the cork is based on
the measurement of S parameters of two different length lines,
as described in [18] and [19]. For the implementation of the
given method two microstrip lines with the same characteristic
impedance (not necessarily 50 €), that is, same width and
slightly different lengths are fabricated with the Material
Under Test (MUT) as substrate. The permittivity is estimated
based on the measurement of the propagation constant, y,
of both lines and relating the unwrapped propagation phase
constant, £, with the propagation phase constant in vaccum, ko.

_(2Y
Ereff = E

The loss tangent in this case is calculated according to (2)
as described in [20] and assuming the entire transmission line
losses are due to the dielectric, which is not entirely true but
provides a reasonable estimation of the loss tangent value.

0.0366a10«/3r,eff(8r -1

gr(gr,eff -1
where a is the losses obtained from the propagation constant
measured, A is the wavelength, ¢, .y is the effective dielectric
constant of the substrate and ¢, is the relative permittivity of
the material.

ey

tand =

@)

B. Permittivity and Loss Estimation: Measurements

There are numerous types of cork materials that are used for
the elaboration of wine cork bottle stoppers (Fig. 1). Among
them we can disguise the wine corks punched directly from
a panel of natural cork and the ones fabricated with pressed
or agglomerate cork. Apart from the fabrication method, these
types of corks can be distinguished easily by visual inspection,
as can be seen in Fig. 1 and 2. In this section we demonstrate
the permittivity and loss factor calculation for the above cork
type materials.

The microstrip lines utilized for material characterization
are shown in Fig. 2, where the difference in their respec-
tive lengths is quite clear, in a similar way as proposed
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(@) (b)

Fig. 1.  Two different types of wine bottle corks (a) natural cork and
(b) agglomerated cork.

(b)

Fig. 2. Photograph of two microstrip lines placed on (a) natural and
(b) agglomerate cork substrate.
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Fig. 3. Measured dielectric constant and loss tangent of axial and radial
samples of natural and agglomerate cork in the range from 750 to 950 MHz.

in [18], [19], and [21]. Due to the expected anisotropic
behavior of the cork, which is confirmed by the results shown
in Fig. 3, slices of the material were cut in two different
directions: axial and radial.

S-parameter measurements were performed on both pairs
of microstrip lines of lengths /1 and Ip, being /; of 15 mm
and [, of 25 mm. One pair of microstrip lines were placed on
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the cork substrate corresponding on the axial axis cut and the
other to the radial one. The conducting strips were fabricated
by milling of adhesive copper tape, with 35 um thickness and
4.7 x 108 §/m conductivity, and placing them on the cork
samples. SMA connectors were soldered to the edges of the
microstrip lines for interfacing.

A vector network analyzer from Agilent Technologies
with reference E8361A was used to perform the two-port
S-parameters measurements in the frequency range from
750 to 950 MHz. The estimated permittivity for the cork is
depicted in Fig. 3.

The measured permittivity for the cork is rather low, with
values ranging between 1.49 and 1.91, which was expected due
to the existing air gaps in the cork [17]. Another characteristic
that can be easily observed in the depicted results is the
anisotropic (permittivity is different for different directions)
behavior of the natural cork in contrast with the nearly
isotropic (permittivity is the same in both axis) behavior of
the agglomerate cork. This is mainly due to the random
distribution of the cork pieces on the agglomerate cork, in
comparison to the clearly stratified structure of the natural
cork. The lower permittivity of the agglomerate cork is also
explained by the larger number of air gaps in its slabs, which
is clear from the photographs in Fig. 2.

The isotropy/anisotropy of the the different cork materials is
also clear in the loss tangent values. The measured losses for
the natural cork are different over different directions while
they are roughly the same for the agglomerate cork. Besides,
the dissipation factor of the agglomerate cork is slightly lower
than the natural cork, as shown in Fig. 3. This indicates
that agglomerate cork might be a better candidate for use in
antennas and microwave circuits applications.

After the characterization of the cork materials up to
950 MHz, we were able to incorporate them on CST and use
them to simulate various UHF RFID tag antennas as described
in the following sections.

III. UHF RFID TAG ANTENNAS

In this section, three different types of UHF RFID tag
antennas are presented. The first one is a meandered dipole
antenna wrapped around a cork cube to be placed inside a
barrel cork stopper. The second design is a compact design
based on a meandered monopole antenna to be placed inside
a bottle cork stopper. The third prototype is a miniaturized
configuration of a dipole antenna, achieved by reducing the
antenna to the matching ring and a lumped component. This
is wrapped around the surface of a regular bottle cork stopper.
In the last two approaches the glass bottle filled with water
were included in the simulation model in order to better match
the real operation environment where the antenna will be
placed.

A. RFID Tag for Barrel Cork Stopper

As a proof of concept and without loss of generality,
a compact meandered dipole antenna was designed and mod-
eled to fit in a barrel cork. The designed prototype, that is
shown in Fig. 4, uses a cubic shape in order to facilitate the
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Fig. 4. Compact meandered dipole antenna (a) Dimensions of the compact
meandered dipole antenna matched to 50 Q, (b) with matching inductive ring
matched to the RFIC, and (c) photograph of the implemented prototype.

cutting of the material. It was made with natural cork, the
most commonly used for barrel cork stoppers.

When meandering the dipole arms, the direction of the
current flow in the radial direction of the dipole is inverted,
so to some extent these currents cancel when viewed from
far field and effectively do not contribute to radiation [22].
Additionally, a meandered structure features a significantly
smaller inductance per unit length than a straight dipole
and since the resonant frequency of the antenna is inversely
proportional to the product of inductance and capacitance
when these are reduced, the resonant frequency is increased,
which means that for the same total length, a meandered
dipole has a higher resonant frequency than a straight dipole.
This change in the resonant frequency was considered and the
design of the compact meandered antenna, the dimensions of
which are reported in Table I, were modified to re-tune the
resonant frequency.

The compact cubic antenna shown in Fig. 4 (a) was initially
designed to be matched to 50 Q. An RFIC chip was then
connected to the compact meandered dipole antenna, and a
loop ring is inserted around the chip making the connection
to the dipole arms, as shown in Fig. 4 (b). The selected chip
is the Higgs 3 from Alien Technology. This IC is EPCglobal
Gen2 and ISO/IEC 1800-6¢ compliant, requires low power to
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TABLE I
MEANDERED DIPOLE ANTENNA DIMENSIONS

[ Parameters [ sizes (mm) |
Lthickness’ Lfeed 0.75, 4.0
Lseparations Wantenna 1.0, 25.0
Lantennas Tantenna 32.0, 18.0
La,Lp, Wau 4.0,2.0,9.0
Wg, We, Wp 3.0,20, 1.0
Ta, T, Tc 2.0, 12.0, 2.0
Lsepa'ration_% Lthickness_Q 0.65, 1.15
Lincander 14.0

Fig. 5. Agglomerate Cork RFID antenna (a) top view (b) front view and
(c) photograph.

perform the reading operation and operates in the RFID UHF
bands (860-960 MHz). The input impedance of the RFID
chip can be modeled as a series equivalent circuit with a
resistance R of 1500 Q in parallel with a 0.9 pF capacitor C,
which results in a complex input impedance at 866 MHz of
27.35 - j200.5 Q.

B. RFID Tag for Bottle Cork Stopper

In this subsection we used agglomerate pressed cork and
designed an antenna for an RFID tag that could be inserted
into a cork stopper for a wine bottle.

It was necessary to reduce the size of the antenna when
compared to the previous topology in order to make it fit into
a typical wine bottle. Therefore, we opted to make a monopole
instead of a dipole. The proposed RFID tag antenna design for
the wine bottle cork stopper is depicted in Fig. 5.

As we can see from the picture the antenna is connected
to a conductive circular disk on the top of the cork stopper
that functions as a ground plane. Similar to the previous case,
there is an inductive loop at the feed point, in order to match
the antenna to the complex input impedance of the chip. In
this case, a UCODE SL3ICS1002 from NXP was used, which
has an input impedance of 16-j158 Q at 866 MHz.

The dimensions of this antenna are presented in Table II.

The radiation pattern is essentially omnidirectional which
was expected considering the antenna geometry. This can
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TABLE II
MEANDERED MONOPOLE ANTENNA DIMENSIONS

[ Parameters [  sizes (mm) |
Ly, Lo, Ly | 26.0, 30.0, 40.0
L4, Ls, Lg 3.0,45,74
L7, Lg, Ly | 170, 23.0, 10.0
Lio, L11 3.0, 3.5

(b)

Fig. 6.  Simulated radiation patterns of the meandered monopole RFID
antenna (a) with empty bottle and (b) with filled bottle.

be observed in the simulation results depicted in Fig. 6 (a).
However, this is true when the bottle is empty. The simulation
model was designed with a glass (¢,=4.8) bottle with a thick-
ness of 6 mm, which is the thickness of the glass measured
from a typical wine bottle. The presence of liquid inside
the bottle has a considerable effect on the radiation pattern,
which is shown in Fig. 6 (b). For simulation purposes, water
was considered inside the bottle. Most beverages are mainly
composed of water, which means that for electromagnetic
simulation purposes it will render similar results as wine.
Water has an estimated permittivity of 78.3 at 25 °C [23]. The
water is set at a distance of around 15 mm of the stopper edge.

Nevertheless the gain of the antenna remains essentially the
same in both cases. The monopole antenna was optimized to
work in the filled bottle, therefore, when the bottle is empty
there is a slight mismatch in the antenna impedance. This
allied to the smaller directivity of the radiation on the empty
bottle, result in a total efficiency that is very close to the one
achieved in the filled bottle case, even with the lower radiation
efficiency occurring from the liquids absorption.

This prototype has rather large dimensions that extrude the
top of the bottle. Due to the visual impact we decided to reduce
the size of the antenna further in order to make it fit into
regular bottle stoppers. The proposed prototype was designed
in order to fit on the surface of a regular T-cork stopper, which
is a stopper commonly found on liquors, that provides a secure
grip while applying little deformation to the antenna.

The proposed prototype is presented in Fig. 7.

In order to miniaturize the antenna an SMD resistor
of 6.2 Q is used in the impedance matching ring in order
to reduce the size while maintaining a good matching of the
antenna impedance. This of course dissipates a great deal
of the input power, therefore reducing the overall efficiency
of the antenna in 90%. However, the impedance mismatch
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Fig. 7. Agglomerate Cork RFID antenna (a) front view (b) left-side view,
and (c) prototype photograph. All dimensions in mm.

0
[ 33
AN

Fig. 8. Simulated radiation pattern of the conformal RFID tag considering
(a) only the bottle neck and (b) full filled bottle.

before the insertion of the resistor corresponds to a reflection
of I' = 0.98, which results in a total efficiency below 1%, that
is effectively lower when compared to the efficiency with the
resistive element, which is around 5%.

The antenna is simulated in two different scenarios, an
empty and a water filled bottle, for comparison. The bottle is
designed considering a thickness of 8 mm of glass, which is a
typical value for wine bottles, where the glass is modeled with
the default values from the simulator library, with a permit-
tivity of 4.82. The presence of the liquid has a large influence
in the radiation pattern and also in the total efficiency, due
to the fact that water absorbs electromagnetic energy [24].
The changes of the radiation pattern of the antenna when
considering the empty bottle versus the liquid filled bottle is
depicted in Fig. 8.

Due to the radiation efficiency reduction in this prototype
the reading range of the tag is considerably reduced.

IV. RFID TAGS MEASUREMENTS

The read range of the designed RFID tags was tested
using a signal generator, an oscilloscope or a vector signal
analyzer (VSA) and an antenna that is used for transmit and
receive using a directional coupler, as depicted in Fig. 9.
In order to evaluate the distance of communication with the
tag, a query is sent to the tag and the back-scattered response
is analyzed to see if a modulation is discernible.

The back-scattered signal from the RFID tag is received
by the digital oscilloscope which can be configured to
perform the FFT over the received time window and show
the frequency spectrum. A VSA can also be used to check
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Fig. 9. RFID read range measurement setup.
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Fig. 10. Read range for the natural cork and agglomerate cork RFID antenna.

the frequency spectrum. Since the tag uses amplitude shift
keying (ASK) to modulate the back-scatter signal, the presence
of the tag response is discerned by the presence of sub-carriers
around the interrogation carrier.

In order to determine the read range, a fixed distance
between the antenna and the RFID tag is set (d=38 cm) and
then the transmitted power from the generator is varied to find
the minimum threshold power (P;;) necessary to turn on the
tag. The read range for a given transmitted power (EIRP)
can be determined using the following expression [25]

EIRP
r=d | ——-H 3)
P LG,

where L are the losses in the cables and G; is the gain of the
transmitting antenna (since only one antenna is being used).

The maximum read range for different operation frequencies
and for a EIRP maximum of 1 W was determined using this
method. Fig. 10 shows the maximum reading ranges obtained
for the barrel cork stopper tag and the bottle cork stopper
tag. For both cases, the peak reading range occurs around
900 MHz, corresponding to nearly 6 m for the barrel stopper
and 3 m for the bottle cork stopper.

The range of the bottle stopper tag is smaller than that of
the barrel stopper tag. However, we need to consider that the
bottle cork stopper was tested in a real application scenario,
inserted into a water (which is similar to wine in terms
of electromagnetic properties and effects on radiation) filled
bottle, while the barrel stopper was tested by itself, outside
any barrels and without any liquids in its vicinity.

The third prototype, the miniaturized bottle stopper tag,
showcased the smallest reading range. This is mainly due to
the smaller efficiency of the antenna. The reading range of
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Fig. 11.  Scenarios of application of the bottle stopper tag and reading
solutions (a) at bottling stage and (b) at distribution stage in supermarket.

the considered prototype in an application scenario condition,
that is, inserted into a water filled glass bottle, was of 0.3 m
at 866.6 MHz, achieved for the maximum output power
(30 dBm) of a commercial RFID reader. However, this reading
range is obtained regardless of the orientation of the bottle.
That is, either if the bottle is placed horizontally or vertically,
the reading range obtained in the maximum direction of
radiation is the same.

Although small, the reading range obtained is rather
acceptable if we consider the following application scenarios.
In the first case during bottling process, the RFID reader
antennas can be mounted in a platform hanging over the
belt that circulates the bottles around the bottling facilities,
as illustrated in Fig. 11 (a). On a distribution scenario,
for instance, on supermarket shelves, the readings can be
obtained by an emplyee with a portable reader, which points
the reader to the shelves, as illustrated in Fig. 11 (b). In both
cases the readings are obtained in close vicinity to the bottles,
therefore we can say that the reading ranges obtained with
the considered tags, although small, are acceptable.

It is important to note that the work presented in this paper
is meant as a proof of concept. That is, this investigation goes
into the development of possible RFID tag antennas that can
work within the vicinity of liquids while inserted into glass
bottles. When we consider the possibility of industrialization
of these designs, some issues arise, which can only be tackled
with a careful design having into consideration the cork
manufacturing and the bottling processes. For instance, the
bottle tag of Fig. 5 is not a common shape cork stopper,
therefore, a new cork stopper model would need to be used and



7248

-G---G---8---8---B---B B - G- E-- -8 - BB B

1 .
0.75 0.8 0.85 0.9 0.95
Frequency (GHz)

0.04f-&---3---8---8---8---8---F--F---3---8---8--- - - -E -

tan §

0.02

0 . . .
0.75 0.8 0.85 0.9 0.95
Frequency (GHz)

--£F-- Wet cork —o— Dry cork

Fig. 12. Measured permittivity of the dry and wet cork applying the two-line
method with two different length microstrip lines.

the bottling processes would need to adapt to this new shape,
besides, the manufacturing process of the cork stopper would
also need to be changed. In the case of the tag in Fig. 7, due
to it’s application on the surface of the cork and it’s compact
size, it can be used with common shaped stoppers. However,
since it is located on the surface, it requires some cover
material around the cork, which is not advisable. Besides,
it requires the bottling to be done slowly and with little
pressure, contrary to what is the current bottling process.

V. HUMIDITY SENSORS BASED ON CORK

In order to develop a passive humidity sensor, we’re using
cork as the sensing surface. Cork is a porous dielectric
material, and as such, it absorbs water. This results in a
material that is sensitive to humidity changes. In order to
determine to which extent the cork permittivity changes with
the difference in water content, permittivity measurements
were performed on the dry and soaked cork slabs, using the
two-line method, according to [19], with microstrip lines. The
effective permittivity values are presented in Fig. 12.

We can see that the permittivity changes considerably,
between 1.5 when dry to 3 when in wet condition, which
proves the water absorption properties of the cork. Besides, we
can also observe an increase in the losses, from around 0.015
when dry to 0.04 when wet.

In order to develop the passive sensor we designed an UHF
RFID antenna inserted in between two cork slabs. The antenna
was fabricated by inkjet printing a silver nanoparticle (SNP)
ink from ANP.

In order to be able to print the ink on top of the cork,
a coating surface has to be created so that it doesn’t absorb the
ink. Epoxy and SU-8 were used for this purpose. By placing a
slim layer of epoxy on the surface of the cork we were able to
create a smoth surface for printing. The SU-8 was then inkjet-
printed on top of the epoxy layer, to furthermore increase the
smoothness of the surface while providing an optimal wet-
ability for the SNP ink printing.

The simulated prototype comprised three different dielectric
layers. An epoxy layer on top of which the antenna was printed

IEEE SENSORS JOURNAL, VOL. 15, NO. 12, DECEMBER 2015

Cork 60.0 Outc¢ 1(7
N
Epoxy = Epoxy
Il Ik Il ¥, Ink
‘ i 11.7‘ 2. e
40.0[30.0 14.24
— | | I
5 n &t
5 v
e I
Fig. 13. Proposed RFID tag using cork slabs prototype. All dimensions
in mm.

Receiving tag

Fig. 14. Measurement setup.

N
=

N
N

N
o

=)

Transmitted Power (dBm)
IS >

N

(=}

820 840 860 880 900 920 940 960
Frequency (MHz)

= =Wetcork = + Wetcork after 10min
— Wetcork after 60 min ~ «=+=+ Wet cork after 120 min

= Dry cork
=== Wet cork after 40 min

Fig. 15. Minimum transmitted power to activate the prototype tag with
different wetting conditions.

and then two different layers which emulate the cork. A slim
fixed permittivity cork slice which accounts for the fact that
not all the dielectric cork slab will absorb water and an outside
slab with varying permittivity which is going to change based
on the humidity. The proposed prototype is shown in Fig. 13.
The antenna was designed to match the input impedance of a
Higgs 4 RFID chip from Alien at 915 Mhz, which corresponds
to 18.4+j181.2 Q. The size and placement of the inductive ring
is determined according to the guidelines from [26].

In order to access the behavior of the tag, the minimum
threshold power to turn on the tag is measured at each
frequency. For that purpose a more easy setup was used,
with the Voyantic Tagformance 7, RFID test equipment.
A picture of the measurement scenario is shown in Fig. 14.
The frequency at which the tag presents the lowest turn on
power corresponds to the frequency at which the antenna has
the better match to the chip input impedance. The measured
threshold power of the tag is shown in Fig. 15.
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Fig. 16. Simulated reflection coefficient of the sensor tag antenna for different
permittivity values of the outside cork slabs.
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Fig. 17.  Threshold power variation with humidity measured within the
thermal chamber with humidity control.

By looking to the transmitted power measurements it is easy
to identify a shift in the matched resonance of the antenna to
the chip for different humidity values. It is also possible to just
look into the turn on power at a single frequency and match
the minimum power level required to a given humidity level.
Considering the relative humidity levels inside the lab were
of 60%, we can see that there is a large and easily traceable
power shift up to 2100% at 920 MHz, which is the frequency
at which the antenna is matched for the dry cork condition.

Still on the plot from Fig 15 we can see that when the cork
becomes wet, the best matched frequency is around 845 MHz,
which matches with the simulation prediction for the wet
condition. The simulated reflection coefficient, of the sensor
tag antenna for different permittivity values of the outside
slabs, is depicted in Fig. 16.

Comparing the simulation and the measurements we can
see a relationship between the threshold power to turn on the
tag and the reflection coefficient of the sensor tag antenna.
For a permittivity of 1.7, which corresponds to the near dry
cork, the resonant frequency is around 920 MHz where a good
match (reflection coefficient at —15 dB) is obtained, which
correlates to the lowest threshold power measured, happening
for the dry cork at 920 Mhz. While for a permittivity of 2.8,
which is almost the value obtained for ~100%, the resonance
is around 850 MHz with a poor match (reflection coefficient
at —8 dB), which correlates to the wet condition with the
lowest threshold happening at 845 MHz with 3 dB difference
to the dry condition.

Another measurement was performed inside a thermal
chamber with humidity control. The threshold power was
measured at 915 MHz for different humidity conditions.
There’s a threshold power difference of roughly 4.4 dB,
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between 50 to 96% relative humidity. The threshold power
variation with humidity is shown in Fig. 17.

This behavior confirms the response obtained for the pre-
vious measurements by spraying and drying the cork. The
threshold power difference, between this measurement and the
one shown in Fig. 15, is due to the propagation environment
in which the measurements were made. The thermal chamber
has metallic walls, therefore the propagation inside is
unknown and random with multiple reflections happening.
For that reason the frequency sweep was not performed and
an accurate threshold power can’t be obtained, since the
propagation environment is very different from open space.

VI. CONCLUSION

In this paper, three types of RFID tags implemented in cork
based substrates have been presented. These RFID tags aim
to be used in wine bottles or barrels integrated in their cork
stoppers for inventory and monitoring of bottled beverages.
One of the contributions of this paper is the dielectric
characterization of natural and agglomerate pressed cork.
It is shown that this material has a very low dielectric constant
and also a reasonable dissipation factor that makes it suitable
to the design and implementation of printed antennas for
different applications. The RFID tags proposed in this paper
have shown a very good result in terms of reading ranges
while maintaining conformity with the targeted application
dimensions constraints. The proposed RFID tag for bottle
labeling is small enough to fit regular cork bottle stoppers and
shows a reading distance of 30 cm, which for the application
envisioned is an acceptable value.

Cork is also explored as a possible way to implement an
humidity sensor. Its properties are explored and it is shown that
cork has a considerable sensitivity to the water contents due
to its absorption characteristic. A passive humidity sensor can
be developed taking advantage of these properties and using
RFID technology.
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Abstract: The Internet of Things (IoT) scenario is strongly related with the advance of the development
of wireless sensor networks (WSN) and radio frequency identification (RFID) systems. Additionally,
in the WSN context, for a continuous feed, the integration of textile antennas for energy harvesting
into smart clothing is a particularly interesting solution when the replacement of batteries is not easy
to practice, such as in wearable devices. This paper presents the E-Caption: Smart and Sustainable Coat.
It has an embedded dual-band textile antenna for electromagnetic energy harvesting, operating at
global system for mobile communication (GSM) 900 and digital cellular system (DCS) 1800 bands.
This printed antenna is fully integrated, as its dielectric is the textile material composing the coat
itself. The E-Caption illustrates the innovative concept of textile antennas that can be manipulated
as simple emblems. Seven prototypes of these “emblem” antennas, manufactured by lamination
and embroidering techniques are also presented. It is shown that the orientation of the conductive
fabric does not influence the performance of the antenna. It is also shown that the direction and
number of the stitches in the embroidery may influence the performance of the antenna. Moreover,
the comparison of results obtained before and after the integration of the antenna into cloth shows
the integration does not affect the behavior of the antenna.

Keywords: textile antenna; energy harvesting; smart clothing; wearable devices

1. Introduction

Nowadays, the socio-economic development and lifestyle trends indicate an increasing
consumption of technological products and processes, powered by emergent concepts such as the
Internet of Things (IoT), where everything is connected in a single network [1]. The development of
smart objects for IoT applications, include the capacity of this objects to be identifiable, to communicate
and to interact [2]. In this context, wearable technology has been addressed to make the person, mainly
through his clothes, able to communicate with, and be part of, this technological network [3].

Wireless communication systems are made up of several electronic components, which, over
the years, have been miniaturized and made more flexible, such as batteries, sensors, actuators, data
processing units, interconnectors, and antennas [4]. In the systems for on-body applications, the
antennas have been challenging, because they are conventionally built on rigid substrates, hindering
their efficient and comfortable integration into the garment.

Sensors 2016, 16, 938; d0i:10.3390/s16060938 www.mdpi.com/journal/sensors
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However, embedding antennas into clothing allows expanding the interaction of the user with
some electronic devices, making them less invasive and more discrete. Thus, textile antennas that
are designed combining the traditional textile materials with new technologies emerge as a potential
interface of the human-technology-environment relationship. Textile antennas, thus, become an
active part in the wireless communication systems [5-9], aiming applications, such as tracking and
navigation [10-12], mobile computing, and others [13].

1.1. Textile Antennas

For IoT applications, embedding antennas into clothing makes the garments become a smart
interface for the interaction between the user and the network. The wearable antennas should be
thin, lightweight, of easy or no maintenance, robust, and resistant to washing cycles and usage and,
moreover, must be low cost for manufacturing and commercializing [14]. In this way, textile planar
antennas, the microstrip patch type, have been proposed for garment applications, because they present
all of these characteristics, and also are adaptable to any surface [15]. This type of antenna is usually
formed by overlapping conductive (patch and ground plane) and dielectric (substrate) layers [16].
Therefore, the knowledge of the properties of textile materials that are used is crucial, as well as the
manufacturing techniques for connecting the layers, such as gluing, seaming, and laminating with
adhesive sheets. Furthermore, the microstrip patch antenna radiates perpendicularly to a ground
plane, which serves as a shield to the antenna radiation, assuring that the human body absorbs only a
very small fraction of the radiation.

1.2. Electromagnetic Energy Harvesting

The integration of electronic devices on clothing puts the question about how to feed them.
The batteries are an obvious choice, but they are bulky, require frequent replacement or recharging,
and their short longevity is an ecological concern of current times. Additionally, the research of
self-sustainable wireless devices is a growing challenge in IoT applications [17]. In this context, energy
harvesting is a promising solution to consider in the next generation of wireless sensor networks (WSN).
Nowadays, radio frequency (RF) energy is currently broadcasted from billions of radio transmitters
and, thus, can be collected from the ambient environment or from dedicated sources [18]. Moreover,
the advance of technology stimulates the growing number of wireless transmitters, especially in highly
populated urban areas, increasing the power density of available RF in the environment [19].

Coherently, in the past years, different proposals of textile antennas for RF energy harvesting
have been proposed [19-21]. However, only two works [19,20] have outlined the integration of these
antennas in smart clothing. In [20] a scheme of jacket with harvester circuit is presented. A triple-band
ring textile antenna for RF energy harvesting, operating at GSM900, GSM1800, and WiFi frequencies is
also proposed. This antenna was developed with a multilayer configuration and for its conductive
parts, the Global EMC shielding fabric with surface resistivity of 0.02 (2/sq. was used. An unspecified
fabric with ¢, = 1.23 was used as a substrate support of the antenna. The Kapton® fabric with ¢, = 3.4,
tand = 0.002 and 1 mm of thickness, was used as the dielectric substrate. The predicted antenna
efficiencies are 61% at 900 MHz, 54% at 1750 MHz, and 85% at 2450 MHz. In [21] the draft of a coat is
presented, where multiple body-worn embroidered textile antennas are proposed to be integrated into
a harvester system operating in the 2.45 GHz WLAN band.

2. Materials and Methods

This paper is based on the dual-band textile antenna for GSM900 and DCS1800 frequency
bands proposed in [22] that is shown in Figure 1 and which dimensions are given in Table 1 below.
The next subsections will analyze the manufacturing process of making this antenna, presenting
seven prototypes, made using two different manufacturing techniques: thermal adhesive lamination
and embroidering. Further, the integration of the antenna into a smart coat, by fully embedding it into
the material constituting the coat, is described.



Sensors 2016, 16, 938 30f13

L

Lygra

(a) (b) (9
Figure 1. Textile antenna. (a) Design of the dual-band antenna; (b) Front; and (c) Back.

Table 1. Dimensions of the textile antenna.

Parameter Dimension (mm)
L, Lgnd, Ly, Lix 120, 100, 78, 30
Lmi1, L2, gap, W 12,5,3.1, 80
Wt W1, Wiz, Wiz, Wina 1.5,31,21,8,4

2.1. Materials

The selection of textile materials for the development of antennas is critical, as discussed in [14].
In this work, all materials used to manufacture the wearable antennas are commercially available and
described in the Table 2. For the dielectric substrate, a synthetic fabric with low regain was chosen,
in order to minimize the effect of the moisture absorption on lowering the resonance frequency of
the antenna.

Table 2. Characteristics of the textile materials used to develop wearable antennas.

. Mass per Unit . .. Thickness
Dielectric Fabric Surface (g/m?) Composition Finish (mm) [ tand
Materials ® o
Cordura 100% PA  Polyurethane
Light 280 6.6 coated 05 1.9 0.0098
. Mass per Unit . .. Thickness  Conductivity
Fabric Surface (g/m?) Composition Finish (mm) (S/m)
100% Copper and
Conductive Zelt 55.87 Polyamide tin plated 0.06 1.75105
Materials Li M Conductivity
inear Mass - .. onductivi
Yarn (dtex) 1 Composition Finish - (S/m)
. 100% .
Silverpam 250 Polyamide Silver plated - 0.005
. Mass per Unit o - Thickness
Fabric Surface (g/m?) Composition Finish (mm)
. 100% Oil + water
Other Aflantic 120 Polyester repellent 03
Materials Adhesive Mass per Unit Composition } Thickness
Sheet Type Surface (g/m?) P (mm)
Fixorete 100%
Losango 0-28 Polyamide . 0.01

! Tex is the unit of the International System of Units used to characterize the linear mass of fibers and yarns.
Tex is defined as the mass in grams per 1000 m. The subunit decitex (dtex) is the mass in grams per 10,000 m [23].
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2.2. Manufacturing Technigues

Beyond choosing the textile materials, the construction technique of the antenna is also crucial
because the textile materials are highly deformable. The geometrical dimensions of the conductive
patch and of the dielectric substrate should remain stable when connecting them, as the mechanical
stabilization of both materials is essential to preserve the desired characteristics of the antenna. The
geometrical precision of the conductive patch is also critical as the proposed antenna has thin details,
as shown in Table 1.

Moreover, the technique to connect the various layers should not affect the electrical properties
of the patch, particularly its electrical resistivity. All antennas presented in the following sections
were produced assembling the components with the thermal adhesive sheet (JAU Téxteis, Serzedo,
Portugal), previously described in the Table 2. The antennas were glued by ironing without steam in a
vacuum table. Steam was not used deliberately, especially on materials with copper, to avoid oxidation
of the conductive material and the consequent increase of its electrical resistivity.

However, an extra antenna was produced by an ironing process with steam in order to analyse
the influence of the steam in the performance of the antenna. Both antennas, with and without
steam, were assembled using the same ironing conditions, presented in the Table 3. Additionally, in
order to ensure the geometrical accuracy, the patches were cut by an LC6090C CCD (Jinan G. Weike
Science & Tecnology Co. Ltd., Jinan, China) laser cutting machine. The obtained results are shown in
the Figure 2.

Table 3. Ironing conditions.

Temperature (°C) Pressure (bar) Time (s)

200 10 12 (6 for patch + 6 for ground plane)

Magnitude (dB)

5L L. —— Simulation (stand-alone)
ER N Measurement - [roning process without steam
— —Measurement - Ironing process with steam

30 \ L= ! I ! |
06 08 1 12 14 16 18 2

Frequency (GHz)

Figure 2. Comparison between ironing processes with, and without, steam.

According to the measured results presented on Figure 2, one can see a higher frequency shift in
the antenna made using steam in the ironing process. In order to investigate the cause of this shift,
the thickness of the antenna was measured, using Kawabata’s Evaluation System (KES) for fabrics
(KES-F-3 Compressional Tester). For the antenna without steam, the thickness is 0.62 mm, and for the
antenna with steam it is 0.60 mm. This difference can be due to the higher compaction of the materials
when steam is applied. As one can see in the scanning electron microscope (SEM) images in Figure 3,
in the antenna without steam the adhesive sheet (see yellow arrows) remains at the interface between
the conductive and dielectric layers. However, when the steam is applied, the adhesive sheet merges
with the textile structure (see green arrows).
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200um

Figure 3. SEM images: cross-section of the antenna assembled (a) without steam and (b) with steam.

This effect may be responsible for a decrease in conductivity due to the presence of the glue
among the conductive yarns. Moreover, the presence of the adhesive sheet into the Cordura fabric
(B. W. Wernerfelt Group, Seborg, Danmark) will presumably change, even if slightly, its permittivity.
Finally, the shift in frequency may be due to other factors, such as the precision of cutting during the
manufacturing process.

Nevertheless, it is worth noting that it is important to further study the effect of steam in the
performance of the antenna, in order to consider and compensate for it in the design of the antenna.

2.2.1. Laminated Antennas

These antennas are made by superposing fabrics and attaching them with a thermal adhesive
sheet. The cutting process of the conductive material is critical, as the antenna has very thin lines;
for instance, the W dimension (see Table 1). In order to increase the geometrical accuracy, the patches
were cut by an LC6090C CCD laser cutting machine. This procedure also reduces the common fraying
effect that appears when cutting thin fabrics with scissors.

Two antennas were fabricated with this lamination technique. In order to test the influence of
the direction of the structure of the conductive fabric (Zelt) on the performance of the antenna, the
patch of antenna A was cut parallel to the warp, and the patch of antenna B was cut at 45° (bias).
Figure 4 presents the simulated and measured values of S1; parameter of both antennas, measured
with a vector network analyser (VNA).

Magnitude (dB)

——Simulation \\ /
25| — — Antenna A \ ! 7
------ Antenna B \ I
530 I [ | 1 ! |
0.6 0.8 1 1.2 1.4 16 1.8 2

Frequency (GHz)

Figure 4. Simulated and measured return loss of laminated antennas.
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The antennas produced by the lamination technique have shown good results, as the S;; parameter
shows. As one can see in Figure 4, the measurements match the simulation fairly well, although there
is a small shift of the frequency. This shift of frequency might be due to the narrow manufacturing
tolerances that exist even when cutting the fabric by laser. Still, the reflection coefficient (S;1) is low at
the operating frequencies, meaning that the antenna presents a good impedance mismatch in both
GSM and DCS bands.

Thus, with the laminated manufacturing technique, by controlling the ironing conditions, the
adhesive may remain at the interface of the conductive and dielectric materials, as one can see in the
SEM image in Figure 5, showing the cross-section of a laminated antenna assembled without steam.
Therefore, in this antenna, made by ironing without steam, the electrical surface resistance of the
patch and the relative permittivity of the substrate are not significantly changed. This observation is
corroborated by the S;1 measurements previously showed in the Figure 4.

Cordura (dielectric substrate)

Adhesive sheet

Zelt (ground plane)
Zelt (antenna)

Figure 5. SEM image: cross-section of the textile antenna after assembly with adhesive sheet,
without steam.

2.2.2. Embroidered Antennas

Embroidering is a promising method in terms of repeatability and mass-manufacturing [24], as the
embroidered antennas do not need a cutting or lamination process, thus reducing the production costs.
For this reason, several embroidered antennas have been proposed; for instance, spiral antennas [25,26],
RFID tags [27,28], and antennas without a ground plane [29-31]. This paper explores the embroidering
technique to produce antennas that can be easily applied in clothing as an emblem. This way the
embroidering technique might enlarge the dissemination of the textile antennas into clothing.

As the antenna considered in this paper is a printed monopole antenna which requires a ground
plane, the manufacturing process has to be adapted in order to eliminate the short cuts caused by the
embroidering technique in both sides of the dielectric material. Therefore, the construction technique
of the embroidered antenna was: firstly, embroidering the patch in a thin textile; secondly, cut the
embroidery; and, finally, attach the embroidery to the dielectric substrate using the thermal adhesive
sheet. This process is the same one used to produce the traditional emblems for cloth customization.

Five antennas were developed with this technique, using a SWF MA-6 automatic embroidering
machine. The patches were embroidered in the Atlantic fabric (B. W. Wernerfelt Group, Seborg,
Danmark) using Silverpam yarn (Tibtech Innovations, Pierre Mauroy, France) (see Table 2). The
parameters of the embroidery are described in Table 4. The orientation of the stitch was considered by
performing stitches along four different directions for antennas 1, 3, 4, and 5. The number of stiches
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was considered by varying the float of the stitch for antennas 2 and 3. To avoid differences in the fringe
effect on the feed line (W; x Ly) due the different directions of the stitches, all antennas have feed lines
embroidered with a horizontal step stitch.

Table 4. Parameters of the embroidered antennas.

Antenna 1 2 3 4 5
. L Vertical ste Diagonal step stitch Diagonal step stitch
Description of Stitch I:tzgzsi)ir;il vi?:ilza‘llv;tt:p stitch, wit}}13 (directioi: 152°/ guadrant 2), (directi(;sn: 30°/ qiadrant 1),
horizontal step with horizontal step with horizontal step
. s R %
Draft of Stitch === ?
Number of Stitches 1255 2084 1378 1360
Yarn Consumption (g) 0.27 0.39 0.22 0.23
Yarn Consumption
per Embroidered 489 706 398 416 489
Area (g/m?)

Figure 6 shows the simulated and measured values of the Si; parameter of these antennas,
measured with a VNA. It is clean that the measurements match closely to the simulations. Where
antenna 3 is the one with the best match of the reflection coefficient.

-10} . s o =
N ! i N N\ 3 o~

o
2 15
L]
h=}
=
E  ————
2 -20- |—Simulation
= ——Antenna 1 L
-25- |—e—Antenna 2 v M L d
===Antenna 3 1
30 [ Antenna 4 W1 .
------- Antenna 5 i
.35 | | | |
06 0.8 1 1.2 14 16 1.8 2

Frequency (GHz)

Figure 6. Simulated and measured return loss of embroidered antennas.

The antenna 3 presents the closest result to the simulation line. This can be due to the fact
the embroidery stitch direction is parallel of the feed line, homogenizing the current flow [24].
Antennas 4 and 5 present very similar behavior that might indicate the angle of the diagonal direction
is not influencing it. Coherently, antenna 1 shows the higher shift of the frequency that can be due to
the fact the direction of the embroidery stitch is perpendicular to the feed line. Additionally, antenna 2
was made using a vertical stitch, as was antenna 3, having however, a higher number of stitches. This
makes the current flow less continuous, due the constant breaks and higher number of air gaps in the
embroidery [15], reducing the conductivity of the patch, which may explain the difference between the
magnitudes of the return loss of antennas 3 and 2.

2.3. Integration into Clothing

When developing smart textile products, bringing technologies to the consumer in an acceptable
and desirable format is a challenge. Some authors have been integrating textile antennas in products
in a pleasing way, for instance, as wearable antennas for commercial advertisement proposes,
dissimulated in brand names and logotypes [32,33]. However, until now, the microstrip patch textile
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antennas have been built ex situ and then posteriorly integrated in the lining of the garment or into
pockets or simply glued to the cloth.

This paper proposes an innovative solution that presents the first antenna prototype manufactured
directly in the clothing as it is made with the same textile materials composing the cloth. This cloth is
a smart coat for electromagnetic harvesting—the E-Caption: Smart and Sustainable Coat, in which the
antenna has a substrate that is continuous and was cut according to the pattern-making of the coat,
thus being part of it.

This innovative solution to integrate antennas into cloths is illustrated in Figure 7. The antenna is
integrated into the clothing by manipulating it as a simple emblem. In the future, the antennas can
be incorporated into patterns and drawings, mixing conductive and non-conductive embroideries,
creating fashionable emblems that function as antennas. These “emblem” antennas may be accessible
to the end user for customization of smart cloth, for several applications.

1 2 3 4
-
}( Cut the patch XCut the dielectric '_ﬂ’Attach the patch to (@ Glue with adhesive tape
substrate the substrate the antenna in the clothing

@)

1 2 B 4
}( Cut the patch X Cut the clothing é}Attach the patch to Q Sew the clothing
(dielectric substrate) the substrate

‘ b)

Figure 7. Comparison of techniques of integration of antennas into cloth (a) typical integration and
(b) “emblem” approach.

E-Caption: Smart and Sustainable Coat

The integration of textile antennas for energy harvesting into smart clothing emerges as a
particularly interesting solution when the replacement of batteries is not easy to practice, such as in
wearable devices. A fully-embedded antenna in clothing contributes for the integration of electronic
devices in less obtrusive ways, improving the good aesthetic and the technical design, making the
garment more comfortable and desirable to the final consumer. This might enhance niche markets
where form and function work together in order to create new attractive textile products that can assist
the user in many aspects of their daily routine.

The E-Caption: Smart and Sustainable Coat was developed combining these concepts, integrating
antenna A produced by the lamination manufacturing technique presented in previous sections. It is
the first prototype of a smart coat with a printed monopole antenna fully integrated, as its dielectric is
the textile material composing the coat itself. The coat is made of Cordura and of a 3D fabric (Reference
3003—3D fabric, from LMA—Leandro Manuel Aratjo, Ltda.). Figure 8 shows the E-Caption coat with
the textile antenna for RF energy harvesting.
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(a) (b)

Figure 8. E-Caption: Smart and Sustainable Coat. (a) Design of the coat and (b) integrated antenna,
in detail.

In the past years, some authors have been analyzing the influence of the human body on the
performance of textile antennas [34,35]. However, no one has analyzed the influence of its integration
on clothing on its performance. Therefore, the analysis of the integration of antennas and the evaluation
of their behavior after integration into clothing are discussed in Section 3.

3. Results

The performance of the antenna of the E-Caption: Smart and Sustainable Coat was tested in the
anechoic chamber, as shown in Figure 9.

(b (©

Figure 9. Performance of the antenna in the anechoic chamber (a) in free space and
(b,c) on-body measurements.

Figure 10 presents the variation in the S;; parameter obtained through numerical simulation
and measured in free space, before and after the integration into the smart coat. It is possible to see
the agreement between the simulated and measured values even in the on-body measurements. The
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textile antenna presents an operating frequency range capable of completely covering the GSM900
(880-960 MHz) and the DCS1800 (1710-1880 MHz).

Magnitude (dB)

\ f — Simulation (stand-alone)
Y Y R Free space measurement

— — On body measurement
I

L | b | | |
-25
0.6 0.8 1 1.2 14 16 1.8 2
Frequency (GHz)

Figure 10. Simulated and measured return loss, before/after the integration on clothing.

Even after integrated into clothing, the radiation pattern of the antenna is clearly omnidirectional.
The Figure 11 shows the radiation pattern of the antenna fully integrated into the smart coat structure
and also measured on-body. The results depicted in Figure 11 correspond to the XZ plane. This is the
only measurable plane (see Figure 9), due to the configuration and placement of the antenna on the

coat. Nevertheless, it is the most relevant plane in order to evaluate the omnidirectional characteristic
of the antenna.

— — Free space
On-body

— — Free space
On-body

(@) (b)

Figure 11. Measured radiation pattern of the textile antenna into the coat at (a) 900 MHz and
(b) 1800 MHz.

Moreover, given the position of the antenna on the coat, previously shown in Figure 8, it is clear
that the direction at which the antenna will present less influence from the coat or from the person
occurs at nearly 30° in the broadside direction. This is confirmed by the results depicted in Figure 11.

According to the results presented in Figure 11, one may conclude that, as expected, the mass of the
coat and mainly of the person influence the radiation characteristic of the antenna. In the measurement
of the empty jacket, when the coat places between the probe antenna and the test antenna, around
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160°, there is a reduction in the gain of the antenna, which is due to the presence of a large dielectric
body, that is, the coat. Nevertheless, the antenna shows a nearly omnidirectional pattern.

The on-body antenna performs differently. Since the human body is conductive, it absorbs and
reflects radiofrequency waves. The results on Figure 11 show that when the body is behind the test
antenna, at 30° broadside, a slight increase in gain is measured. However, when the body is between
the probe and the test antenna, at 160°, it will absorb a high amount of radiation and will reflect the
rest in the opposite direction, shielding the test antenna and, thus, create a null of radiation at this
point. This happens for both frequencies, being clearer at 1800 MHz.

4. Discussion

In the future, garments will not only communicate social conditions or protect the human body
against the extremes of nature, but will also provide information and communication tools. Clothes are
becoming able to communicate wirelessly without the need of large and expensive equipment. This is
possible because textile technologies can produce new types of sensors and antennas that are so small,
flexible, and inexpensive that they can be applied in different types of clothing, shoes, and accessories.

The effective integration of wearable systems contributes to the advance of the IoT. The innovative
concept of producing textile antennas to integrate into clothing by simply manipulating it as an
“emblem” may improve the usage of the wearable technologies. In the future, the wearable antennas
can be incorporated into textile patterns and drawings, creating fashionable antennas. These
“emblem” antennas may be easily acceded by the end user, for customization of smart cloth for
several applications.

The E-Caption: Smart and Sustainable Coat is the first prototype of this concept, integrating
an “emblem” antenna capable of completely covering GSM900 (880-960 MHz) and the DCS1800
(1710-1880 MHz) bands, for IoT applications. In this context, the integration of textile antennas for
energy harvesting into smart clothing can be a solution for recharging wearable devices, such as
low-power electronics and WBSN.

5. Conclusions

Embedding antennas in clothing contributes for the advance of the integration of electronic
devices in less obtrusive way making the smart clothes more comfortable. In the E-caption, the antenna
is manufactured directly on the clothing, having a continuous dielectric substrate made with the textile
materials composing the coat. Therefore, a continuous substrate of the antenna does not influence
its performance. Moreover, the presented results show that, despite the masses of the coat and of
the body influencing the radiation characteristic of the integrated antenna, it still shows a nearly
omnidirectional pattern.

This work shows that “emblem” antennas, including the ones having ground planes, may be
manufactured by lamination and embroidering techniques. When laminating, the ironing process
without steam seems to be preferable as it better preserves the electromagnetic performance of the
materials. Additionally, this work shows the orientation of the conductive fabric used for the patch
is not influencing the performance of the laminated antenna. In addition, it shows the direction
and number of the stitches in the embroidery may contribute to increasing the conductivity of some
elements, thus improving the performance.

Other techniques to produce “emblem” antennas may be considered in the future, for
instance, transfer, screen printing, and inkjet methods. Finally, this innovative concept of textile
antennas for energy harvesting might open new horizons in the clothing development and in
sustainable communication.

Acknowledgments: The authors would like to thank CAPES Foundation for the Ph.D. grant, process
No. 9371-13/3; the FCT/MEC for the Ph.D. grant SFRH/BD/91249/2012. This work is funded by FCT/MEC
through national funds and when applicable co-funder by FEDER-PT2020 in partnership agreement under the
project UID/EEA /50008/2013 and UID/Multi/00195/2013.



Sensors 2016, 16, 938 12 of 13

Author Contributions: Caroline Loss and Rita Salvado designed the experimental plan. Caroline Loss
manufactured the antennas. Catarina Lopes made the embroidering. Caroline Loss and Catarina Lopes made
the “E-Caption: Smart and Sustainable Coat” prototype. Ricardo Gongalves and Pedro Pinho designed the textile
antenna. Ricardo Gongalves and Caroline Loss made the measurements. Caroline Loss and Rita Salvado wrote
the manuscript. All authors revised the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kopetz, H. Internet of Things. In Real-Time Systems: Design Principles for Distributed Embedded Applications;
Springer: New York, NY, USA, 2011; pp. 307-323.

2. Miorandi, D.; Sicari, S.; de Pellegrini, F.; Chlamtac, I. Internet of Things: Vision, applications and research
challenges. Ad Hoc Netw. 2012, 10, 1497-1516. [CrossRef]

3.  Stoppa, M.; Chiolerio, A. Wearable electronics and smart textiles: A critical review. Sensors 2014, 14,
11957-11992. [CrossRef] [PubMed]

4. Khaleel, H. Innovation in Wearable and Flexible Antennas; WIT Press: Southampton, UK, 2015.

5. Grupta, B.; Sankaralingam, S.; Dhar, S. Development of wearable and implantable antennas in the last
decade: A review. IEEE Conf. Publ. 2010, 251-267. [CrossRef]

6. Hertleer, C.; Rogier, H.; Vallozzi, L.; van Langenhove, L. A textile antenna for off-body communication
integrated into protective clothing for firefighters. IEEE Trans. Antennas Propag. 2009, 57, 919-925. [CrossRef]

7. Zhang, L.; Wang, Z.; Psychoudakis, D.; Volakis, ].L. Flexible textile antennas for body-worn communication.
In Proceedings of the IEEE International Workshop on Antenna Technology, Tucson, AZ, USA,
5-7 March 2012.

8.  Salonen, P; Keskilammi, M.; Rantanen, J.; Sydanheimo, L. A novel bluetooth antenna on flexible substrate
for smart clothing. IEEE Conf. Publ. 2001, 2, 789-794.

9. Salonen, P; Hurme, H. A novel fabric WLAN Antenna for wearable applications. IEEE Conf. Publ. 2003, 2,
100-103.

10. Salonen, P,; Rahmat-samii, Y.; Schafhth, M.; Kivikoski, M. Effect of textile materials on wearable antenna
performance: A case study of GPS antenna. IEEE Conf. Publ. 2004, 1, 459-462.

11.  Vallozzi, L.; Vandendriessche, W.; Rogier, H.; Hertleer, C.; Scarpello, M.L. Wearable textile GPS antenna
for integration in protective garments. In Proceedings of the 4th European Conference on Antennas and
Propagation, Barcelona, Spain, 12-16 April 2010; pp. 1-4.

12. Dierck, A.; Declercq, F.; Rogier, H. A wearable active antenna for global positioning system and satellite
phone. IEEE Trans. Antennas Propag. 2013, 61, 532-538. [CrossRef]

13. Paul, D.L.; Giddens, H.; Paterson, M.G.; Hilton, G.S.; Mcgeehan, J.P. Impact of body and clothing on a
wearable textile dual band antenna at digital television and wireless communications bands. IEEE Trans.
Antennas Propag. 2013, 61, 2188-2194. [CrossRef]

14. Salvado, R.; Loss, C.; Pinho, P.; Goncalves, R. Textile materials for the design of wearable antennas: A survey.
Sensors 2012, 12, 15841-15857. [CrossRef] [PubMed]

15.  Locher, I.; Klemm, M.; Kirstein, T.; Troster, G. Design and characterization of purely textile patch antennas.
2006, 29, 777-788. [CrossRef]

16. Balanis, C.A. Antenna Theory: Analysis and Design, 3rd ed.; Wiley Interscience: Hoboken, NJ, USA, 2005.

17.  Gubbi, J.; Buyya, R.; Marusic, S.; Palaniswami, M. Internet of Things (IoT): A vision, architectural elements,
and future directions. Future Gener. Comput. Syst. 2013, 29, 1645-1660. [CrossRef]

18. Jabbar, H.; Song, Y.S.; Jeong, T.T. RF energy harvesting system and circuits for charging of mobile devices.
IEEE Trans. Consum. Electron. 2010, 56, 247-253. [CrossRef]

19. Tavares, J.; Barroca, N.; Saraiva, H.; Borges, L.; Velez, E; Loss, C.; Salvado, R.; Pinho, P.; Gongalves, R.;
Carvalho, N. Spectrum opportunities for electromagnetic energy harvesting from 350 MHz to 3 GHz.
In Proceedings of the 7th Internationcal Symposium on Medical Information in Communication Technology,
Tokyo, Japan, 6-8 March 2013; pp. 126-130.

20. Masotti, D.; Costanzo, A.; Adami, S. Design and realization of a wearable multi-frequency RF energy

harvesting system. In Proceedings of the 5th European Conference on Antennas and Propagation, Rome,
Italy, 11-15 April 2011; pp. 517-520.



Sensors 2016, 16, 938 13 of 13

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Tallos, RK.; Wang, Z.; Volakis, J.L. Wi-Fi energy harvesting system using body-worn antennas.
In Proceedings of the Antennas and Propagation Society International Symposium (APSURSI), Memphis,
TN, USA, 6-11 July 2014; pp. 1405-1406.

Gongalves, R.; Carvalho, N.; Pinho, P,; Loss, C.; Salvado, R. Textile antenna for electromagnetic energy
harvesting for GSM900 and DCS1800 bands. In Proceedings of the Antennas and Propagation Society
International Symposium (APSURSI) 2013, Orlando, FL, USA, 7-13 July 2013; pp. 1206-1207.

Collier, A.M. A Handbook of Textiles, 3rd ed.; Wheaton: Exeter, UK, 1980.

Tsolis, A.; Whittow, W.G.; Alexandridis, A.A.; Vardaxoglou Yiannis, J.C. Embroidery and related
manufacturing techniques for wearable antennas: Challenges and opportunities. Electronics 2014, 3, 314-338.
[CrossRef]

Brebels, S.; Ryckaert, J.; Boris, C.; Donnay, S.; de Raedt, W.; Beyne, E.; Mertens, R.P. SOP integration and
codesign of antennas. IEEE Trans. Adv. Packag. 2004, 27, 341-351. [CrossRef]

Zhang, S.; Speight, D.; Paraskevopoulos, A.; Fonseca, D.; Luxey, C.; Whittow, W.; Pinto, J. On-body
measurements of embroidered spiral antenna. In Proceedings of the Loughborough Antennas and
Propagation Conference, Loughborough, UK, 2-3 November 2015; pp. 1-5.

Ukkonen, L.; Syddanheimo, L.; Rahmat-Samii, Y. Sewed textile RFID tag and sensor antennas for on-body
use. In Proceedings of the 6th European Conference on Antennas and Propagation, Prague, Czech Republic,
25-30 March 2012; pp. 3450-3454.

Elmahgoub, K.; Elsherbeni, T.; Yang, E; Elsherbeni, A.Z.; Sydanheimo, L.; Ukkonen, L. Logo-antenna based
RFID tags for advertising application. Appl. Comput. Electromagn. Soc. J. 2010, 25, 174-181.

Huang, Y.P. Effect of sewing types on flexible embroidery antennas in UHF band. In Proceedings of the 43rd
European Microwave Conference, Nuremberg, UK, 7-10 October 2013; pp. 88-91.

Acti, T.; Chauraya, A.; Zhang, S.; Whittow, W.G.; Seager, R.; Vardaxoglou, J.C.; Dias, T. Embroidered wire
dipole antennas using novel copper yarns. IEEE Antennas Propag. Lett. 2015, 14, 638—-641. [CrossRef]
Kiourti, A.; Volakis, J.L. Stretchable and flexible e-fiber antennas with high geometrical accuracy.
In Proceedings of the 9th European Conference on Anetnnas and Propagation, Lisbon, Portugal,
12-17 April 2015; pp. 4-5.

Tak, J.; Choi, J. An all-Textile Louis Vuitton Logo Antenna. IEEE Antennas Propag. Lett. 2015, 1225, 3-6.
[CrossRef]

Mahmud, M.S.; Dey, S. Design, performance and implementation of UWB wearable logo textile antenna.
In Proceedings of the 15th International Symposium on Antenna Technology and Applied Electromagnetics
ANTEM 2012, Toulouse, France, 25-28 June 2012; pp. 1-4.

Blecha, T.; Linhart, R.; Reboun, J. Screen-printed antennas on textile substrate. In Proceedings of the 2014
Electronics System-Integration Conference, Helsinki, Finland, 16-18 September 2014; pp. 1-4.

Boyes, S.J.; Soh, PJ.; Huang, Y.; Vandenbosch, G.E.; Khiabani, N. Measurement and performance of textile
antenna efficiency on a human body in a reverberation chamber. IEEE Trans. Antennas Propag. 2013, 61,
871-881. [CrossRef]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



Appendice B

208



Antenna Design for Passive Sensors in Non-conventional Materials

[J6] - R. Goncalves, R. Magueta, P. Pinho, N. B. Carvalho, “Dissipation Factor and Per-
mittivity Estimation of Dielectric Substrates Using a Single Microstrip Line Measurement”,
Applied Computational Electromagnetic Society Journal, Vol. 31, No. 2, pp. 118-125, 2016

209



Appendice B

210



ACES JOURNAL, Vol. 31, No. 2, February 2016

Dissipation Factor and Permittivity Estimation of Dielectric Substrates Using
a Single Microstrip Line Measurement

Ricardo Gongalves !, Roberto Magueta?, Pedro Pinho?, and Nuno B. Carvalho!

L DETI, Instituto de Telecomunicacdes
Universidade de Aveiro, 3810-193 Aveiro, Portugal
rmrgoncalves@ua.pt, rim@ua.pt, nbcarvalho@ua.pt

2 Instituto de TelecomunicagBes
Instituto Superior de Engenharia de Lisboa, 1959-007 Lisboa, Portugal
ppinho@deetc.isel.pt

Abstract — The knowledge of the dielectric properties of
materials, for the design of several components and
circuits at high frequencies, is mandatory. In this paper,
we present a simple method for the estimation of the
dissipation factor (loss tangent) of dielectric materials
based on the reflection measurement of a single microstrip
line, which is applied to some common known materials,
such as FR-4 and Rogers RO3010 laminates. The obtained
results match well with the data on the literature for the
considered materials.

Index Terms — Dielectric characterization, loss factor
estimation, microwaves, permittivity estimation.

I. INTRODUCTION

Adaptability and integration of electronic systems is
a major concern for current design engineers. In order to
promote these, even at high frequencies, new solutions
are constantly being proposed. One of those, is the use of
alternative substrate materials [1,2].

Common substrates, used for the design of antennas
and circuits for RF applications, can be replaced by other
materials, that are, most of the times, easily available and
preferably less expensive and ecofriendly; like plastic,
fabrics, paper, or ceramics.

A very clear example is RFID (radio frequency
identification) which is responsible for an increased
diversity of the electronics printing techniques. It’s being
extensively used in many different kinds of applications
and is one of the most promising bets for the development
of the Internet of Things concept [3]. RFID systems
operating in the HF (high frequency) band have been
designed upon paper and plastic surfaces for mass
production and implementation at the lowest costs
possible. However, this has been done due to the low
frequency of operation and simplicity of the system
design. When the application envisioned is operating at
UHF (ultra high frequency) or microwave frequencies
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there are more limitations and constraints to consider
when designing the system.

According to [4], printed antennas and transmission
lines have dimensions directly related to the wavelength,
and hence the frequency of the desired system. The
wavelength is dependent on the permittivity and
permeability of the propagation medium. Therefore, in
order to efficiently design a printed antenna or RF
circuit, the electrical properties: relative permittivity (er);
relative permeability (ur); and the dissipation factor, also
known as loss tangent (tan &), of the substrate must be
known.

The information regarding these parameters is
commonly found on the laminate’s datasheets, but this
does not happen for common materials not intended for
electronic applications (e.g., fabrics, ceramics, paper, or
plastic). So when designing RF circuitry using such
materials, characterization in terms of permittivity and
losses must be performed. In many cases, the substrates
are dielectric non-magnetic materials; therefore, the
relative permeability is unitary.

Permittivity and loss estimation is an old research
subject and there’s extensive literature regarding several
methods to characterize different kinds of materials that
can be found in reviews [5], application notes [6] and
books [7]. In many of these methods, specific equipment
is required, and might not be available in every lab.

The simplest methods available that allow the
estimation of the permittivity, require the measurement
of the scattering parameters of microstrip lines, such as
presented in [8,9]. In these proposals, the dielectric under
test is used as the substrate for the microstrip lines. Two
different lines, with different lengths are required, for
which the exact lengths and widths must be known with
high precision. Other possibility is presented in [10],
using a similar approach based on two lines with
different lengths, but in which the material under test is
placed above the lines, as a superstrate.

1054-4887 © 2016 ACES
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In this paper, we propose a method that only
requires a single measurement of the reflection
coefficient of an open-ended microstrip line, for the
estimation of the permittivity and dissipation factor of
the line substrate. The dissipation factor estimation
proposed is the actual novelty. It is shown, that the
proposed method can achieve better estimations when
compared to other common methods, and does not
require any prior knowledge of the conductivity, or other
sources of losses, in the line. Since the permittivity is
required for the calculation of the dissipation factor, we
show the steps based on transmission line theory and
microstrip line theory that allow the estimation of its
value.

This paper is organized as follows. In the following
section we present the steps for the permittivity and loss
estimation based on reflection of microstrip lines
method. In Section 11 we explain the experimental setup
and present the results for permittivity and loss tangent
obtained through measurements of different dielectric
samples; namely, FR-4, Plastic and a Rogers RT5880.
Finally, Section IV contains the uncertainty analysis of
the proposed method, and Section V presents the
conclusions.Z

I1. PERMITTIVITY AND DISSIPATION
FACTOR ESTIMATION: THEORY

Microstrip lines are simpler to design and fabricate
when compared to coplanar or striplines. Especially if
we consider creating such lines in a material that doesn’t
have electrodeposited conductors and where such
processes are very hard and costly to apply.

As mentioned in the previous section, there are other
approaches to characterize dielectric materials that can
be made with microstrip lines. However, it requires the
development of two lines, with different lengths, in
which, the lengths, width and the height of the substrate
must be known with high precision. Any error present in
this dimensions can lead to large errors in the
permittivity estimation. Especially an error in the width
of the lines or in the length difference between them. By
using a single microstrip line we avoid this sources of
errors.

In order to determine the dissipation factor of a
given material, its permittivity value is needed. Therefore,
if not accessible in references, one must first assess its
value. In the following subsection we describe a way to
calculate it based on the measurement of a single
microstrip line. It is derived from the known transmission
line and microstrip line theory. In Subsection B, we
present the techniques to determine the dissipation factor
along with our novel approach.

A. Permittivity estimation with a microstrip line
If we terminate a transmission line with an open-
circuit (Z =) then, according to [4], the impedance
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seen at the entrance of the line along | is:
e ®
tanh (al + jAl)
being Z, the characteristic impedance of the line and «
and B the propagation attenuation and phase constant.
Considering g = 2z/A and | = A/2, where A, is the
wavelength at the line resonance, then we have I = zf/f:.
If we replace this into (1), separate the real from the
imaginary part, and consider the input impedance at one
fourth of the resonant frequency (8! = n/4), then (1)
becomes:

_ 2
7 -7, 2tanh(2al) 1 tanhz(al) . @)
1+tanh“(eal) ~1+tanh®(al)
If we assume the losses are positive (which is correct
for the majority of materials), and considering Zin = R—jX,
we can say:

tanh(al):—%+ (%j +1, (3a)

2 2
X 1+tanh2(al) _ R1+tanh (al). (3b)
1-tanh(al) 2tanh(al)

This process to determine the characteristic
impedance of the line is rather simple, since we just have
to measure the input impedance of the line at one fourth
of the first resonant frequency, which can be done simply
with a network analyzer. With that impedance value we
can calculate (3a) and then determine the characteristic
impedance with (3b).

With the knowledge of the characteristic impedance
of the line we can relate it to the effective permittivity of
the substrate. For a microstrip line, according to [11], we

have:
2
Egy = @In[@+ﬂj , (4a)
Z, \W 4h

1207 1
= , (4b
Eet Z. W w (4)
0 F+1.393+0.667In F+1'444

where (4a) should be used when W/h < 1, and (4b)
when otherwise. Being W the width of the microstrip line
and h the height of the substrate. These can be solved for
the relative permittivity of the substrate as:

26 1

&
L Ji+12h/W | -

' 1

b 1fl+12 h/W

B. Dissipation factor estimation with a microstrip line
The dissipation factor, also known as loss tangent
(tan &), of a dielectric material in a microstrip line




substrate, can be related, according to [4], to the
attenuation of the dielectric material () as:

tand = ME (6)
e (eq -1 f

The total attenuation applied to the propagation is
characterized by the sum of the dielectric, conductor,
radiation and leakage losses. In order to determine the
losses from the dielectric the total loss and the
contribution from each of the other sources must be
known. The total attenuation can be determined from the

input impedance measurement as shown in (3a) or by:

In(T
_nm) o
where T is the transmission parameter which is
determined according to the NRW (Nicolson-Ross-Wier)
method [12,13]. The conductor losses can be calculated
using empiric closed form expressions as shown in [14].
However, these expressions are empirical, meaning
they’re dissociated from what actually is being measured
and are frequency independent. Since the losses from the
dielectric change with frequency, a small error in the
calculation of the conductor losses can lead to a large
error in the overall result. Besides, it is very hard to
account the contribution from radiation and leakage
losses. Even though leakage can be negligible and
radiation is more significant for high microwave and/or
millimeter wave frequencies. Therefore, we developed
an iterative method to calculate the dissipation factors
that does not require knowledge of the radiation,
conductor or leakage losses and still provides reasonable
estimations.

Considering a lossless line, with perfect conductors
and a lossless substrate, terminated in an open circuit,
then the input impedance measured at the resonant
frequency of the line is infinite. However, when
considering the losses, either from the conductor or
dielectric, the input impedance decreases as the losses
rise.

Using ADS Momentum EM simulator, we designed
several lines with different lengths and widths and
changed the characteristics of the substrate material.
Some of the simulated lines and the corresponding
impedance values obtained are presented in Table 1.
Where zj is the normalized input impedance, at the
resonant frequency, when considering perfect conductors
(the only source of considerable loss is from the
dielectric). While z. is the normalized input impedance,
considering also the conductor losses.

It is noticeable from the presented values, that there
is a decrease in the input impedance as the losses
increase. Besides, there is a direct proportionality
between the characteristic impedance of the lines and the
input impedance at resonance. We can see this tendency
in Fig. 1, where the variation of the characteristic
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impedance of several lines with their input impedance at
resonance, considering tan 6 = 0.01, is depicted. Moreover,
it is also shown a possible linearization of this relation,
as:

z,, =1.95Z, - 27.4, (8)
and since the loss tangent is inversely proportional to this
input impedance, we reach:

0.01952Zo —0.274. )

This expressions can give a first estimation of the
loss tangent. However, it only takes into account the
dielectric loss. In order to consider the remaining sources
of losses in the microstrip line, for the correct calculation
of the dissipation factor, we consider a normalized
impedance zy that tends towards zi, as the conductivity
increases, which can be also devised by the results on
Table 1. We approximate this relationship according to
expression (10):

zgw \1
Z, =17, [1— Ke * J . (10)

So by knowing the characteristic impedance of the
line, the width of the line and the factors K and z, one can
determine an equivalent input impedance zn and then
determine a more accurate estimation of the loss tangent
with (9) by replacing zin with z,. To reach the correct
factors K and z, we can rearrange (10) in order to get a
relation between K, 7 and ZoW, being W expressed in
millimeters, as:

tand =

ZW =—r|n[1—§—m]+rln K, (11)
in

since zn is the input impedance considering all the losses,

which will tend towards zi, as the conductivity increases,

one can calculate the K and z factors for different loss

tangents and different conductivity values. By doing so,

we reached the values presented in Table 2.

300

250t
200t

<
NS 150f

100+

501

+  Simulated values

Linear approximation

0 50 100 150
z,©

Fig. 1. Relation between the characteristic impedance of
microstrip lines and the input impedance at resonance for
perfect conductor lines.
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Table 1: Input impedance of microstrip line simulations According to these values, we can see that there is
using ADS Momentum for different substrate materials an inverse linear relation of K and t with the square root
Line of the conductivity as depicted in Figs. 2 and 3.
Properties tand | zin (Q) | o (S/m) 20 () Based on these results, we can write K and 7 in the
1.0E6 3.03 form:
. 0.01 | 1555 10.0E6 5.87 ay
Line 1 60.0E6 | 9.01 K= \/T+bK’ (112)
20 = 1153 1.0E6 2.20 @
_5 0.03 | 5.15 10.0E6 3.35 _ &
W =2 mm T= +b,, (11b)
h=01mm 60.0E6 4.17 \/Z
- 1.0E6 1.73 . L
er=2 where o3 is an educated guess of the conductivity value
0.05 | 3.07 10.0E6 2.34 .
60.0E6 70 a_nd the fgctors a;, ag, b, and by, are obtained from a
linearization that relates to the loss tangent as follows:
LOE6 | 3043 a, =-2.105tan 5 +0.475 (122)
Line 2 0.01 | 72.77 10.0E6 46.99 K ' B
60.0E6 58.28 b = 0.0644 0.203 (12b)
20 = 53.23 1.0E6 16.62 Jtans
W=1mm | 003 | 2420 | 100E6 | 2051 a_=-1991.0tan 5 +115.6, (12c)
h=1mm 60.0E6 22.42 1,097
6 =8 1.0E6 11.42 b, =— +95.53, (12d)
0.05 | 14.49 | 10.0E6 13.10 Jtans
60.0E6 13.84 Since these factors depend on the loss tangent itself,
1.0E6 60.39 we need an iterative method in order to solve this
. 0.01 | 110.94 | 10.0E6 | 47.28 problem.
Line 3 60.0E6 | 4891 The algorithm is described as follows: We start by
1.0E6 28.50 calculating a first approximation to the loss tangent with
20=70.18 | 502 | 3677 [ 10.0E6 33.09 (9), after that we can calculate the K and 7 factors that
W =2mm 60.0E6 3508 allow the calculation of (10). Using that new estimated
h=1mm 1 bEG 18.94 impedance we can recalculate the loss tangent with (9),
&=18 | 005 | 2103 [100E6 | 2067 by replacing z;,with zy,. -
60.0E6 5138 A good appro.X|maF|on for the loss factor is achle_ve_d
10E6 13774 urs],ually.afft:e.r fcz)lur iterations. The convergence graphic is
. shown in Fig. 4.
Line 4 0.01 | 254.03 | 10.0E6 | 190.75 A comparison about the estimation of the loss
60.0E6 221.63 tangent with three different methods is shown in Fig. 5.
20= 1.0E6 65.18 These results are obtained from simulation for dielectrics
148.13 0.03 | 84.09 10.0E6 75.63 with different losses (0.01, 0.02 and 0.005).
W=1mm 60.0E6 80.19
h=3mm 1.0E6 43.29 i e —
er=2 | 005 | 50.29 | 100E6 | 4728  |[=:2 wazoos| e 1
60.0E6 | 48.91 Pl—=er O] 1
180
Table 2: Calculated K and z factors for different simulated
microstrip lines o 160
tan o 6 (MS/m) T K
1.0 210.63 0.858 140
0.01 10.0 141.62 0.673
60.0 118.54 0.426
1.0 139.59 0.600 = - : , , A
003 100 11482 0349 0.1 0.2 0.3 0.4 O.i . \”;6 0.7 0.8 0.9 1
60.0 105.18 0.185
1.0 125.45 0.436 Fig. 2. Relation between the 7 coefficient and the
0.05 10.0 109.28 0.228 conductivity of the line conductors for different loss
60.0 103.62 0.114 tangent values.
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Fig. 3. Relation between the K coefficient and the
conductivity of the line conductors for different loss
tangent values.

0.03 : i , ,
A tan 8=0.02, o=1MS/m
Sousl —+—-tan 8=002, 5=60MS/m
' ’ ———tans=0.01, c=1MSim
L, B tans=0.01, c=60MS/m
0.02F ~ I
A
) \
§ 0015F \\
\\.
001} m—e e
0.005}

Number of iterations

Fig. 4. Convergence of the dissipation factor determination
method with the number of iterations, for different
conductivities and dielectrics losses.

0.035

- Following NRWW method
003} e Following approximation ||
---# - Following iterative method

Fig. 5. Loss tangent determination for different loss
dielectrics with NRW method, approximation (3a) and
the iterative method.

From the results in Fig. 4 we can see that,
independently of the loss tangent or the conductivity
losses, the method converges for a very reasonable value
after the fourth iteration. Moreover, even for very
different conductor loss values, the method converges
for a very approximate dielectric loss; therefore,
showcasing low dependence on this parameter. This
means that even if the conductivity value is not precise,
one can reach accurate dielectric loss values.

Itis clear, from the results depicted in Fig. 5, that the
iterative method proposed leads to better estimations of
the loss tangent, independently of the dielectric or
conductor losses, when compared to other estimation
methods.

111. PERMITTIVITY AND DISSIPATION
FACTOR ESTIMATION: MEASUREMENTS
To ensure the accuracy of the results obtained by
applying the previously described expressions, we tried
to characterize three different dielectric substrates, from
low to higher permittivity and different losses. The three
dielectrics used are presented in Fig. 6.

Fig. 6. Picture of the transmission lines tested. From left
to right: Rogers RT6010 substrate, FR-4 substrate and
LDPE (low density polyethylene) substrate.

There is no special considerations to take for the
microstrip line dimensions. However, one thing to keep
in mind which might help to achieve better results, is to
have a ratio of the width of the line (W) to the height of
the substrate (h) such that avoids being in the border
intervals as referenced for the calculations of (4).

As we can see from Table 3, we used different ratios
for the line, so that the calculations would fall into the
different intervals for each.

The microstrip lines on the Rogers and the FR-4
substrates were etched traditionally, using a milling
process. For the plastic, since these had no conductor
electrodeposited in it, we used copper tape for the
conductive parts of the lines.
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Table 3: Dielectric substrate samples physical dimensions

Material L H W Ws
(cm) (mm) | (mm) | (mm)

FR-4 3.96 1.59 0.8 18

Rogers RT6010 4.42 0.635 1.0 26

LDPE 4.60 1.00 1.16 31

The first step to extract the permittivity is therefore
to measure the input impedance of the line with an open
circuit in the end. Ensuring that the line is ended in an
open circuit is important, connecting an open circuit load
from the VNA calibration kit is a way to ensure it.
Leaving an open terminated line or an SMA connector
does not guarantee an open circuit for the frequency band
in consideration, which leads to errors in the loss
determination.

To calculate the permittivity of the considered lines
first we need to measure the characteristic impedance of
the line, which is the real part of the measured the input
impedance at one fourth of the resonant frequency. With
the input impedance value we can use expression (3) in
order to calculate the characteristic impedance of the
line. With the characteristic impedance of the lines we
use expression (4) to extract eer. In order to obtain better
results we can consider the effective width of the lines
(We), as described in [11]. With the effective permittivity
we can then calculate the relative permittivity of the
substrate with (5).

As for the loss tangent determination the iterative
method as described in the previous section should be
used. The method stops when the variation of the value
between iterations is very small or when you reach a
negative value, in which case, the current and previous
values should be discarded and second to last value
obtained is the one considered the closest to the loss
tangent of the dielectric under test.

The results obtained for the considered lines based
on the measurements and calculations described, yield
the results presented in Table 4.

Table 4: Estimated values of the three sample dielectric
slabs based on the proposed method and reference values
from literature

Sample | Zo &r Ref. tan & Ref.
() &r tan o
FR4 | 933 | 420 | #39~ | 0018 | 0.025
3] 4 470 | © :
Rogers
Roge | 369 | 1015 | 1020 | 0.003 | 0.0023
2.20
LDPE | 848 | 230 | 520 | 007 | 0001

Comparing the obtained values for the permittivity
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and the dissipation factor with the reported values in the
materials datasheets we can see a good agreement.
However, these values are only relative references since
the frequencies and methods used to characterize such
materials differ. Besides, it is known, as stated earlier,
that these parameters are dependent on frequency and
temperature. Therefore, it is expected to observe some
differences regarding the estimated values.

IV. UNCERTAINTY ANALYSIS

Although the results reported in the previous section
match closely with reported values in the materials
datasheets, the reliability of the characterization method
must be assessed. In order to do so, we did a set of
measurements to the same microstrip lines and verified
the error and variation obtained for the permittivity and
the loss tangent.

Every measurement is susceptible to errors and
therefore it is important to assess the sources of possible
mismatches than can occur during measurement that lead
to errors in the results. The method proposed here has a
few sources which can introduce errors. Those are the
measurement of the physical dimensions of the microstrip
line, the error occurring from the uncertainty of the
VNA, the use of SMA connectors or a test fixture for
transmission lines and the added losses from corrosion
of the material.

The contribution of some of these sources of error
are nearly impossible to separate from the others;
therefore, in this section we show the results obtained
from several measurements performed to the microstrip
lines and analyze the variations of each main parameter
that occur in order to certify the robustness of the method.

It is depicted in Figs. 7 and 8 the probability
functions, obtained from the measurements of the three
dielectric samples, for the permittivity and loss tangents.

15

Probability (%)

I =

Permitivity

Fig. 7. Probability function of the microstrip lines
substrate permittivity (er).
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Fig. 8. Probability function of the microstrip lines
substrate loss tangent (tan 6).

The uncertainty is characterized by the standard
deviation observed in a probability function obtained
from a large set of measurements performed under the
same conditions. Table 5 resumes the mean values and
uncertainty values obtained for the different parameters
for each of the dielectric slabs.

Table 5: Mean values and uncertainty obtained in the
measurement of the different dielectric sample materials

Sample fo (MHz) | Zo(Q) &r tan &
FR-4 X 1453 93.32 | 432 | 0.019
U 6.91 1.13 0.12 | 0.002

Rogers | X 1152 36.89 | 10.16 | 0.003
RT3010 | U 65.4 0.48 0.28 | 0.002
X 1344 84.80 | 2.30 | 0.007
LDPE U 1.82 0.40 | 0.027 | 0.0012

From the results obtained we can see that the
estimation of the permittivity of the LDPE and FR4 are
rather accurate, with obtained values in close relation to
the reported in the manufacturer datasheet. The
estimation of the RT6010 has shown the highest
deviation from the documented values, since we
obtained estimations for permittivity ranging from 9.8 to
10.8, with the highest incidence around 10 while the
manufacturer reports a permittivity of 10.2 to 10.8. It is
therefore clear, that although the method shows reliable
results for low and medium permittivity materials, it may
provide worst estimations for high permittivity low loss
materials.

V. CONCLUSION

The method for permittivity estimation proposed
here is quite simple to apply and is obtained directly from
the equations that characterize printed transmission
lines. It is less expensive when compared to other
methods which require specific equipment. However, it
is only suitable for the measurement of thin dielectrics,
since it requires a microstrip line with the test dielectric
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as substrate.

Although the input impedance should be calculated
at a fourth of the resonant frequency, this method allows
the calculation of the permittivity at multiple frequencies.
Multiples of half of the resonant frequency should be
avoided since these will not provide any reasonable
value. Still, one must take into account that the losses
and therefore the error increases with frequency.

The proposed iterative method for the estimation of
the dissipation factor presents better estimations than
other commonly used methods at the cost of requiring
more calculations. Still, it is shown that the method
usually converges after few iterations.

The main drawback of this method is the error,
especially in the estimation of higher permittivity low
loss dielectrics. Still, the obtained results agree fairly
with values reported in datasheets of the considered
dielectrics and also with simulation results for printed
transmission lines. This means that it can be used to
obtain a rough first estimation of an uncharacterized
dielectric material that might be used as a substrate for
RF circuitry.

As a final remark we can say that the robustness of
the method increases if the mean value of multiple
measurements on lines with the same substrate is used.
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RESUME

Dans la compétition actuelle entre les systémes sans fil, la derniére frontiére reste la
coupure du cordon électrique. Dans ce sens, I'intérét des technologies de transfert d’énergie
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compenser les pertes liées a la propagation des signaux radio dans l'air. Dans cet article,
nous explorons la conception et la fabrication de lentilles diélectriques, réalisées a I'aide
d’'une imprimante 3D de bureau de qualité professionnelle. Les antennes a lentilles sont
utilisées en vue d’accroitre I'efficacité du réseau et donc de maximiser celle d’'un systéme
de transfert d’énergie actif aux fréquences des micro-ondes dans la bande K. Les mesures
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1. Introduction

Wireless power transfer (WPT) is a technology that has been idealized by Nikolas Tesla more than a century ago.
However, only recently the advances in technology have allowed it to become a reality. After the boom in the wireless
communications in the past decades, only the power cord is left to cut in order to create truly wireless systems.

The first approach to wireless power transfer was based in inductive coupling, also referred as near-field power transfer,
appearing in the toothbrushes charging systems and more recently in the form of charging pads for cell phones. This
is a well-established technology; however, near-field power transfer only allows the transmission of energy in very close
distances of communication. The transfer of energy over larger distances is yet a field of high interest and one that has
motivated a lot of research in the past few years.

Far-field WPT is a current research topic of high interest. It is being thought of for applications to Wireless Sensor Net-
works (WSNs), in Radio Frequency Identification (RFID), and is a key feature for enabling the implementation of the concept
of the Internet of Things [1]. More than that, WPT solutions are being considered for a wide variety of applications such as
electric vehicle charging [2,3], to power up exploration probes in space [4], and for space-to-earth power transmission [5,6].

The major drawback in these systems is their efficiency in energy transfer. The wavefronts of electromagnetic waves
spread in space, dissipating the energy in all directions. From this realization comes the well-known Friis transmission
equation that allows the calculation of the ratio of power transmitted to power received by two antennas separated by a
distance R > 2D?/2, being D the biggest dimensions of the antennas, which imposes that those antennas be in the far-field
region of each other. The Friis transmission equation states that

A \? .
Py = Pe(1—|T¢$) (A — T%) (m) Ge(6r, p0)Gr(Or, )| pr - orl? (1)

being P; the received power, P; the transmitted power, I the reflection coefficient of the antenna, G the gain of the
antenna, and | - pr|% the polarization ratio.

From this relation, it is easy to realize that in order to maximize the power received, one should provide antennas that
have the best matching possible, and are perfectly aligned in the direction of maximum gain to each other, as well as

polarization. The hardest part is overcoming the losses due to wave-front spreading ( ﬁ)z. To compensate this loss, very
high gain antennas are needed, such as antenna arrays of several elements, parabolic antennas, or lens antennas.

Parabolic antennas have dimensions and weights that make them very difficult to integrate in many systems, even in
space applications, where the size of satellites is being constantly decreased. Antenna arrays are very interesting, however,
when the number of elements in the array increases, the feeding networks increase as well and the insertion losses can
become quite considerable, hindering the overall gain of the antenna.

In this paper, we present the development of a dielectric lens antenna for transmission and harvesting of energy in the
Ky band for space applications; more specifically, to be used as a transmitting source to power up passive sensors in space.

The dielectric lens is developed using 3D printing techniques, which allows the reduction of the cost, but specially to
perform quick prototyping and optimization of the structures. The interest and availability of household 3D printers have
increased in the past few years. Due to that, the prices of these equipments have decreased considerably. Most low-cost
household 3D printers work based on the superposition of layers of a polymer material, known as thermoplastics, such as
ABS (acrylonitrile butadiene styrene) or PLA (polylactic acid). These polymeric-type materials are non-magnetic dielectric
and therefore can be useful for microwave applications. That has launched a new interest on this kind of technology and
has incited the development of quick prototyping in many fields of science, namely electronics and including microwave
circuits and antennas [7-9].

In this paper, we show the development of a 3D-printed convex paraboloid dielectric lens with a microstrip patch feed
for the Ky band. This antenna is especially useful for WPT applications when compared to the use of antenna arrays.
Arrays usually comprise a feeding network that will inevitably introduce power losses. With a lens antenna, we can, with
a single-feed radiating element, achieve very high directivities, comparable to those obtained with a 16- to 20-element
antenna array, without the inherent feeding network losses. The paper is organized as follows. In the following section,
the dielectric lens as well as the feeding patch characteristics are described. In section 3, the simulation and measurement
results are discussed. Section 4 draws the main conclusions about this work.

Please cite this article in press as: R. Gongalves et al., Wireless energy transfer: Dielectric lens antennas for beam shaping in wireless power-transfer
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Fig. 1. Photograph of the microstrip lines on PLA substrate prototypes (a) and the estimated permittivity and dissipation factor of PLA between 1 and
18 GHz (b) using the method in [13,14].

2. Lens antenna design

Lens are used to shape wavefronts and are usually classified as dielectric lenses or constrained lenses [10]. Dielectric
lenses can be hard to fabricate, requiring molds that can be expensive. This cost can be significantly lowered and the
fabrication process eased and speeded if we consider 3D printing technology.

The lens shape is bound to the radiation properties one pretends to achieve. That is, the profile of the lens can be
shaped in order to provide the highest gain possible (narrower beam), provide broader beams, or even be shaped to provide
an isoflux-type pattern [11]. For low frequencies, the large size and weight of the lens can make its use prohibitive; it is
the case when one wants to achieve very high directivities, beyond 30 dBi, for which the losses inside the dielectric of the
lenses can hinder radiation efficiency. Still, lens antennas are a very attractive solution to easily manipulate the radiation
shape of a given source and to create planar front waves, specially when working on high frequencies above the X-band.

The lens can have flat surfaces, in either the focal plane or the wavefront, spherical surfaces on both planes, but can
also take arbitrary shapes, in order to achieve a very particular radiation shape [12]. In this particular case, we chose an
ellipsoidal profile lens.

2.1. Material properties

In order to properly dimension the lens antenna and predict the antenna radiation properties, the permittivity of the
dielectric used for the lens must be known in order to determine its refractive index.

The dielectric lenses proposed in this paper were fabricated with a BEEtheFirst 3D printer from BEEVeryCreative usin
PLA with an infill density of 80%. Since there is no information regarding the permittivity and dissipation factors of the
considered material at the frequencies of interest; these had to be determined. For that purpose, we employed a differential
phase method with microstrip lines [13,14]. In order to implement this method, two microstrip lines with different lengths
were fabricated using a conductive silver-based ink, which was deposited unto two slabs of PLA, as shown in Fig. 1(a).

In this method, the effective permittivity of the substrate can be related to the difference between the phase constant ()
obtained from the propagation constant (y) of the lines and the propagation phase in the vacuum (Sp) as

B 2
reff = | 5~ 2
Ereft <,30> )

where the propagation constant of the lines is obtained by solving the following eigenvalue equation

2= % [Tr(M) + /Tr(M)? — 4AM] 3)

where Tr(M) is the trace and AM is the determinant of M, being M the transmission matrix corresponding to the section
of line difference between the two transmission lines. Since it is a transmission matrix it is the direct ratio between the
transmission matrix of each line

M = M; ~1V_12_1 (4)
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Fig. 2. Schematic of the proposed antenna (a) top view of the slot coupled microstrip patch antenna, (b) profile view, and (c) lens profile characteristics.

and this can be obtained from the measured S-parameters as

M — T [ (S12i821i — S11iS220)  St1i
= —
52]1' _522i 1
Since the system is passive, the relation |e~72! < 1| imposes a particular signal for the solution of (3). The propagation
constant can then be defined as

.27mn
Y =—lIniy+j— (6)

(3)

1
Al Al
being A,y = % (Al + l]—z) the average of the solution of (6); if Al < Ap2, then n=0.

The results obtained from the application of the referenced method are depicted in Fig. 1, and the permittivity estimated
at 13.5 GHz is 2.16.

As can be seen from the results in Fig. 1, permittivity exhibits a strange behavior with frequency. An increase in per-
mittivity is expected; however, it decreases for the lowest frequencies and again for the higher frequencies, this is rather
unexpected. Therefore, we used the characterization technique as proposed in [15] in order to confirm the permittivity
of the PLA material at frequencies close to 13.5 GHz. The obtained value was & = 2.04, which is lower than the value
calculated with the previous method.

Considering these results, we used a relative permittivity of &, = 2.0 to model the lens material during simulations. This
value has proven to be accurate considering the measured results shown in the following sections.

The dissipation factor determined with the first method presents an awkward behavior; therefore, the values obtained
were not considered. Instead, we considered a dissipation factor of tané = 0.01. This value has little effect on the input
impedance of the antenna, and mainly influences radiation efficiency. Therefore, by comparing the simulated and measured
gain, we could conclude about the real loss factor, which is discussed further.

2.2. Antenna design

The lens antenna is fed by a microstrip patch antenna. In order to feed the lens with a symmetrical electric field and
to avoid interference that could disrupt the radiation pattern, we used a slot-coupled fed microstrip patch, as shown in
Fig. 3(a). The use of the slot coupled microstrip patch, as opposed to a microstrip line fed patch, isolates the feed line and
the patch electric fields, preventing leakage radiation from the line to feed the lens and therefore disturbing the radiation
pattern.

The dimensions of the slot-coupled microstrip patch antenna are presented in Fig. 2, along with the lens schematic
profile. A photograph of the prototypes is shown in Fig. 3, and the dimensions of the two lenses are described in Table 1.

The shape of the radiation beam depends on the curve profile of the lens and the ellipsoidal profile is a natural evolution
of the hemispherical lens in order to maximize the directivity while keeping the same lens base diameter. The profile of the
lens is obtained from the following expression

y=h/1——= (7)
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Fig. 3. Photograph of the built prototypes: (a) bottom side of the slot-coupled microstrip patch antenna, (b) top side of the microstrip patch antenna, and
(c) lens antenna prototypes.

Table 1
Lens antenna dimensions and weight.
Lens 1 Lens 2
Ly (mm) 58.9 33.0
Lg (mm) 29.0 15.0
Lp (mm) 35.0 20.0
Weight (g) 245 43

being h the height of the lens (Ly) and r is the radius of the lens base (Lp/2). The length of the cylindrical extension is
obtained according to geometrical optics rules [16], and it should be Lg = Ly x n, where n is the refractive index of the lens.

After defining the profile that could maximize directivity considering a given diameter for the lens, we increased the
diameter of the lens in order to study the improvement in terms of directivity versus the overall size of the lens. It is
important to note that the increase in size of the lens increases directivity; however, the dielectric used for the lens has
losses, therefore these can hinder the radiation gain of the antenna.

In order to evaluate the behavior of the lens antennas and the compromise between size, weight and overall radiation
gain, two prototypes for the lens antenna were built, while using the same microstrip patch antenna for feeding.

Please cite this article in press as: R. Gongalves et al., Wireless energy transfer: Dielectric lens antennas for beam shaping in wireless power-transfer
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Fig. 4. Simulated and measured reflection coefficient of the small-lens antenna.
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Fig. 5. Simulated and measured reflection coefficient of the large-lens antenna.

3. Antenna characteristics

The microstrip patch antenna used to feed the lens is considerably influenced by the superposition of the dielectric
material; therefore, its dimensions as well as the coupling slot and the stub are designed in order to match its input
impedance, at the desired frequency, considering the dielectric lens attached to it. For that reason, the reflection coefficient
of the microstrip patch is non-relevant without the presence of the lens.

According to simulations, the reflection coefficients of the microstrip patch with the two lenses is not very different, as
can be seen in the simulation curves presented in Fig. 4. However, as can be seen from the results in Figs. 4 and 5, the
measured reflection coefficient of the antenna with the larger lens presents a shift in frequency when compared to the
smaller lens measurements and when compared to the simulation curves. This can be explained by some warping effects
that occurred during printing. Since the larger lens is a rather big and heavy object, it is very difficult to keep the whole
surface on the printing table during the whole process, therefore creating some warping in the edges. Even after sanding the
bottom surface, there is always a little warping around the corners of the structure; this causes the microstrip patch board
to bend on the edges when screwed together with the lens. We believe that this is the cause for the shift in frequency
occurring in the measurements, which is not observable in the simulations. Two lens were printed, the second one at a
lower speed, but the warping problem has proved difficult to overcome. Nevertheless, the results are satisfactory, since we
can always re-tune the feeding antenna if the larger lens is selected.

The simulated versus measured normalized radiation pattern obtained with the lens is depicted in Fig. 6.

The agreement between simulation and measurement for both lens antenna prototypes in both measured planes is clear.
In most cases, the HPBW difference between simulation and measurement was less than 1°, with an exception for the small
lens in the XZ plane with a difference of 4.5°.

As stated before, the change in the lens curvature as well as the increase in the lens size will increase its directivity,
but also hinder the efficiency due to dielectric losses. The maximum simulated directivity for the small lens was 14.7 dBi,
with a radiation efficiency of 75.9%, which translates in a gain of 13.6 dBi, which is close to the 14.1 dBi measured. The
maximum simulated directivity for the large lens was 18.7 dBi, with a radiation efficiency of 66.1%, which translates in a
gain of 16.0 dBi, which is close to the 16.4 dBi measured.

The fact that we measured higher gains than the simulated ones proves that the dissipation factor of the dielectric
material is actually lower than the one considered during initial simulations. We performed a parametric sweep in order
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Fig. 6. Simulated and measured normalized radiation pattern of (a) the XZ plane of small lens, (b) the YZ plane of the small lens, (c) the XZ plane of the
large lens antenna, and (d) the YZ plane of the large lens.

to find which dissipation factor would approximate the measured gain at best, reaching an actual dissipation factor of
tan$ = 0.005.

4. Conclusion

Lens antennas are particularly useful for frequencies above the X band to create narrow-beam and high-gain wireless
transmission systems. The prototypes described in this paper prove that 3D printing technology can be a very useful tool
to create dielectric structures, in this case dielectric lenses, but can be extended to dielectric resonators. The utility that
one can get from a 3D printer is immense, the infill manipulation can be useful to shape dielectric structures for radiation
shaping such as Luneberg or Fresnel lenses.

The antennas proposed in this paper exhibit a high radiation gain, which is rather useful for, but is not limited to,
applications to wireless power transfer. When compared to antenna arrays, this approach has the advantage of discarding
the use of complex feeding network that have inherent transmission losses, therefore increasing the transmitted power.
There is, however, a compromise between the gain and the size and weight of the lens; therefore, depending on the gain
levels one pretends to reach, the viability of a lens antenna has to be carefully assessed. Therefore, dielectric lens antennas
can prove to be a solution for very high-gain antenna design for wireless energy transfer systems.
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