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Abstract

Permittivity is a physical property of materials describing their behavior in the presence
of an electromagnetic field. Even though the permittivity of dielectric materials has been
studied for many years, there is an increasing demand for novel characterization
methods and devices in a considerable amount of scientific and industrial sectors.

Microwave sensors can play an essential role in detecting, monitoring, or process control
tasks as some physicochemical parameters of materials produce measurable changes
in dielectric properties. Besides, microwave heating technology is gaining increasing
relevance for the ecological transition and decarbonization of industrial processes, and
permittivity is the essential parameter for the successful development of these new
processes. Permittivity depends on many factors, such as frequency, temperature, ionic
content, density, or the presentation of the material. There is no universal method for
determining dielectric properties under any condition; permittivity measurement methods
must be adapted to the needs of the material and the measurement environment.
Typically, microwave technology and dielectric characterization techniques are highly
specialized processes requiring complex and expensive devices that have historically
limited the expansion of these methods outside the telecommunications field.

The number of applications that require the monitoring or measurement of dielectric
properties, the high dependencies of this magnitude under different conditions, and the
need to make this technology available to a broader and less specialized user justify the
development of this work.

This thesis aims to develop new devices for the monitoring and characterization of
dielectrics adapted to different environments, covering a wide range of materials’
formats, shapes, and properties. To achieve this purpose, this work aspires to devise
easy-to-use and stand-alone systems to be employed in a wide range of situations, or
specific cells addressing more particular requirements. The thesis dissertation is
presented as a thesis by published papers, including four original contributions
describing the most relevant aspects developed during my doctoral studies. A
considerable effort during the thesis period was devoted to supporting the development
of the research project SEDMICRON aiming to employ microwave technology as a new
approach for the authentication of markers in document security applications through a
near field scanning microwave microscope (NSMM).

The first two publications included in the thesis describe two different approaches to
address permittivity measurements. The first paper describes a versatile, stand-alone,
and easy-to-use instrument for measuring the permittivity of liquids, semisolids, powders,



granular, and solid materials inside pyrex tubes. The device is based on a resonant bi-
reentrant cavity. The design of the cavity achieved an excellent sensitivity, and the study
of the coupling network allowed the characterization of low, moderate, and high-loss
materials with the same setup. This device included an in-house portable vector
reflectometer, making it portable and cost-affordable. The features of the developed
instrument allow straightforward use by non-specialized personnel and provide versatility
in many situations. The second publication presents a specific cell design to cover a
particular measurement need. In particular, this paper describes a test fixture based on
an open-ended coaxial probe with increased sensitivity to determine the permittivity of
lossy food products as a function of temperature at RF frequencies. This paper highlight
the relevance of selecting the most suitable measurement technique, adapted to the
environment and particularities of the material, for the appropriate determination of
permittivity.

The following two papers describe the development and use of a near-field scanning
microwave microscope with micrometric resolution to determine permittivity maps of
heterogeneous planar materials at microwave frequencies. The different elements
comprising the microscope instrument were described throughout both works: the sharp
coaxial probe to perform the near-field measurements, included in a resonant structure;
an in-house vector reflectometer to achieve stand-alone and easy-to-use functionality;
the positioning subsystem to perform the pixel-by-pixel scanning; and the analysis
techniques to determine permittivity values from the resonance measurements. In the
first paper, microwave technology was employed for the first time in anti-counterfeiting
applications by obtaining the dielectric mark of a banknote watermark. Besides, this
study showed the ability of microwave energy to detect hidden marks behind dielectric
or metallic layers, opening new possibilities for developing optically opaque security
features untraceable by optical means. The second study demonstrates the versatility of
this system in determining the dielectric properties of heterogeneous planar materials by
measuring the dielectric response of rock specimens.

The methods developed in this thesis dissertation increase the portfolio of dielectric
characterization systems and can help a wide range of scientific and industrial sectors in
dielectric monitoring and characterization tasks, making these works more convenient
and accessible.



Resumen

La permitividad es una propiedad fisica de los materiales que describe su
comportamiento en presencia de un campo electromagnético. Aunque la permitividad
de los materiales dieléctricos se ha estudiado durante muchos afios, existe una
creciente demanda de nuevos métodos y dispositivos de caracterizacion en una
cantidad considerable de sectores cientificos e industriales.

Los sensores de microondas pueden desempenfar un papel esencial en las tareas de
deteccidn, supervisién o control de procesos, ya que algunos parametros fisicoquimicos
de los materiales producen cambios medibles en las propiedades dieléctricas. Ademas,
la tecnologia de calentamiento por microondas esta adquiriendo una relevancia
creciente para la transicion ecolégica y la descarbonizacion de los procesos industriales,
y la permitividad es el parametro esencial para el desarrollo exitoso de estos nuevos
procesos. La permitividad depende de muchos factores, como la frecuencia, la
temperatura, el contenido idnico, la densidad o la presentacion del material. No existe
un método universal para determinar las propiedades dieléctricas en cualquier
condicion; los métodos de medicion de la permitividad deben adaptarse a las
necesidades del material y del entorno de medicion. Normalmente, la tecnologia de
microondas y las técnicas de caracterizacion dieléctrica son procesos altamente
especializados que requieren dispositivos complejos y costosos que histéricamente han
limitado la expansion de estos métodos fuera del ambito de las telecomunicaciones.

El numero de aplicaciones que requieren la monitorizacién o medida de las propiedades
dieléctricas, las altas dependencias de esta magnitud bajo diferentes condiciones, y la
necesidad de poner esta tecnologia al alcance de un usuario mas amplio y menos
especializado, justifican el desarrollo de este trabajo.

Esta tesis pretende desarrollar nuevos dispositivos para la monitorizacién y
caracterizacion de dieléctricos adaptados a diferentes entornos, cubriendo un amplio
rango de formatos, formas y propiedades de los materiales. Para lograr este propdsito,
este trabajo aspira a idear tanto sistemas autébnomos y faciles de usar para ser
empleados en un amplio rango de situaciones, como celdas especificas que aborden
requerimientos mas particulares. La tesis se presenta como una tesis por compendio de
articulos, incluyendo cuatro contribuciones originales que describen los aspectos mas
relevantes desarrollados durante mis estudios de doctorado. Un esfuerzo considerable
durante el periodo de la tesis se dedico a apoyar el desarrollo del proyecto de
investigacion SEDMICRON, cuyo objetivo es emplear la tecnologia de microondas como
un nuevo enfoque para la autenticacion de marcadores en aplicaciones de seguridad
documental a través de un microscopio de microondas en campo cercano (NSMM).



Las dos primeras publicaciones incluidas en la tesis describen dos enfoques diferentes
para abordar las mediciones de permitividad. El primer articulo describe un instrumento
versatil, autobnomo y facil de usar para medir la permitividad de materiales liquidos,
semisolidos, en polvo, granulares y sélidos dentro de tubos de pirex. El dispositivo se
basa en una cavidad resonante bi-reentrante. El disefio de la cavidad logré una
excelente sensibilidad, y el estudio de la red de acoplamiento permitié la caracterizacion
de materiales de pérdidas bajas, moderadas y altas con una misma configuracién. Este
dispositivo incluye un reflectdmetro vectorial portatil propio, lo que lo hace portatil y
asequible. Las caracteristicas del instrumento desarrollado permiten un uso sencillo por
parte de personal no especializado y proporcionan versatilidad en muchas situaciones.
La segunda publicacién presenta el disefio de una celda especifica para cubrir una
necesidad de medicion concreta. En particular, este articulo describe un dispositivo de
prueba basado en una sonda coaxial de extremo abierto con una mayor sensibilidad
para determinar la permitividad de productos alimenticios de altas pérdidas en funcién
de la temperatura a frecuencias de RF. Este articulo destaca la importancia de
seleccionar la técnica de medicion mas adecuada, adaptada al entorno y a las
particularidades del material, para la determinacién apropiada de la permitividad.

Los dos articulos siguientes describen el desarrollo y la utilizacion de un microscopio de
microondas de campo cercano con resolucion micrométrica para determinar mapas de
permitividad de materiales planos heterogéneos a frecuencias de microondas. En
ambos trabajos se describen los diferentes elementos que componen el instrumento del
microscopio: la sonda coaxial afilada para realizar las mediciones de campo cercano,
incluida en una estructura resonante; un reflectometro vectorial propio para conseguir
una funcionalidad auténoma y facil de usar; el subsistema de posicionamiento para
realizar el escaneo pixel a pixel; y las técnicas de analisis para determinar los valores
de permitividad a partir de las medidas de los parametros de la resonancia. En el primer
trabajo se empled por primera vez la tecnologia de microondas en aplicaciones contra
la falsificacién, obteniendo la marca dieléctrica de la marca de agua de un billete.
Ademas, este estudio demostré la capacidad de la energia de microondas para detectar
marcas ocultas detras de capas dieléctricas o metalicas, lo que abre nuevas
posibilidades para el desarrollo de elementos de seguridad Opticamente opacos e
imposibles de rastrear por medios 6pticos. El segundo estudio demuestra la versatilidad
de este sistema para determinar las propiedades dieléctricas de materiales planos
heterogéneos midiendo la respuesta dieléctrica de especimenes de roca.

Los métodos desarrollados en esta tesis aumentan la cartera de sistemas de
caracterizacion dieléctrica y pueden ayudar a una amplia gama de sectores cientificos
e industriales en las tareas de monitorizacién y caracterizacién dieléctrica, haciendo
estos trabajos mas comodos y accesibles.



Resum

La permitivitat és una propietat fisica dels materials que descriu el seu comportament
en preséncia d'un camp electromagnétic. Encara que la permitivitat dels materials
dieléctrics s'ha estudiat durant molts anys, existeix una creixent demanda de nous
meétodes i dispositius de caracteritzacid en una quantitat considerable de sectors
cientifics i industrials.

Els sensors de microones poden exercir un paper essencial en les tasques de deteccio,
supervisio o control de processos, ja que alguns parametres fisicoquimics dels materials
produeixen canvis mesurables en les propietats dieléctriques. A més, la tecnologia de
calfament per microones esta adquirint una rellevancia creixent per a la transicio
ecologicaila descarbonitzacio dels processos industrials, i la permitivitat és el parametre
essencial per al desenvolupament reeixit d'aquests nous processos. La permitivitat
depén de molts factors, com la freqiiéncia, la temperatura, el contingut idnic, la densitat
o la presentacié del material. No existeix un métode universal per a determinar les
propietats dieléctriques en qualsevol condicio; els métodes de mesurament de la
permitivitat han d'adaptar-se a les necessitats del material i de I'entorn de mesurament.
Normalment, la tecnologia de microones i les técniques de caracteritzacio dieléctrica son
processos altament especialitzats que requereixen dispositius complexos i costosos que
historicament han limitat I'expansié d'aquests meétodes fora del ambit de les
telecomunicacions.

El nombre d'aplicacions que requereixen el monitoratge o mesura de les propietats
dieléctriques, les altes dependéncies d'aquesta magnitud sota diferents condicions, i la
necessitat de posar aquesta tecnologia a l'abast d'un usuari més ampli i menys
especialitzat, justifiquen el desenvolupament d'aquest treball.

Aquesta tesi pretén desenvolupar nous dispositius per al monitoratge i caracteritzacio
de dieléctrics adaptats a diferents entorns, cobrint un ampli rang de formats, formes i
propietats dels materials. Per a aconseguir aquest proposit, aquest treball aspira a idear
tant sistemes autdonoms i facils d'usar per a ser emprats en un ampli rang de situacions,
com a celles especifiques que aborden requeriments més particulars. La tesi es
presenta com una tesi per compendi d'articles, incloent quatre contribucions originals
que descriuen els aspectes més rellevants desenvolupats durant els meus estudis de
doctorat. Un esforg considerable durant el periode de la tesi es va dedicar a donar suport
al desenvolupament del projecte d'investigaci6 SEDMICRON, l'objectiu del qual és
emprar la tecnologia de microones com un nou enfocament per a l'autenticacio de
marcadors en aplicacions de seguretat documental a través d'un microscopi de
microones en camp proxim (NSMM).



Les dues primeres publicacions incloses en la tesi descriuen dos enfocaments diferents
per a abordar els mesuraments de permitivitat. El primer article descriu un instrument
versatil, autonom i facil d'usar per a mesurar la permitivitat de materials liquids,
semisolids, en pols, granulars i solids dins de tubs de pirex. El dispositiu es basa en una
cavitat ressonant bi-reentrant. El disseny de la cavitat va aconseguir una excel-lent
sensibilitat, i I'estudi de la xarxa d'acoblament va permetre la caracteritzacié de materials
de pérdues baixes, moderades i altes amb una mateixa configuracié. Aquest dispositiu
inclou un reflectometre vectorial portatil propi, la qual cosa el fa portatil i assequible. Les
caracteristiques de linstrument desenvolupat permeten un Us senzill per part de
personal no especialitzat i proporcionen versatilitat en moltes situacions. La segona
publicacié presenta el disseny d'una cel-la especifica per a cobrir una necessitat de
mesurament concret. En particular, aquest article descriu un dispositiu de prova basat
en una sonda coaxial d'extrem obert amb una major sensibilitat per a determinar la
permitivitat de productes alimentaris d'altes pérdues en funcié de la temperatura a
freqiéncies de RF. Aquest article destaca la importancia de seleccionar la técnica de
mesurament més adequat, adaptada a I'entorn i a les particularitats del material, per a
la determinacio apropiada de la permitivitat.

Els dos articles seglents descriuen el desenvolupament i la utilitzacié d'un microscopi
de microones de camp proxim amb resolucié micromeétrica per a determinar mapes de
permitivitat de materials plans heterogenis a freqiiéncies de microones. En tots dos
treballs es descriuen els diferents elements que componen l'instrument del microscopi:
la sonda coaxial esmolada per a realitzar els mesuraments de camp proxim, inclosa en
una estructura ressonant; un reflectometre vectorial propi per a aconseguir una
funcionalitat autbnoma i facil d'usar; el subsistema de posicionament per a realitzar
'escaneig pixel a pixel; i les técniques d'analisis per a determinar els valors de
permitivitat a partir de les mesures dels parametres de la ressonancia. En el primer
treball es va emprar per primera vegada la tecnologia de microones en aplicacions
contra la falsificacid, obtenint la marca dieléctrica de la marca d'aigua d'un bitllet. A més,
aquest estudi va demostrar la capacitat de I'energia de microones per a detectar
marques ocultes darrere de capes dieléctriques o metal-liques, la qual cosa obri noves
possibilitats per al desenvolupament d'elements de seguretat Opticament opacs i
impossibles de rastrejar per mitjans optics. El segon estudi demostra la versatilitat
d'aquest sistema per a determinar les propietats dieléctriques de materials plans
heterogenis mesurant la resposta dieléctrica d'espécimens de roca.

Els métodes desenvolupats en aquesta tesi augmenten la cartera de sistemes de
caracteritzacio dieléctrica i poden ajudar a una amplia gamma de sectors cientifics i
industrials en les tasques de monitoratge i caracteritzacié dieléctrica, fent aquests
treballs més comodes i accessibles.
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Chapter 1

Introduction

A broad spectrum of scientific and industrial disciplines needs a better understanding of
materials’ properties. Accurate measurements of these properties can provide scientists
and engineers valuable information to develop and optimize their processes. In
particular, permittivity is an essential property that describes the behavior of dielectric
materials when exposed to electromagnetic irradiation.

Dielectric properties have been studied for a very long time [1]. Nevertheless, there is
still a significant interest and high demand for new studies, methods, and devices that
allow and facilitate permittivity measurement to new and specific materials The number
of scientific publications per year related to dielectric properties continues to grow, with
a remarkable acceleration during the last decade [2,3].
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Fig. 1: Number of scientific papers published in the period from 2000 to 2021 identified when searching for
the words "dielectric properties" and "permittivity". Source: ScienceDirect [2,3]



Introduction

Permittivity studies has been historically related to telecommunication engineering for
selecting and evaluating the materials used in terrestrial and satellite communication
systems, in elements such as waveguides, radomes, resonators, filters, or circuit boards
[4]. Nevertheless, permittivity measurements and, in general, microwave sensors, have
a high potential to be employed in many other applications.

There is a growing demand for sensors in many fields of knowledge to carry out
detection, monitoring, or process control tasks. Microwave sensors can play an important
role since some physicochemical parameters of materials produce measurable changes
in dielectric properties, which can be correlated and indirectly measured by microwave
techniques.

Since bound or free water is found in most materials, the radiofrequency and microwave
sensors developed to measure moisture content are of great economic importance and
have a very long history. The fast and accurate measurement of moisture content is a
relevant element in different phases of production, storage, and processing of many
natural products and raw materials. Microwave aquametry investigates the water content
of solids and liquids by studying their response to electromagnetic fields at radio and
microwave frequencies [5—7]. The dielectric properties of water are usually much higher
than the permittivity of the majority of materials due to the high polarity of water, which
enhances the sensitivity of microwave sensors to moisture measurements. Many
research studies examine the relationship between the moisture content and the
dielectric properties of agri-food materials, such as corn, wheat, barley, oats, or
soybeans, and their moisture content [8—12].

Many other industries have also studied microwave-based sensors for moisture content
determination in their processes. In the textile industry, the moisture content is relevant
to monitoring product quality and reducing energy consumption, directly influencing the
fabrics' strength, stiffness, and elasticity [13,14]. In the construction industry, monitoring
the moisture content of fresh mixtures and the curing processes of cement pastes is
critical for achieving reliable strength performance. But also, moisture has a significant
impact on the durability and structure aging of concrete structures and thus, the
development of new techniques for the early detection of structural degradation has
become increasingly important [15-19]. In energy industries, the moisture content of
wood biomass materials is an important factor in determining the net energy content and
the overall quality of the product [20,21].

Apart from specific moisture sensors, there are numberless fields demanding permittivity
measurements and novel microwave sensors. In medicine, several studies report the
dielectric properties of biological fluids such as blood or urine, biological tissues such as
skin or muscles, and organs such as the brain, the lungs, or the liver [22—-31]. These
studies are very important for developing new medical methods for therapy and
diagnostics. In [32—35], the authors report some microwave sensors for glucose level
monitoring, a critical health indicator related to health complications such as heart attack,
stroke, blindness, or kidney disease. The early detection of cancer plays a crucial role in
reducing the mortality rate. Consequently, many efforts are underway to develop new
techniques for detecting breast or skin cancer through microwave technology [36—40].

Likewise, many other fields using dielectric properties or microwave technologies for
different sensing purposes could be cited. In [41], the authors determined the dielectric
properties of chlorinated water to assess the safety of drinking water by microwave-

2



Chapter 1

Semirigid
al

Fig. 2: Microwave sensors developments. (a) Open-ended rectangular waveguide for the in vivo
measurement of skin dielectric properties [27]; (b) transmission line coaxial cell for the real-time monitoring
of contamination in beach sand [42].

assisted technologies. The work in [42] described a rapid and non-destructive
microwave-based technique to monitor the meta-cresol contamination levels of beach
sand. In [43], areal-time microwave biosensor to detect and monitor subsurface bacterial
growth was reported.

There are still many technological fields to be explored in which microwave technology
could play an important role. Counterfeiting activities are constantly growing and
constitute a severe threat to national economies and the safety of citizens. Technological
advances have made counterfeiting techniques more readily available and increasingly
sophisticated [44,45]. Thus, microwave technology can be an important yet unexplored
tool in developing new methods to prevent and combat currency or document fraud.

Compared to other technologies, the distinct properties of microwave irradiation may
provide substantial benefits in many sensing applications [6,46].

e Penetration depth is more significant compared to other technologies. Microwave
energy can penetrate the material structure and achieve a volumetric assessment
of the measured quantity.

e Microwaves allow non-destructive and non-invasive measurements. Depending
on the measurement technique, physical contact between the sensor and the
material may not be necessary.

¢ Microwave methods are safe. Sensors need low power levels, and, in contrast to
ionizing radiation, the energy level of the radiation is much lower, so they do not
pose a risk to human safety.

e Microwave sensors are relatively insensitive to environmental factors (dust, water
vapor, etc.), which makes them especially suitable for implementation in industrial
environments.

e Microwaves allow non-destructive measurements. Microwaves do not alter or
contaminate the material, contrary to chemical methods.
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However, some factors have limited the broad deployment of microwave sensors and
permittivity measurement devices, among which the following can be highlighted
[5,46,47]:

e High cost and large dimensions of the measurement systems. The dielectric
probes and the devices for measuring the microwave response of such probes,
typically vector network analyzers (VNA), are expensive.

e High degree of specialization required to manipulate the measurement devices
and understand the devices' readings.

e Lack of standard designs. The sensors are typically developed for specific
applications with low universal applicability.

e Microwave sensors are sensitive to permittivity changes, influenced by different
variables, such as moisture content, grain size, density, or temperature. Specific
analyses and studies are usually needed to correlate changes in permittivity with
changes in a given variable.

e Acceptance of microwave technology. Even though microwaves are present in
most applications in our daily life, there still exists concerns about the possible
health hazards of this technology.

The remarkable growth in demand for permittivity measurements cannot be due the
previous reasons alone. There is a growing interest in microwave technology as a clean,
green, and sustainable technique to develop more efficient, fast, and eco-friendly heating
processes. Global warming, the depletion of fossil fuels, the growing prices of energy,
and the liberation of toxic wastes reinforce the need to find sustainable and renewable
alternatives to fossil-derived products more critical than ever. Industries need to adapt
their processes to the use of clean electricity with unconventional and environmentally-
friendly heating mechanisms. The heat transfer in conventional heating technologies
relies on radiation, surface convection, or internal conduction; microwave technologies
involve a direct conversion of electromagnetic energy to thermal energy within the
volume of the heated material [48,49]. This feature decreases processing times and
reduces energy losses, resulting in lower energy consumption and operating costs.
Microwave heating technologies have advantageous features such as high-power
density, instantaneous temperature control, higher heating rates, process flexibility, or
equipment portability [50]. In addition, permittivity variations within heterogeneous
materials allow unique temperature distribution in the processed material (selective
heating) which could be a significant advantage of microwave heating compared to
conventional methods.

The food industry has traditionally used microwave technology in many applications in
the food production chain. Cooking food using microwave techniques has been known,
accepted, and used worldwide since Percy Spencer and Raytheon Manufacturing
Company invented, patented, and built the first domestic microwave oven in the mid-
20th century [51]. Cooking and food preservation are the primary purposes of food
processing applications employing microwave or RF electromagnetic energy.
Specifically, electromagnetic energy has been employed in thawing, baking, roasting,
cooking, blanching, drying, pasteurization, or sterilization processes [52-62].

The number of studies in different fields of knowledge investigating the use of
microwaves in their applications is huge. In the rock industry, microwave energy has
been used in several applications, such as fracture or leaching [63,64]. In the
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construction industry, microwaves have been employed to accelerate the curing times of
concrete or decontaminate surfaces [65,66].

Microwave techniques have become increasingly popular in chemistry or pharmaceutical
fields. Conventional heating techniques employed in synthesis processes are slow and
inefficient. However, microwave energy instantly activates some of the molecules of the
entire reaction mixture, improving product yields, reducing reaction times, and increasing
productivity. Furthermore, microwave-assisted synthesis can promote reactions that are
impossible with other heating technologies [67,68]. For instance, much attention has
been paid to microwave synthesis of zeolite membranes for the remarkably synthesis
time reduction and because microwave synthesis could lead to new morphology,
orientation, composition, and performance characteristics [69-72]. Microwave sintering
has also received increasing attention in recent years for similar reasons, including faster
heating rates, lower sintering temperatures, shorter sintering times, and improved
mechanical properties compared to conventional techniques. Microwave energy has
been used in the sintering processes of ceramics, soils, metal powders, or metal matrix
composites [73—80]. Microwave-assisted extraction has also been widely investigated in
agriculture, healthy food, cosmetics, medical, or veterinary applications to improve
chemical analysis techniques and obtain valuable compounds [81-88].

There is also great interest in the use of microwaves in the field of energy production and
storage. Microwave-assisted pyrolysis is a promising bioconversion technique to
produce bioenergy products from the treatment of plastic wastes, sewage sludge,
lignocellulosic wastes, and other biomass residues and waste feedstocks [89-94].
Another relevant example is the work reported in [95]. The manuscript describes a
contactless hydrogen production via water electrolysis triggered by microwave energy in
a new reaction pathway allowing the process to occur at temperatures markedly lower
than those required with other technologies.

Reduction

MW CFF

Oxidation

(a) (b)

Fig. 3: Microwave processing applications. (a) Microwave system setup for sintering of 3Y-TZP ceramics
[80]; (b) Hydrogen production flowchart based on microwave reduction[95].
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These lines highlight the relevance of microwave technology in addressing future
challenges, underlining the importance of dielectric characterization today and in the
years to come. Dielectric characterization of materials can bring value to many sectors
and industries. Microwave sensors can play an essential role in detecting, monitoring, or
processing control tasks. Besides, permittivity is a crucial parameter for developing new
microwave heating methods for the ecological transition and decarbonization of industrial
processes. The wide diversity of sectors interested in and needing permittivity
characterization works compels the continuous evolution and development of new and
easy-to-use methods adapted to their needs and working environments.

1.1 Fundamentals of Permittivity

This section aims to provide a general overview of permittivity, including its physical
meaning and the conventions used throughout this thesis. Besides, the multiple
dependencies of permittivity will be addressed.

The absolute permittivity € is a fundamental electrical property describing the interactions
between electromagnetic energy and materials [96]. The application of an electric field
E to a dielectric material induces a polarization, increasing the displacement flux D.

D=¢-E (1)

Permittivity is a tensor relating both quantities, E and D . This thesis will assume passive,
reciprocal, and isotropic materials, reducing the tensor to a complex scalar, considering
that permittivity is independent of the field orientation [4]. In some cases, this assumption
would make it necessary to employ an effective permittivity. This term indicates that the
strict definition of permittivity has been relaxed to some degree (presence of metals,
heterogeneous materials, anisotropy, etc.) [97]. For instance, most food or agricultural
materials are heterogeneous substances made up of elements with different permittivity
values and, therefore, their complex permittivity is the effective permittivity of the mixture.

In the scientific literature, the complex relative permittivity ¢, is often used instead of the
absolute permittivity quantity €. It is a dimensionless complex quantity that can be
expressed as:

e =& —je" =¢'(1-tano) (2)

where ¢’, €”, and tand are commonly known as the dielectric constant, the loss factor,
and the loss tangent, respectively. The absolute permittivity, €, can be calculated by
multiplying the complex relative permittivity - by the permittivity of free space, &= 8.8542
x 10-12 F/m [98]. Throughout this thesis, ¢ will be referred to as dielectric properties,
complex permittivity, or just permittivity.

The dielectric constant €’ is a measure of the “capacitivity”, the amount of energy from
an external electric field stored in the material [49,99]. The minimum value of this
parameter is 1, corresponding to the vacuum value. The dielectric constant of air is
slightly higher, 1.0006, which is a negligible difference in most applications. It is important
to point out that despite the commonly accepted name of dielectric constant, this quantity
is not constant at all in most dielectric materials [98], as will be discussed in the following
paragraphs.
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The loss factor €” describes the dissipative capabilities of the material, the amount of
energy that goes into heat when irradiated by a varying electromagnetic field. Its
minimum value is zero, which occurs in a lossless material. The loss tangent, defined as
the ratio €”/ ¢’, is also a descriptive quantity depicting the material’s ability to generate
heat.

The basic elements composing dielectric materials are electrons, atoms, molecules, and
ions, which are arranged within the material with a certain freedom of movement. The
presence of a time-varying electromagnetic field induces the polarization of some of
these constituent elements. The total permittivity is the result of all displacements
happening at a certain frequency (see Fig. 4). Permittivity is frequency dependent [49].
The dominant polarization effects at radio frequencies (RF) and microwave frequencies
(MW) are the movement of dissolved ions and the rotation of molecules (relaxation
processes).

In a complex material, there may be different relaxation processes happening
simultaneously in the presence of an electromagnetic field, such as rotational,
distortional, or interfacial polarization [98]. Let’s consider a polar material like water. The
thermal excitation induces a random orientation of dipoles in the absence of any external
electromagnetic field. When an external electromagnetic field is applied to the dielectric
material, the polar molecules tend to rotate to align themselves in a direction opposite to
the electromagnetic field, appearing a net polarization (see Fig. 5) [100].
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Fig. 4: Influence of different polarization mechanisms on permittivity as a function of frequency.
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Fig. 5: Dielectric material with polar molecules. (a) In the absence of an electromagnetic field. (b) In the
presence of an electromagnetic field.

The behavior of the molecules, and thus the permittivity values, changes with the
frequency of the external signal. At low frequencies, the molecules can easily rotate
following the phase changes of the time-varying electromagnetic field, and most of the
energy goes to storage, to ¢”. However, as frequency increases and gets closer to the
relaxation frequency f.;, the molecules have trouble following the faster signal variations,
&’ drops and the dielectric losses €” increase. At fr, the dielectric losses have the peak
of this relaxation process. As frequency increases from fr, the dipoles are less and less
able to keep up with the field’s speed, and the contribution from this relaxation process
to the total permittivity decay to zero [98]. Fig. 6a shows this behavior for the example of
deionized water, and Fig. 6b shows the same data, but in a semi-circular trace commonly
known as Cole-Cole diagram.
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Fig. 6: Permittivity behavior of deionized water: (a) permittivity as a function of frequency; (b) Cole-Cole
diagram.
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The simplest model to reproduce this response is known as Debye relaxation [98,101],

. (3)

1+ji

frel
where fis the frequency of the external signal, f is the relaxation frequency, & is the
permittivity value at very low frequencies, and & is the permittivity value at frequencies
much higher than f., without the influence of this relaxation process. The parameters
defined in the Debye equation have been depicted in Fig. 6a and 6b. It is interesting to
highlight that &5 - €« is the contribution of this relaxation process to the total permittivity.
Even though this model reproduces the response of deionized water, there are other
models such as Cole-Cole, Cole-Davidson, Havriliak-Negami, or Multiple Debye [102—

105] to adjust materials with multiple or more complex relaxation processes.

The influence of the movement of dissolved ions on permittivity differs from the behavior
of relaxation processes. Fig. 7 shows the dielectric response of deionized water as a
function of the frequency, as depicted in Fig. 6a, together with the permittivity of saline
water (1% salt content) [106]. Considering pure water and NaCl, the dipolar water
molecules would manage to separate the NaCl structure into Na* and CI- ions, and all
the ionic and molecular content restructures until they reach equilibrium. The ionic
content reduces the value of the dielectric constant thanks to the new arrangement of
water molecules in the resulting equilibrium. The dielectric losses increase due to the
mobility of these free ions, or conductive charge carriers, under the presence of an
alternating electromagnetic field [101]. The influence of the ionic content on the losses
is especially relevant at low frequency as shown in Fig.7.

90 T T 180
- =g' Water- Salt Content 1%
80 + ¢ Water- Salt Content 0% 3 160
5 =" \Water - Salt Content 1% 1
70 1 " Water - Salt Content 0% 1 140
§ 601 I 120 3
(2] [ ] -
c [ ] o
S 50+ ¥ 100
Q i ] "
= 40 1 + 80 o
3] [ ] |
(1] [ ]
T 30 4 1 60
o L 3
20 § 1 40
10 4 1 20
0 : + E—L_C L E—t_E LU e S 0
1.E+08 1.E+09 1.E+10 1.E+11 1.E+12

Frequency (Hz)

Fig. 7: Permittivity of water with different NaCl concentrations as a function of frequency.
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There are different conventions to consider the diverse loss sources, even though we
could not distinguish between them when measuring at a single frequency [98]. This
thesis will assume that the dielectric losses will be the total resulting from all the
contributions. Thus, permittivity could be written as:

n " 14 n G

€ =6D+£g=eD+ﬁ (4)
where ¢”p are dipole losses, €’ the ionic losses, and o is the ionic conductivity. In short,
frequency is possibly the element on which dielectric properties depend the most; the
other is temperature. In general, considering a relaxation process, the relaxation
frequency increases as the temperature increases. Thus, at a given frequency, the
dielectric constant would increase with increasing temperature, and the loss factor would
either increase or decrease, depending on whether the measured frequency is above or
below f. [107]. Likewise, the ionic loss component increases with increasing
temperature [101]. However, the actual temperature dependence in most complex
materials should be obtained by measuring the material in the desired conditions.

Some other factors can also influence the permittivity of a given material. Even though
these parameters are widely discussed in the literature, someone could consider that
these permittivity changes are just simply because they are different materials.
Permittivity depends on the moisture content (bound or non-associated water), the
chemical composition (Salt or fat content), the density (mix air-material), the particle size,
the homogeneity (effective permittivity), the viscosity, anisotropic effects, etc.

Permittivity describes the material behaviour in the presence of an electromagnetic field,
the amount of energy it can store, and the amount of energy that can transform into heat.
Permittivity depends on many factors, such as frequency, temperature, ionic content,
density, or the presentation of the material. Such dependencies increase the need for
new dielectric characterization methods and justify the continuous effort devoted to this
end. This thesis aims to develop new devices for the monitoring and characterization of
dielectrics adapted to different environments and particularities of the materials. To
achieve this purpose, this work aspires to devise easy-to-use and stand-alone systems
that may be employed in a wide range of situations, or specific cells that solve particular
problems.

1.2 Vector Network Analyzers

Permittivity measurement techniques involve the connection of the test fixture to a
measurement device called impedance analyzer or vector network analyzer (VNA)
[99,108-110]. At microwave frequencies, the wavelengths become comparable or even
smaller than the physical dimensions of the components. Hence, the behavior of the
circuits changes with frequency, and the phase information becomes essential for the
analysis of microwave circuits. The VNA is usually the most appropriate device to
perform the measurements for permittivity characterization at microwave frequencies.

A network analyzer generates a microwave signal of a given frequency and launches it
into a device under test (DUT). In our case, we consider the DUT to be a linear
microwave circuit employed to characterize a dielectric material. Part of the input signal
may reflect back, and other part may go forward. The reflected and transmitted signals
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may differ from the input signal. The scattering parameters measure the amplitude and
phase differences between the incident or reference signal and the reflected or
transmitted waves. Fig. 8a shows the scattering parameters of a typical two-port
microwave circuit, where Sy is equivalent to the input complex reflection coefficient and
S21 is the forward complex transmission coefficient. Then, the VNA changes the
frequency of the incident signal and repeats the process to create a frequency sweep.

A simple schematic diagram of a VNA setup is shown in Fig. 8b. This configuration
comprises a microwave source, a separation network, receivers, and a processor that,
together with the display, allows the results to be calculated and displayed. However,
commercial VNAs are much more complex. For example, the standard block diagram of
a heterodyne N-port VNA is shown in Fig. 9 [110].
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Fig. 8: (a) Two-port device with its wave quantities and scattering parameters. (b) Simple Schematic of a
Vector Network Analyzer
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Fig. 9: Block Diagram of a heterodyne N-Port Vector Network Analyzer [110].

1.3 Permittivity measurements techniques

Materials can be present in many formats, shapes, and properties. There are several
factors to consider when selecting the most appropriate method to perform permittivity
measurements, given the multiple dependencies of the dielectric properties and the vast
number of measurement techniques available. This section aims to provide an overview
of the most relevant techniques to characterize the dielectric properties of materials.

Permittivity values depend on the frequency, and thus, it is a fundamental aspect to
consider. For instance, to ascertain the absorbing capabilities at the typical ISM
frequency of 2.45GHz, it would suffice to know the permittivity at that single frequency.
However, if we aim to select the frequency band with the best absorbing capabilities, it
would demand measuring in a broader bandwidth. The dielectric losses of the material
are also a fundamental parameter that largely conditions the election of the most suitable
measurement technique among all available. But there are many more conditioning
factors, such as the objective temperature, the needed accuracy, the hazardous risks,
the state of the material (liquid, powder, semi-solid, solid), and its shape (round, planar,
irregular), size, and homogeneity, etc.

A good number of scientific articles, review papers, books, commercial brochures, or
technical notes report very detailed works explaining different techniques for permittivity
characterization, diverse classification approaches, and some advice to select the most
appropriate method for a measurement need [97-99,111-114]. In this small review,
permittivity techniques will be divided into resonant and non-resonant methods, a typical

12
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classification manner with significant differences in the frequency bandwidth, the losses
of the material, and the accuracy.

1.3.1 Resonant methods

Resonators are microwave circuits that provide the best accuracy in terms of dielectric
characterization, and thus, they are the most advisable techniques for the measurement
of low-loss materials at discrete frequencies.

In a resonant structure, standing waves appear because of the interference between
forward and reverse traveling waves, caused by the interaction of the waves with the
boundary conditions of the structure [115]. Thanks to the back-and-forth movement of
these waves, the interaction between the microwave energy and the dielectric material
increases, boosting sensitivity, which improves the precision of the measurement,
making resonant methods preferable for the permittivity characterization of low-loss
materials [98].

The measurement of a resonant structure yields two fundamental parameters: the
resonant frequency (f)) and the quality factor (Q). The resonant frequency is the
frequency at which the microwave structure can store energy. When a microwave signal
with a frequency different from f; is introduced into a resonant system, all the energy
reflects to the input port. However, if the frequency of the introduced signal is equal to
the resonant frequency of the structure, the cavity can store that microwave energy within
its walls. Consequently, microwave resonators can perform permittivity characterization
of material at a single frequency. In an actual resonator, there are losses. These losses
come from different elements such as the conductivity of the resonator's walls, the
dielectric losses of the measured material, or the external losses of the coupling network.
The losses widen the response of the resonator; the resonator can also store energy at
frequencies around the resonant frequency, but some energy is dissipated as heat. The
measure of this widening and the assessment of the resonator's performance is the
quality factor, which indicates the energy loss compared to the energy stored in the fields
inside the resonator [116].

Nevertheless, the resonant frequency is not unique; there are several frequencies at
which the system can store electromagnetic energy, resulting in resonant modes that
differ in the number of field components and their pattern and direction. The dominant
mode is the mode with the lowest resonant frequency, which is the one typically selected
for permittivity measurements. Sometimes, the existence of additional high-order modes
allows measurements at different frequencies. Still, mode density increases with
frequency, which may hinder the identification of the appropriate mode and could
originate significant errors due to mode coincidence and degeneracy. A different
approach is to employ different sizes of the same microwave geometry, what would allow
dielectric characterization by the dominant mode at different frequencies [98].

When a dielectric material is placed in a resonant structure, the resonant frequency, and
the quality factor shifts (see Fig. 10). The dielectric properties are obtained by relating
the resonant frequency, the quality factor, and the geometry of the resonant structure
using an electromagnetic model.
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Fig. 10: Resonant frequency and quality factor shifts in (a) Magnitude/phase plot and (b) Smith chart
diagram.

A coupling network must be employed to introduce the microwave signal into the
resonator and monitor its response for permittivity calculations [117]. This circuitry will
influence both the resonant frequency and quality factor of the resonator. The typical
approach for permittivity measurements consists of a transmission setup with very low
coupling levels. The microwave signal is introduced through one port and collected
through a different port, obtaining the scattering parameter S»;. In this case, the resonant
frequency is directly the frequency of the maximum value of the Sz, and the quality factor
can be determined as

/,

Q A (5)
where f; is the resonant frequency and Af is the 3dB bandwidth [98]. Nevertheless, a
reflection setup is also possible using the same port to introduce and monitor the
microwave signal. In this case, the resonance retrieved with low coupling levels do not
allow the use of Equation (5); a circular fitting procedure is frequently employed for this
purpose [118]. In addition, several works have employed reflection measurements with
high coupling levels to perform permittivity measurements of medium to high loss
materials. In such a case, the influence of the external coupling network should be
removed from the resonance measurements to determine the permittivity of the
measured material properly [117-120].

Resonant methods include resonant cavities, open resonators, or dielectric resonators.
Fig. 11 and 12 present a compilation of the most representative resonant techniques.
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Fig. 11: Resonant cavities for permittivity characterization of dielectric materials. (a) Cylindrical cavity
[121]. (b) Re-entrant cavity structure [122]. (c) Dielectric resonator [123].

The closed cylindrical cavity (Fig 11a) is one of the most versatile setups for permittivity
characterization or process monitoring. The dominant mode changes depending on the
relationship between the height and radius of the structure. In some cases, small holes
can be drilled on the axis of the cavity to introduce samples, avoiding the use of lids. In
addition, medium to high loss materials can be measured if the sample size is small
enough to ensure a measurable Q factor. These features allow the measurement of a
wide variety of circular elements, such as solid cylinders reaching from top to bottom of
the cavity, circular laminar samples covering the entire width of the cavity, small size
rods at the bottom of the cavity, liquid, or powder materials inside tubes, etc [121,124—
127]. In [128], decoupled orthogonal modes were employed in the same closed
cylindrical cavity to allow simultaneous dielectric characterization and microwave heating
of rod samples inside a quartz tube.

Reentrant geometries have also been employed as a resonant method for dielectric
properties determination. The typical setup consists of a short-circuited coaxial line with
a gap in the central conductor to place the dielectric sample. The gap is set at one end
in the single-post configuration [129] and in between the center conductor in the double-
post structure [130]. The main advantage of this structure is the manageable size of the
cavities to measure at frequencies below 1GHz, compared to other resonant methods.
Since most of the energy in the cavity is stored in the capacitance gap, these structures
are very sensitive to permittivity changes, being therefore ideal for dielectric
characterization [98]. This technique has been typically employed to measure low-loss
solid rods [122]. Nevertheless, some recent attempts have used this technique to
measure medium to high loss liquids employing tubes crossing the axis of the structure
[131].

Fig 12 show some of the most relevant methods specifically designed to characterize
laminar materials, such as substrates or thin films. Fig. 12a shows a Microstrip ring
resonator, a technique with moderate accuracy that can obtain permittivity
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Fig. 12: Resonant cavities for permittivity characterization of laminate materials. (a) Split ring resonator
[134]. (b) Split Cylinder resonator [136]. (c) Split-post dielectric resonator [138].

measurements of laminar materials placed over some microstrip or stripline substrate
geometries [132—134]. Fig. 12b shows the geometry of a Split cylinder resonator, which
consists of a cylindrical cavity split into two halves, in which the laminar material is placed
[135][136]. This technique is more precise, but fields propagating outside the circular
section can still lead to some inaccuracies. One of the most accurate methods for
measuring laminar materials is presented in Fig. 12c, the split-post dielectric resonator.
It consists of two dielectric resonators achieving a strong evanescent electromagnetic
field between them, which reduces the influence of the electromagnetic fields in the air
gap [137-140].

The methods described in the previous paragraph are suitable for measuring permittivity
of bulk laminate materials. Near-field probes are the preferable solution for
heterogeneous laminate materials, achieving special resolutions shorter than the
wavelength of the microwave signal employed [141,142]. Near-field radiation requires
the size of the probe (the tip) to be smaller than the tip-to-sample distance and far shorter
than the wavelength of the microwave signal, achieving spatial resolutions in the range
of the size of the probe. Thereby, near field scanning microwave microscopes (NSMM)
can determine the dielectric properties of inhomogeneous materials. Given the relevance
of the tip-to-sample distance in the probe's response under the presence of a dielectric
material, the use of a distance tracking element is usually necessary to allow permittivity
characterization. Due to the rise of nanoscience and nanotechnology, most current
devices try to achieve nanometric resolutions with complex setups, leaving aside many
alternative applications that could require sensing systems and dielectric
characterization at higher length scales [143].

Dielectric resonator and open resonator techniques follow different approaches for
permittivity characterization. The dielectric resonator technique generates a resonant
mode within a rod-shaped sample itself [123,144-147]. The method's sensitivity is
superb because the electromagnetic fields are almost entirely inside the dielectric
material, achieving a filling factor very close to 1. Thus, it is one of the most accurate
methods for the dielectric characterization of low-loss material. The open resonator
methods are typically employed to measure low-loss dielectrics at millimeter-wave
frequencies with a free-field setup [148—150].
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This thesis aims to cover the dielectric characterization of a wide range of formats and
shapes of materials. In particular, the evolution of a bi-reentrant cavity was utilized to
measure liquids, semi-solids, powders, granular and rod-shaped bulk solid materials,
and a near-field microwave probe to characterize hon-homogeneous planar materials.
Although resonant transmission methods are the most widely employed, they are
typically more complex, requiring more sophisticated measurement instrumentation and
a higher degree of specialization. However, the autonomous devices in this work used a
resonant reflection approach. The characteristics of resonant reflection methods make
them very interesting for developing stand-alone devices with affordable and more
straightforward instrumentation. Likewise, reflection methods with high coupling levels
allow the characterization of low and high losses materials with the same setup.

1.3.2 Non-resonant methods

Non-resonant methods are based on analyzing the magnitude and phase changes in an
electromagnetic signal transmitted or reflected by the material under test. For isotropic
and non-magnetic materials, the permittivity can be determined by measuring the
reflection or transmission parameter (Sys or S21) of the microwave structure in which the
material is placed [111]. These methods are often recommended for broadband
measurement of high-loss materials and are generally less accurate than resonant
methods. Non-resonant methods include waveguide cells, free-space techniques, and
open-ended probes. It is relevant to highlight that some geometries can be adapted to
be used in resonant or non-resonant setups [120,151].
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Fig. 13: Non-resonant techniques for permittivity characterization of dielectric materials. (a) Partially filled
rectangular waveguide [152]. (b) Free-space transmission technique [112]. (c) Open-ended coaxial probe
[151].
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Waveguide cell methods typically involve placing the material filling total o partially the
cross-section of a coaxial or rectangular waveguide [113,152—154] and measuring the
reflected and/or transmitted signal of the structure. Coaxial lines have the advantage of
covering a large bandwidth, but the samples must be mechanized in the form of a toroid.
In the case of rectangular waveguides, the frequency range is narrower, but rectangular-
shaped samples are easier to manufacture [99]. Air gaps between the samples and the
cavity walls reduce the accuracy of this technique, as remarked in the previous section
[113].

Free space techniques employ the measurement of the reflection or transmission
coefficients of two antennas that focus the microwave energy through the material under
test [99]. This non-contact method allows high-temperature measurements in hostile
environments. The technique requires the material to be large and flat compared to the
electromagnetic beamwidth; thus, it is typically employed at millimeter-wave frequencies
with the aid of concave mirrors or dielectric lenses to focus the beam [111,113].

Open-ended probes have been widely employed for permittivity characterization.
Although the method's accuracy is limited [99,155], the open-ended coaxial probe has
possibly become the most widely used method worldwide for the measurement of lossy
dielectric materials. The method consists of measuring the reflection parameter of a
coaxial line with an open end in contact with the material to be measured. Many features
make the use of this probe advantageous in many situations. It is a broadband method
that allows non-destructive measurements of planar solids, semi-solids, or liquid
materials. However, some drawbacks of the technique should be considered. The
technique usually employs liquids of known permittivity (normally deionized water) to
calibrate the probe before measurements which may compromise the precision of the
measurement. Air gaps between the sample and the probe aperture may lead to
significant errors for solid and semi-solid materials. Likewise, air bubbles may hinder this
kind of issue. The sample size must be big enough as the method assumes an infinite
ground plane and sample size [99,151,156,157]. Although it is a relevant and valuable
technique, it is often overused. Coaxial probes have been used in inappropriate
situations, out of range, and claiming unrealistic accuracies.

Coaxial probes are the most widely used devices to determine permittivity of high losses
materials, but they have reduced accuracy and may present measurement issues and
inaccurate interpretation of results, primarily when used by non-specialist users. It is
crucial to highlight the importance of adapting the measurement techniques to the
environments and characteristics of the materials to avoid malpractice in the use of
approaches that are not suitable for the multiple dependencies of permittivity, such as
frequency, temperature, or dielectric losses. Given the importance of non-resonant
methods and, in particular, the coaxial probe, this work presents a non-resonant open-
ended coaxial probe adapted to a specific food environment, highlighting such relevant
aspects.
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1.4 Objectives

The thesis aims to study and develop methods for permittivity sensing and
characterization adapted to different environments and covering a wide range of
materials’ formats, shapes, and properties. This work aims to create versatile, easy-to-
use, and stand-alone devices for permittivity characterization of dielectric materials.
Nevertheless, this work also addresses the design of measurement cells for specific
applications.

This thesis has been financially supported through the grant reference BES-2016-
077296 of the call Convocatoria de las ayudas para contratos predoctorales para la
formacion de doctores de 2016 by Ministerio de Economia y Competitividad (MINECO)
and by European Social Funds (ESF) of European Union, and the project
SEDMICRON—TEC2015-70272-R (MINECO/FEDER) supported by Ministerio de
Economia y Competitividad (MINECO) and by European Regional Development Funds
(ERDF) of European Union.

The project's objectives were part of the Spanish Strategy for Science, Technology, and
Innovation within the Security, Protection, and Defence Challenge. One of the objectives
of this challenge was the development of new aspects that reinforce security and defence
capabilities. In particular, the project SEDMICRON focused on using a near-field
scanning microwave microscope (NSMM) as a robust system for the detection,
measurement, and authentication of micrometer-scale markers in document security
applications.

In this context, the research activities in this Ph.D. aimed to support the development of
this research project regarding the creation of the NSMM system and the development
of microwave cells for the dielectric characterization needs of the project. Likewise, it
aimed to go further and adapt the elements developed to other fields of knowledge, with
a particular focus on reducing the limitations for using this type of sensor by non-
specialized users. The specific objectives can be summarized in the following points.

e Develop a near-field scanning microwave microscope as a robust system for the
authentication of markers in document security applications. This objective would
require the achievement of the following goals:

o Design microwave probes for near-field detection adapted to the
application's needs.

o Develop a microscopic platform with the necessary instrumentation for
the near field measurement of 2D maps with micrometric resolutions.

o Analyze the effect of the probe-sample distance on the robustness of the
detection provided by the microscope.

e Increase the functionality of the microscope to allow measurements of complex
permittivity of planar materials on a 2D micrometric scale and identify alternative
applications that can benefit from the use of the developed microwave
microscope.

e Develop permittivity measurement cells to allow the dielectric characterization of
markers within the project framework.

e Identify alternative applications that can benefit from using these permittivity
measurement techniques.
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1.5 Thesis Structure

This thesis dissertation describes the work carried out to obtain the title of Ph.D. in
Telecommunication Engineering under the Doctoral Program in Telecommunications of
the Universitat Politécnica de Valéncia (UPV). The research has been conducted in the
microwave division (DIMAS) of the Institute of Information and Communication
Technologies (ITACA) of the Universitat Politécnica de Valéncia (UPV) under the
direction of Prof. José M. Catala-Civera.

This dissertation is devised as a thesis by published papers with the author's original
contributions including the most relevant aspects developed during the doctoral studies.
The document is structured in the chapters summarized below.

Chapter 1, Introduction, describes a general overview of the state of the art regarding
permittivity measurements and techniques, together with the objectives and structure of
the thesis.

Chapter 2, “A new stand-alone microwave instrument for measuring the complex
permittivity of materials at microwave frequencies”, reproduces the first paper of the
thesis. This work describes the development of a standalone and portable instrument
based on a re-entrant cavity designed to measure the dielectric properties of materials
inside pyrex tubes at microwave frequencies.

Chapter 3, “Improved open-ended coaxial probe for temperature-dependent permittivity
measurements of foodstuff at radio frequencies “, presents the second paper of the
thesis. This manuscript details the development of a test fixture to determine the
permittivity of lossy food products as a function of temperature. The device includes a
coaxial probe with increased sensitivity to be used at RF frequencies.

Chapter 4, “Detection of Anti-Counterfeiting Markers through Permittivity Maps Using a
Micrometer Scale Near Field Scanning Microwave Microscope”, reproduces the third
paper of the thesis. The work describes the different elements designed to create a
standalone and portable Near Field Scanning Microwave Microscope at the micrometer
scale developed to detect markers on anti-counterfeiting applications by means of
permittivity maps.

Chapter 5, “High-Resolution Detection of Rock-Forming Minerals by Permittivity
Measurements with a Near-Field Scanning Microwave Microscope”, features the fourth
paper of the thesis. The manuscript extends the functionality of the microscope
presented in chapter 4 to measure complex permittivity maps of planar materials. The
system is utilized to detect permittivity maps of rock specimens.

Chapter 6, "General discussion", outlines the published results, describes the main
contributions and achievements, and the degree of compliance of the objectives of the
thesis.

Chapter 7, “Conclusions”, summarizes the most relevant results obtained in this thesis
and foresees the prospects of future research lines.
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Abstract

This article reports the development of a stand-alone and portable instrument designed
to measure the complex permittivity of dielectric materials at microwave frequencies. The
equipment consists of an in-house single-port vectorial reflectometer and a resonant
coaxial bireentrant microwave cavity where the material under test (MUT) is placed
inside a Pyrex vial, making the device appropriate for measuring liquids, semisolids,
powders, and granular materials. The relationship between the dielectric properties of
involved materials and the cavity resonance has been determined by numerical methods
based on mode-matching and circuit analyses. In order to increase the measurement
range, so that low to high loss materials can be characterized in the same cavity, the
effect of the coupling network is deembedded from the resonance measurements. The
performance of the newly devised instrument is evaluated by error/uncertainty analysis
and comparative studies with other well-established instruments and methods. Errors
lower than 2% in the dielectric constant and 5% in the loss factor are found. This simple,
portable, affordable, and robust device could help nonspecialized personnel to
accurately measure the dielectric properties of materials used in a wide range of
microwave applications.
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2.1 Introduction

Even though the precise dielectric characterization of materials has been studied for
many years, it still remains an important, yet challenging task. In fact, dielectric materials
attract a lot of research interest since they are widely used in communication applications
such as substrates in printed circuit boards (PCBs) or dielectric resonators in filters and
oscillators [1-5].

Moreover, there is an increasing demand for dielectric property measurements regarding
different practical applications in fields like biological and chemical industries [6-9],
agricultural research [10-12], or new food technologies [13—-15]. Indeed, the study of
these properties is relevant for these fields in order to ascertain the ability of dielectric
materials to be processed under microwave irradiation [16]. Dielectric properties could
then provide scientists and industrial engineers with valuable information to properly
incorporate materials into their intended application and to investigate new effective and
efficient ways to apply heat to materials and reactions.

The extensive variety of techniques to calculate dielectric properties can be categorized
into resonant and nonresonant methods. The criteria used to select the appropriate
technique for dielectric characterization mainly take into account the expected losses of
the material under test (MUT), the frequency range covered by the measurement, and
the material’s attributes (format, shape, homogeneity, etc.).

Resonant methods include resonant cavities, open resonators, or dielectric resonators
[17]. These techniques make use of the shift in the resonant frequency and the quality
factor of a resonant structure to determine the permittivity of materials at a single
frequency [18]. This procedure has become the most preferable for measuring low-loss
materials [17]. However, resonant methods might also be considered for measurements
of medium- and high-loss materials, if the feeding network of the cavities is included in
the analysis [19].

Related literature has reported several notable implementations of resonant structures.
For instance, Janezic and Baker-Jarvis [20] described a cylindrical structure divided into
two halves to measure flat shaped materials placed in the gap of two cylindrical parts.
Baker-Jarvis and Riddle [21] presented a full-mode model to extract the dielectric
properties of cylindrical samples placed inside a reentrant cavity. Krupka et al. [22] used
a split-post dielectric resonator to measure laminar-shaped low- to medium-loss
materials. A common feature in all these procedures is that they require a vector network
analyzer (VNA) to generate the microwave signal which is launched into the resonators
and to analyze the reflected or transmitted signal that travels back with the information
on the dielectric properties of the MUT.

However, VNA devices have several disadvantages. On the one hand, most of them use
sophisticated equipment designed to be run in laboratories with specialized operators
and which are not or barely portable. On the other hand, the cost of commercial network
analyzers, which might be acceptable for the telecommunications sector, is often
prohibitive for microwave power industrialists. Microwave industrial processes require
specifically designed equipment to be used under industrial conditions: these devices
should be simple, portable, affordable, and robust while retaining a useful subset of their
current functionality. In fact, most industrial applications need only dielectric properties
around ISM frequencies.
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Recently, some attempts have been made to develop stand-alone devices to simplify
dielectric property measurements. For example, Korpas et al. [23] reported a system
which replaced the VNA by a wideband-magnitude logarithmic power detector to
measure the dielectric properties of laminar materials together with a single post
dielectric resonator. Corbellini and Gavioso [24] described the development and
performance of a low-cost and simplified VNA instrument for the measurement of
resonances in quasi-spherical microwave cavities. Likewise, Schmid and Partner
Engineering AG (SPEAG) [25] developed an open-ended coaxial probe connected to an
integrated and simplified vector reflectometer (R60, Copper Mountain Technologies) to
determine the dielectric properties without the need for an advanced VNA.

In this article, we present a portable, stand-alone, and easy-to-use instrument which is
able to perform reliable and accurate measurements of materials’ dielectric properties
around the ISM frequency of 2.45 GHz. The device is based on a resonant bireentrant
microwave cavity, where the MUT is placed inside a Pyrex vial, making the device
appropriate for measuring liquids, semisolids, powders, and granular materials, as well
as solids, if properly machined to fit into the container.

An in-house VNA, consisting of a PLL synthesizer and a dual RF/IF gain and phase
receiver, is implemented in the instrument to measure the magnitude and the phase of
the forward and reflected signals in the microwave cavity. The advent of various wireless
technologies during the last few years has made the selection of microwave components
at these frequencies easily available and cost affordable.

The materials’ dielectric properties are determined from the resonant frequency and Q -
factor measurements and from a full-wave mode-matching analysis of the microwave
cavity avoiding any previous calibration with reference materials. Both the frequency
synthesizer and receiver are connected to a PC, where user-friendly LabVIEW-based
software allows the automatic control of the measurement process to display the
dielectric properties of the MUT in a straightforward way.

By means of this device, low-, moderate-, and high-loss materials can be accurately
measured, thus providing nonspecialized personnel with an accessible system to gain
knowledge about the dielectric properties of materials to be used in a wide range of
microwave applications.

2.2 Design of the Measurement Cell
2.2.1 Microwave Cavity

The dielectric measurement cell is designed as a coaxial bireentrant cavity with a partially
dielectric-filled gap, as shown in Fig. 1. The cavity has a coaxial center conductor and
an endplate, each with a centered hole. A cylindrical Pyrex tube containing the MUT
sample is inserted into the cavity through the endplate hole and further into the center
conductor which also provides a concentric alignment.
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Fig. 1: (a) Geometry of the coaxial bireentrant microwave cavity h+=8 mm, h2=82 mm, hs=41 mm, d+=10

mm, d2=28 mm, d3=6.4 mm, and d+=8.2 mm. (b) Zoomed-in view of the dotted section in (a). (c) Circuital

representation of the microwave cavity used for mode-matching modeling. (d) Representation of the E -

field in the resonant cavity containing a Pyrex vial filled with a dielectric material simulated by means of a
quickwave 3-D electromagnetic simulator.

Due to the small size of holes in the coaxial center conductor and the endplate in
comparison with the wavelength, the electromagnetic fields vanish at these points, and
therefore the effect of rounded ends of the Pyrex tube container can be neglected in the
structure’s electromagnetic modeling.

The relationship between the dielectric properties of the MUT and the cavity resonance
has been determined by numerical methods based on mode-matching and circuit
analyses. These methods have been employed successfully in the technical literature
[26] for the analysis of similar coaxial reentrant cavities. The aim of circuit analysis is to
split or segment a complex structure into smaller and simpler canonical circuits. These
circuit networks, containing N ports, are analyzed and computed separately to obtain a
multimodal generalized scattering matrix (GSM) or generalized admittance matrix (GAM)
[27,28]. Next, all the individual matrices are connected together to establish the original
structure and also the resonance condition which provides the unloaded resonant
frequency f, and the Q, factor.

In the particular case of the structure depicted in Fig. 1, the bireentrant cavity was
segmented into 21 simpler networks—see Fig. 1c—with only five different circuits: a two-
port network for the coaxial line [27]; a three-port network (lined background) for the
dielectric rod inside the tube and the central part at the bottom of the tube [27]; a four-
port network ring [28] circuit (gray solid background) for the tube enclosing the dielectric
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material and the air surrounding the tube; a one-port network for the matched circuits to
represent infinite geometry; and a one-port network for the finite conductivity short-
circuits. Each portin Fig. 1c is represented by a solid line in the corresponding networks.
An equivalence of different parts of the cavity together with the circuit networks is also
shown in Fig. 1. Fig. 2 shows the geometry of the three-port and four-port networks
considered in the mode-matching analysis.

The three-port structure shown in Fig. 2a consists of a dielectric cylinder where port 1 is
on the top of the cylinder (z=h , O<r<a , 0<@<21 ), port 2 is at the bottom of the cylinder
(z=0, O<r<a, 0<@<21 ), and port 3 is on the lateral wall (O<z<h , r=b , 0<@<21 ). This
three-port network can be analyzed by using the GAM matrix [29-33] following the
procedure described in [20]. Likewise, the four-port network comprises a ring, which is
similar to the three-port network but with an additional inner port at (O<z<h , r=a ,
0<@<21), as shown in Fig. 2b, and the GAM matrix is solved according to [28].

Fig. 2c shows the geometry of the reentrant section of the cavity [hs height in Fig. 1a]
and the network segmentation employed for this zone. The MUT is characterized by a
three-port network connected to the tube in the lateral [port 3 in Fig. 2a] and to other
three-port MUT sections at the top and bottom [ports 1 and 2 in Fig. 2a]. The region of
the tube is characterized by a four-port network connected in turn to an air section [port
4 in Fig. 2b] and to other tube networks at the top and bottom. The air sections are also
four-port networks connected to the metal (inner wire) and air coaxial parts.

(C)) (b)

Fig. 2: Canonical circuits used for solving the mode-matching and circuit analyses applied to the resonant
cavity. (a) Three-port network. (b) Four-port network. (c) Geometry of the reentrant section of the cavity [h1
height in Fig. 1a] and the network segmentation employed for this zone.

37



A New Stand-Alone Microwave Instrument for Measuring the Complex Permittivity of
Materials at Microwave Frequencies

For each N-port network, the GAM is represented by

E1 Y, Y, . YlN hl )
— Y Y Y IT'I', =

sl | Ya Yo N || Y R (1)
EN YNl YN2 YNN hN

where ¢, and l?l are the coefficients, at port 1<isN , of the series expansion of the electric
and magnetic fields, using appropriate basis functions, as described in [27] and [28].

Admittance coefficients Yj are considered matrices due to the series expansion and the
coupling between the ports and the basis functions. Because of the structure’s axial
symmetry, only the TEM and TMo, modes are expanded in the coaxial and circular
waveguides.

The resonant structure is then rebuilt by joining the simpler N-port networks applying the
boundary conditions in the common ports (continuity of tangential electric and magnetic
fields) as reported in [34—36] to calculate the GAM at port 1 (see Fig. 1). The relationship
between the GAM and the GSM is very simple and has been characterized by [33]. The
resonance condition is finally applied to port 1 by means of the following equation [26]:

S,(£.¢)-5.(£)-1=0 @

where Sy (f,&- ) refers to the previous GSM calculated at port 1, Sx(f) is the GSM of port
2 (short-circuit at the lower part of the cavity), and “1 ” is the symbol of the identity matrix.
Equation (2) was solved numerically by the Nelder—Mead simplex method [37], which
delivered a unique solution within the working frequency range (from 1.9 to 2.6 GHz).
The solution of the resonant condition of Equation (2) provides the complex resonant
frequency (fa ) of the whole original structure according to

fao =ﬁ,-(1+ﬁJ (3)

The theoretical approach described above was used to determine the dimensions of a
resonant measurement cell which provided maximum sensitivity for a wide range of
dielectric materials around the frequency of 2.45 GHz (see Fig. 1 for dimensions). The
unloaded resonant frequency and Q -factor maps, as a function of dielectric properties
obtained by Equation (2), are displayed in Fig. 3. According to Fig. 3, materials with
dielectric constants ranging from 1 to 100 and losses from 0.001 to 10 will undergo an
approximate shift in the resonant frequency from 1.9 to 2.6 GHz (more than 600 MHz)
and a Q -factor variation from 1200 to 10.
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o 0

Fig. 3: Simulated results (maps) of the unloaded resonant frequency ( fu ) and the Q -factor (Qu ) as a
function of dielectric properties (¢'-j¢") in the bireentrant microwave cavity of Fig. 1.

2.2.2 Coupling Network

The feeding network to couple the energy of the microwave source to the cavity is an
electric probe which penetrates some distance into the coaxial cavity, as shown in Fig.
1a. Since the coupling mechanism becomes part of the resonant structure, the resonant
frequency and the Q -factor determined from reflection measurements with a VNA
(referred to as loaded and denoted f, and Q. , respectively) shift from the theoretical
(unloaded) values of the cavity (denoted f, and Q. , respectively).

From a general equivalent circuit, the influence of the coupling on the Q -factor has been
traditionally modeled in the literature by [38—41]

Lt 1kl
QL Qg Qu Qu

where Qe stands for the external Q -factor which accounts for losses in the coupling
network and the rest of elements external to the resonator and k=Q./Qe is the coupling
factor. Despite its simplicity and generality, expression (4) turns out to be very precise
and practical since, in addition to Q;, the values of Q. and k can also be obtained very
accurately and directly from the measurement in most cases, and thus the unloaded Q -
factor can usually be determined by Equation (4), irrespective of the coupling mechanism
used.

(4)

However, unlike the Q -factor, the resonant frequency shift due to the coupling cannot
be modeled in such a general and precise way, but instead only in terms of parameters
directly available from the measured response [19,40]. The detuning effect of the
resonant frequency might be neglected if the energy is weakly coupled to the resonator,
in which case unloaded resonant frequencies are practically equal to the loaded
resonances (f,~f;). Nonetheless, this undercoupling condition results in an important
limitation: medium- or high-loss materials cannot be measured because they attenuate
most of the microwave signal and the cavity resonance disappears. Consequently, to
measure low- and high-losses in the same cavity, the cavity has to be strongly coupled
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(overcoupled), and therefore the effect of the coupling network has to be de-embedded
from the measurements to retrieve the unloaded resonances.

In this respect, Cands et al. [19] have proposed an empirical technique with which the
unloaded resonant frequency based on reflection measurement of one-port cavities
under different coupling levels (i.e., probes of different lengths) can be obtained, in order
to establish a trend toward the uncoupled cavity.

For each coupling condition, the values of f, and Q. are obtained by applying Kajfez’'s
linear fractional curve fitting procedure to the measurement of the cavity [40,42], and the
unloaded resonant frequency fu is estimated through the equation

fL:£1+QAaj.fu ()

where A and a are fitting parameters related to electromagnetic fields inside the cavity
and the specific coupling network, and remain constant for different coupling levels.

This technique, which originally involves measurements with variable coupling, has been
applied here for de-embedding the cavity’s unloaded resonant frequency coupled with a
fixed probe, as shown in Fig. 1. In this way, the frequency response of six dielectric
materials with different permittivities is measured by coupling the cavity with several
electrical probes of same radii and with the same position and orientation as the probe
described in Fig. 1, but of different lengths. Pairs of A and a parameters corresponding
to the measurement of each material in the cavity for determining the unloaded
resonance are represented in Fig. 4 with respect to the loaded resonant frequency f; of
the 10-mm-long probe (Q.=119.2).

As shown in Fig. 4, the relationship of A and a with the frequency f; is very well defined
and suitable to be modeled by curve-fitting with simple functions. Through this calibration
procedure, A and a can be accurately estimated from the loaded resonant frequency f,
which is measured from the frequency response of the cavity with a fixed probe, and
then the unloaded resonant frequency fu is determined using Equation (5).

The E -field of the bireentrant microwave cavity loaded with a dielectric material and
coupled with the specific position and length of the coupling probe is modeled using
QuickWave-3-D electromagnetic FDTD simulator software (QWED, Warsaw, Poland),
and is represented in Fig. 1b. The figure shows two E -field variations in the coaxial and
bireentrant areas corresponding to the resonator length of approximately 3A /8. The
intense E -field in the MUT position is one of the reasons for the high sensitivity of the
measurement cell, which is reflected in the large frequency shift obtained as a function
of dielectric properties, as illustrated in Fig. 3.
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Fig. 4: Relationship of A and a with the loaded resonant frequency (f.) for removing the effect of the
coupling network.

2.3 Experimental Setup

Fig. 5 shows a schematic of the in-house portable microwave vectorial reflectometer
(PMR) developed for the dielectric measurement of materials. The microwave system
consists of four main subsystems: a microwave source, a receiver which detects the
magnitude and phases of the forward and reflected microwave signals in order to
measure the cavity’s reflection (S11), a separation network, and a data acquisition system
connected to a personal computer via a USB link.

The transmitter is a PLL frequency synthesizer based on an ADF4113 (analog devices)
integrated circuit [43]. This chip has a built-in phase detector and an N divider which can
implement a complete PLL circuit when used with an external loop filter and a voltage-
controlled oscillator (ROS-2500 from mini-circuits). This block synthesizes signals that
can be rapidly adjusted to generate frequency sweeps from 1500 to 2600 MHz, which is
enough to cover the expected range in the resonant cavity measurements.

The receiver was designed from the commercial gain-phase detector AD8302 IC (analog
devices) [44]. AD8302 detects the ratio or difference in decibels between two input
signals from low frequencies to 2.7 GHz. The circuit integrates two logarithmic detectors
on a single chip, each with a dynamic range of 60 dB, a digital phase detector, and
circuits used for amplitude and output scaling. The outputs from AD8302 (Vmac and Vphs)
are practically linear voltages from 0 to 1.8 V, proportional to the relative amplitude and
the relative phase of the two input signals [44]. However, the range for the phase
measurement is limited to 0°-180°. This restriction implies that AD8302 cannot
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Fig. 5: Relationship of A and a with the loaded resonant frequency (i) for removing the effect of the
coupling network.

distinguish between an input phase difference ranging from 0° to +180° and another
ranging from —=180° to 0°. The inherent ambiguity of this circuit was solved here by using
two AD8302 devices and adding an extra phase shift (of —90°) in one of the units.

Fig. 6 illustrates the procedure implemented with the output voltage (Vens) of the AD8302
circuits in order to solve phase ambiguity. For instance, a Vpus output of 0.68 V in one of
the AD8302 detectors means that it will not be able to distinguish between the relative
phase of points A(-110°) and B(+110°). By shifting the second AD8302 by —90°, we can
obtain a new Vpys output of 1.6 V, where points A and B move to new positions: A’(—20°)
and B’(20°). However, each of these positions again shows ambiguity (the phase sign of
these positions is unknown again); nonetheless, only points (B-B’) result in a phase shift
of —90°, thus their ambiguity can be solved straightforwardly. Furthermore, the combined
outputs of the two AD8302 circuits, once phase ambiguity has been solved, lead to an
improvement in the stability of the entire response of the system. For example, the
nonlinear zones of each AD8302 output (relative phases close to -180°, 180°, or 0°, as
shown in Fig. 6) were substituted by the linear zone of the alternative AD8302.

Fig. 5 shows the receiver block system with two AD8302 IC detectors whose input
channels are shifted -90° by using a 3-dB splitter (S2D1426 from Synergy Microwave
Corp.) and a 3-dB/-90° hybrid (XC2100A-03 from Anaren). The separation of the forward
and reverse signals is carried out by two bidirectional couplers (BDCA 1-7-33+ from Mini-
Circuits) to increase directivity.
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Fig. 6: Procedure implemented to solve phase ambiguity in AD8302 IC detectors by shifting two units by
-90°.

Fig. 7: Picture of the dielectric measurement microwave system and zoomed-in view of the Pyrex vials
used to hold the MUT.
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The output voltage signals from the AD8302 detectors are digitalized in a multichannel
12-bits analog-to-digital converter and processed in a microprocessor (PIC16C773 from
Microchip) connected via a serial link to a personal computer. Digital lines for the control
of the synthesizer output frequencies are also driven by the microprocessor. LabVIEW-
based software controls all the processes automatically, making the required reflection
measurements and transforming the outputs into the desired display (which includes
control functionalities, statistics, thresholds, and alarms). This procedure allows several
measurement points per second to be obtained. The afore-described setup was
assembled in a compact and portable housing. Fig. 7 shows a picture of the developed
measurement system.

2.4 Experimental Results and Measurements

To evaluate the performance of the in-house dielectric measurement system described
in the sections 2.2 and 2.3, the dielectric properties of eleven well-known reference
materials were measured (see Table |). These materials were chosen to cover a broad
permittivity and dielectric loss range and then verify the equipment’s response under an
extensive set of conditions.

In spite of the equipment being designed to characterize solid, powder, and liquid
materials, we mostly used liquids in these tests to avoid any influence of density or air
gaps of samples in the measurement results. The reference liquids were acquired from
Panreac Quimica (Barcelona, Spain) to ensure the highest reliability of assays.In
addition, a solid Macor sample from Corning Inc. (NY, USA) machined in the form of a
rod of 6.38 mm diameter and a micrometer-sized Zeolite powder CBV100 from Zeolyst
CV (Farmsum, the Netherlands) with a density of 0.51 g/cm3 were included in the
dielectric measurement tests.

For all these materials, a detailed error analysis of the permittivity and dielectric loss
factor measurements was also performed including uncertainty and a comparative study
with other well-established instruments and methods (measurement bias).

2.4.1 Resonance Measurements

Fig. 8 shows the magnitude and the phase of the S71 parameter of the coaxial bireentrant
cavity with Pyrex tubes filled with tetrahydrofuran, acetone, and distilled water, measured
with the in-house single-port VNA. These materials were selected because they present
dielectric losses which cover both the overcoupled and undercoupled resonances in the
cavity. Measurements of the same cavity and material configuration have also been
performed by a commercial full-featured VNA (ZVA50, two ports 50-GHz, Rohde &
Schwarz USA, Inc., Columbia, MD) for comparison purposes. The frequency sweep was
set from 1800 to 2600 MHz to cover the cavity’s frequency range. The IF bandwidth for
the VNA measurements was set to 1 kHz and both systems used an output power of 0
dBm. Prior to measurements, the response of both PMR and VNA was calibrated with
the 85052B Standard Mechanical Calibration Kit (3.5 mm, Keysight Technologies, Santa
Rosa, CA) and a standard OSM calibration procedure. The S;; measurements of 85052B
loads with the full-featured VNA were employed as a reference for the calibration of the
PMR [45].
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Fig. 8: Magnitude and phase of S11 of the coaxial re-entrant cavity with vials filled with tetrahydrofuran,
acetone, and distilled water measured by an in-house single-port VNA (solid line) and a commercial full-
featured VNA (dashed line).

Table |. Complex frequency measurements of the coaxial bireentrant cavity structure loaded
with reference liquids and associated uncertainties. f.rvr (MHZ), fuvna (MHz), and |Af/f| % are,
respectively, the loaded resonant frequency provided by the PMR and the full featured VNA and
their relative difference; Quemr , Quvnva , [AQW/Qu| %, and |AQu| are, respectively, the unloaded Q
-Factor using the PMR and the full featured VNA and their relative and absolute differences; furec
(MHz), fuae (MHZ), and |Afy| (MHZ) are, respectively, the calculated unloaded resonant
frequency and reference and their absolute difference

MATERIAL JLPMR(MHZ)  fivNa (MHZ) furee (MHz) _fuAq (MHz) ‘Af—L % |Afi|MHZ) Quemr Quwa ‘AQ—Q" % |AQ.|
L u
Empty Tube 250229 £0.17 2.502.09 £0.06 2.534.58=0.17 2535.11 0.008 0.525 1.168.8x 2.4 1.172.2+1.6 0.290 3.4
Zeolite 248732£0.15 2487.13+£0.06 2.520.82%+0.15 2521.22 0.008 0.398 4174+£12 4146+009 0.680 28
Cyclohexane 248543 £0.12 248528+0.08 2518.48+0.12 2518.99 0.006 0.511 1.173.7+ 1.6 1.177.3£1.0 0.301 3.5
Mineral Oil 2483702 0.12 248346 0.03 2516.83+0.12 2517.29 0.009 0.458 1.156.4+ 0.8 1.156.7x0.5 0.028 0.3
Toluene 2480.10£0.15 2479.890+£0.03 2.513.38+0.15 2513.79 0.009 0.406 1016.3+1.4 1.011.7+£0.3 0.459 4.6
Oleic Acid 248024 £0.23 2.480.05+0.17 2513.52+0.23 2514.09 0.008 0.565 664.8+2.0 6550+15 1.499 9.8
2-Propancol 2451.87 £ 0.06 2.451.02+0.09 2.486.20+0.06 2484.94 0.034 1.259 279+0.0 27.2+0.1 2.536 0.7
Macaor 243027 £0.16 242988+ 0.08 2464.85+0.16 2465.27 0.016 0.426 834.3+1.7 828.5%£0.3 0.702 5.8
Tetrahydrofuran 240434 +£041 240390+0.33 2440.18+0.40 2439.11 0.018 1.068 3173+ 0.8 3103+09 2.274 7.1
Acetone 2252.85+0.59 2.252.75+045 2.290.68% 0.59 2291.20 0.005 0.522 131.3+£0.1  128.6+0.2 2.113 2.7
Dimethyl Sulphoxide 2,051.27 £0.18 2.051.70+0.29 2,088.14+0.18 2090.83 0.021 2.693 154 £ 0.0 15.0£0.0 2.880 0.4
Distilled Water 195524 £0.94 1955.02+£0.80 1.994.03+0.90 1.991.30 0.011 2.731 44.5£0.1 45.4£0.1 1.983 0.9
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The results achieved with the in-house VNA were in very good agreement with the full-
featured VNA since similar resonances overlapped. The magnitude average error was
lower than £0.03 dB and the phase average error was lower than +0.5°.

A series of eight measurements was repeated for each reference liquid in order to assess
the type A experimental standard deviation on account of random variations according
to [46]. Table | shows the loaded resonant frequencies (f.) and the unloaded Q -factors
(Qu) determined by S11 measurements, according to the procedure described in section
2.2.

The uncertainties (standard deviations) of the loaded resonant frequencies and Q -
factors have the same order of magnitude for both devices, except for those obtained for
low-loss materials using the commercial VNA, which showed slightly smaller values.
Nevertheless, the resonant frequency uncertainty was constrained below 1 MHz in all
cases (even below 200 kHz in the majority), which means a relative resonant frequency
uncertainty below 0.05%. The uncertainty of the Q -factor measurements was lower than
0.3% in all cases.

Concerning the absolute differences obtained with both systems, the calculated f; values
showed discrepancies of the same order of magnitude as in the uncertainty analysis, i.e.,
below 0.05%. However, the Q -factor results showed slightly higher discrepancies
although constrained below 3% (see the |AQ,| column in Table I). The influence of these
differences on the results of dielectric properties will be assessed in sections 2.4.2 and
2.4.3.

Unloaded resonant frequencies (f,) and associated uncertainties (standard deviations)
were calculated from the measured f; of the microwave cavity by means of the regression
procedure described in section 2.2.2 [see Fig. 4 and Equation (5)] and are also included
in Table I. Similar uncertainties to those that were obtained with the unloaded
frequencies f were measured here.

The unloaded resonant frequencies used as references to analyze absolute deviations
(denoted f, aq in Table |) were determined according to [19] with electric probes of
different lengths. The differences found in this comparison between both f, values ranged
from 500 kHz to almost 3 MHz. Thus, the |Af,| values were used to calculate the
uncertainty contribution of the resonant frequency whose results are presented in
Section 2.4.3.

2.4.2 Dielectric Measurements

The average unloaded resonant frequencies and Q -factors of Table | were employed to
calculate the dielectric properties using the numerical procedure described in Section
2.2.1. The results are given in Table II.

The dielectric properties of all MUTs were also measured at similar frequencies through
other well-established techniques from the literature to obtain a set of values to be used
as reference data for estimating the accuracy of the developed method (measurement
bias). We selected the techniques to achieve the most reliable results depending on the
losses of each liquid. Thus, liquid MUTs with higher losses were measured with an open-
ended coaxial resonator [47], whereas liquid MUTs with lower losses were measured
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with a fully loaded cylindrical cavity [48]. Macor was measured with a partially filled
cylindrical cavity [14,28] and Zeolite powder by the dual-mode cylindrical cavity of [14].
The percentage given in Table Il was calculated as the relative difference (bias) between
the calculated dielectric properties and the reference values.

Table Il. Dielectric Property Results of Reference Liquids and Associated Uncertainties.

MATERIAL &y &y e . & Ag—‘?% Agg %
Ciclohexane 1994003 00000~ 00000 202+005 0.0000£00003 131 -
Zeolte 1864004  0.1193=00060 188=0.04 0124400018 129 428
Mineral Oil 218+0.03  00015£00002 216+004 00014+00003  0.73 483
Toluene 243+0.10  00109+00005 2424004 00112+00005  0.25 295
Oleic Acid 237£003  00444£00010 2374005 00442+00019  0.17 0.62
2 Propanol 4034020 3164203100 4094009 32325+£00810 149 216
Macor 5684003  00238£00006 5744005 00228+00009  LI3 436
Tetrahydrofuran 761£031  01922£00370 7574010 0.1939+00069  0.53 0.92
Acetone 21444021  08652+0.1600 2121+0.18 0.8239+00214 108 478
Dimethyl Suphoxide ~ 45.65=039 93514+ 1.0100 45.08+0.71 9.5052+04013 126 1.64
Distilled Water 7847108  68709+12200 7751+107 69014+01691 122 0.45

The dielectric properties measured with the proposed method agreed well with the
reference values. Therefore, the estimated accuracy obtained for the dielectric constant
was within the range of 1.5% in all the covered measurements, regardless of material
losses. The error in the loss factor was constrained around 5% in the considered
measurement range. These results regarding the accuracy of losses are particularly
relevant since the losses of materials spread throughout the four orders of magnitude
(from 1073 to 10").

The developed device provides the dielectric properties of the MUT inside the Pyrex tube
as a bulk material. Therefore, it is important to remark that for powder or particulate
materials, density and even moisture fluctuations in the sample can cause significant
deviations in dielectric measurements. To overcome this situation, numerous density-
and moisture-independent calibration algorithms have been successfully tested in the
technical literature for the dielectric properties of particulate materials at different air-
particle mixture ratios [49]. For solid materials, it has been empirically tested that
samples must be precisely machined in the form of rods with an air gap between the
solid sample and the Pyrex tube being no larger than 0.01 mm in order to maintain an
equivalent accuracy for the liquid samples.

Although the accuracy was fairly stable across the studied materials, the measurement
range was limited by the MUT losses, when the Q -factors dropped below 15, as the
interpolation for the calculation of Q proved difficult to obtain reliable values.
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2.4.3 Uncertainty of Permittivity Measurements

Even though a comparative review through other well-established instruments and
methods was undertaken, the accuracy of the proposed technique depends on the
uncertainties of different magnitudes involved in the numerical procedure given by
Equations (1) and (2). These uncertainties include those of the unloaded resonances
derived from the measurements using the in-house single-port VNA as well as the
dimensional errors arising from the manufacturing tolerances of the resonant structure
and the tubes used as holders (e.g., differences between the real dimensions of the
resonant fixture and the values assumed in the computations).

The effect of these errors on the uncertainty of the computed permittivity values has been
calculated taking into account the law of uncertainty propagation, or combined standard
uncertainty, as carried out by GUM [46]. This effect is described in [27] for permittivity
measurements and reproduced below. Assuming uncorrelated variables, the permittivity
uncertainty can be computed as

2

o€

o =k - —L . Ax,
rl p Z ax‘ i (6)

1

where x; are different variables involved in the uncertainty of the measurement, Ax;is the
uncertainty associated with each variable, de/+/0dx; are the partial derivatives of permittivity
depending on the variable used, and k; is the coverage factor. In this article, k, was fixed
as 1 assuming a normal distribution with a level of confidence of 68.27%.

The uncertainties of the unloaded resonant frequency and the Q -factor described in this
section are given in Table | (denoted |Af,| and |AQ,| ). With regard to the manufacturing
tolerances, the inspection of the cavity parts showed the following dimensional
uncertainties: the cavity’s radius was +20 ym , the radius of the inner coax wire was +10
pm , the height of the coaxial part was £10 um , the height of the cylindrical part was +10
Mm , the internal radius of the Pyrex tube was £10 um , and the external radius of the
Pyrex tube was £10 ym .

Derivatives of Equation (6) were calculated through numerical methods, due to the
difficulty in finding an analytical expression, as shown in [27]. The uncertainties
calculated with this procedure are presented in Table Il together with the average values.

For all considered liquids, the uncertainty was within the range of 2% for the dielectric
constant and 5% for the loss factor. The uncertainties obtained for the low-loss materials
were very close to those obtained with reference cavity methods, which is remarkable
bearing in mind the usage of a fixed coupling network.

Table 11l shows the individual contribution of each variable involved in the uncertainty of
measurements, for a representative material such as acetone. The manufacturing
tolerances of the Pyrex tubes often caused the highest influence in the total uncertainty
for both the dielectric constant and the loss factor. Uncertainties of the resonant
frequency and Q -factor measurements |Af,] and |AQ,| also exhibited important
contributions to the total uncertainty. The influence of the rest of parameters was limited,
as indicated in Table IlI.
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Table Ill. Uncertainty contributions of the involved parameters to the total uncertainty calculation
for acetone (refer to Fig. 1 and Table | to ascertain the definition of the parameters).

c o P ¥
' ' ox, o,

d 20pm 0.03 0.0010
dy 40um 0.03 0.0012
d; 20um 0.15 0.0154
dy 20um 0.03 0.0026
by 10pm 0.01 0.0000
hy 10pm 0.02 0.0004
Af,]  0.522MHz  0.07 0.0011
AQ,| 2.7 0.00 0.0145
0¢, 0.18 0.0214

2.5 Conclusions

In this article, a compact, robust, portable, and stand-alone microwave system to
measure the permittivity of dielectric materials around the ISM band 2.45 GHz has been
described.

The measurement process consisted of placing a Pyrex vial containing a sample of the
material inside a bireentrant microwave cavity and measuring the resonant parameters
of the cavity with an in-house portable microwave reflectometer. LabVIEW-based
software controlled all the processes automatically, making the measurement process
very simple and straightforward. Although the device is specifically appropriate for
measuring liquids, semisolids, powders, and granular materials, it can also be used for
solids, if properly machined to fit into the container.

The microwave cavity has been analyzed using numerical methods based on mode-
matching and circuit analyses. Unlike previous efforts to design dielectric properties
measurement methods, the system described in this article allowed the characterization
of both high- and low-loss dielectric materials by means of a procedure that removes the
effect of the coupling network from the complex resonance.

A detailed error analysis of the permittivity and dielectric loss factor measurements was
also performed including uncertainty and a comparative study with other well-established
instruments and methods. The estimated accuracy obtained for the dielectric constant
was within the range of 1.5%, and the error in the loss factor was constrained around 5%
in the considered measurement range. These results regarding the accuracy of losses
are particularly relevant since the losses of materials spread throughout the four orders
of magnitude (from 1072 to 107).

The developed system is a very promising device to obtain dielectric property
measurements in a wide range of industrial microwave applications.
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Abstract

Accurate determination of permittivity is a crucial factor for successfully developing new
food processing technologies at radio frequencies. An improved measurement test
fixture based on an open-ended coaxial probe was developed to determine the
permittivity of lossy food products at radio frequencies as a function of temperature. In
order to increase the sensitivity of the permittivity measurements at these frequencies,
especially when using a vector network analyzer as a measuring device, the dimensions
of the coaxial cell were carefully modeled to consider the range of dielectric losses
estimated for food materials. The electromagnetic model was used to retrieve permittivity
values from reflection measurements where the entire geometry of the test fixture was
considered assuming there was no open radiation or infinite flanges and without the need
of reference materials to calibrate the probe. The new cell was validated through
permittivity measurements of six saline solutions and then, employed to determine the
dielectric properties of cheese sauces and commercial milk samples at 40.68MHz up to
120°C. The ionic content and temperature had a limited influence on the dielectric
constant but highly determined the loss factor.

55



Improved Open-Ended Coaxial Probe for Temperature-Dependent Permittivity
Measurements of Foodstuff at Radio Frequencies

3.1 Introduction

Around 30% of the world’s total energy consumption comes from the food sector [1].
Moreover, a 60% increase in food demand is expected by 2050 due to the growing
population [2], which will significantly increase the energy demand. Radio frequency (RF)
electromagnetic (EM) radiation (3kHz to 300 MHz) has been broadly investigated to
replace less efficient traditional heating systems, such as baking and roasting [3],
blanching [4], drying [5], pasteurization [6,7], thawing [8], cooking [9] or sterilization [10].

Unlike traditional heating technologies, where heat transfer is based on radiation, surface
convection, or internal conduction [11], EM heating technologies involve the direct
transfer of energy to the food product through the displacements of the elementary
particles — electronic, atomic, ionic, and molecular — that constitute the material [12]. In
particular, RF heating is mainly affected by dipole rotation and mobility of dissolved ions
in the presence of a high-power alternating electric field [12,13], the latter being the
primary factor in heat transfer at RF [14].

Permittivity is the most important material property explaining the behavior of food
products when exposed to EM energy [14]. Hence, it is a key parameter for the design
and optimization of RF heating processes. Other critical factors to be considered during
EM and thermal analyses of RF heating applications, such as penetration depth, power
density, heating rate, or conductivity, are also directly related to permittivity [12].
Permittivity depends on the frequency, temperature, moisture content, chemical
composition, density, physical structure, and state of the material [15]. The size and
shape of the material also influence the selection of an appropriate measurement
approach [16]. At microwave frequencies, a wide variety of measurement methods and
permittivity data are available for a vast number of materials [16—19], including food
products [20—-23]. However, permittivity data of food products remains scarce on RF
heating as compared to microwave frequencies.

In this low frequency range, Sacilik and Colak [24] designed a coaxial sample holder
connected to an impedance analyzer to determine the dielectric properties of corn seeds
with different moisture contents at a low-frequency range, from 1 to 100MHz. Yu et al.
[25] used a liquid test fixture from Agilent (16452) and an impedance analyzer to
calculate the permittivity values of bulk canola seeds as a function of temperature and
moisture content from 5 to 30MHz. Nelson and Bartley [26], for their part, developed a
system based on a small HP-85070B open-ended coaxial probe in combination to a
vector network analyzer (VNA) or an impedance analyzer to measure the dielectric
properties of food products up to 95°C at different RF and microwaves frequencies. The
materials were inserted into a stainless-steel sample cup mounted in a Delrin water
jacket connected to a constant-temperature liquid circulator to set the desired
temperature. This system was later used to determine permittivity values of fruit and
vegetable tissue samples [27] or uncooked chicken breast muscles [28]. Wang et al. [29]
built a similar system, also based on the HP-87070B probe, which was part of a stainless-
steel pressure-proof test cell surrounded by a temperature-controlled water jacket able
to perform measurements up to 130°C, to encompass the temperatures needed in
pasteurization and sterilization processes. The coaxial probe was connected through a
high-temperature coaxial cable to an impedance analyzer to cover different RF and
microwave frequencies. In this last work, the authors studied the dielectric properties of
whey protein mixture/gel, macaroni, and cheese, and, subsequently, other authors used
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this system with other foodstuffs such as mashed potatoes [30], bread [31], dried fruit
[32], or almond kernels [33]. Analogous systems with open-ended coaxial probes and
VNAs were also employed to measure the permittivity values of other food products at
RF [34-37]. A common feature in all these studies was the application of the open-ended
coaxial probe method; in particular, the high-temperature coaxial probe from Keysight
[38]. However, the small size of this probe could lead to some drawbacks when
determining precise permittivity values at RF [39], as well as to noticeable uncertainties
when the loss factor was considerably higher than the dielectric constant [38], which is
to be expected in materials with high ionic content as is the case of food products.
Furthermore, these assumptions of these models considering an open radiation with
infinite flange can cause inaccuracies due to the reflection measurements of metallic
walls containing the food material [40].

In this paper, we describe an improved coaxial test fixture to determine the permittivity
of lossy food products at RF as a function of temperature (up to 120°C). The method is
based on an open coaxial cell radiating in a heated pressure-proof stainless-steel
cylindrical vessel of appropriate dimensions to improve the accuracy of measurements
at these frequencies. Unlike other methods, this vessel was included in the
electromagnetic model to increase permittivity precision in order to take into account the
longer wavelengths and penetration depth of RF. We assessed the increased sensitivity
of this coaxial probe through a detailed uncertainty analysis of the parameters involved
in the measurements and validate the measurement method through measurements of
saline solutions. Finally, the permittivity values of some commercial foodstuff, such as
food sauces and milk, were obtained to demonstrate the convenience of this new set-

up.

3.2 Materials and Methods
3.2.1 Materials

Cheese dipping sauces and commercial ultra-high temperature-treated (UHT) milk
samples were selected as representative of high-loss food materials. All of them were
purchased from a local store in Valencia (Spain). The skimmed and whole UHT milk
samples were produced by Lidl (Lidl Supermercados, S.A.U., Barcelona, Spain), while
the cheese sauces were produced by Mission (Mission Foods Iberia S.A.U., Madrid,
Spain) and Santa Maria (Santa Maria AB, Mdlndal, Sweden). Table | reproduces the
nutritional content of the measured food materials as listed in the manufacturers’
packaging. The salt content reproduced in the table corresponds to the sodium chloride
content of the food product. In addition, the ash content (minerals or inorganic
constituents) determined according to AOAC 945.46 is also presented. All materials were
stored unopened at room temperature until the time of measurement to avoid material
degradation.

In addition, to validate the measurement method, six saline solutions with salinities
ranging from 0% to 3.5% weight/volume were prepared by weighing the appropriate
amounts of pharmaceutical grade sodium chloride (141659.1210, Panreac Quimica,
Barcelona, Spain) and mixing them with water (361074.1612, Panreac Quimica,
Barcelona, Spain) in a 50ml volumetric flask. The lower sodium chloride concentration
corresponded to pure water and the higher to the salinity levels of seawater [41]. A digital
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scale with a resolution of 0.01mg (SM1245Di, VWR International, Leuven, Belgium) was
used for weighing the sodium chloride quantities.

Table I. Nutritional contents (Carbohydrates, Protein, Fat and Salt) of the four commercial food
samples used in the study as listed in the packaging, in grams per 100g for the cheese sauces
and in grams per 100ml for the milk samples. Measured ash content in grams per 100g (Ave *
STD over three replicates).

Sample Carbohydrates  Protein Fat Salt Ash

Mission cheese sauce 6.0 2.2 9.0 1.5 1.79 £ 0.04
Santa Maria cheese sauce 7.4 2.5 9.9 2.0 2.56 = 0.06
Whole milk 4.6 3.0 3.6 0.13 0.68 £0.01
Skimmed milk 4.8 3.1 0.3 0.13 0.72 +£0.01

3.2.2 Dielectric Properties Measurements and Experimental Set-up

The dielectric measurements were conducted using a custom-built fixture depicted in
Figs. 1 to 3. The cell consists of an open-ended coaxial probe with a built-in heat sink
connected to a cylindrical measurement vessel to locate the material. The dimensions of
the open-ended coaxial probe were determined to improve the measurements’ accuracy
at the ISM frequencies of the RF band. PEI1000 was employed as the filler material
(beads) for the coaxial probe (next section). This amorphous and translucent amber
thermoplastic material offers excellent heat resistance with a negligible coefficient of
linear thermal expansion and consistent dielectric properties over a wide frequency and
temperature range.

The sample was placed inside the heating chamber and pushed towards the coaxial
aperture by means of a metallic piston that had a recess to collect the excess food
material, ensuring that the cylindrical measurement vessel was completely filled with the
material to avoid any air gaps. The diameter of the piston was slightly smaller than that
of the heating chamber to allow the air to escape from the structure and the sample to
rise to the recess to collect the excess material. The chamber was heated by two external
heating resistors, regulated by a temperature controller (E5CSV, Omron, Kyoto, Japan)
and a type-K thermocouple. Two O-ring elements, on the top and the bottom of the
heating chamber, sealed the pressure inside the heating chamber.

To avoid any damage and calibration drifts of the VNA used to measure the reflection
coefficient of the cell, a thermally insulated coaxial section with a built-in heat sink and
an air fan coupled to it was employed to reduce the temperature before connecting the
coaxial cable to the VNA. As a result, the temperature decreased below 30°C in the
output port of the N transition in both the inner and outer conductors of this coaxial
section.
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Metalllc piston Recess to collect
excess material
PEEK plates O-rings

Heating resistor Heating Chamber

Rock wool Cylindrical
Goaxial Apariure Measurement Vessel

Heat sink Coaxial Bead

Thermally
insulated coaxial
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Air fan ——

Inner Conductor
Cooler

(a) (b)

Fig. 1: Schematic view of the open-ended permittivity measurement fixture designed at radio frequencies,

(a) rendering image of the external appearance and (b) cut out cross-section of the system

Fig. 2: Picture of the test fixture developed to measure the dielectric properties of food materials at radio

frequencies up to 120 °C.
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CYLINDRICAL
LINE
________ | pp——

COAXIAL
LINE 2

LINE1

Fig. 3: (a) Geometry diagram of the RF coaxial cell, h1 = 155 mm, h2 = 10 mm, hs =40 mm, d1 =3 mm, d2
=6.9 mm, ds = 12.73 mm and d4 = 32 mm, (b) Circuital representation of the coaxial structure used for
mode-matching modelling.

All pieces in contact with the material were made of stainless steel to increase their
durability and avoid long-term wear and corrosion. Two polyether ether ketone (PEEK)
plates held the heating chamber and provided thermal insulation with the frame of the
structure. The heating chamber was finally covered with rock wool to provide additional
thermal insulation and protect the user from burns.

3.2.3 Electromagnetic Model

The electromagnetic response of the measurement device described in section 3.2.2
was modeled by circuit analysis and mode matching, a well-known technique commonly
applied to the analysis of circuits at microwave frequencies [42,43]. The method is based
on the segmentation of a complex structure into canonical building blocks that can be
analyzed separately as N-port networks, which reduces the complexity of the whole
problem [44], and which are then rejoined to characterize the complete geometry.

The analysis of open-coaxial cells is normally addressed by matching the
electromagnetic fields at the aperture of a coaxial element radiating towards a dielectric
medium, assuming an infinite ground plane and a semi-infinite sample size [45-47]. This
approach has also been employed to model coaxial apertures in more complex circuits
or resonators using circuit analysis [48]. However, given that here we have a structure
confined by metal walls, we took into account the specific electromagnetic geometry and
solved the transition between the coaxial line and the loaded cylindrical waveguide (the
cylindrical measurement vessel), assuming there was no radiation nor any infinite
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flanges. Moreover, by modeling all the elements that make up the geometry of the cell
fixture, we could measure at Port 1 performing a classic VNA calibration (open, short,
load) without the need of further calibrations using materials of known permittivity (the
typical open, short, water calibration on the aperture of a coaxial probe).

Fig. 3 shows the separation of the measurement set-up into canonical elements. From
port 1, we established 2 coaxial waveguide sections: the first one is an air-filled coaxial
line [49], which corresponds to the thermally insulated coaxial section, and the second
one represents the PEI1000 filled coaxial segment. Next, a circular waveguide filled with
a dielectric material, representing the cylindrical measurement vessel, was connected to
the second coaxial line. The geometry finishes with a lossy short circuit [50]
corresponding to the bottom of the metallic piston.

After computing all the building blocks separately, the reflection coefficient at Port 1, Sy,
can be retrieved by joining the different networks. From the Sy; calculation, an
optimization process was carried out to determine the dimensions that would maximize
the sensitivity of the electromagnetic response of the test fixture in contact with the high-
loss materials at RF. Even though coaxial probes can determine permittivity over a broad
frequency range, for thermal food processing, only the frequencies selected for industrial,
scientific, and medical applications (ISM) in the RF bands 13.56, 27.12, and 40.68 MHz
were considered [51]. The final size of the different parts that make up the probe structure
resulted in (see Fig. 3): d; = 3mm, d> = 6.9mm (N size), and hs = 115mm for the coaxial
line 1; ds = 3mm, d3 = 12.73mm, and h, = 10mm for the coaxial line 2; and hz = 40mm
and ds = 32mm for the cylindrical material housing.

To assess the performance of the above-described measurement set-up, with those
dimensions, Fig. 4 shows the simulation of the reflection coefficient in Port 1 at the ISM
frequency of 40.68MHz for a set of dielectric materials ranging from 1 to 200 in the
dielectric constant (¢’) and from 5 to 2500 in the loss factor (¢”). For a given loss factor,
the simulated reflection coefficient as a function of the dielectric constants described an
arc whose values are equally spaced in phase. For a fixed dielectric constant, the
reflection coefficient formed a straight line with loss factor values, with the spacing
decreasing as the loss factor increased. The overall response of the probe diminished
as the losses of the materials increased; therefore, a reduced resolution of the dielectric
constant is expected for very high-loss materials. As the figure shows, the probe’s
response offers a wide mapping area providing good sensitivity to discriminate between
the permittivity values and the measurement values of the reflection coefficient.

For comparison purposes, Fig. 4 also depicts the reflection coefficient of an open-ended
coaxial aperture with the dimensions of the Keysight 85070B probe, which was
calculated for the same set of materials and frequency following the procedure by Baker-
Jarvis et al. [45]. As the figure shows, the area of the Smith chart covered by our probe
is about 6 times larger, compared to that of the smaller probe for the same set of
materials and frequency, what makes it more sensitive to changes in the material’s
permittivity. The rotation of the mapping is due to the offset added by the coaxial lengths
considered in our model. This behavior positively affects measurement uncertainty and
demonstrates the suitability of a larger aperture for measurements of lossy food materials
at such low frequencies.
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Fig. 4: Mapping of complex permittivity onto the complex reflection coefficient plane (Smith chart) at 40.68
MHz for (a) RF coaxial cell with h1 = 115 mm, h2 = 10 mm, hz =40 mm, d1 = 3 mm, d2 = 6.9 mm, d3 =
12.73 mm, d4 = 32 mm and bead permittivity 3 and (b) a coaxial aperture with inner diameter = 0.66 mm,
outer diameter = 3 mm and bead permittivity 3.3.

From measurements, permittivity was calculated numerically by minimizing Equation (1),
which evaluates the absolute difference between the measured (S1/m) and the simulated
(S11) reflection coefficients using the Nelder-Mead simplex method proposed by Lagarias
et al. [52], available in the fminsearch function of Matlab (The MathWorks Inc., Natick,
USA).

Sll(f’gr’lur)_Sllm(f’gr"’lr)
Sllm(f’gr’lur)

where &= complex permittivity (dimensionless), u~= complex permeability
(dimensionless), and f = resonant frequency (s™). For food materials, the relative
permeability is generally equal to that of free space, u~=1 [20].

(1)

3.2.4 Uncertainty Study

The total uncertainty of the calculated permittivity was assessed through numerical
methods determining the combined standard uncertainty for uncorrelated input quantities
as presented in [53], whose equation is reproduced below:

uc(€)=\/2(%J i (x) @)
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where Sy; is the simulated reflection coefficient, x; are the magnitudes involved in that
equation showing a noticeable uncertainty contribution, and u(x;) is the standard
uncertainty of those magnitudes. The sources of uncertainty analyzed were the following:
dimensional errors due to manufacturing tolerances (£10 ym for ds and d3; £20 ym for
d4; and 210 pm for hs); errors in the permittivity value of the coaxial bead (+0.05 for ¢’);
and errors in the measured reflection coefficient, evaluated by estimating the Type A
standard uncertainty [53] using 5 independent repeated observations of the reflection
coefficient for materials with different losses to cover the mapping of the probe (+0.2° to
5° in phase and +0.005 in magnitude). The uncertainties due to the length of the coaxial
lines (hys and h) were disregarded since these magnitudes only induce a phase shift that
can be easily countered by matching the length of the coaxial lines with the phase of the
empty cell.

Fig. 5 shows the uncertainty evaluation of the proposed test fixture for the same set of
dielectric materials examined in section 3.2.3. The uncertainty results were
superimposed on the corresponding mapping of the reflection coefficient simulated from
this set of materials. The cell described here displayed an uncertainty below 5% for the
measurement area comprising dielectric constant values above 20 in almost the entire
simulated range. Uncertainty increased slightly as the losses increased due to the
narrowing of the permittivity map. Uncertainty in the loss factor shows the opposite trend,
with uncertainties decreasing as the loss factor values increased, showing a loss factor
uncertainty below 5% for the loss factor values above 100 and an uncertainty below 2%
for the loss factor values above 250.

30

25

2500 750
2500 e, e 15

(a) (b)

Fig. 5: Uncertainty maps (%) at 40.68 MHz for (a) an RF coaxial cell with inner diameter = 3 mm, outer
diameter = 12.73 mm, bead permittivity 3, h1 = 115 mm, h2 = 10 mm hz = 40 mm and (b) an RF coaxial cell
with inner diameter = 0.66 mm, outer diameter = 3 mm, bead permittivity 3.3, h1 = h2 =0 mm, h3 =40 mm

and d4 = 32 mm.
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The uncertainty analysis allowed us to conclude that the main source of uncertainty
derives from the reflection coefficient measurement: we found that phase uncertainty has
a significant impact on the uncertainty of the dielectric constant, while magnitude
uncertainty basically affects the uncertainty of the loss factor. The magnitude uncertainty
also showed a noticeable influence on the dielectric constant uncertainty in the mapping
areas close to the center of the Smith chart.

For comparison purposes, Fig. 5 also shows the uncertainty obtained for the smaller
coaxial aperture using the same sample container and the same sources of uncertainty
considered above. This smaller cell exhibited considerably higher uncertainty values
than the proposed cell, above 10% in the entire simulated range, being higher than 20%
for all values with a dielectric constant below 100. As expected, the uncertainty in the
loss factor was also higher, with an uncertainty of about 10% for the loss factor values
above 250. It should be noted that using reference materials within the calibration and
calculation algorithms could reduce these uncertainties in both cell sizes, but in any case,
measurement uncertainties should be taken into consideration.

3.2.5 Measurement Procedure

The proposed measurement technique was employed to determine the dielectric
properties of the food materials described in section 3.2.1 at the ISM frequency of
40.68MHz. The structure’s reflection coefficient was measured by means of a VNA
(ZVA50, 2 ports 50GHz, Rohde & Schwarz USA, Inc., Columbia, MD). One hour was
allowed to stabilize the VNA prior to calibrating within a range from 10 to 50MHz using a
standard OSM calibration procedure with a Type-N calibration kit (63K36R-MSON3,
Calibration kit N, 50Q, Rosenberger, Tittmoning, Germany). The modelling of the
reflection coefficient at Port 1, Sy in Fig. 3, allowed this kind of calibration, avoiding the
typical open, short, water calibration of coaxial probes. The cable connecting the VNA
and the measurement system remained undisturbed during measurements to avoid
calibration drifts [47].

A sample of 35 ml of food was put inside the device to fill the measurement vessel and
nearly all the housing for excess material, what avoided disturbances from air gaps. The
metal piston was tightened with 4 screws applying a torque of 5 Nm to avoid leakage
and to maintain the pressure of the material inside the chamber during heating. The
setpoint of the temperature controller was raised from room temperature (23 °C) up to
120 °C in steps of 20 °C. The thermal stabilization of the material under test was achieved
by waiting at least 30 minutes between measurements and verifying that the reading of
the reflection coefficient had stabilized. After each set of measurements, the coaxial
aperture and the sample vessel were cleaned with deionized water and dried with
disposable paper towels. For each plotted point, three heating experiments were carried
out with a different sample material, having a total of three replicates at each selected
temperature.
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3.3 Experimental Results and Discussion
3.3.1 Saline Solutions

Fig. 6 shows the average dielectric constant and loss factor results at room temperature
of the six saline solutions as a function of their salt content. Results in the figure represent
the mean value of the three replicates, while the error bars correspond to the uncertainty
analysis described in section 3.2.4.

For comparison purposes, Fig. 6 also displays reference values calculated from the
Debye equation reproduced below, which contains an additional term (o/weo) to include
the contribution of ionic conductivity in the dielectric losses [41]:

e —¢€ o

E=¢ + S © g 3
(o we, ®)

where w is the angular frequency, 71 is the relaxation time, a is a parameter to describe
the distribution of relaxation times, ¢ is the permittivity of free space, & and &, are the
lower and upper limits of the dielectric constant respectively, and o is the ionic
conductivity. For saline water, the dependence of these parameters on frequency,
temperature, and salinity was provided by Klein and Swift [41]. As the dielectric losses
of a sodium chloride water solution at 40.68MHz are mainly affected by ionic dissipation,
while the influence of dipole polarization is negligible [54], the loss factor could also be

100 2500
} 2000
=
3 ]
2 ] -
8 - 1500 %
Q w
8 40 § } 1000 &
2 N Dielectric Constant [Klein and Swift] |
30 ¥ A —a— Dielectric Constant
20 | -~--Loss Factor [Klein and Swift] 1 500
! X Loss Factor [PCE-PHD 1] 1
10 T x +— Loss Factor :
0.0 1.0 2.0 3.0 4.0

Salt content (%)

Fig. 6: Dielectric properties at room temperature of different saline solutions as a function of their salt
content at 40.68 MHz.
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determined from conductivity measurements using the ionic term in Equation (3) [55].
The conductivity of the six saline solutions was measured by means of a PCE-PHD 1
Multifunction Conductivity Meter (PCE Ibérica S.L., Albacete, Spain) and the calculated
loss factor values were included in Fig. 6. The presented values are the mean of three
replicates and the error bars were determined from the accuracy stated in the manual of
the instrument.

Both the dielectric constant and loss factor values showed good agreement with the
reference data, having uncertainties below 5% in almost all the measurement range,
which validates the performance of the measurement technique at RF.

The dielectric constant of the saline solutions decreased slightly as the salt content
increased, in agreement with previous measurements of food samples [30]. Studies on
food materials have highlighted the minor influence of the salt content on the dielectric
constant at RF, as dissolved ions reduce polarization and consequently the dielectric
constant of water [35]. However, salt content does have a major impact on the loss factor
values at RF. At microwave frequencies, the dielectric losses and, thus, dielectric heating
are mainly affected by dipole rotation, while at RF, the ionic mobility of dissolved ions
plays the key role [12,14]. The dielectric losses obtained for pure water at 40.68 MHz
were practically zero, but they increased significantly in the presence of dissolved ions.
Hence, the measured loss factor increased from 204.5, for a salt content of 0.25%, to
2312.9, for a salt content of 3.5%. This trend was similar in other works with food
materials [30,35], although the published absolute values of permittivity differ
considerably from those of the saline mixtures. The influence of salt content on
permittivity depends on how it is bound to other components of the foodstuff that change
the mobility of the salts [56]. Therefore, the characterization of the specific mixed final
compound is recommended.

These results show the importance of dielectric characterization at RF, since slight
variations in the salt level and in the mixture with other base components considerably
affect the loss factor values and, consequently, the heating capabilities of food materials
using electromagnetic energy. It is also interesting to remark the considerable
differences among the loss factor values of these saline solutions at microwave
frequencies, given that they increase from 9.6 (0%) to 46 (3.5%) at the ISM frequency of
2.45GHz [41], which demonstrates the infeasibility of using dielectric properties
measured at microwave frequencies in studies at RF.

3.3.2 Cheese Sauces

Fig. 7 shows the measured average dielectric constant and loss factor values of the two
cheese sauces analyzed as a function of temperature. Although the overall composition
of the sauces was different, the loss factor was also found to be directly related to the
salt content. At room temperature, the dielectric losses of the Mission sauce (1.5 g/100g
salt and 1.79 g/100g ash) and the Santa Maria sauce (2 g/100g salt and 2.56 g/100g
ash) were 840.5 and 976.7, respectively. Both curves are nearly parallel as a function of
temperature, reaching very high values at 120 °C, 2365.5 and 2639.2, respectively. This
trend is similar to the values reported by Wang et al. [29], who measured a cheese sauce
with an ash percentage of 1% (mass basis), half the ash content than in our sauces, but
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Fig. 7: Dielectric properties of two cheese sauces as a function of temperature at 40.68 MHz

obtaining, at 40 MHz, higher loss factor values over the entire temperature range, from
885.6 at 20 °C to 2985.5 at 121.1 °C.

Results of the dielectric constant measurements as a function of the temperature were
quite similar for both sauces, although the sauce with the highest salt content showed
slightly lower values, probably due to the reduction in polarization caused by the large
number of ions [35].

3.3.3 UHT Milk

Figure 8 shows the temperature dependence of the average dielectric constant and loss
factor of the whole and skimmed UHT milk samples. The dielectric constant of both milk
samples was very similar, although it was slightly higher in the sample with the lower fat
content. A decreasing trend was observed regarding temperature, close to the results
presented in section 3.3.2. Nevertheless, due to the lower loss factor values of milk
samples, these measurements were in the broadest part of the probe’s response and
showed reduced uncertainties, which bolstered our confidence in the results obtained.

The loss factor measurements on the skimmed milk provided higher values than the
whole milk (225.2 and 205.4 respectively, at room temperature). This was probably
influenced by a higher ionic content in the milk [57], as the ash content of both samples
suggests, and has also been reported by other authors [36,58]. Once again, both milk
samples followed an increasing trend regarding the temperature, reaching values of
about 600 at 120 °C.
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Fig. 8: Dielectric properties of whole and skimmed milk as a function of temperature at 40.68 MHz.

Nunes et al. [59] reported the permittivity of UHT milk samples at room temperature for
frequencies between 1 and 20 GHz. Their dielectric constant results are in good
agreement with our measurements, ceiling the dielectric constant of milk samples to the
static dielectric constant of pure water, and obtaining lower dielectric constant values as
the fat content increased. They also found a Debye equation for the samples with an
additional term for ionic conduction losses, which allows the calculation of permittivity
values at 40.68 MHz. The loss factor values given by this equation provided 220 for
skimmed milk and 225.8 for whole milk, very close to the results shown in Fig. 8.

Other studies on permittivity examining different milk samples at RF and performing
measurements with an 85070B coaxial probe in combination with a VNA have obtained
dissimilar results [36,40,58]. At 40.68 MHz, some of the trends and permittivity values
agreed with our results [36,58], whereas others differed [40]. The variability in these
published results might be due to uncertainty issues related to the use of small-sized
coaxial cells, as described in section 3.2.4, especially if measurements are carried out
with a VNA.

3.4 Conclusions

An improved open coaxial test fixture for temperature-dependent permittivity
measurements of high loss food products at radio frequencies (RF) was developed. In
contrast with previous studies, here, the dimensions of the coaxial cell were carefully
modeled to increase the sensitivity of the permittivity determination at RF especially
when using a VNA as a measuring device.
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The electromagnetic model utilized to retrieve permittivity values from the reflection
measurements considered the entire geometry of the test fixture, assuming there was
no open radiation or infinite flanges, and without having to use reference materials to
calibrate the probe.

The uncertainty analysis undertaken demonstrated the greater accuracy of the used cell
compared to most other approaches employed in previous works. The uncertainties in
the reflection measurements were found to be the most critical factor in the overall
uncertainty. The method’s accuracy was also validated by measuring different saline
solutions covering the measuring range of the probe with excellent results.

The permittivity of commercial cheese sauces and UHT milk samples was obtained as a
function of temperature at the ISM frequency of 40.68MHz. The ionic content and
temperature were shown to strongly influence permittivity, particularly the loss factor
results. The measured results agree well with those reported by some authors for similar
materials, while they differ from the trends found by others. The disparity in the
permittivity values reported for similar materials in different works using a similar open-
coaxial technique highlights the importance of using a suitable cell size customized for
the frequency under study. The use of larger coaxial apertures would be an advisable
option to obtain accurate dielectric properties measurements of high-loss materials at
RF.

3.5 Acknowledgments

This paper has been financially supported through the grant reference BES-2016-
077296 of the call Convocatoria de las ayudas para contratos predoctorales para la
formacion de doctores de 2016 by Ministerio de Economia y Competitividad (MINECO)
and by European Social Funds (ESF) of European Union.

3.6 References

1. Energy-smart food for people and climate. Issue Paper; Food and Agriculture
Organization of the United Nations (FAQO), Ed.; 2011;

2. Ladha-Sabur, A.; Bakalis, S.; Fryer, P.J.; Lopez-Quiroga, E. Mapping energy
consumption in food manufacturing. Trends Food Sci. Technol. 2019, 86, 270—
280, doi:10.1016/j.tifs.2019.02.034.

3. Awuah, G.B.; Koral, T.; Guan, D. Radio-frequency baking and roasting of food
products. In Radio-Frequency Heating in Food Processing: Principles and
Applications; George B. Awuah, Hosahalli S. Ramaswamy, J.T., Ed.; CRC
press: Boca Raton, 2014.

4. Zhang, X.; Shi, Q.; Gao, T.; Zhang, Z.; Guo, C.; Fu, H.; Wang, Y. Developing
radio frequency blanching process of apple slice. J. Food Eng. 2020, 273,
109832, doi:10.1016/j.jfoodeng.2019.109832.

5. Wang, W.; Wang, W.; Wang, Y.; Yang, R.; Tang, J.; Zhao, Y. Hot-air assisted
continuous radio frequency heating for improving drying efficiency and retaining
quality of inshell hazelnuts (Corylus avellana L. cv. Barcelona). J. Food Eng.
2020, 279, 109956, doi:10.1016/j.jfoodeng.2020.109956.

69



Improved Open-Ended Coaxial Probe for Temperature-Dependent Permittivity
Measurements of Foodstuff at Radio Frequencies

10.

11.

12.

13.

14.

15.

16.

17.

18.

70

Li, R.; Kou, X.; Cheng, T.; Zheng, A.; Wang, S. Verification of radio frequency
pasteurization process for in-shell almonds. J. Food Eng. 2017, 192, 103—-110,
doi:10.1016/j.jffoodeng.2016.08.002.

Yang, Y.; Geveke, D.J.; Brunkhorst, C.D.; Sites, J.E.; Geveke, N.J.; Tilman, E.D.
Optimization of the radio frequency power, time and cooling water temperature
for pasteurization of Salmonella Typhimurium in shell eggs. J. Food Eng. 2019,
247, 130-135, doi:10.1016/j.jffoodeng.2018.12.004.

Erdogdu, F.; Altin, O.; Marra, F.; Bedane, T.F. A computational study to design
process conditions in industrial radio-frequency tempering/thawing process. J.
Food Eng. 2017, 213, 99-112, doi:10.1016/j.jfoodeng.2017.05.003.

Rincon, A.M.; Singh, R.K.; Stelzleni, A.M. Effects of endpoint temperature and
thickness on quality of whole muscle non-intact steaks cooked in a Radio
Frequency oven. LWT - Food Sci. Technol. 2015, 64, 1323—-1328,
doi:10.1016/j.Iwt.2015.07.017.

Wang, Y.; Wig, T.D.; Tang, J.; Hallberg, L.M. Sterilization of foodstuffs using
radio frequency heating. J. Food Sci. 2003, 68, 539-544, doi:10.1111/j.1365-
2621.2003.tb05708.x.

Macana, R.J.; Baik, O.D. Disinfestation of insect pests in stored agricultural
materials using microwave and radio frequency heating: A review. Food Rev. Int.
2018, 34, 483-510, doi:10.1080/87559129.2017.1359840.

Piyasena, P.; Dussault, C.; Koutchma, T.; Ramaswamy, H.S.; Awuah, G.B.
Radio Frequency Heating of Foods: Principles, Applications and Related
Properties - A Review. Crit. Rev. Food Sci. Nutr. 2003, 43, 587606,
doi:10.1080/10408690390251129.

Marra, F.; Zhang, L.; Lyng, J.G. Radio frequency treatment of foods: Review of
recent advances. J. Food Eng. 2009, 91, 497-508,
doi:10.1016/j.jfoodeng.2008.10.015.

Jiao, Y.; Tang, J.; Wang, Y.; Koral, T.L. Radio-Frequency Applications for Food
Processing and Safety. Annu. Rev. Food Sci. Technol. 2018, 9, 105-127,
doi:10.1146/annurev-food-041715-033038.

Venkatesh, M.S.; Raghavan, G.S.V. An overview of microwave processing and
dielectric properties of agri-food materials. Biosyst. Eng. 2004, 88, 1-18,
doi:10.1016/j.biosystemseng.2004.01.007.

Krupka, J. Frequency domain complex permittivity measurements at microwave
frequencies. Meas. Sci. Technol. 2006, 17, R55-R70, doi:10.1088/0957-
0233/17/6/R01.

Catala-Civera, J.M.; Cands, A.J.; Plaza-Gonzalez, P.; Gutiérrez, J.D.; Garcia-
Banos, B.; Pefaranda-Foix, F.L. Dynamic Measurement of Dielectric Properties
of Materials at High Temperature during Microwave Heating in a Dual Mode
Cylindrical Cavity. IEEE Trans. Microw. Theory Tech. 2015, 63, 2905-2914,
doi:10.1109/TMTT.2015.2453263.

Garcia-Bafos, B.; Cuesta-Soto, F.; Griol, A.; Catala-Civera, J.M.; Pitarch, J.
Enhancement of sensitivity of microwave planar sensors with EBG structures.
IEEE Sens. J. 2006, 6, 1518-1522, doi:10.1109/JSEN.2006.884506.



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Chapter 3

Garcia-Bafios, B.; Catala-Civera, J.M.; Canos, A.J.; Pefaranda-Foix, F. Design
rules for the optimization of the sensitivity of open-ended coaxial microwave
sensors for monitoring changes in dielectric materials. Meas. Sci. Technol. 2005,
16, 1186—1192, doi:10.1088/0957-0233/16/5/019.

Handbook of Microwave Technology for food applications; Datta, A.K.,
Anantheswaran, R.C., Eds.; Marcel Dekker, Inc.: New York, 2001;

Gutiérrez-Cano, J.D.; Hamilton, |.E.; Catala-Civera, J.M.; Bows, J.; Peharanda-
Foix, F.L. Effect of water content on the dynamic measurement of dielectric
properties of food snack pellets during microwave expansion. J. Food Eng.
2018, 232, 21-28, doi:10.1016/j.jffoodeng.2018.03.018.

Gutiérrez, J.D.; Catala-Civera, J.M.; Bows, J.; Pefaranda-Foix, F.L. Dynamic
measurement of dielectric properties of food snack pellets during microwave
expansion. J. Food Eng. 2017, 202, 1-8, doi:10.1016/j.jfoodeng.2017.01.021.

Meda, V.; Orsat, V.; Raghavan, V. Microwave heating and the dielectric
properties of foods. In The Microwave Processing of Foods: Second Edition;
Regier, M., Knoerzer, K., Schubert, H., Eds.; Elsevier Inc., 2017; pp. 23—43
ISBN 9780081005286.

Sacilik, K.; Colak, A. Determination of dielectric properties of corn seeds from 1
to 100 MHz. Powder Technol. 2010, 203, 365-370,
doi:10.1016/j.powtec.2010.05.031.

Yu, D.U.; Shrestha, B.L.; Baik, O.D. Radio frequency dielectric properties of bulk
canola seeds under different temperatures, moisture contents, and frequencies
for feasibility of radio frequency disinfestation. Int. J. Food Prop. 2015, 18, 2746—
2763, doi:10.1080/10942912.2015.1013630.

Nelson, S.O.; Bartley, P.G. Frequency and temperature dependence of the
dielectric properties of food materials. Trans. ASAE 2002, 45, 1223—-1227,
doi:10.13031/2013.9931.

Nelson, S.O. Frequency- and temperature-dependent permittivities of fresh fruits
and vegetables from 0.01 To 1.8 GHz. Trans. Am. Soc. Agric. Eng. 2003, 46,
567-574, doi:10.13031/2013.12946.

Zhuang, H.; Nelson, S.O.; Trabelsi, S.; Savage, E.M. Dielectric properties of
uncooked chicken breast muscles from ten to one thousand eight hundred
megahertz. Poult. Sci. 2007, 86, 2433—-2440, doi:10.3382/ps.2006-00434.

Wang, Y.; Wig, T.D.; Tang, J.; Hallberg, L.M. Dielectric properties of foods
relevant to RF and microwave pasteurization and sterilization. J. Food Eng.
2003, 57, 257-268, doi:10.1016/S0260-8774(02)00306-0.

Guan, D.; Cheng, M.; Wang, Y.; Tang, J. Dielectric Properties of Mashed
Potatoes Relevant to Microwave and Radio-frequency Pasteurization and
Sterilization Processes. J. Food Sci. 2004, 69, FEP30-FEP37,
doi:10.1111/j.1365-2621.2004.tb 17864 .x.

Liu, Y.; Tang, J.; Mao, Z. Analysis of bread dielectric properties using mixture
equations. J. Food Eng. 2009, 93, 72-79, doi:10.1016/j.jfoodeng.2008.12.032.

Alfaifi, B.; Wang, S.; Tang, J.; Rasco, B.; Sablani, S.; Jiao, Y. Radio frequency
disinfestation treatments for dried fruit: Dielectric properties. LWT - Food Sci.

71



Improved Open-Ended Coaxial Probe for Temperature-Dependent Permittivity
Measurements of Foodstuff at Radio Frequencies

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

72

Technol. 2013, 50, 746—754, doi:10.1016/j.lwt.2012.07.012.

Li, R.; Zhang, S.; Kou, X.; Ling, B.; Wang, S. Dielectric properties of almond
kernels associated with radio frequency and microwave pasteurization. Sci. Rep.
2017, 7, 42452, doi:10.1038/srep42452.

Guo, W.; Wu, X,; Zhu, X.; Wang, S. Temperature-dependent dielectric properties
of chestnut and chestnut weevil from 10 to 4500 MHz. Biosyst. Eng. 2011, 110,
340-347, doi:10.1016/j.biosystemseng.2011.09.007.

Ling, B.; Guo, W.; Hou, L.; Li, R.; Wang, S. Dielectric Properties of Pistachio
Kernels as Influenced by Frequency, Temperature, Moisture and Salt Content.
Food Bioprocess Technol. 2015, 8, 420-430, doi:10.1007/s11947-014-1413-8.

Zhu, X.; Guo, W.; Jia, Y. Temperature-Dependent Dielectric Properties of Raw
Cow’s and Goat’s Milk from 10 to 4,500 MHz Relevant to Radio-frequency and
Microwave Pasteurization Process. Food Bioprocess Technol. 2014, 7, 1830—
1839, doi:10.1007/s11947-014-1255-4.

Zhu, Z.; Guo, W. Frequency, moisture content, and temperature dependent
dielectric properties of potato starch related to drying with radio-
frequency/microwave energy. Sci. Rep. 2017, 7, 1-11, doi:10.1038/s41598-017-
09197-y.

Keysight Technologies Keysight 85070E Dielectric Probe Kit 200 MHz to 50
GHz; 2014;

Gregory, A.P.; Clarke, R.N. Dielectric metrology with coaxial sensors. Meas. Sci.
Technol. 2007, 18, 1372, doi:10.1088/0957-0233/18/5/026.

Mufoz, I.; Gou, P.; Picouet, P.A.; Barlabé, A.; Felipe, X. Dielectric properties of
milk during ultra-heat treatment. J. Food Eng. 2018, 219, 137-146,
doi:10.1016/j.jffoodeng.2017.09.025.

Klein, L.; Swift, C.T. An Improved Model for the Dielectric Constant of Sea Water
at Microwave Frequencies. IEEE J. Ocean. Eng. 1977, 2, 104—-111,
doi:10.1109/JOE.1977.1145319.

Gutierrez-Cano, J.D.; Plaza-Gonzalez, P.; Canos, A.J.; Garcia-Banos, B ;
Catala-Civera, J.M.; Penaranda-Foix, F.L. A New Stand-Alone Microwave
Instrument for Measuring the Complex Permittivity of Materials at Microwave
Frequencies. IEEE Trans. Instrum. Meas. 2020, 69,
doi:10.1109/TIM.2019.2941038.

Pefiaranda-Foix, F.L.; Catala-Civera, J.M. Circuital Analysis of Cylindrical
Structures Applied to the Electromagnetic Resolution of Resonant Cavities. In
Passive Microwave Components and Antennas; Vitaliy Zhurbenko, Ed.;
IntechOpen, 2010.

Penaranda-Foix, F.L.; Janezic, M.D.; Catala-Civera, J.M.; Canos, A.J. Full-wave
analysis of dielectric-loaded cylindrical waveguides and cavities using a new
four-port ring network. /IEEE Trans. Microw. Theory Tech. 2012, 60, 2730-2740,
doi:10.1109/TMTT.2012.2206048.

Baker-Jarvis, J.; Janezic, M.D.; Domich, P.D.; Geyer, R.G. Analysis of an Open-
Ended Coaxial Probe with Lift-Off for Nondestructive Testing. IEEE Trans.
Instrum. Meas. 1994, 43, 711-718, doi:10.1109/19.328897.



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

Chapter 3

Bakhtiari, S.; Qaddoumi, N.; Ganchev, S.1.; Zoughi, R. Microwave Noncontact
Examination of Disbond and Thickness Variation in Stratified Composite Media.
IEEE Trans. Microw. Theory Tech. 1994, 42, 389-395, d0i:10.1109/22.277431.

Blackham, D. V.; Pollard, R.D. An improved technique for permittivity
measurements using a coaxial probe. IEEE Trans. Instrum. Meas. 1997, 46,
1093-1099, doi:10.1109/19.676718.

Canos Marin, A.J.; Garcia-Banos, B.; Catala-Civera, J.M.; Penaranda-Foix, F.L.;
Gutiérrez-Cano, J.D. Improvement in the accuracy of dielectric measurement of
open-ended coaxial resonators by an enhanced de-embedding of the coupling
network. IEEE Trans. Microw. Theory Tech. 2013, 61,
doi:10.1109/TMTT.2013.2285359.

Marks, R.B.; Williams, D.F. A general waveguide circuit theory. J. Res. Natl. Inst.
Stand. Technol. 1992, 97, 533-562, doi:10.6028/jres.097.024.

Collin, R.E. Field theory of guided waves; 2nd Editio.; John Wiley & Sons: New
York, 1990; ISBN 978-0-87942-237-0.

Jones, P.L.; Rowley, A.T. Dielectric drying. Dry. Technol. 1996, 14, 1063—1098,
doi:10.1080/07373939608917140.

Lagarias, J.C.; Reeds, J.A.; Wright, M.H.; Wright, P.E. Convergence properties
of the Nelder-Mead simplex method in low dimensions. SIAM J. Optim. 1998, 9,
112-147, doi:10.1137/S1052623496303470.

Joint Committee for Guides in Metrology Evaluation of measurement data —
Guide to the expression of uncertainty in measurement (GUM); 2008; Vol. JCGM
1002;

Barba, A.A.; D’Amore, M. Relevance of Dielectric Properties in Microwave
Assisted Processes. In Microwave Materials Characterization; Costanzo, S., Ed.;
IntechOpen, 2012; pp. 91-118.

Luan, D.; Tang, J.; Liu, F.; Tang, Z.; Li, F.; Lin, H.; Stewart, B. Dielectric
properties of bentonite water pastes used for stable loads in microwave thermal
processing systems. J. Food Eng. 2015, 161, 40-47,
doi:10.1016/j.jffoodeng.2015.02.014.

Icier, F.; Baysal, T. Dielectrical properties of food materials - 1: Factors affecting
and industrial uses. Crit. Rev. Food Sci. Nutr. 2004, 44, 465-471,
doi:10.1080/10408690490886692.

Moreiras, O.; Carbajal, A.; Cabrera, L.; Cuadrado, C. Tablas de composicién de
alimentos (Food Composition Tables); 16th ed.; Ed. Piramide: Madrid, 2013;

Guo, W.; Zhu, X;; Liu, H.; Yue, R.; Wang, S. Effects of milk concentration and
freshness on microwave dielectric properties. J. Food Eng. 2010, 99, 344—-350,
doi:10.1016/j.jfoodeng.2010.03.015.

Nunes, A.C.; Bohigas, X.; Tejada, J. Dielectric study of milk for frequencies
between 1 and 20 GHz. J. Food Eng. 2006, 76, 250-255,
doi:10.1016/j.jfoodeng.2005.04.049.

73






Chapter 4

Detection of Anti-Counterfeiting Markers
through Permittivity Maps Using a
Micrometer Scale near Field Scanning
Microwave Microscope

José D. Gutiérrez-Cano ', José M. Catala-Civera ', Pedro J. Plaza-Gonzélez ', Felipe L.
Pefaranda-Foix

"Instituto ITACA. Universitat Politécnica de Valéncia. Camino de Vera s/n.46022 Valencia, Spain.

Sensors 2021, 21(16), 5463

Abstract

This paper describes the use of microwave technology to identify anti-counterfeiting
markers on banknotes. The proposed method is based on a robust near-field scanning
microwave microscope specially developed to measure permittivity maps of
heterogeneous paper specimens at the micrometer scale. The equipment has a built-in
vector network analyzer to measure the reflection response of a near-field coaxial probe,
which makes it a standalone and portable device. A new approach employing the
information of a displacement laser and the cavity perturbation technique was used to
determine the relationship between the dielectric properties of the specimens and the
resonance response of the probe, avoiding the use of distance-following techniques. The
accuracy of the dielectric measurements was evaluated through a comparative study
with other well-established cavity methods, revealing uncertainties lower than 5%, very
similar to the accuracy reported by other more sophisticated setups. The device was
employed to determine the dielectric map of a watermark on a 20 EUR banknote. In
addition, the penetration capabilities of microwave energy allowed for the detection of
the watermark when concealed behind dielectric or metallic layers. This work
demonstrates the benefits of this microwave technique as a novel method for identifying
anti-counterfeiting features, which opens new perspectives with which to develop
optically opaque markers only traceable through this microwave technique.
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4.1 Introduction

Even though digitalization is changing today’s society, currency counterfeiting or
document fraud are still serious threats that weaken economies and allow criminals to
have a certain freedom of movement [1]. Anti-counterfeiting techniques are continuously
being improved to incorporate innovative solutions to prevent document fraud, such as
luminescent nanowire-based papers, invisible photoluminescent inks or chipless-RFID
technologies [2—4].

Banknotes, for example, include a vast number of security features to prevent
counterfeiting, consisting in the addition of markers that produce traceable properties in
a certain range of the electromagnetic spectrum [5-7], such as watermarks, security
threads, holograms, optically variable inks, micro lettering, intaglio printing, and infrared
(IR), ultraviolet (UV), or magnetic (MG) marks. Among all these elements, watermarks
are one of the most widely recognized security features by the common user. These
marks are made by the deposition of cellulosic fibers with different densities during the
production of the paper sheet, creating images that are visible when viewed against the
light and are usually counterfeited by digital printing on the paper [8], which can be hard
to detect by only visual means. Concerning the methods for identifying anti-counterfeiting
features, watermarks, security threads, holograms, optically variable inks, and micro
lettering are commonly detectable in the visible spectrum. Other security features
generate a differential mark in the visible spectrum when illuminated with IR or UV light.
These and other additional security features are typically employed by anti-counterfeiting
machinery used in stores, ATMs, banks and for forensic verification through IR, UV, MG,
or X-ray sensors. However, to the best of our knowledge, the microwave part of the
electromagnetic spectrum has not been used before to detect any kind of security feature
in document or banknote anti-counterfeiting applications.

Microwave spectrum refers to electromagnetic signals between 300MHz and 300 GHz
[9]. Microwave signals might outperform existing anti-counterfeiting technologies at
different frequency ranges, since electromagnetic radiation at microwave frequencies
shows certain penetrability in some materials, such as metals, dielectrics, or
semiconductors, allowing for the development of optically opaque markers that are only
traceable with microwave detectors.

Permittivity is a fundamental property of dielectric materials describing their interaction
with electromagnetic fields [10] and is the most studied parameter at microwave
frequencies. Permittivity studies have historically been linked to telecommunications
systems [11]; nevertheless, microwave techniques for non-destructive testing and
evaluation have also been frequently employed for a good range of industrial and
scientific applications [12—16].

Permittivity measurement techniques have usually been designed to fit the specific size
and shape of the samples under analysis [10]. For laminate and homogeneous dielectric
surfaces, the preferred methodologies are based on stripline or microstripline resonators
[17,18], split cylinder resonators [19-21], split-post dielectric resonators [22], or open-
ended coupled coaxial probes [23]. However, for heterogeneous planar materials, near-
field scanning microwave microscopes (NSMM) can provide dielectric property maps,
directly related to the different components of the materials under test (MUT).
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NSMM devices can measure the electromagnetic response of materials on a length scale
significantly smaller than the wavelength of the emitted signal [24]. This involves a probe
tip size (D) shorter than the probe-to-sample distance (r) and far shorter than the
wavelength of the electromagnetic wave (A) in order to ensure near-field radiation (D <r
<< A). Thus, the spatial resolution is given by D instead of A.

The basic design of a typical NSMM comprises a near-field evanescent probe, a
microwave source and detector (typically a vector network analyzer, or VNA), and a
positioning (X-Y axis) stage to perform the pixel-by-pixel scanning of a sample of planar
materials [25]. Even though there is a remarkable diversity of structures utilized as
apertures for the evanescent probes, sharp coaxial tips are the most widely employed
[24—26]. Two main detection modes are used depending on the probe configuration [24].
The non-resonant mode involves a transmission line section wherein detection is
achieved by monitoring the electromagnetic wave reflected or transmitted from the
sample. The resonant configuration, on the other hand, tracks the changes in the
resonance parameters (resonant frequency and quality factor) caused by variations in
the sample properties.

There is also diversity in the way that the measurable quantities—reflection,
transmission, or resonance parameters—are related to the physical properties of the
materials, including permittivity. These works include procedures such as lumped
element models, full-wave analysis, or the cavity perturbation method (CPM) [27-29].

Recent developments in near-field scanning microwave microscopy have focused on
increasing the special resolution to the nanoscale level [30]. To achieve such a high
resolution, employing a distance-following technique is essential to keep the probe either
in soft contact or at a distance of only a few nanometers from the sample [26]. Thus,
NSMM devices with nanometer resolution require the support of a different nanoscale
microscope technology, such as that of atomic force microscopes (AFM) or scanning
tunneling microscopes (STM), to meet the distance-following needs. However, the
detection of anti-counterfeiting features, especially watermarks, would require lower
resolutions than nanoscale, and can benefit from a micrometer scale NSMM device with
a much simpler and compact set-up, wherein permittivity measurements on larger non-
homogeneous samples could be performed.

In this work, we describe the unprecedented use of microwave energy (technology) for
the identification of markers on anti-counterfeiting applications. We employed a
micrometer scale NSMM specially developed to detect the density variations of paper
inside a banknote watermark through permittivity maps. In addition, the unique
penetration capabilities of electromagnetic waves at microwave frequencies allowed the
detection of new opaque markers hidden behind dielectric or metallic layers, only
traceable with this microwave technique.

The developed NSMM device allows for the permittivity measurements of heterogeneous
planar materials around the ISM microwave frequency of 2 GHz. An in-house vector
network analyzer was embedded in the device to measure the response of the near-field
probe, thereby avoiding the need for a full-featured VNA and making the instrument
portable and easy to use. Unlike previous approaches, the permittivity calculation made
use of a displacement laser and an enhanced CPM with calibration coefficients for
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different tip-to-sample distances, avoiding the need of distance-following techniques and
increasing the robustness of the system.

Additionally, the detection capabilities of the proposed device can provide scientists and
industrialist with a convenient tool for a wide range of sensing applications to analyze
and characterize heterogeneous planar objects.

4.2 Design of the NSMM
4.2.1 The Near-Field Microwave Probe

Fig. 1 shows a drawing of the near-field evanescent probe implemented in the NSMM.
The probe was designed as an open A2 coaxial resonator [26]. A section of a standard
rigid RG405 coaxial cable was used to manufacture the central section of the resonator.

The near-field radiating end of the coaxial aperture was sharpened to increase the spatial
resolution when positioned close to the MUT, around 25 ym [31]. An SMA female
connector was fitted to the other end of the RG405 coaxial cable to connect the resonator
to the microwave emitter and receiver. Taking this set-up into account, we fixed the
length of the cavity to 55.4 mm for an operating frequency of around 1.85 GHz, choosing
the first resonant frequency of the coaxial resonator.

SMA male to male
adapter

Cropped end

Capacitive
Coupling

p Conector SMA Female
to cable RG405

cav RG405 coaxial
cable section

“«— Tip

Fig. 1: Geometry of the coaxial resonator implemented in the near-field microwave microscope, Lcav = 55.4
mm and Rip = 25 pm.
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The feeding network used to couple the microwave energy into the resonator was a
capacitive coupling gap created by bringing the open end of the resonator close to
another open-ended section, implemented by cutting the inner conductor of a male—male
SMA adapter.

Finally, this SMA adapter was connected to the microwave analyzer that generates the
microwave signals required by the evanescent probe to interact with the MUT and
receive a response to be able to establish the resonator’s resonance parameters.

4.2.2 Single-Port Microwave Analyzer

Fig. 2 depicts a schematic diagram of the electronic module developed to operate the
NSMM device. The generation and reception of microwave signals is comprised of four
main subsystems: microwave transmitter, microwave receiver, separation network, and
control unit.

The microwave transmitter was based on an ADF4113 (Analog Devices) frequency
synthesizer, which, together with an external loop filter and a voltage-controlled oscillator
(ROS-2500 Mini-Circuits, Brooklyn, NY, USA), formed a complete PLL able to run
frequency sweeps around the resonance of the microwave microscope (2 GHz). The
separation network included two directional couplers (BDCA 1-7-33+ from Mini-Circuits,
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Fig. 2: Schematic diagram of the in-house vector network analyzer for measuring the reflection (S11) of the
near-field microwave microscope.
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Brooklyn, NY, USA) that were used to isolate the reference signal from the transmitter
and the reflected signal from the near-field coaxial cavity.

These two signals were compared inside the receiver, which was based on an AD8302
RF/IF gain and phase detector (Analog Devices, Norwood, MA, USA) [32], providing
analog outputs depending on the magnitude loss ratio and the phase difference between
inputs. All the signals were converted to digital by a control unit based upon a
microprocessor system and connected to a personal computer for further processing.
Together, all these devices made up an in-house affordable single port VNA
(reflectometer) similar to the system reported in [33].

In this new design, the PIC16C773 microcontroller of [33] was substituted by an Arduino
DUE open-source electronics platform based on a 32-bit ARM core microcontroller. This
platform allowed a convenient integration of the microwave devices and the mechanical
X-Y positioning system, which thus reduced the latency times associated with the
synchronizing of all the parts and increased the scanning speed.

The Arduino board and the LabVIEW-based software controlled the whole measurement
process from the output magnitude and phase signals of the receiver to the calculating
of the resonance parameters and dielectric properties, as well as displaying the results.

A standard calibration procedure with an OSL calibration kit (85052B Standard
Mechanical Calibration Kit-3.5 mm, Keysight Technologies, Santa Rosa, CA, USA) was
set from 1.8 to 1.85 GHz to cover the frequency response of the probe (see Section
4.3.1).

4.2.3 Positioning Stage

For the positioning subsystem, we used a commercial XY-stage (KT-70, proxxon) driven
by two stepper motors and drivers (DRV8825, Texas Instruments, Dallas, TX, USA),
which allowed for a pixel-by-pixel scanning with a maximum scan range of 150 mm x 70
mm and a resolution of 5 pym.

A vacuum table was attached to the XY-stage to fix the documents during the
measurement procedure and avoid disturbances from folds in the documents or planar
materials under test. The resonant probe was attached to the central axis of the XY-
stage, employing a vertical, manually-driven micrometric positioner. A commercial laser
displacement sensor (HL-G103-SJ, Panasonic, Osaka, Japan) with a resolution of 0.5
pm was placed close to the aperture of the microwave probe in order to precisely
measure the tip-to-sample distance.

The LabVIEW-based software was used to define the scanning parameters (area to
scan, frequency sweep configuration...) and load them into the Arduino board. Next, the
Arduino firmware autonomously controlled the scan process synchronized with the
calculation of microwave parameters. The picture in Figure 3 shows the developed
integrated NSMM system that operates as a standalone portable measurement
instrument.
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Fig. 3: Picture of the near-field microwave microscope system.

4.3 Permittivity Measurements with NSMM
4.3.1 Microwave Probe Response

The response of the near-field microwave resonator, described in the previous section,
was assessed by measuring the resonant frequency (fr) and Q-factor (Q) parameters of
some reference materials, covering a wide range of dielectric properties (see Table 1)
as a function of the tip-to-sample distance. The size of the rod-shaped materials (15 mm
high and with a diameter of 9.8 mm) was sufficient enough to be considered as infinitely
wide and thick materials for the probe tip size and tip-to-sample distances [25,34]. The
resonance parameters were determined from the reflection measurements by means of
the linear fractional curve fitting procedure published by Kajfez [35,36]. Fig. 4 shows the
resonant frequency variation as a function of the tip-to-sample distance for the different
materials measured. Because of the radiation characteristic of the open-ended coaxial
probe tip, the quality factor calculated from the measurements exhibited small variations
for the selected tip-to-sample distances.

The maximum frequency shift between the measurement of air and the material with the
highest dielectric constant, Temex E5980 (67.39), occurred for the smaller tip-to-sample
distance (see Fig. 4). For the soft contact distance (0 um), the maximum detected
deviation was 16 MHz. From that point on, the maximum frequency shift decreased
exponentially as the tip-to-sample distance increased.

Based on these results, the primary probe-to-sample distance was selected to be 100
pum, leaving the Z stage fixed during the rest of the measurements. At that tip-to-sample
distance, the maximum frequency shift was 5 MHz. Even though this variation offered a
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Fig. 4: Variation of the resonant frequency as a function of the tip-to-sample distance for different
reference materials.

good resolution throughout the complete permittivity range, the measurement resolution
improved for those materials with lower dielectric constant values. For instance, at 100
pm, the frequency deviation exhibited between Rexolite and PVC, with a dielectric
constant of 2.54 and 3.09 respectively, was 0.3 MHz, which is similar to the deviation
reached between Temex E41030 and Temex E5980, with dielectric constant values of
28.28 and 67.25, respectively.

4.3.2 Cavity Perturbation Method (CPM)

Cavity perturbation method (CPM) was applied to determine the permittivity of the MUT
from the measured resonance parameters. Since the earliest work on this procedure
published by Bethe and Schwinger in 1943 [37], CPM has become one of the most widely
employed techniques used to calculate dielectric properties using microwave resonators.
The method assumes that the electromagnetic field of the resonant cavity is barely
perturbed by placing the MUT in the structure. Under this premise, dielectric properties
can be calculated using the relative shift of the resonance parameters with and without
the MUT.

In an NSMM, the volume of the fields inside the cavity obviously outweighs their volume
in the MUT and, thus, the CPM can also be employed to analyze a near-field cavity
resonator [24]. Most of the CPM reported in the literature for NSMM structures made use
of the theoretical approach proposed by Gao and Xiang [27], who studied the fields inside
the sample, assuming an excitation illuminated by a spherical tip. They assumed an
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iterative image charge problem and solved the CPM equations to relate the fr and Q
shifts to the permittivity of the MUT and other parameters depending on the tip-to-sample
distance and the size of the probe. However, some authors have described issues in this
model for longer tip-to-samples distances [34] and for some apertures that cannot be
described with a spherical tip.

For the specific geometry of Figure 1, we assumed a quasi-static electric field inside the
MUT [38] and related the permittivity of the MUT to the relative shift in the resonant
frequency and the quality factor according to Khanna et al. [39], with the following

formulas:
Al
=1+ f Zf ZQZ
oo
f 2Q
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Al —
- i [ZQJ @)

B

where ¢’ = dielectric constant (dimensionless); €" = loss factor (dimensionless); f =
resonant frequency (s™'); Q = quality factor (dimensionless); n = sample filling factor
(dimensionless); N = sample depolarization factor (dimensionless). The relative shifts
can be written as follows [40]:
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where fy and Qo are the resonance frequency and quality factor of the open-air cavity,
respectively, and f; and Qs are the cavity’s parameters with a dielectric material placed
near the tip of the probe.

For an infinite size MUT, the parameters N and n depend on several factors, such as the
resonant mode, the geometry of the cavity, or the tip-to-sample distance, and are usually
calibrated by measuring reference materials of known dielectric properties [41].

Three materials—air, Macor (¢' = 5.68), and Temex E5980 (¢' = 67.25)—were selected
for calibrating the N and n parameters at a tip-to-sample distance of 100 um.
Nevertheless, the irregular height of the material, as well as defects in the horizontality
of the base that holds the sample, may cause variations in the tip-to-samples distances
around the established gap of 100 um. For this reason, the calibration process was
repeated for several tip-to-sample distances using the laser measurement device to fix
the distance.
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Fig. 5 shows the variation of the CPM N and n parameters as a function of the tip-to-
sample distance. As illustrated, the two smooth curves were thoroughly adjusted with
two polynomials of second and third degree, in order to find any value of these
parameters that was in the vicinity of 100 um. With the help of these curves, once the
reading of the resonator and the laser had been recorded, the permittivity value of the
MUT could be calculated in a straightforward manner for each position from (1) and (2).
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Fig. 5: Calibration parameters, n and N, of the cavity perturbation method determined with reference
samples as a function of the tip-to-sample distance (referred to as x in the regression equations).

4.4 Experimental Results

4.4 1 Dielectric Measurements

To assess the performance of the proposed NSMM measurement setup and the CPM
calibration, the permittivity values of six reference specimens were determined from
resonance measurements at different tip-to-sample distances around 100 pm.

The materials employed to undertake this assessment were the set of dielectric materials
whose resonant frequencies were measured in Section 4.3.1, covering a broad range of
permittivity values. The dielectric materials were placed on the base of the microscope
and centered on the axis of the coaxial probe. With the aid of the laser, the Z-axis was
moved from the soft-contact point to the studied tip-to-sample distances. From the
displayed distance, the N and n values of each measurement were extrapolated from
Figure 5, and the permittivity values were determined by means of the CPM technique
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from the resonance parameters provided by the reflectometer. All measurements were
performed at 23 °C.

Table | shows the results of dielectric constant of all considered samples. The loss factor
results were omitted from this study because of the weak sensitivity of the quality factor
achieved with these materials for this probe size and tip-to-sample distances. To
evaluate the accuracy of the results, all dielectric materials were also measured, as
references, in a partially loaded cylindrical cavity [42] to evaluate the accuracy of the
results.

Table I. Dielectric property results of reference materials and associated standard deviations.

Tip-to-Sample Distance (pim)

’

Material 20 40 60 80 100 120 140 160 180 €., £StdDev StdDev% Eler Aj %
Air 100 100 1.00 100 100 100 100 100 100 1.00+0.00 0.00 1.00 0.00
Rexolite 252 248 250 252 253 253 254 254 251  252:0.02 0.83 2.53 +0.05 0.46
PVC 311 3.07 298 301 302 303 305 305 301 3.04+0.04 1.30 3.09 £0.06 1.70
Macor 540 551 569 582 579 588 593 592 567 573+0.18 3.23 5.68+0.11 0.96
Alumina 911 931 859 886 913 927 896 873 877 897025 2.82 8.94+0.18 0.33
Temex E41030 29.43 27.80 29.52 2843 2934 2770 29.04 29.07 27.82 28.68+0.75 2.66 28.28 + 0.56 1.43
Temex E5980 67.10 68.80 67.90 67.43 68.19 6630 67.62 67.14 66.02 67.39+0.88 1.30 67.25+1.34 0.21

The dielectric constant results agreed very well with the reference values in that all the
materials and tip-to-sample distances displayed similar deviations. For short tip-to-
sample distances, miss-positioning of the vertical axis caused deviations in the resonant
frequency that were compensated for with the higher frequency shifts. On the other hand,
for longer tip-to-sample distances, resonance deviations, due to inaccuracies when
determining the tip-to-sample distances, became less relevant, but the influence on the
dielectric constant increased because of the reduced frequency shifts. The error
achieved for each material, defined as the absolute difference between the measured
mean value and the reference value (|Ac’e'|%), was below 2%, and the standard
deviation was mostly below 3%. Withal, each individual deviation for each measurement
was slightly higher, with all the results falling within 5% of the reference value. This
uncertainty is comparable to the uncertainty reported in [34], which achieved accuracies
below 10% with a sophisticated tip-to-sample control system and a full-featured VNA as
a measurement device.

4.4.2 Watermark Dielectric Maps

The developed NSMM device was used to scan the variations of permittivity of banknote
watermarks, one of the most readily recognized security features available to the user
for the authentication of banknotes or other public documents, such as passports. In this
study, we utilized a second series 20 EUR banknote, which contains a watermark
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depicting a portrait of Europa, a figure from Greek mythology, as well as a Gothic-style
window and the value numeral of the banknote.

The banknote was placed on the metallic structure of the XY-stage equipped with a
suction vacuum table, which fixed the document during the scanning. With the aid of the
displacement laser, the tip of the probe was placed at a distance of 100 ym from the
surface of the banknote. The XY-stage covered an area of 33 mm x 29 mm with a step
of 100 ym. The displacement laser information was employed to retrieve the appropriate
CPM parameters for the tip-to-sample distance variations during the scan. Fig. 6a shows
the dielectric image of the watermark area obtained through the CPM calculation of the
resonance parameter variations of the scan. For comparison, Fig. 6¢c also shows a
picture of the measured watermark using transmitted light. To have a numeric reference,
dielectric properties of paper money were measured with a split-post dielectric resonator
[43], achieving the value: 2.89 £ 0.2 - j0.3 + 0.02.

The scanned dielectric image allows the watermark to be clearly recognized if compared
with the image recovered through optical means. The measured dielectric constant
values (from 6 to 18) are higher than the reference value, which indicates that the
microwave signal penetrates through the whole banknote thickness and is then reflected
by the metal base, influencing measured resonance parameters.

In order to avoid these reflections, the metal base below the banknote was substituted
by a PVC (polyvinyl chloride) perforated table, whose permittivity—3.09 + 0.06 - j0.023
+ 0.002—was fairly similar to the dielectric properties of the bulk banknotes. Figure 6b
shows the dielectric constant response of the NSMM device for the watermark and setup
described above, except for the material of the XY-base. The watermark pattern was
recovered accurately again, albeit exhibiting a slightly lower sharpness. The dielectric
constant values ranged from 2 for the lightest parts of the watermark (lower fiber
densities) to 3.5 for the darkest parts (higher fiber densities). These results are in line
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Fig. 6: Images of the watermark included in a 20 EUR banknote: (a) dielectric image measured with the
metallic base, (b) dielectric image measured with the PVC base, and (c) picture of the measured
watermark using transmitted light.
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with those measured with the split-post dielectric resonator and other values reported in
the literature [44,45].

The penetration of microwaves was able to reproduce the density changes inside the
papers and therefore NSMM devices could offer an alternative technology to identify anti-
counterfeiting watermarks on banknotes. This capability could predict the detection of
watermarks even when hidden behind appended layers. Next, we examined two different
options to detect optically opaque markers.

In the first experiment, the watermark was partially hidden by a black mark drawn with a
felt pen to study the influence of a thin ink coating over the watermark, as depicted in
Fig. 7a. As in the previous experiments, the sample was fixed by means of a vacuum
suction system on the XY-table at a distance of 100 um below the tip of the probe,
collecting the microwave response over a 33 mm x 29 mm area. In these trials, we
employed the metallic base of the NSMM. Although the values retrieved with the metal
arrangement provided an effective dielectric map, the wider response of this setup
served to increase its robustness for this specific application.

The obtained response, shown in Fig. 7b, was very similar to the image shown in Fig.
6a, with dielectric values ranging from 5 to 18. The mark made on the watermark did not
cause any appreciable effect on the permittivity maps, demonstrating that the penetration
of the microwave energy was not disturbed by such a thin dielectric coating.

Considering the previous results, in the second experiment, we employed a metallic
cover to hide the watermark and complicate any reading by optical means. The mask
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Fig. 7: Images of the watermark included in a 20 EUR banknote partially covered with a black mark: (a)
picture of the studied watermark using transmitted light and (b) dielectric image obtained with the metallic
base.
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consisted of a piece of a paper sheet (20 g/m2) painted with a layer of silver conductive
paint (123-9911, RS Components, Corby, UK). As long as the thickness of the metallic
layer was less than the skin depth of the conductive paint at the working frequency (~35
pum) [9], microwave energy could propagate through the mask and detect the changes in
the density of the banknote watermark placed beneath it. As in the previous experiments,
the tip-to-sample distance was 100 um, but, in this case, this distance was measured
from the surface of the metallic cover, and thus the separation between the watermark
and the tip of the probe was slightly higher.

The image recovered from the concealed sample (Fig. 8b) displayed once again a
reliable overall quality, with permittivity values ranging from 8 to 40. The influence of the
metallic ink pushed up the dielectric values and extended the dielectric range, due to the
saturation in the dielectric response as permittivity increased, as mentioned in Section
4.3.1. However, we observed a reduced spatial resolution due to the attenuation of the
microwave signals passing through the metal film and the larger tip-to-sample distance.
The non-uniformity of the metallic ink mask could have an influence as well.
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Fig. 8: Images of the watermark included in a 20 EUR banknote partially covered with a metallic mask: (a)
picture of the measured watermark and (b) dielectric image obtained with the metallic base.

4.4.3 Dielectric Scans at Single Frequency

The permittivity maps, represented in previous sections, required a frequency sweep
around the resonant peak of the cavity to measure the reflection coefficient, calculate
the f, and Q, and, eventually, to calculate the permittivity values. This process can last
around 2 s per sweep, which makes the whole process very time consuming. However,
surface scans can significantly reduce the overall scanning time by using the magnitude
or phase of the reflection coefficient at a fixed frequency in the slope of the resonance.
Although permittivity cannot be calculated with this working procedure, it could
nevertheless still be valid for some sensing applications.
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Fig. 9a,b shows the images generated by the NSMM device of the watermarks
represented in Figure 7a and Figure 8a, respectively, using the magnitude values of the
reflection coefficient measured by the reflectometer at a single frequency (f=1.82 GHz),
located on the left side of the resonance peak. In this case, the laser was only employed
to fix the central tip-to-sample distance without considering any variation during the scan.

The measurement image of the watermark covered with dielectric ink (Fig. 9a) was very
similar to the permittivity map created with the full frequency sweep (Fig. 7a). The image
had excellent overall quality, and, even at certain points in the darker areas, the image
of the dielectric mark improved due to the higher slope of the resonance. It was also
observed that the left part of the image had a darker region than the right one, due to a
slight non-horizontality of the XY table. The measurement of the watermark covered with
metallic ink yielded an image much like the dielectric response shown in Fig. 8b with the
same effects highlighted before.

-4.2

-4.3

(a) (b)

Fig. 9: Images of the watermark included in a 20 EUR banknote using the magnitude (dB) of the reflection
coefficient at a fixed frequency of 1.82 GHz and the metallic base; (a) watermark partially covered with a
black mark and (b) partially covered with a metallic mask.

4.5 Conclusions

In this work, we describe for the first time the use of microwave technology for the
identification of markers on anti-counterfeiting applications. Microwave detection of
banknote watermarks was conducted with a robust, portable, and standalone NSMM
device at the micrometer scale, specially developed to determine permittivity maps of
heterogeneous banknotes or paper documents around the frequency of 2 GHz.

The near-field microwave probe was designed as an open-ended coaxial resonator with
a tapered inner conductor. An in-house microwave reflectometer was developed in the
microscope, thus avoiding the need for a full-featured VNA and allowing for standalone

89



Detection of Anti-Counterfeiting Markers through Permittivity Maps Using a Micrometer
Scale near Field Scanning Microwave Microscope

functionality. A micrometer-resolution XY-table and a displacement laser for vertical
positioning completed the measurement setup of the NSMM.

A novel methodology, combining the information of the displacement laser and a
modification of the CPM theory with calibration coefficients for different tip-to-sample
distances was proposed to determine dielectric property maps of banknote watermarks,
avoiding the need for more advanced distance-following techniques. Future work will
consider finite thickness of laminate materials. Accurate dielectric measurements of
reference materials revealed relative errors below 5%, similar to the deviations obtained
with much more complex implementations.

The NSMM device was employed to measure the permittivity map of the watermark of a
second series 20 EUR banknote under different conditions. The penetration of the
microwaves was able to reproduce the density changes inside the papers, offering a
practical alternative for the detection of anti-counterfeiting watermarks on banknotes. In
addition, the capability of microwave energy to detect markers behind dielectric or even
metallic layers was demonstrated, which opens new possibilities to develop more
advanced security features such as watermarks concealed behind optically opaque
elements, undetectable through traditional optical procedures. The single frequency
approach also provided high-quality images with shorter measurement times, and thus
highlights the convenience of this procedure for sensing applications.

The developed NSMM could also be employed as a fast and standalone tool to obtain
permittivity maps of planar materials in a broad range of sensing applications.
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Abstract

The identification of the minerals composing rocks and their dielectric characterization is
essential for the utilization of microwave energy in the rock industry. This paper describes
the use of a near-field scanning microwave microscope with enhanced sensitivity for
non-invasive measurements of permittivity maps of rock specimens at the micrometer
scale in non-contact mode. The microwave system comprises a near-field probe, an in-
house single-port vectorial reflectometer, and all circuitry and software needed to make
a stand-alone, portable instrument. The relationship between the resonance parameters
of the near-field probe and the dielectric properties of materials was determined by a
combination of classical cavity perturbation theory and an image charge model. The
accuracy of this approach was validated by a comparison study with reference materials.
The device was employed to determine the permittivity maps of a couple of igneous rock
specimens with low-loss and high-loss minerals. The dielectric results were correlated
with the minerals comprising the samples and compared with the dielectric results
reported in the literature, with excellent agreements.
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5.1 Introduction

Identifying the minerals that constitute rocks is a fundamental task in earth sciences, as
well as in other engineering and industrial applications. Some techniques can only
identify the type and amount of the minerals comprising the rock. However, many
techniques can define the position of the heterogeneously distributed minerals within the
structure. Particularly noteworthy are polarized light microscopy, X-ray diffraction (XRD),
or X-ray fluorescence (XRF) [1-3]. The scientific literature reveals a large number of
alternative techniques for this identification process, such as laser-induced breakdown
spectroscopy (LIBS), scanning electron microscope supported with energy dispersed
spectroscopy (SEM/EDS), or an electron probe microanalyzer (EPMA) [4—7]. In addition,
other studies report techniques or algorithms, such as image treatment or neural
networks, for the automatic identification of minerals, based on the information retrieved
using some of the techniques mentioned above [8-13].

In recent years, there has been a growing interest regarding the utilization of microwave
energy as a clean, green, and sustainable methodology for treating materials [14—16]. In
the rock industry, microwave energy can contribute to developing more efficient, fast,
and eco-friendly processes in various applications, such as fracture, cutting,
comminution, leaching, or natural stone processing [17-22].

Complex permittivity describes the materials’ behavior in the presence of an
electromagnetic field; therefore, it is one of the most relevant parameters to study in a
high-power microwave application process [23].

Dielectric characterization provides the absorption capabilities of the rocks and, hence,
is directly related to the heating patterns. Likewise, permittivity data provides the needed
information for the design of microwave applicators for a specific high-power application.
Permittivity measurements can be classified in a large number of techniques [24—-29],
which can be categorized according to the measurable frequency range and the
attributes of the materials to be characterized, such as dielectric losses, shape, or
homogeneity [30]. Since rocks are heterogeneous materials, the approaches followed to
measure their dielectric properties are very varied.

Some authors have measured the bulk dielectric properties of a certain unidentified
volume of the complete rock specimen; hence, the permittivity obtained is a mixture of
the permittivity of the different minerals comprising the rock. For instance, Lu et al. [31]
measured the permittivity of basalt, gabbro, and granite rocks employing the coaxial
transmission line technique, shaping the rocks in the shape of a tube (7 mm outer
diameter, 3 mm inner diameter, and 10 mm length) to fill the coaxial airline. Deyab et al.
[32] reported the dielectric properties of kimberlite and granite samples through the
coaxial probe technique, which retrieves the permittivity of a considerable region
surrounding the measurement tip. Similarly, Lovas et al. [33] determined the permittivity
of several minerals, such as andesite or magnesite, by a resonance cavity method using
rod samples (3 mm diameter and 12 mm length). In addition, some authors have
developed methods to employ the bulk changes in dielectric properties (and thus in the
resonant parameters) to identify physical changes in building materials [34,35].

On the other hand, some authors measured the permittivity of the homogeneous rock-
forming and accessory minerals, in pure form, isolated from the rocks. For instance,
Zheng et al. [36] employed a customized rectangular resonant cavity to determine the
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dielectric properties of pulverized high-grade minerals, removing the air influence by
means of the complex refractive index (CRI) equation. However, with this approach, as
rocks are heterogeneous materials, rock-forming materials should be identified, located,
isolated, and measured.

Other authors have studied the microwave-absorbing capabilities of rocks and minerals,
running heating tests with domestic or industrial microwave systems and analyzing the
material behavior over time [19,37]. Accordingly, there is a lack of permittivity
measurement techniques that fit the requirements of heterogeneous rock specimens in
the scientific literature. Near-field scanning microwave microscopes (NSMM) can fill this
gap, as they can achieve permittivity maps of heterogeneous planar materials.

Near-field scanning microwave microscopes (NSMM) are measurement devices able to
determine the electromagnetic response of materials on length scales far shorter than
the wavelength of the emitted signal [38]. To accomplish near-field radiation, the size of
the microwave probe (D) must be smaller than the probe-to-sample distance (r), and
both parameters must be far shorter than the wavelength (A) of the transmitted signal (D
< r << A), achieving spatial resolutions on the range of D. The fundamental element of
an NSMM is the near-field microwave probe, which is frequently implemented by a sharp
coaxial aperture [39,40]. Additionally, many scientific works explore alternative
geometries for that purpose, such as spiral resonators or open-ended circular
waveguides [41,42]. An NSMM also comprises a microwave emitter and receptor,
usually a vector network analyzer (VNA), and a positioning system [43].

Microwave probes can be configured as resonant or non-resonant structures [38]. A
resonant configuration increases sensitivity but decreases measurement bandwidth [44].
Non-resonant configurations relate the changes in the magnitude and phase of the
reflection or transmission coefficients to the physical changes of materials. On the other
hand, resonant setups employ the shifts in the resonant frequency and quality factor
parameters to determine the physical properties of the materials. The relationship
between the measurable quantities and the physical parameters can be addressed
through several techniques, such as full-wave analysis or lumped-element circuit models
[45,46]. The cavity perturbation technique has also been widely used, since the
electromagnetic fields inside the sample are much smaller than the fields in the
resonator. The theory developed by Gao and Xiang [47] is one of the most used
approaches for quantitative microscopy of complex permittivity [40,48-50].

Nowadays, the trend of NSMM devices is moving towards achieving nanometric
resolutions, which requires a precise distance-following technique usually performed by
means of an additional nanoscale microscope technology, such as scanning tunneling
microscopes (STM) or atomic force microscopes (AFM) [51-53]. NSMMs have been
used in a broad range of applications, such as dielectric microscopy of substrates,
defects identification, or even biological cells imaging [54—-56]. Monti et al. [57] already
employed a contact-mode NSMM device with sub-micrometric resolution to elucidate the
underlying physical processes that control the microwave heating of rocks at a
fundamental level of some micrometric hematite inclusions in a gangue matrix (around
10 ym x 10 pym size).

In a previous work [58], we demonstrate the benefits of the NSMM technology at the
micrometer scale to identify markers on anti-counterfeiting applications. Similarly, the
development of an NSMM device able to determine permittivity maps at the
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submicrometric scale without contact between the sample and the probe would improve
the applicability of this technology in the rock industry for predicting the heating patterns
of samples to be processed under microwave irradiation. Additionally, this device would
be interesting to use as an automated system to reduce times in other industrial
applications, such as drill core logging, widely used for geological exploration in mining
or geotechnics, for lithology, mineral identification, or structures identification [59-61].

In this work, we describe the use of near-field microwave microscopy in obtaining
contactless complex permittivity scans of rocks at a sub-millimeter scale. For that
purpose, the microscope probe reported in [39] was replaced with a larger probe with a
redesigned tip, increasing the sensitivity of the near-field probe for loss factor
measurements to fit the specific requirements of this application. The methodology to
calculate permittivity values from resonant measurements reported in our previous work
was also improved by a combination of classical cavity perturbation theory and an image
charge model. The NSMM sensor was employed to determine the permittivity maps of
some representative specimens of ornamental rocks and compare the permittivity results
with those reported in previous works.

5.2 Materials and Methods
5.2.1 The Near-Field Microwave Microscope

The sensing experiments were carried out in a near-field microwave microscope similar
to the system reported in [58] with specific modifications to measure rocks.

Fig. 1 illustrates a schematic diagram of the different parts that constitute the instrument
(near-field microwave probe, microwave source and detector, and positioning
subsystem) with a zoomed image of the upgraded sensor probe.

The measurement probe consisted of a capacitively fed resonant coaxial cavity with an
inner conductor, enlarged and tapered to meet the requirements for near-field radiation
(D =r << \). The response of the probe around the resonance peak S; contains all the
information required to determine the permittivity of the material.

In this work, the dimensions of the measurement probe were larger than those in our
previous design to increase the sensitivity of the quality factor response and thus the
resolution in the loss factor measurements. The size of the resonant coaxial line
corresponds to the size of a commercial RG402 line, with a sharp tip of ~50 ym radius.
The length of the coaxial line was 53.5 mm to achieve an air resonance frequency close
to 2 GHz. Since the study’s main objective is to predict the heating patterns of samples
to be processed with high-power microwave energy, we employed a resonant frequency
value between 915 MHz and 2.45 GHz, the most common frequencies to process
materials under high-power microwave irradiation [62].

The microwave source and detector were based on an in-house, single-port vectorial
reflectometer design, described in [30] (see Fig. 2). The microwave source is a frequency
synthesizer based on a phase-locked loop (PLL), comprising an external filter,
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Fig. 1: Schematic diagram of the near-field microwave microscope: (a) schematic diagram of the in-house
vector network analyzer for measuring the reflection (S11) of the near-field microwave microscope; (b)
cross-section of the near-field coaxial resonator.

Fig. 2: The near-field microwave microscope system.
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a local oscillator (OL), a voltage-controlled oscillator (ROS-2500, Mini-Circuits, Brooklyn,
NY, USA), and an ADF4113 (Analog Devices, Norwood, MA, USA), which includes the
divider and the phase detector. The reflection parameter or Sy; is calculated at the
receiver by comparing the PLL’s incident signal with the signal reflected at the probe. In
this regard, a separation network, comprising two bi-directional couplers (BDCA 1-7-33
+, Mini-Circuits), was employed previously to collect a small amount of those incidents
and reflected signals. The receiver was based on the AD8302 RF/IF Gain and Phase
Detector (Analog Devices). Since the phase response of this integrated circuit is similar
for positive or negative phase differences, two AD8302 units were needed to solve the
phase ambiguity (see [30] for further information).

The positioning subsystem comprised an XY -stage (KT-70, proxxon) with a vacuum table
attached, driven by two stepper motors and drivers (DRV8825, Texas Instruments,
Dallas, TX, USA). The probe was attached in a fixed position over the XY-stage,
manually positioned by a micrometric screw. In addition, a displacement laser (HL-G103-
SJ, Panasonic, Osaka, Japan) was utilized to precisely determine the tip-to-sample
distance. An Arduino board, together with a Labview piece of software running in a
computer, control all the elements of the microscope: generating the incident signal,
receiving the reflected signal, calculating the reflection coefficient and the resonant
parameters, calculating the dielectric properties, plotting the results, moving the XY-
stage, and synchronizing the movements with the measurements. Fig. 2 depicts the
stand-alone NSMM system.

The single-port vectorial reflectometer was allowed to stabilize for one hour before
measurements. Subsequently, a standard OSM calibration procedure was carried out
from 1930 to 1970 MHz employing the 85052 B Standard Mechanical Calibration Kit (3.5
mm, Keysight Technologies, Santa Rosa, CA, USA).

5.2.2 Dielectric Characterization

As described in Section 5.2.1, the near-field sensor was configured as a resonator; thus,
the permittivity is related to the resonance frequency (fr) and the quality factor (Q) of the
microwave structure. The fr and unloaded Q values were calculated from the reflection
coefficient measurements through the linear, fractional curve-fitting procedure reported
by Kajfez [63,64].

Fig. 3 shows the response of the near-field resonant probe (f; and Q) for a set of rod-
shaped materials as a function of the tip-to-sample distance (g). These materials were
selected to cover a wide range of both dielectric constant (&) and loss factor (¢") values,
with a sample size sufficient to be considered as infinite dielectric materials (15 mm
height, 9.8 mm diameter) [40,65]. The f; curves exhibited similar trends to those shown
by the smaller probe reported in our previous work [58]. Nevertheless, the Q sensitivity
increased substantially due to the improvements.

The operating range of the probe was centered between 50 um and 250 um, seeking a
balance between the probe’s sensitivity and the robustness against uncertainties in the
determination of g. Below 50 um, the sensitivity of the probe would increase remarkably,
but the uncertainties in the determination of g would lead to significant uncertainties in
the retrieved permittivity results. In addition, the minor imperfections in the surface of the
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Fig. 3: Response of the sensor as a function of the tip-to-sample distance for different reference materials:
(a) resonant frequency; (b) unloaded quality factor.

materials and the non-horizontality of the base could cause the probe tip to touch the
material and be damaged. Above 250 um, the probe’s response would be more robust
against errors in the determination of g, but the sensitivity of both f; and Q parameters
would decrease.

All microwave scans were performed at a central g of 150 ym. Nonetheless, the
permittivity model should include the influence of the tip-to-sample distance to account
for possible variations of this parameter during the scan because of irregularities in the
height of the material and uneven horizontality of the material surface when placed over
the microscope’s base. At 150 uym, the maximum f. shift, presented between air (¢'= 1)
and Temex E5980 (¢' = 67.39), was around 6 MHz. The response of the probe
compresses as the dielectric constant of the MUT increases; thus, the f. shift between
air (¢= 1) and Rexolite (¢'= 2.57) is similar to the shift observed between Rexolite and
Macor (¢= 5.68), and higher than the deviation exhibited between alumina (¢= 9) and
Temex E5980 (¢' = 67.39). Regarding the behavior of the quality factor, the maximum
deviation, observed between air (¢"=0) and SiC (¢" = 2.07), was around 30. However, it
is noteworthy that, for a given g, the Q of materials with similar loss levels decreases as
¢'increases (f- decreases). Thus, Rexolite (¢" = 0.0008, tan 6 = 3 x 10-4) and Temex
41030 (¢" = 0.0007, tan & = 2-10-5), materials with similar dielectric losses, have
considerably divergent Qs, 289.17 and 277.85, respectively: for a given loss factor, the
resonance widens with increasing dielectric constant.

In our previous work [58], the determination of the dielectric properties was addressed
using the microwave cavity perturbation technique (MCPT). In the near-field zone, with
evanescent waves, the field distribution can be considered as a static problem where
phase and retardation need not be considered [50]. Then, assuming a quasi-static
electric field inside the MUT [66], we employed Khanna et al. [67] to relate the shifts in f;
and Q with permittivity. For convenience, we reproduce the below formulas:
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where ¢' = dielectric constant (dimensionless); €" = loss factor (dimensionless); n =
sample-filling factor (dimensionless); N = sample-depolarization factor (dimensionless);
fo = resonant frequency (Hz) of the open-air cavity; fs = resonant frequency (Hz) with a
dielectric material near the tip; Qo = quality factor (dimensionless) of the open-air cavity;
Qs = quality factor (dimensionless) with a dielectric material near the tip.

However, this model did not conform precisely to the response measured with the higher
size probe employed in this work, mainly due to the aforementioned widening of the
resonance with the increase in the dielectric constant. However, it is well known from the
literature that the determination of the dielectric constant in NSMM measurement
systems is independent of the Q changes (see Equations (5) and (6)). Hence, the
parameters n and N needed to determine the dielectric constant values from the f;
measurement as a function of g can be obtained by removing Q’s influence (Qs = Qo) on
Equation (1) (see Figure 4). To obtain these curves, three materials were employed: air,
Macor (¢' = 5.68), and Temex E41030 (&' = 28.28). However, this model (Equation (2))
did not accurately reproduce all the dielectric losses of the analyzed materials.

Considering quasi-static fields, Gao and Xiang [47] developed a model for the case of a
conducting spherical tip radiating over a dielectric material employing an image charge
model and the MCPT. The relationship between the dielectric constant and the f; shift for
the case of soft contact (g = 0) was determined as follows:

A In(1-b
Y _ —A[—n( ) +1j (5)
f b

where b = (¢' - 1)/(¢' + 1), and A is a constant to be minimized, related to the geometry
of the near-field probe. For our specific case, where there is an air gap between the

dielectric sample and the probe’s tip (g > 0), the equations became an iterative problem,
as follows:
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where Afs = f; — fo. The initial conditions were as follows: a' = g/Ro, being g the tip-to-
sample distance and Ry the tip radius; a;"= 1 + a’; and t; = 1. For both configurations,
the dielectric losses were determined to be related to the f. and Q shifts, as follows:

A(ljzi—iz—(Bthané)A—ﬂ (8)
Q) Q, Q, fs

B is a constant to be minimized and tand = ¢"/¢". Over the years, some scientific works
have tried to improve the accuracy of this model, especially concerning dielectric losses,
adding new constants or quadratic terms to Equation (8) [48-50]. Finally, Gregory et al.
[40] reported the use of Equation (6) with the complex resonant frequency (fs*in Equation
(9)) to avoid the use of Equation (8).

fs = f (1+$j (9)
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The increase in the size of the probe and the geometry of this tip has allowed the use of
Equation (6) with the complex resonance parameter (Equation (9)) to model the
response of this new probe with the improved sensitivity of Q. However, the parameters
minimized showed certain dependence with frequency or dielectric constant, as reported
in previous works [48,49] for the parameters determined in the dielectric loss equation.
Figure 5 shows the dependence of A with the logarithm of the dielectric constant of some
reference materials (Rexolite, Acetal, PVC, Alumina, SiC, and Temex E5980). This result
would preclude the use of this method to calculate the complex permittivity from the
relative shifts of f, and Q in our case, since it would require prior knowledge of the
dielectric constant value of the measured material. To overcome this limitation, Equation
(1) (with Qs = Qo) was employed with the parameters interpolated in Fig. 4 to determine
the dielectric constant values. This value was employed to determine A from Figure 5,
and the loss factor values were calculated using Equation (6) with the complex resonant
frequency concept (Equation (9)).
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Fig. 5: Calibration parameter A of the image charge model determined with reference samples as a
function of the dielectric constant.

5.2.3 Rock Samples

Two rock specimens were selected to test the proposed microscopy technique. The
selected rocks, representing felsic and mafic families, are used widely in ornamental
material construction as natural stones.

Rocks pieces were cut in sections of 10 x 10 x 2 cm with the surface polished to improve
the readability of the system. The mineral composition of the rock specimens depicted in
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Fig. 6 was determined by petrographic polarized light microscopy, chemical
microanalysis EDX in a scanning electron microscope (SEM), and X-ray analysis of the
bulk sample and the magnetic fraction. Table | summarizes the dielectric properties
references of the rock-forming minerals found in this analysis.

(a) (b)

Fig. 6: Microscope images of two types of rock: (a) gneiss (Qq—quartz; Kf—potassium feldspar; P—
plagioclase; B—biotite; A—aegirine-augite pyroxene; H—hornblende; M—magnetite; Py—pyrite); and (b)
anorthosite (L—labradorite plagioclase; Px—pyroxene; |—ilmenite)

Table I. Dielectric property results of reference materials and associated standard deviations.

Material Frequency (GHz) Permittivity Reference
k-Feldspars 2.00 5.18-j0.023 [68]
9.37 5.12-j0.011 [69]
9.37 4.75-j0.044 [69]
Biotite 1.00 5.9-0.002 [70]
Plagioclase (Labradorite) 2.45 6.01-j0.09 [71]
Plagioclase 2.45 3.49-j0.020 [37]
Plagioclase (albite) 2.45 5.62-j0.039 [36]
Pyroxene (augite) 2.45 6.80-j0.182 [36]
Hornblende 2.45 14.45-j0.324 [36]
2.45 8.91-j0.233 [37]
2.45 7.37-j0.026 [71]
Magnetite 2.45 14.542.5 [72]
Pyrite (Shanxi Lu'an) 2.45 8-j0.75 [73]
IImenite 2.45 3.75-j0.24 [72]
2.45 23.6-j11.2 [71]
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The felsic rock selected was a high-grade granitic gneiss. The analysis of the rock
identified quartz, potassium feldspar (microcline), and alkaline plagioclase as major
components, pyroxene (aegirine-augite) and biotite as secondary, and associate
minerals represented by amphibole (hornblende), tourmaline, and opaque minerals.
These opaque minerals were mainly magnetite (Fes0.) (that appeared in aggregates
with apparent inter-crystalline porosity and occasionally pyrrhotite (SxFe1.x)-associated)
and dispersed pyrite (FeSy).

The mafic rock selected was anorthosite, a peralkaline gabbro with blueish and greenish-
grey color. The rock was composed massively by macroscopic Na—Ca plagioclase of
labradorite type domain and minor content of pyroxene and biotite. In addition, the rock
was composed by a significant amount of oxide ores, mainly ilmenite (FeTiO3) with some
magnetite (Fez0O.) associated.

5.3 Experimental Results and Discussion
5.3.1 Dielectric Measurements of Reference Materials

The complex permittivity of the reference samples, employed to determine the response
of Figure 3, were measured to verify the accuracy of the procedure described in Section
5.2.2. Each dielectric sample was positioned on the microscope base centered in the
axis of the near-field probe. From the point of soft contact, the Z-axis was moved upwards
to three different tip-to-sample distances (100 pm, 150 pm, and 200 um), measuring the
reflection parameter employing the reflectometer and determining the resonance
parameters, frand Q. The parameters N and n corresponding to each g were determined
to calculate the dielectric constant of the measurements. With the results obtained, the
appropriate A parameter was interpolated to obtain the loss factor. All measurements
were retrieved at a room temperature of 23 °C (see Table II).

Table Il. Dielectric property results of reference materials and associated standard deviations.

Dielectric Constant Loss Factor
Std E Std
Material 100 g;};?) 200 Mean Dev Reference (I;;Sr 100 g;}sl(r)n) 200 Mean Dev Reference Error (%)
Air 1.00 1.00 1.00 1.00 0.00 1.00 0.00 0.000 0.000 0.000 0.000 0.000 0.000 0.00

Rexolite 255 257 257 256 001 253+0.05 1.23 0.000 0.002 0.007 0.003 0.003 0.001+0.000 >10
Acetal 288 290 292 290 0.02 296+0.05 2.06 0.105 0.113 0.123 0.114 0.009 0.120. £0.006  5.65
PVC 3.09 3.07 3.12 3.09 0.03 3.09+0.06 0.11 0.024 0.027 0.031 0.027 0.004 0.025+0.001 9.75
Macor 5.69 5.63 566 566 0.03 568+0.11 0.35 0.020 0.026 0.031 0.026 0.005 0.024+0.001 7.44

Alumina 8.97 9.10 8.93 9.00 0.09 8.94+0.18 0.68 0.012 0.025 0.020 0.019 0.006 0.006 +0.000 >10
SiC 14.53 14.74 14.69 14.66 0.11 14.53+0.41 2.20 2.134 2.077 2.128 2.113 0.031 2.092+0.105 1.09
Temex
E41030

Temex E5980 69.88 72.19 65.79 69.28 3.24 67.25+1.34 3.02 0.000 0.000 1.014 0.338 0.585 0.018 +0.006  >10

29.19 28.32 29.56 29.02 0.64 28.28+£0.56 2.63 0.068 0.000 0.130 0.066 0.065 0.001+0.000 >10

To assess the accuracy of the results, the permittivity of the reference materials was also
measured in a closed TMo1o cylindrical cavity (98 mm diameter, 20 mm height) analyzed
by the mode-matching technique described in [74]. The error (measurement bias), also
reported in Table Il, provides a complete image of the device’s performance and
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corresponds to the absolute difference between the measured mean value and the
reference value. The reported standard deviation values provide information mainly
related to the uncertainties in the height positioning and the stability of the electronics.

The determination of the dielectric constant revealed an excellent accuracy, with errors
constrained below 3%, in comparison with the reference values.

The standard deviation values also exhibited little variability as a function of the tip-to-
sample distance. However, the error increased slightly with the dielectric constant
increment due to the compression in the resonant frequency response discussed in
Section 5.2.2.

From the discrepancies observed in the results concerning the reference values, the
accuracy of the loss factor measurement was below 10% within the range from 1072 to
10", a noticeable result considering the large tip-to-sample distances employed in this
work. Below 1072, even though the percentage errors were above 10%, the system is
valid to determine whether it is a low-loss or a high-loss material. The standard deviation
of the loss factor values revealed low figures with g variations for most materials.
However, the compression effect of Q shifts was noticeable for high dielectric constant
materials. For instance, the loss factor results calculated for Temex 5980 revealed
fluctuations between 1072 and 10°. Nevertheless, it is important to highlight that the
common use of the loss tangent definition (¢"/¢") would mitigate this issue.

5.3.2 Permittivity Maps of Rock Specimens

The rock specimens were placed on the base of the microscope and fixed with the aid
of the suction vacuum table. The tip-to-sample distance was set to 150 um by means of
the displacement laser and the Z-axis stage. Microwave scans explored a surface area
of 33 mm x 33 mm with a spatial step of 100 um. For each point of the surface scan, the
dielectric properties were calculated from the information collected from the microwave
reflectometer and the displacement laser, using the approach described in Section 5.2.2.
All measurements were performed at a room temperature of 23 °C.

5.3.2.1 Gneiss

Fig. 7 shows the dielectric mark of the gneiss rock specimen. The dielectric pattern of
both dielectric constant and loss factor results was very similar, agreeing with the mineral
classification reported in [36]. Fig. 7a shows a large area with moderate dielectric
constant values ranging between 4 and 6 and a specific area in the left top corner, in
which the values were above 10. Concerning the loss factor response, Fig. 7b shows
that most rock areas had low loss factor values and, therefore, had a reduced ability to
absorb electromagnetic energy. However, other small regions disseminated throughout
the specimen did exhibit moderate or high loss factor values.

From the petrographic analysis shown in Fig. 6a, it was possible to correlate the rock’s
mineral composition with the measured permittivity. First, we found a large quantity of
quartz mineral, a material commonly employed as a microwave inert element for
microwave processing applications [75]. In these areas, the dielectric constant was
around 4 with loss factor values below 1072, which indicated the low capacity of quartz
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(a) (b)

Fig. 7: Microscope images of two types of rock: (a) gneiss (Q—quartz; Kf—potassium feldspar; P—
plagioclase; B—biotite; A—aegirine-augite pyroxene; H—hornblende; M—magnetite; Py—pyrite); and (b)
anorthosite (L—labradorite plagioclase; Px—pyroxene; |—ilmenite)

to absorb microwave energy as exhibited in the heating experiments reported in [76] and
in other related reports [70]. The petrographic analysis also determined a significant
presence of K-feldspars (microcline). In these areas, the permittivity obtained was
between 4 and 5 for the real part and in the range of 1072 for the imaginary part, with the
results agreeing well with those reported in [68,69].

Sorting the materials by their permittivity results, the area with dielectric constant values
between 5 and 6 and loss factor in the range from 1072 to 0.1 corresponds to the biotite
and plagioclase content. These results agree closely with those obtained in [70,71] and
differ from those reported in [37]. Following, we found the pyroxene aegirine-augite and
hornblende content, with dielectric constant results ranging from 6 to 7 and dielectric
losses between 0.1 and 0.2. These results agree well with the permittivity reported of
augite pyroxene in [36]. Again, the data reported in the literature provides dissimilar
results for hornblende, with dielectric constant values ranging from 7 to 14.45 and loss
factor values ranging from 0.02 to 0.32 [36,37,71]. Nevertheless, the dielectric loss of
pyroxene and hornblende appears to be higher than those of the surrounding materials
(quartz, feldspar, biotite, or plagioclase) since the content of this mineral is easily
distinguished in the loss factor map. However, regarding the dielectric constant, the
calculated values were lower than those in the literature, probably due to the penetration
capabilities of electromagnetic waves at microwave frequencies [58] and the small size
of the crystals of these minerals in this rock specimen observed in the petrographic
analysis of the sample.

Finally, we can find the oxide ores magnetite and pyrite. The complex permittivity
calculated for the aggregated magnetite content, located in the left top corner, was close
to 12-j1. This value was very similar to the results reported in [72] at 2.45 GHz. The loss
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factor results showed certain variability within this aggregate, maybe due to the apparent
inter-crystalline porosity observed during the petrographic analysis. The permittivity
determined for the pyrite content (8-j0.3) was slightly lower to the values described in
[73], presumably due to the small size of the grains dispersed through the sample.

5.3.2.2 Anorthosite

Fig. 8 shows the dielectric mark of the anorthosite rock specimen. The dielectric pattern
of both the dielectric constant and the loss factor responses was similar to that which
happened in the rock analysis described in Section 5.3.2.1. Figure 8a presents an area
with moderate values of dielectric constant in the range of 6, which correspond to the
zone of moderate—low losses in the range of 0.1, shown in Figure 8b. The rest of the
rock was composed of minerals with high permittivity, both in dielectric constant and loss
factor.

The area with moderate permittivity values corresponds mainly to the Na—Ca plagioclase
of labradorite composition. The dielectric constant determined for this mineral is around
6-j0.1, which is in complete agreement with that reported in [71]. The dielectric response
of the small quantities of pyroxene exhibited a permittivity slightly higher than that of the
labradorite plagioclase, as reported in [36].

The area with high permittivity values corresponds to the ilmenite metal oxide. Previous

(a) (b)

results (L—labradorite plagioclase; Px—pyroxene; [—ilmenite).
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studies in the literature reported permittivity values of this mineral with significant
variability. For instance, at 2.45 GHz permittivity of ilmenite was reported to be 3.75-j0.24
in [72] and 23.6-j11.2 in [71]. Apart from the significant differences found, most of the
works agree that this metal oxide have high permittivity in both the real and imaginary
parts. With these permittivity values, the processing of this area with microwave energy
would be excellent: the high dielectric constant values would focus the electromagnetic
field in these zones of the rock, and the dielectric losses would allow microwave heating.

Indeed, there is some variability in the permittivity values of the minerals analyzed, both
in our work and in those reported by other authors, probably due to the diverse
composition of the minerals and their purity, the texture of the measured material (micro-
or macro-crystals, powder) [71,77], the influence of the surrounding components, or the
uncertainties of the different methods [36]. Nevertheless, our system has been shown to
agree well with the results reported in most of the previously published studies, thus
validating the applicability of the non-contact near-field microwave microscope
developed for the dielectric characterization of rocks, as well as for identifying and
spotting the minerals that compose them.

5.4 Conclusions

In this work, we describe the use of a near-field scanning microwave microscope as a
new device for the non-contact dielectric characterization of rock specimens at the
micrometer scale.

The measurement instrument includes an in-house microwave reflectometer to allow
autonomous performance and additional hardware and software elements to make the
measurement procedure simple and straightforward.

To allow contactless loss factor measurements, we developed a near-field sensor with
enhanced quality factor sensitivity and, thus, increased loss factor resolution. The
response of this near-field microwave cavity as a function of the tip-to-sample distance
was modeled through a combination of the classical MCPT with an image charge theory.
A comparative measurement campaign of dielectric materials with other well-established
instruments was carried out to validate the proposed measurement technique. The
dielectric constant accuracy was within the range of 3%, and the error in the loss factor
was constrained below 10% within the range 1072 to 10", a remarkable result for the high
tip-to-sample distances employed in the measurements.

Two types of rock with felsic and mafic compositions were selected to be analyzed with
the developed sensor. Dielectric maps showed that the gneiss sample had low
absorption capabilities, except in specific points disseminated throughout the rock. On
the other hand, the permittivity response of the anorthosite specimen depicted moderate
and high dielectric losses, and hence, presents excellent capabilities to be processed
under microwave irradiation. The results obtained were found to agree well with the
results reported in the literature, thus validating the performance of the proposed non-
contact near-field microwave microscope.

This method will allow the identification of minerals and their dielectric characterization
in the actual state in which they are found in the rock under study. In addition, the
developed NSMM with enhanced sensitivity could also be employed as a stand-alone
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tool to determine permittivity maps of planar materials at microwave frequencies in a
broad range of sensing applications.
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Chapter 6

General Discussion

6.1 A stand-alone, portable, and easy-to-use dielectrometer

One of the main objectives of the thesis was to develop measurement cells to cover the
dielectric characterization needs of the project SEDMICRON. The characterization of the
materials to be used as hidden markers was out of the scope of this work. Nevertheless,
the objective of this thesis was to identify alternative applications that could benefit from
the techniques developed for the project. Thus, | aimed to adapt some of these cells to
different environments, either by devising easy-to-use versatile systems, or by adjusting
these cells for specific applications. The publications presented in chapters 2 and 3 cover
these objectives.

The paper in Chapter 2 [1] describes the development of a portable, easy-to-use, and
stand-alone device for complex permittivity characterization. The features of this design
allow straightforward use by non-specialized personnel and provide versatility in many
situations.

The main element of the device is the microwave cell, a reentrant cavity similar to the
concept reported in [2,3] and modified to house pyrex tubes passing through its central
axis. The tube configuration allows the measurement of materials in different forms, such
as liquids, semisolids, powders, granular, and solid materials at room temperature. The
structure is very sensitive because it maximizes the field intensity in the capacitance gap
[4]. The single-mode employed in the proposed implementation exhibited a frequency
shift from 1900MHz to 2500MHz for materials with a dielectric constant ranging from 1
to 100, a remarkable result considering the small amount of material inside the cavity.
In addition, the study of the strong feeding network employed in the cavity enables the
characterization of low, moderate, and high-loss materials with the same setup. These
features make this microwave cavity perfect to be used in a wide range of situations.

The geometry of this reentrant cavity has significant potential. During this doctoral work,
| employed this geometry as a basis for other works not included in this thesis
dissertation.

In [5], we designed two cavities with the same reentrant geometry as the cavity reported
in chapter 2 but with different dimensions to allow broadband measurements utilizing
multiple modes with both cavities (see Fig. 1. Five resonant modes were analyzed in the
large cavity, covering a discrete bandwidth from 170MHz to 2.3 GHz. The cavity with the
smaller size covered a frequency range from 1.3 to 8.6 GHz through four different modes.
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Fig. 1: Multipoint reentrant cavities employed to determine the permittivity spectrum of low-loss liquid and
powder geomaterials.

In this work, quartz tubes were employed to allow measurements as a function of
temperature. The probes were used to measure permittivity values of medium-grade
crude oil at 25°C and 50°C. Besides, the permittivity values of kerogen and cement
powders with medium to high losses were also determined. The measurement procedure
was more complex compared to the work reported in chapter 2 due to the difficulty of
proper mode identification, as remarked in the Introduction (Chapter 1).

The second work worth mentioning at this point is a new method for broadband
permittivity measurements of medium to high losses materials (see Fig. 2). This
technique is among the probes developed in this doctoral work within the framework of
the SEDMICRON project. Still, the publication was not completed when writing this
document, so it could not be included. The microwave probe is based again on the single
reentrant coaxial cavity of chapter 2, adapted to measure as a non-resonant cell to allow
broadband measurements. In the measurement campaign carried out to prepare the
manuscript to be submitted for a future publication, the method's performance was
assessed by a comparative analysis with well-known alcohols and saline solutions with
good agreements with the reference data.

The following essential aspect in Chapter 2 is the technique to analyze the microwave
structure, the approach to relate the measurable quantities to the permittivity values. The
works described in this thesis dissertation used circuit analysis and mode-matching [6,7]
or the cavity perturbation method [8—10]. The first technique was employed in the papers
described in chapters 2 and 3. Itaca-Dimas group has extensive experience analyzing

120



Chapter 6

Fig. 2: Schematic of the microwave cell based on the bi-reentrant geometry with appropriate modifications
as a reflection probe for wideband permittivity measurements of lossy materials.

structures using this technique and has developed Matlab libraries to evaluate complex
microwave geometries quickly and straightforwardly. Besides, the numerical method
allows an exhaustive analysis of the measurement uncertainty because it considers all
the variables of the microwave cell geometry.

As discussed in chapter 1, one of the most critical reasons for the limited spread of
microwave sensors is the high cost of this technology, mainly the price of the
measurement devices [11]. To overcome this drawback, this device includes a portable
vector reflectometer that operates around the ISM frequency band of 2.45GHz. The
microwave signal generator is composed of a PLL frequency synthesizer. The receiver
compares the magnitude and the phase of the forward and reflected signals in the
microwave cavity employing two gain and phase receiver units to solve the phase
ambiguity, as explained in the corresponding chapter. Finally, a microprocessor
digitalizes the transmitted and received signals and establishes communication to a
computer via a serial link.

A specific objective of the thesis was to develop solutions for measuring dielectric
properties that non-specialized users could straightforwardly operate. To that end, a
user-friendly LabVIEW-based software was developed to control the measurement
process, determine the resonant frequency and quality factor from the reflection
measurement, remove the influence of the coupling network, compute the permittivity
from the resonant parameters, and display the results. In addition, the cavity and all
circuitry were assembled in a compact and portable housing to achieve an easy-to-use
and stand-alone measurement solution. The results obtained with this final setup showed
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outstanding accuracy, within the range of 1.5% for the dielectric constant and
constrained around 5% for loss factor values ranging from 1073 to 10".

6.2 Permittivity characterization of food products at RF

Chapter 3 presents a less generic device, adapted to be used in a specific application,
based in a coaxial probe with good accuracy for permittivity measurements of lossy food
products at RF frequencies.

As discussed in chapter 1, the food industry is one of the principal users of microwave
and RF techniques to improve its production processes. In the early stages of these
doctoral studies, | was involved in other works to study the dielectric properties of starch-
based food pellets during microwave expansion. This study aimed to provide information
to improve the overall design of starch-based food pellets to enhance the expansion
process under microwaves irradiation. The results of this work were published in two
scientific papers [12,13]. Although these papers also include permittivity methods
adapted to a particular environment or application, they have not been included in the
chapters of this dissertation because they are not directly related to the SEDMICRON
project. Both papers utilized the dual-mode cylindrical cavity depicted in Fig. 2 that allows
simultaneous microwave heating and dielectric characterization. In the first publication
[12], this system was adapted to account for the unique shape and behavior of the pellet.

Thermal camera

Microwave Cavity

Heating mode
coupling port

85mm

104.92mm
J

Fig. 3: Number of scientific papers published in the period from 2000 to 2021 identified when searching for
the words "dielectric properties" and "permittivity". Source: ScienceDirect
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coupling port
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The method developed to include the volume changes during microwave heating in the
permittivity values was quite challenging and worth mentioning. In the second publication
[13], we assessed the effect of moisture on the expansion dynamics of similar starch-
based food pellets by studying their dielectric properties.

Permittivity depends on many parameters, the most critical being frequency, material
dielectric losses, and temperature [14]. Thus, the choice of the appropriate measurement
method plays a relevant role in the accuracy of the permittivity results. It is well known
that keysight coaxial probes (formerly HP and Agilent) are possibly the most widely used
method for the dielectric characterization of materials. However, it is not the best
measurement technique for all situations. In a bibliographic review, | observed that many
scientific papers reported permittivity of lossy food products below 200MHz employing
that probe and a VNA [15-18]. Considering the high demand for permittivity
measurements with temperature at RF frequencies in this field, we decided to adapt one
of our probes for this specific environment, highlighting the high uncertainty of many
published results on this topic.

The text fixture comprised a coaxial line connected to a cylindrical vessel to place the
sample. Some elements of the test fixture had to be specially designed to withstand
temperatures up to 120°C. The coaxial bead was made of a material with a negligible
coefficient of linear thermal expansion and stable dielectric behavior. A coaxial line with
a built-in heat sink was designed to cool down and protect the connection to the VNA,
simultaneously avoiding calibration drifts. The seal of the cylindrical vessel employed a
piston and O-rings to prevent air bubbles and withstand the pressure at high
temperatures. Finally, specific elements were included to protect the end user from
burns.

As reported in the paper in chapter 2, circuit analysis and mode-matching were utilized
again to model the cell's response in this publication. This model was first used to
optimize the cell's dimensions to maximize the sensitivity of the electromagnetic
response at RF frequencies. Once the structure was manufactured, it was employed to
retrieve permittivity values from reflection coefficient measurements. This analysis had
certain advantages. First, since metal walls confined the coaxial aperture, we avoided
some assumptions typically made when analyzing open-ended coaxial probes [19-21]
and considered the transition between the coaxial and the loaded cylindrical waveguide.
Second, the whole geometry was studied avoiding the need for calibration with known
materials, as it is usually done with this type of probe [22].

The electromagnetic model was also used to present the probe's response to different
dielectric materials and perform a comprehensive analysis of the measurement
uncertainty. For comparison purposes, the response of the Agilent coaxial probe was
also reproduced. In my study, the probe covered an area of the Smith Chart six times
larger than the area covered by the small coaxial cell for the same frequency and set of
materials. This higher sensitivity was also highlighted in the uncertainty study. The
analysis revealed an uncertainty below 5% for dielectric constant values between 20 and
100 and below 2% for the loss factor values above 250. For the same set of materials,
the uncertainty of the small probe was above 20% for the dielectric constant and around
10% for the loss factor. The good performance of our probe was confirmed by
measurements of saline solutions with different salt content.
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This development was used to determine the dielectric properties of lossy food products
at 40.68 MHz up to 120 °C. The comparison of the results with those reported by other
authors was discrepant in some cases, which highlighted the relevance of using cells
adapted to the specific conditions of the material and considering the frequency
limitations of the measurement technique.

6.3 Detection of anti-counterfeiting markers through a near-field
scanhing microwave microscope.

Chapter 4 presents the development of a near-field scanning microwave microscope
(NSMM) for the authentication of markers in document security applications, the
published document describing the specific work of this thesis performed to meet the
main objectives of the SEDMICRON project. The following specific goals were
addressed to achieve these goals.

First, we considered the tasks needed to meet the objective of creating the NSMM and
its different subsystems. An NSMM device usually includes a near-field probe, a VNA,
and a positioning stage [23]. These tasks were described thoroughly in chapter 4, but |
will briefly summarize them below.

The design of near-field probe includes the development of the aperture and the
microwave structure in which it is included. There are many solutions to address both
aspects [23-25]. The most common setup was chosen for our development, a sharp
coaxial tip included in a resonant structure. Regarding the VNA device, | tried again to
achieve stand-alone and easy-to-use functionality. For that purpose, an in-house single
port reflectometer similar to the device described in chapter 2 was enmployed, but with
some improvements conducted to include the control of the positioning stage to increase
the system's speed. For the positioning subsystem, a vacuum table was mounted over
an XY-stage for pixel-by-pixel scanning.

The vertical positioning of the sensor was performed through a manually-driven
micrometric positioner. In the initial stages of the project, this element was considered
sufficient to achieve the project's objectives. To some extent, this was true, as
demonstrated in section 4.4.3 of chapter 4, where a good detection of the marker was
shown without the need for additional elements. However, the measurement reveals
certain imperfections due to the non-horizontality of the XY table. The resonant
frequency retrieved for a specific material is strongly influenced by the tip-to-sample
distance, as depicted in Figure 4 of chapter 4. Accordingly, | needed to include an
element to track the tip-to-sample distance to measure dielectric properties. An additional
microscope, such as atomic force microscopes (AFM) or scanning tunneling
microscopes (STM), is required to achieve very low spatial resolutions in the typical soft-
contact setups [26-28]. However, aiming for robustness, we tried to employ probe-to-
sample distances around 100um, avoiding soft contact. To that end, a commercial laser
displacement sensor was used to track the tip-to-sample distance and thus be able to
perform permittivity measurements.

All subsystems were integrated into a compact and stand-alone housing. A LabVIEW
software and the Arduino board control the scanning process, capture the laser reading,
and perform the reflection coefficient measurement. Then, the LabVIEW software
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determines all the necessary parameters to calculate and display the dielectric mark of
the material under test.

In contrast to the work presented in Chapters 2 and 3, where circuit analysis and mode
matching were employed to model the cell's response, the cavity perturbation method
(CPM) was used in this work since the electromagnetic fields inside the sample are much
smaller than the fields in the resonator. In addition, the field distribution can be
considered a static problem in the near-field zone, and phase and retardation need not
be considered [29]. The model parameters were calculated by measuring reference
materials of known dielectric properties. Regression curves relating these parameters
with the tip-to-sample distances were determined to account for the tip-to-sample
variations during scans. The response of this probe showed a limited sensitivity to loss
factor variations; thus, only the dielectric constant values of the materials under test were
determined in this work. The dielectric characterization of materials with known
permittivity was determined to assess the capabilities of the NSMM device. This study
revealed errors below 5%.

Diverse security features detectable at different wavelengths are included to protect
official documents, such as passports or banknotes [30]. Watermarks are among the
best-known security features and are usually detected in the visible spectrum. In my
work, the use of microwave energy to detect anti-counterfeiting markers was described
for the first time by measuring the dielectric mark of banknote watermarks, which covers
the thesis's objective in this regard. In these trials, the developed NSMM was able to
trace the density changes inside the banknote watermarks. Besides, watermarks were
detected even hidden behind a dielectric or metallic layer, exploiting the penetration
depth of microwaves, opening new possibilities for developing optically opaque security
features untraceable by optical means.

In the last section of chapter 4, | analyzed the single frequency approach. This concept
was the solution considered in the earliest stages of the project due to its simplicity and
speed. However, the dielectric characterization of materials would be complex since this
technique did not retrieve the full resonance. Therefore, it is the ideal solution for sensing
and detection works. This approach may be the best solution for an application
developed to detect anti-counterfeiting markers through microwave technology, but it is
not a suitable option for permittivity characterization.

6.4 Complex permittivity maps of planar samples and its use in
petrography studies

The final aim of the thesis was to increase the functionality of the microscope to allow
measurements of complex permittivity of planar materials on a micrometric scale and
identify applications that can benefit from the use of this device. Chapter 5 presents the
last paper included in this dissertation, describing the work carried out to accomplish
these objectives. | report the improvements made to provide capabilities to measure
complex permittivity and the use of this device in the field of petrography.

The quality factor response of the probe in chapter 4 showed poor sensitivity to changes
in the dielectric losses of the materials. Thus, the probe was redesigned to increase the
sensitivity of the quality factor. The analysis of the response of the new probe exhibited
similar curves for the resonant frequency. Nevertheless, the curves of the quality factor
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revealed measurable variations reflecting changes in the loss factor of the dielectric
materials, which would allow loss factor measurements.

The cavity perturbation method employed in chapter 4 could not model the response of
the redesigned probe. Therefore, | turned to the most widely used technique to describe
the behaviour of this type of probe, a method developed by Gao and Xiang [31].
However, we found a variation of the model parameters depending on the dielectric
constant of the measured material. A combination of the classical CPM with an evolution
of the Gao and Xiang model proposed by Gregory et al. [32] was finally employed to
analyse the behavior of this probe. The performance of the NSMM with enhanced
sensitivity for permittivity characterization was addressed by a comparative analysis with
other well-established instruments validating the proposed measurement technique. The
NSMM device was now ready to perform contactless permittivity measurements of planar
materials, achieving this particular goal aimed in the thesis objectives.

The development of a stand-alone device capable of measuring the dielectric properties
of heterogeneous planar materials is a significant achievement that can be employed in
a broad range of microwave applications. In the work reported in chapter 5, | utilize these
capabilities in the field of petrography.

As in other fields of knowledge, the rock industry is paying growing attention to
microwave technology to improve its processes [33,34]. Thus, permittivity
characterization is needed to ascertain the potential of rocks to absorb microwave energy
and design the microwave applicators properly. Since rocks are heterogeneous
materials, the developed NSMM was appropriate to determine the permittivity maps of
some representative specimens of ornamental rocks in the actual state in which they are
found in the material. In this study, a traditional petrographic analysis was used to
correlate the permittivity marks with the rock's mineral composition. Then, | was able to
compare the permittivity values obtained for each mineral with the references found in
different research works, with good agreement.
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Chapter 7

Conclusions

The thesis studies a series of devices for measuring dielectric properties adapted to
different environments. The thesis work had covered some tasks for the correct
development of the SEDMICRON project. This project aimed to the use of microwave
technology to detect and authenticate markers in document security applications through
a near-field scanning microwave microscope (NSMM). Thus, the main goal of the project
and the thesis was to develop such a system and utilize it to detect markers in official
documents, such as passports or banknotes. In parallel to this objective, a great effort
was made to develop methods for the permittivity characterization of markers. This thesis
aimed to go beyond this application and adapt some of these techniques to diverse
environments and applications. The publications included in this thesis dissertation
endorse the thesis work and cover all the objectives set for the development of this
thesis. The most relevant results, developments, and advances obtained in this thesis
dissertation are summarized below.

A versatile, standalone, portable, and easy-to-use device for complex permittivity
characterization was developed.

e The device is based in a reentrant cavity with specific modifications to allow
sensitive measurements of materials placed inside a pyrex tube.

e The system includes an affordable in-house reflectometer avoiding the use of
more sophisticated and expensive vector network analyzer devices.

e The features of this design allow straightforward use by non-specialized
personnel in a wide range of fields and scientific applications.

A specific test fixture was developed to perform temperature-dependent permittivity
measurements of lossy food products.

e The coaxial cell allows sensitive measurements of lossy food products at RF
frequencies at temperatures up to 120°C.

e An uncertainty analysis exhibited the increased accuracy of the used cell
compared to other approaches employed in the literature.

e The test fixture can withstand temperatures up to 120°C.

e The analysis technique avoids the need for infinite flange assumptions and
calibration with known liquids, the typical methodology of coaxial probes.
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A Near Field Scanning Microwave Microscope at the micrometer scale was developed
and employed in different environments.

e The NSMM device included all the necessary elements for standalone and
portable performance: a near-field resonant probe; an XY positioning system; a
laser to track the tip-to-sample distance; an in-house microwave reflectometer to
generate and detect microwave signals; and a LabVIEW software to integrate all
the subsystems and perform the calculations and representations.

e The viability of microwave technology for identifying markers in anti-counterfeiting
applications was demonstrated.

e The advantages of the penetration depth of microwaves in detecting markers
hidden behind dielectric or metallic layers were exhibited.

e The single frequency approach provided high-quality images in shorter
measurement times. Thus, it is the preferable option for sensing applications.

e Permittivity maps of watermarks in banknotes were determined.

e The measurement capabilities of the developed NSMM were enhanced to allow
contactless complex permittivity measurements thanks to a near-field probe with
enhanced sensitivity and a combination of analysis techniques based on the
cavity perturbation method of resonant cavities.

e Permittivity scans of rocks were obtained to demonstrate the applicability of this
technology in the rock industry.

As described throughout this thesis dissertation, the scope of microwave sensors and
dielectric characterization techniques is enormous and continues to grow. Many
applications demand the continuous development of new microwave cells or the
adaptation of existing probes to solve new challenges. Therefore, the future lines follow
the journey started with this work, looking for new applications to use the described cells
and developing new cells and devices adapted for diverse environments. In all these
designs, we will continue to emphasize the development of portable and easy-to-use
dielectric characterization systems adapted for a non-specialist audience in the field of
dielectric characterization and microwave monitoring.

In addition, we will continue the dissemination work. First, we will submit for publication
the work performed on the creation and validation of the single reentrant coaxial probe
for broadband measurements of lossy materials inside tubes described in section 6.1. In
addition, in the light of the potential proven by the developed systems, we intend to give
a broader diffusion to those methods and their uses in congresses, new scientific
publications, and web pages.
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