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Abstract

This work focuses on water content detection both in materials and in
gases, i.e., measurements of moisture and humidity. To detect the mois-
ture, a cavity perturbation method (CPM) is introduced to extract the
relationship between permittivity and water content in material under
test (MUT), which, in this application is tobacco at a single frequency.
The obtained information is used as pre-knowledge for a mass flow sensor
design in tobacco production. The mass flow sensor is an open cylindrical
resonator that consists of two circular waveguides with different diame-
ters. An on-sight test of the mass flow sensor is performed, and the mea-
sured weights are within a 10 % discrepancy compared to the supplied
weights. For the humidity measurement, a material named polyvinyl
alcohol (PVA) is employed as a sensitive layer. The PVA film involves
two mechanisms for humidity sensing, which are variations of electrical
loading and mechanical loading with relative humidity (RH). To apply
the electrical loading property, the PVA film is characterized by an inter-
digital capacitor (IDC) in a wide frequency range at different RHs, and
the results are used to create a comprehensive model of the PVA film for
computer simulation tools to predict the performance of the sensor. A
wireless humidity sensor is designed to verify the PVA film model, and a
good agreement between the simulation and measurement results proves
the accuracy of the model. To utilize the mechanical loading property,
the PVA film is loaded on surface acoustic wave (SAW) resonators. A
wet chemical method of patterning the PVA film is found, and the influ-
ence of the PVA film thickness is investigated. With different patterns
and thicknesses of the PVA film, humidity sensors can achieve various
performances in terms of operation range, sensitivity, and quality fac-
tor. To apply both, electrical and mechanical loading properties of the
PVA film for humidity sensing at the same time, a novel dual-load SAW
resonator is introduced by using additional IDCs as reflectors with the
PVA film loaded on top. The humidity sensor based on this novel hy-
brid structure extends its operating range, and shows better sensitivity
and quality factor with different sensing mechanisms within certain RH
ranges. A figure of merit (FoM) is defined to evaluate the sensitivity and
quality factor of the sensor at the same time, and the sensing mechanism
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with better FoM can be selected for humidity sensing in a defined RH
range.
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Kurzfassung

Die Bestimmung des Wassergehaltes in einem flüssigen oder festen Medi-
um sowie des Feuchtigkeitsgehaltes in einem gasförmigen Medium ist eine
zentrale Aufgabe in vielen industriellen Prozessen. Die Verarbeitung von
Materialien erfolgt häufig bei einer fest vorgeschriebenen Prozessfeuch-
te um die Qualität des Materials nicht zu beeinflussen oder aber eine
bestimmte Reaktion kann nur unter einem fest vorgegebenen Feuchtig-
keitsgehalt der Umgebungsluft ablaufen In dieser Arbeit werden Metho-
den zur Erkennung des Wasser- bzw. Feuchtegehaltes in festen sowie
gasförmigen Medien untersucht und darauf basierend Sensoren zur Mes-
sung dieser entwickelt. Der erste Teil der Arbeit beschäftigt sich mit der
Eignung, sowie der Dimensionierung eines mikrowellenbasierten Sensors
für die Tabakindustrie. Für einen Nachweis der Feuchtigkeit im Roh-
tabak wurde das Störkörper- Messverfahren angewendet, um die Bezie-
hung zwischen der Permittivität und dem Wassergehalt des Messgutes
bei der Arbeitsfrequenz zu extrahieren. Basierend auf der erhaltenen
Information wurde ein Sensor zur Bestimmung des Massenstromes in
der Tabakproduktion entwickelt. Der Massenstromsensor besteht aus ei-
nem offenen zylindrischen Resonator, der aus zwei kreisförmigen Hohl-
leitern mit unterschiedlichen Durchmessern besteht. Im Versuchsstand
der Riedel Filtertechnik GmbH konnte anhand realitätsnaher Tests des
Massenstromsensors Abweichungen von weniger als 10 % im Vergleich
zum Istwert erreicht werden. Der zweite Teil der Arbeit untersucht die
Messung der Luftfeuchtigkeit. Als sensitives Material wurde Polyvinyl-
alkohol (PVA) ausgewählt, da PVA zwei Mechanismen für die Messung
der Feuchtigkeit, die Änderung der elektrischen Beladung und der me-
chanischen Beladung eines SAW Resonators in Abhängigkeit der Feuch-
tigkeit besitzt. Die Änderung der dielektrischen Eigenschaften als Funk-
tion der Luftfeuchtigkeit des PVA-Films wird mit einem Interdigital-
kondensator (IDC) in einem breiten Frequenzband bei verschiedenen
relativen Luftfeuchtigkeiten (RHs) gemessen. Mit Hilfe der Ergebnisse
konnte ein umfassendes Modell des PVA-Films für die Computersimula-
tion zur Vorhersage der Eigenschaften von Sensoren erstellt werden. Ein
drahtloser Feuchtigkeitsensor wurde entworfen, um das Modell für den
PVA-Film zu verifizieren. Die Genauigkeit des Modells wird durch eine
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gute Übereinstimmung zwischen der Simulation und den Messergebnis-
sen bestätigt. Um die Änderung der mechanischen Beladung zu nutzen,
wurde der PVA-Film auf Resonatoren der akustischen Oberflächenwellen
(SAW) geladen. Ein nass-chemisches Verfahren für die Strukturierung
des PVA-Films wurde entwickelt und der Einfluss der Lagendicke des
PVA-Films untersucht. Mit verschiedenen Strukturen und Lagendicken
des PVA-Films ist es möglich, Feuchtigkeitssensoren für verschiedene
Betriebsbereiche, Empfindlichkeiten und Qualitätsfaktoren zu erzielen.
Um beide Eigenschaften von PVA, die elektrischen Beladung und me-
chanicshen Beladung gleichzeitig anwenden zu können, wurde ein neuer
SAW-Resonator entwickelt, der IDCs als Kapazitäten und gleichzeitig als
Reflektoren besitzt. Der Feuchtigkeitssensor erweitert damit seinen Be-
triebsbereich und zeigt eine bessere Empfindlichkeit und Qualitätsfaktor
in einen bestimmten RH-Bereich. Es wurde ein Qualitätsfaktor (FoM)
definiert, der gleichzeitig die Empfindlichkeiten und die Gütefaktoren des
Sensors auswertet. Die Messungsmechanismen mit besseren FoM können
dann für die RH-Messung in einem definierten RH-Bereich ausgewählt
werden.
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Acronyms

COM coupling of modes

CPM cavity perturbation method

CPW coplanar waveguide

EMW electromagnetic wave

FEM finite element method

FoM figure of merit

GUI graphical user interface

IDC interdigital capacitor

IDT interdigital transducer

ISM industrial scientific and medical

LiNbO3 Lithium Niobate

LiTaO3 Lithium Tantalate

MIF metal ion free

MSE mean square error

MUT material under test

PTFE polytetrafluoroethylene

PVA polyvinyl alcohol

RCS radar cross section

RH relative humidity

SAW surface acoustic wave

SG signal ground

TE transverse electric

TEM transverse electromagnetic

TM transverse magnetic

UV ultraviolet

VNA vector network analyzer
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Chapter 1

Introduction

“If there is magic on the planet, it is contained in the water.”
–Loren Eisley

Water content influences many aspects of both our daily lives, and in-
dustrial and agricultural activities. Our comfort and well-being depend
on the humidity of the living environment. If humidity is too low, people
feel the dryness and easily get sick; if the humidity is too high, people
feel more heat than the actual temperature shows. In this case, mon-
itoring the humidity can help people tailor the environment for their
comfort. From an industry standpoint, the requirement for controlling
the humidity is extremely strict. Some equipments can only be oper-
ated in a humidity-controlled environment such as electrostatic sensitive
components or high voltage equipments. In the pharmaceutical indus-
try, production under a precisely controlled humidity environment is the
key to guaranteeing quality. In agriculture, the storage of farm products
requires that moisture is being properly monitored. For instance, if the
moisture content is too high, farm products will rot or grow mold; on the
other hand, if the products are too dry, they could disintegrate during
transportation. To have comfortable living conditions and avoid damage
and danger in the production processes, the demands for accurate, low
cost and reliable sensors for moisture and humidity detection have in-
creased dramatically [1–5]. Therefore, this work focuses on detecting the
water content in solid materials using material characterization methods
and the water vapor in gases by employing a functional layer for sensors
design.

The water content in solid materials can be related to its dielectric prop-
erties, which are easily obtained through the measurements conducted by
vector network analyzers (VNAs). There are several methods to charac-
terize the permittivity of dielectric material at microwaves. In general,
these are categorized as resonant methods and non-resonant methods.
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Chapter 1 Introduction

The resonant methods are based on the resonance phenomena, e.g., mi-
crowave resonance in coaxial resonators, while the non-resonant methods
are based on propagation, e.g., the microwave propagation in transmis-
sion lines [6]. Resonant methods are typically used to achieve accurate
results of the material electrical properties at a single frequency, e.g.,
the cavity perturbation method (CPM) [7]. The complex permittivity of
dielectric materials is calculated from the resonant frequency and quality
factor of the resonators or from the changes of both. Non-resonant meth-
ods are used for material characterization over a wide frequency range,
e.g., coaxial transmission method [8], which obtain dielectric information
within a broadband.

To detect water vapor in gases, humidity sensitive materials play very
important roles. Considerable efforts have been taken in the investi-
gation of hygroscopic materials for humidity sensing, including mate-
rials such as polyethynylfluorenol [9], polyvinyl alcohol (PVA) [10, 11],
pyrrolidone [12], poly and sodium polysulfonesulfonate [13], cellulose ac-
etate [14], PolyXIO [15] and customized polyimides [16]. Among all of
these materials, PVA has gained recognition as a promising material
for relative humidity (RH) sensing due to its strong sensitivity, ease of
process and low price. When PVA film is exposed to humid gas, it ab-
sorbs or desorbs water molecules in the humid gas based on the humidity
level. The PVA film exhibits two main mechanisms for RH sensing ap-
plication, namely the change of electrical loading and mechanical loading
with different levels of humidity. The applications of electrical loading,
i.e., the permittivity changes with varing humidity, have attracted great
interest. The first work, which strictly uses the electrical loading of the
PVA film, was reported in 2013 [17], in which the PVA film was applied
to a stepped impedance resonator and electric field coupled inductor
capacitor resonator for RH sensing application. Wireless chipless RH
sensing applications with PVA film were later reported in [18, 19]. RH
sensor performances, e.g., the operation frequency and the bandwidth,
are unable to be evaluated through simulations before implementing and
measuring the sensors due to the lack of an accurate model for the PVA
film. An effort was made to characterize dielectric properties of PVA film
at different RHs with the results later proven through simulations [20].
However, only the real part of permittivity was extracted, and the PVA
model for simulation was provided only for discrete characterized RH
values. Moreover, humidity sensors only measure at limited RHs, re-
gardless of the sensing principles [21]. The responses at the rest of these
RH values either remain unknown or are interpolated using a first or sec-
ond order polynomial curve based on the measured points [9,11,13]. The
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mechanical loading property of PVA film considers the mass loading and
the viscoelastic effect. At microwaves, the mechanical loading is applied
mainly to surface acoustic wave (SAW) devices, e.g., the SAW resonators
and delay lines [10,11]. With the mass loading and the viscoelastic effect
of the PVA film changing with different RHs, the SAW velocity varies,
which is measured through the resonant frequency or time delay. In op-
tics the viscoelastic effect of the mechanical loading can also be apply to
optical fibers for RH sensing [22,23].

The main purpose of this work is to create accurate methods to obtain
electrical information of materials to investigate the influence of different
patterns and thicknesses of humidity sensitive films, and based on that,
to apply novel structures to facilitate sensor design at microwave fre-
quencies, in particular for wireless and non-intrusive sensing application.
The novelties in this thesis can be summarized as follows:

• a method to measure moisture content in solid materials, using a
resonant material characterization method at a single frequency,

• a comprehensive model created from broadband characterization
results of PVA film to enable the prediction of the humidity sensor
performances by using computer simulation tools,

• a wet chemical method of patterning PVA film and an investiga-
tion of the influence of PVA film thickness to facilitate the SAW
resonator-based humidity sensor design with different performances,

• a dual-load humidity sensor based on a hybrid structure of an SAW
resonator and interdigital capacitors (IDCs) as reflectors to apply
both, the electrical loading and mechanical loading humidity sens-
ing mechanisms of the PVA film at the same time.

In chapter 2, precise definitions of the term moisture and humidity are
given. The three most common types of moisture and humidity sensors,
i.e., capacitive, inductive, and mechanical loading types are introduced,
and the sensing principles of each sensor type are explained. The sens-
ing principles in this work are categorized as capacitive and mechanical
loading.

In chapter 3, the cavity perturbation method is employed for the charac-
terization of the moisture content of tobacco, using a rectangular waveg-
uide resonator. A linear increased tendency between the mass of mois-
ture content and the absolute complex permittivity and loss tangent are
found. The dielectric information of the tobacco is used to design a
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Chapter 1 Introduction

mass flow sensor which is an open resonator, consisting of two circular
waveguides with different diameters.

In chapter 4, a PVA film is chosen as the sensitive layer for humidity
sensing. An in-depth and thorough discussion of using the electrical
loading property of PVA film for sensing applications will be given in
this chapter. A broadband characterization of PVA film at different
RHs is performed, and the complex permittivity is extracted at different
RHs. A comprehensive model is created from the characterization re-
sults, which can be applied to computer simulation tools to predict the
sensor performances. Based on this, a chipless, wireless humidity sensor
is designed by using a PVA film. A good agreement between the simula-
tion and measurement results of the wireless sensor proves the accuracy
of the PVA model.

In chapter 5, methods of analyzing and designing SAW devices are intro-
duced. SAW resonators are employed for humidity sensors design using
the mechanical loading property of the PVA film. A wet chemical method
of patterning PVA film is proposed, and the influence of the PVA film
thickness is investigated. Different sensor performances can be achieved
with various PVA film patterns and thicknesses.

In chapter 6, a novel hybrid structure of a one-port SAW resonator is
designed combined with IDCs used as the reflectors. Based on this struc-
ture, a dual-load humidity sensor is designed, which employs both, the
electrical and mechanical loading of the PVA at the same time for hu-
midity sensing applications. A figure of merit (FoM) is defined in this
chapter to simultaneously evaluate the sensitivity and quality factor of
the sensor. By comparing the FoM of the two sensing mechanisms, the
better one is used for humidity sensing in a defined RH range.
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Chapter 2

Fundamentals of Moisture and Humidity
Sensing

The term “moisture” generally refers to the water content of any mate-
rial. Practically speaking, however, moisture is only applied to liquids
and solids. For the water vapor content in gases, the term “humidity” is
rather used. The most commonly used definitions for water content are
moisture, absolute humidity, and relative humidity, which are introduced
in the following [24]:

Moisture- the amount of water contained in a liquid or solid by absorp-
tion or adsorption, which can be removed without altering its chemical
properties.

Absolute humidity- the mass of water vapor per unit volume of wet gas,
which is the density of the water vapor in a wet gas.

Relative humidity (RH)- the ratio of the actual vapor pressure of the
air at any temperature to the maximum saturation vapor pressure at
the same temperature. It is usually expressed as a percentage in the
following:

RH = 100
Pw
Ps

, (2.1)

where Pw is the partial pressure of water vapor, and Ps is the saturated
water pressure at a given temperature.

To detect moisture or humidity, the effects that relate to the concentra-
tion of water molecules are applied. Three types of sensors are introduced
in this chapter, which include capacitive, inductive, and mechanical load-
ing. Capacitive sensors detect moisture or humidity by measuring the
capacitance change as a result of the change of the permittivity of MUT
under different moisture or humidity conditions. The conductive type of
sensors reveals that the moisture or humidity changes the conductance
of the MUT. Through resistance measurements, the conductance can be
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Chapter 2 Fundamentals of Moisture and Humidity Sensing

detected, which carries the information of the moisture or humidity. Me-
chanical loading type of sensors detect the moisture or humidity through
the change of mass loading or viscoelasticity of sensitive materials, which
alter their own respective mechanical properties under different moisture
or humidity levels.

2.1 Capacitive Sensors

Permittivity and permeability are two very important parameters used
to define the electromagnetic properties of a material. Permittivity de-
scribes the interaction of a material with the electric fields applied to it.
Permeability denotes the interaction of a material with magnetic fields
applied to it. Electric and magnetic fields interact with the material
in two different ways: energy storage and energy dissipation. Energy
storage describes the lossless portion of the exchange of energy between
the fields and the materials, whereas energy dissipation occurs when the
material obsorbs electromagnetic energy. Both permittivity and perme-
ability are expressed as complex numbers to describe the storage, i.e.,
the real part, and the dissipation, i.e., the imaginary part [6]. The math-
ematical expression of permittivity and permeability is written as:

ε = ε′ − jε′′, (2.2)

µ = µ′ − jµ′′. (2.3)

However, only permittivity is considered in the capacitive sensors, since
the capacitance is dependent on the permittivity. For example, the ca-
pacitance of parallel plates can be calculated as

C = ε
A

d
, (2.4)

where A is the area of overlap for the two plates, and d is the distance
of the separation between the two plates.

The permittivity of a material is dependent on different physical phe-
nomena, such as ionic conduction, dipolar relaxation, atomic polariza-
tion, and electronic polarization, which play the most important role in
the permittivity of a dielectric material. The variation of permittivity in
the microwave range, which is interested in this work, is mainly caused
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2.1 Capacitive Sensors

by the dipolar relaxation of water molecules [6]. Different types of polar-
ization of a material at microwave range can be described by the Debye
theory, in which the complex permittivity can be calculated as [25],

ε− ε∞ =
ε0 − ε∞
1 + jωτ0

, (2.5)

where ε∞ is the infinite frequency relative permittivity, ε0 is the static
relative permittivity, τ0 is a generalized relaxation time, and ω is the
angular frequency, i.e., ω = 2πf . By applying Eq. 2.5, the dielectric
relaxation of de-ionized water can be calculated as in Fig. 2.1.
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Figure 2.1: Dielectric relaxation of deionized water at 25◦C.

It has been revealed that the real part of permittivity decreases with
frequency. When the frequency is zero, the real part of permittivity is
78.8. When the frequency is infinite, the real part of permittivity is
5.6. The imaginary part of the permittivity first increases, reaching its
the maximum value at 19.16 GHz, then decreases. The information of
the water permittivity is useful for capacitive humidity sensors design.
Based on the permittivity of dry MUT or sensitive layers, which both ab-
sorb and adsorb water molecules, the operation frequency of the sensors
can be designed. The difference between the permittivity of the water,
and MUT or sensitive layers determines whether the sensitivity of the
sensor is large enough to fulfill the requirement of the design, while not
introducing too much losses.
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Chapter 2 Fundamentals of Moisture and Humidity Sensing

2.2 Conductive Sensors

For conductive sensors, the moisture or humidity is detected by measur-
ing the conductance. The working principle of the conductive humidity
sensors is illustrated in Fig. 2.2.

Substrate

Hygroscopic conductive layer
Cross view

Top view

Figure 2.2: Cross and top view of a conductive humidity sensor.

The sensor is usually fabricated on a single side ceramic substrate, such
as alumina with electrodes on top. The humidity sensitive material is
loaded on top of the electrodes, which provides a large contact area
for water molecules in the environment. The sensitive material used
for the conductive sensors has the property of changing resistivity under
different humidity conditions. When the sensitive layer adsorbs the water
molecules, the resistivity between the electrodes changes, which can be
measured by an electronic circuit.

2.3 Mechanical Loading Sensors

The mechanical loading type sensors utilize the special property of the
materials that change the physical behavior such as mechanical wave
velocity, with mechanical loading on top. One important application
involves piezoelectric materials for humidity sensing. The piezoelectric
material can generate acoustic wave when electromagnetic energy is cou-
pled into the material. The velocity of the acoustic wave changes with
mechanical loading on top of the piezoelectric substrate. By using this
property, mechanical loading type sensors can be designed. The water
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2.3 Mechanical Loading Sensors

vapor can either be directly deposited onto the piezoelectric material, or
a humidity sensitive film can be applied to the piezoelectric substrate to
either absorb or adsorb the water vapor. A SAW resonator and a delay
line based humidity sensors loaded with sensitive films are introduced
here in Fig. 2.3.

Piezoelectric substrate

Sensitive layer
Cross view

Top view

IDT ReflectorReflector

(a) Humidity sensor based on SAW resonator.

IDT
Sensitive

layer
IDT

(b) Humidity sensor based on SAW delay line.

Figure 2.3: Mechanical loading type of humidity sensors based on a SAW
resonator and a delay line.

Fig. 2.3a shows the SAW resonator based humidity sensor. The humidity
sensitive layer is loaded on top of the structure. When the sensitive layer
absorbs or adsorbs the water molecule based on the ambient humidity
level, the mechanical loading of the layer changes and results in the
change of the acoustic wave velocity. The frequency f is relative to the
phase velocity (v), with a simple equation:

v = λf. (2.6)
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Chapter 2 Fundamentals of Moisture and Humidity Sensing

By measuring the change of the frequency of the resonator, the humidity
level can be detected.

Fig. 2.3b presents the SAW delay line based humidity sensor. The humid-
ity sensitive layer is loaded between two interdigital transducers (IDTs),
between which the acoustic wave travels. When the mechanical loading
of the sensitive layer changes, the phase of the transmission parameter
varies depending on the humidity level. A reference channel is some-
times necessary to suppress the temperature variation. The application
details of the capacitive and mechanical loading type of sensors are given
in later chapters.
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Chapter 3

Characterization of Moisture in Tobacco

Material characterization of dielectric or magnetic materials can be per-
formed through both, non-resonant and resonant methods. The latter
usually have the advantages of higher accuracies and sensitivity com-
pared to non-resonant methods, becoming more suitable for low-loss
sample measurements [6]. Hence, a resonant method, i.e., the cavity per-
turbation method is used at a single frequency for the characterization of
moisture in tobacco with low losses. In this chapter, 6 different brands of
cigarettes and a Tobacco Substitution are characterized using the cavity
perturbation method [7] at 1.5 GHz to extract the complex permittivity
of the materials. A density-independent relationship of moisture content
and complex permittivity is found through the analysis of the character-
ization results. The dielectric information of tobacco, which contains up
to 11 % of moisture, is used for a mass flow sensor design. The sensor
is made of an open cylindrical resonator that consists of two circular
waveguides with various diameters. An on-sight test of the sensor is
performed, where all of the measurements show a discrepancy within
10 % between the supplied and measured weights, which is sufficient in
practical measurements.

3.1 Cavity Perturbation Method

The cavity perturbation method is widely used to characterize the elec-
trical or magnetic behavior of materials, i.e. the complex permittivity.
As the name of the method suggests, the material under investigation
is inserted into a resonant cavity. There are two restrictions of the in-
serted material that must be fulfilled to satisfy the approximation of the
permittivity calculation formulations. The sample must be very small
compared to the resonant cavity structure, ensuring that the field doesn’t
change and that the insertion of the material sample only causes a small
frequency shift compared to the resonant frequency of the empty cavity.
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Chapter 3 Characterization of Moisture in Tobacco

The material sample must be small, i.e., 1/10 or smaller compared to the
wavelength in the cavity, or the unperturbed fields in the sample region
must be uniform, due to the assumption that the fields in the sample
are the solution of static problems [26]. If these restricted conditions are
carried out, it can be concluded that the actual fields in a cavity with
a perturbation sample are not greatly different from those in the unper-
turbed cavity. Accounting for other details is unnecessary, since these
details are the same for the cavity with and without the sample and can
be canceled out in the permittivity calculation equations.

Normally the material in the resonant cavity is characterized by a VNA,
where the resonant frequency and quality factor can be measured and
calculated from the scattering parameters. As is well known, the angular
frequency ω is defined as ω = 2πf , with f representing the ordinary
frequency measured in Hz. When considering the dielectric loss of the
material sample in the cavity, metallic loss of the cavity wall, and the
coupling loss, a much easier expression is defined as a complex angular
frequency [26]:

ω′ = ω′r + jω′i = ω(1 +
j

2QL
), (3.1)

where QL is the loaded quality factor which calculates all of the men-
tioned losses.

The resonant frequencies and loaded quality factors of an empty reso-
nant cavity and the cavity with an inserted sample material need to be
measured. Through Eq. 3.1, the complex resonance frequencies of the
empty cavity ω′1 and the perturbed cavity with the sample material ω′2
can be calculated. The difference between ω′1 and ω′2 normalized by ω′2
is approximately expressed as [26]

δω′

ω′
≈ (

fr2 − fr1
fr2

) + j(
1

2QL2
− 1

2QL1
), (3.2)

where fr2 and fr1 are the ordinary frequencies, QL2 and QL1 are the
loaded quality factors with and without the material sample. Through
Eq. 3.2, the measured quantities f and QL are connected to a theoretical
expression of δω′/ω′.

The Maxwell’s equation in a lossless resonant cavity can be expressed
as [27]

∇× Ē = −jωµH̄, (3.3)

∇× H̄ = jωεĒ. (3.4)
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3.1 Cavity Perturbation Method

The electrical and magnetic field in the unperturbed cavity are noted as
Ē1 and H̄1, and after inserting the material sample the electrical and
magnetic field in the cavity are Ē2 and H̄2. By applying suitable dot
product to Eq. 3.3 and Eq. 3.4, under the condition of an empty cavity
and perturbed cavity through the subtraction of the modified equations
and integrating over the cavity volume, the following equation can be
obtained [26]∫
Vcav

(ω′1ε1Ē1·Ē2−ω′1µ1H̄1·H̄2)dV =

∫
Vcav

(ω′2ε2Ē1·Ē2−ω′2µ2H̄1·H̄2)dV.

(3.5)
where ω′1 and ω′2 are complex angular frequencies of the resonant cavity
with and without the material sample.

In order to calculate Eq. 3.2 with the electrical and magnetic field in the
cavity, Eq. 3.5 is subtracted from

∫
Vcav

(ω′2ε1Ē1 · Ē2 − ω′2µ1H̄1 · H̄2)dV ,

and the normalized frequency difference can be calculated as [26]

ω′2 − ω′1
ω′2

=

∫
Vcav

[
(µ2 − µ1)H̄1 · H̄2 − (ε2 − ε1)Ē1 · Ē2

]
dV∫

Vcav
(ε1Ē1 · Ē2 − µ1H̄1 · H̄2)dV

. (3.6)

Since the material sample used for the perturbation is assumed to be
non-magnetic, the permeability in the empty cavity is equal to the per-
meability in the perturbed cavity with the same value as the permeability
in the vacuum µ1 = µ2 = µ0. Following that, the first part of the nu-
merator in the integral on the right side of Eq. 3.6 is zero. When the
cavity is empty, the permittivity is equal to the permittivity of vacuum
ε1 = ε0. After the sample is inserted in the cavity, the fields outside the
perturbation area are considered not changing due to the assumption of
the small size of the perturbed sample, i.e., ε2 = ε1. The second part on
the right side of Eq. 3.6 is integrated over the sample area Vsmp rather
than the cavity area Vcav. Another assumption is made based on the
small sample size, Ē1 = Ē2 and H̄1 = H̄2 in the denominator of Eq. 3.6.
Although a small error is introduced in the sample area, it is negligible.

The denominator in Eq. 3.6 is the integral of
∣∣Ē1

∣∣2. Under all of these
conditions, Eq. 3.6 is simplified as [26]

ω′2 − ω′1
ω′2

=
−(ε2 − ε0)

∫
Vsmp

Ē1 · Ē2dV

2ε0
∫
Vcav

∣∣Ē1

∣∣2 dV =
−(εr2 − 1)

2

∫
Vsmp

Ē1 · Ē2dV∫
Vcav

∣∣Ē1

∣∣2 dV ,

(3.7)
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Chapter 3 Characterization of Moisture in Tobacco

where εr2 is the complex relative permittivity of the perturbed sample
needed to be characterized. Equation 3.7 connects the theoretical ex-
pression of δω′/ω′ to the electrical field, volume of the cavity and the
sample and the relative complex permittivity of the material sample.

Based on the discourse proven above, a theoretical expression of δω′/ω′ is
the bridge connecting the measurement results and the electrical field in
the cavity together. By substituting δω′/ω′ in Eq. 3.2 with the expression
in Eq. 3.7, the complex relative permittivity can be calculated as [26]

εr2 = 1 +

[
2(
fr1 − fr2
fr2

)− j( 1

QL2
− 1

QL1
)

]
/

∫
Vsmp

Ē1 · Ē2dV∫
Vcav

∣∣Ē1

∣∣2 dV , (3.8)

where the electrical field in the empty cavity Ē1 is presumed to be known,
and the field after the perturbation of the sample material Ē2 is unknown
and dictated by the cavity and sample shape.

3.2 Characterization of Tobacco

Tobacco production is one of the leading industrial branches worldwide.
Due to high quality demands, the fabrication process of cigarettes is of
great interest [28]. The moisture content of tobacco is a very important
factor in cigarette production, which needs to be controlled to a certain
extent. For instance, if the moisture content is too high, tobacco becomes
a nutrient medium for molds and reduces the quality. Moreover, if it is
too dry, tobacco becomes hard and brittle and will end up as powder
under slight stress. The most used techniques for moisture measurements
are oven techniques, which measure the mass of the sample before and
after drying in the oven. The moisture content M in this specific case is
calculated as

M =
mw

mw +md
, (3.9)

where mw is the mass of water content, and md is the mass of dry ma-
terial [29]. If the volume of the material is known, the moisture content
in Eq. 3.9 can be calculated as

M =
mw/V

(mw/V ) + (md/V )
=

k

k + g
=
k

ρ
, (3.10)

where V is the given volume of the MUT, and k, g and ρ are the den-
sity of the water, dry material and moist material, respectively [29].
Equation. 3.10 demonstrates that the moisture content depends on the
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3.2 Characterization of Tobacco

density of the water content and the moist material. However, the oven
techniques suffer from the long time measurement duration and the lack
of real time measurement ability. If Eq. 3.10 is applied for the mois-
ture calculation, the changes and fluctuations in the amount of MUT
cause similar responses to the changes of moisture content [29]. Due to
the shape of the material, e.g., tobacco or grain, the measurement error
is unavoidable. Therefore, a density independent expression, i.e., the
relationship between the electrical property of the MUT and the mois-
ture content, becomes a more suitable and reliable solution. There are
many methods for a density independent moisture measurement, includ-
ing measurement by using an open dielectric resonator pair, frequency
swept transmission, and a microwave free space technique [30]. Many
density independent expressions have been derived, e.g., the moisture
content of wheat [29,31].

In order to obtain the density independent expression of the moisture
content in tobacco, a resonant cavity is built to investigate the complex
permittivity of different cigarette blends at a single frequency, which is
the operation frequency of the mass flow sensor using the introduced
CPM. The results are related to the tobacco’s moisture content, mea-
sured by a commercial moisture analyzer, and a linear expression between
the moisture content and the permittivity of the tobacco is observed.

3.2.1 Measurements of Moisture Content and Weight

The moisture content of 6 different cigarette brands with various tobacco
qualities and fabrication techniques from the world’s biggest cigarette
suppliers, and a Tobacco Substitution, which is the unblended tobacco
without any taste, are analyzed. The tobaccos used for the measure-
ments are extracted from processed cigarettes. To measure the moisture
content, 2.5 g tobacco is extracted from the cigarettes of each brand. The
Kern MRS Moisture Analyzer with a precision of less than 0.05 % of the
relative moisture content is used to measure the moisture content of the
tobacco from each brand, and the results are shown in Fig. 3.1. A large
change in moisture content from 9.76 % to 12.22 % is found among differ-
ent brands. The measured tobacco with the highest moisture content is
the Tobacco Substitution, and the one with the lowest moisture content
is Camel. The measurement results coordinate with the usual moisture
content of tobacco in the range of 10 % to 14 % [32–34].

The weight measurements are carried out by a scale with a resolution
of 0.1 mg. For the weight measurements, the filters of the cigarettes
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Figure 3.1: Moisture content measurement results of 6 brands of tobacco
and a Tobacco Substitution.
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Figure 3.2: Effective mass measurement results of 6 brands of tobacco
and a Tobacco Substitution.

are removed, and the measurement results are normalized to the height
of a sample holder which is used to carry the tobacco to the cavity
resonator for the permittivity characterization. The normalized weight
of the tobacco samples is then averaged and defined as effective mass
shown in Fig. 3.2. The results vary from 514.4 mg to 754.2 mg, indicating
that the density of the cigarette brands is different. The effective mass
of most brands is around 600 mg. The heaviest brand is American Spirit
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Position 1 2

PTFE-
Sample Holder

Coupling Loop

(a) (b)

Figure 3.3: Resonant cavity for complex permittivity and loss tangent
measurements at 1.5 GHz and 2 GHz.

with a value of 754.2 mg, and the lightest is Phillip Morris which weights
514.4 mg.

3.2.2 Detection of Permittivity and Loss Tangent

After measuring the weight and the moisture content of the tobacco,
a rectangular waveguide resonator is built for the permittivity and loss
tangent characterization as shown in Fig. 3.3.

The resonant cavity is made of brass with the shape of a German stan-
dard R22 rectangular waveguide (British standard WG 8) shorted in
both ends. It is 110 mm wide, 55 mm high, and 210 mm long. Two holes
are created on the top face of the cavity to place the sample, which are
labeled as position 1 and 2. The extracted tobacco is carried by a cylin-
drical polytetrafluoroethylene (PTFE) sample holder into the resonant
cavity through one of the holes in Fig 3.3a. The sample holder has an
outer diameter of 10 mm, an inner diameter of 8 mm, and a permittivity
of 2.05. The electromagnetic wave is coupled into the cavity by two small
loops, which join in the middle of the two opposite side faces as shown
in Fig. 3.3b. The cavity is designed to work at 2 different modes, and
the field distribution of each mode is shown in Fig. 3.4.

The picture in the top left corner in Fig. 3.4 shows the side view of the
electric field of H101 mode. The length of the cavity equals to half of the
wavelength at 1.526 GHz. The picture in the bottom left corner shows
the top view of the magnetic field of H101 mode working at 1.526 GHz.
The two pictures in the right half of Fig. 3.4 are the side and top views of
the electric and magnetic fields of H102 mode at 1.965 GHz, which show
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Figure 3.4: Field distribution of two resonant modes: H101 mode at
1.526 GHz and H102 mode at 1.965 GHz with electric field
shown in the side view and magnetic field shown in the top
view of the rectangular resonant cavity.

that the length of the cavity equals to the wavelength at 1.965 GHz. The
rectangular structures with dash lines cutting through the middle repre-
sent the dielectric rods, which need to be characterized. The positions
of the dielectric sample in the cavity are shown in Fig. 3.3, with position
1 representing the H101 mode and position 2 the H102 mode application.
In this work, the H101 mode is used to measure the permittivity and loss
tangent of the tobacco at 1.526 GHz.

Compared to the cavity and wavelength, the samples are created to be
very small, so that the unperturbed field in the sample region is almost
uniform. These restricted conditions are well satisfied in order to use
the cavity perturbation method. The electric field in the upper half of
Fig. 3.4 is tangential all the way to the surface of the sample due to the
cylindrical shape of the sample holder. Since the electric field continues
over the boundary, the electric field in the dielectric sample Ē2 and the
electric field outside near the sample Ē1 express as

Ē2 = Ē1. (3.11)

Substituting Eq. 3.11 into Eq. 3.8, the complex relative permittivity of
the material sample can be calculated with the measurement results and
dimension of the sample holder and cavity, which is

εr2 = ε′r2 − jε′′r2 = 1 +

[
2(
fr1 − fr2
fr2

)− j( 1

QL2
− 1

QL1
)

]
Vcav
Vsmp

, (3.12)

where fr1 and QL1 are the resonant frequency and loaded quality factor
of empty cavity, fr2 and QL2 are the resonant frequency and loaded
quality factor of the perturbed cavity with tobacco sample. Vsmp is the
volume of the cylindrical sample holder, and Vcav is the volume of the
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Figure 3.5: Absolute complex permittivity of different cigarette brands.

rectangular cavity. ε′r2 and ε′′r2 are the real and imaginary parts of the
complex relative permittivity. The loss tangent of the material sample
is calculated as

tanδ =
ε′′r2
ε′r2

. (3.13)

For each brand of cigarette, up to 8 samples are measured. After calcu-
lating with Eq. 3.12, a result of absolute complex relative permittivity
is shown in Fig. 3.5. Different brands have various absolute permittiv-
ity, and the values vary from 1.375 to 1.625. The brand of American
Spirit achieves the highest value, while the permittivity of Phillip Morris
is the lowest. The absolute complex permittivity of the Tobacco Sub-
stitution has the value of 1.48, which can be used as test material for
the microwave mass flow sensor design due to the fact that most of the
cigarette brands have an effective permittivity between 1.4 and 1.5.

The loss tangent of the tobacco of each cigarette brand is calculated
through Eq. 3.13 with the characterization results shown in Fig. 3.6. In
general the loss of the tobacco measures from 0.0435 to 0.0798. American
Spirit has the highest loss among all of the brands, while Camel and
Phillip Morris both yield a relatively low loss. Most of the tobacco bands
have loss tangent between 0.065 and 0.08, which can be substituted by
the Tobacco Substitution with a value of 0.067 in a sensor design. From
both Fig. 3.5 and Fig. 3.6, it can be seen that the changes of the dielectric
property of each measured sample are very small, measuring within 5 %.
The brands with the higher absolute permittivity tend to have higher a
loss tangent.
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Figure 3.6: Loss tangent of different cigarette brands.

3.2.3 Density Independent Result

The moisture contents of all of the cigarettes brands measured in this
work are between 9.76 % and 12.22 %, which is typical for tobacco pro-
duction. The mass of the water content in different brands of cigarettes
can be obtained from the measurement results shown in Fig. 3.1 and
Fig. 3.2. The calculated complex permittivity of 6 brands of cigarettes
and the Tobacco Substitution are related to the mass of the water con-
tent, and the results of the absolute relative permittivity and loss tangent
are shown in Fig. 3.7. Both of the absolute relative permittivity and the
loss tangent versus the absolute moisture show a linear behavior. The re-
sult exhibits that the difference of the absolute relative permittivity and
the loss tangent of each brand of tobacco are dominated by the mass of
water content.

3.3 Mass Flow Sensor Application

There are many principles which have been used to detect the mass flow,
e.g., mechanical methods, electrostatic methods, microwave methods,
acoustic methods and optical methods [35, 36]. The mass flow sensors
using microwave methods have the advantage of non-intrusive measure-
ment, as well as straightforward and efficient installation. These simply
require transceivers to measure the moving particles, with concentra-
tion of solids determined by an injecting and back-scattered signal [37].
The velocity measurement of solids, however, is not possible due to poor
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Figure 3.7: Relationship between the electric properties and mass of wa-
ter content of 6 brands of cigarettes and Tobacco Substitu-
tion.

transceiver signals. Another method is based on spatial filtering ve-
locimetry for mass flow detection of particulate solids, which can perform
both material concentration and velocity measurement [38]. This type
of sensor has been well researched in [39], the idea currently being used
as inspiration for the design of tobacco mass flow sensor.

3.3.1 Sensor Structure

When a material is inserted into a resonator, the resonance frequency,
phase and quality factor are changed by perturbation. The mass flow
sensor design is a modification of a circular resonator, which is perturbed
by the MUT. Instead of having a static material perturbation, the mate-
rial moves through the resonator. This effect requires an open resonator.
In most of the application cases, the particulate materials travel through
a pipeline, a circular pipe is used as a waveguide for microwaves. The
cutoff frequency of a circular waveguide, fc, which is defined as the fre-
quency below which no propagation of electromagnetic wave occurs in
the waveguide, is calculated as [27]

fc =
pnmvphase

2πr
, (3.14)
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where vphase is the phase velocity of the microwave traveling in the
waveguide, and r is the radius of the circular waveguide. If there are
no electric fields in the wave traveling direction, transverse electric (TE)
waves are propagating in the waveguide, pnm is the mth root of derivative
of first kind Bessel function. Different values of pnm result in different
fc, and the waves in the waveguide propagate in certain patterns defined
as various TE modes. If there are no magnetic field propagating in the
wave traveling direction, the waves are defined as transverse magnetic
(TM) waves. pnm is the mth root of first kind Bessel functions, which
determines the different TM modes.

The first mode that can propagate in the circular waveguide is the TE11

mode, defined as the fundamental mode. It has the smallest cutoff fre-
quency among all of the TE and TM modes. The cutoff frequencies of the
first few TE and TM modes are shown in Fig. 3.8. When the frequency
increases, more modes will be excited causing interferences between one
other for the sensing application. In the tobacco mass flow sensor appli-
cation, only the TE11 mode is used by carefully designing the radius of
the circular waveguide and the feeding method.
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Figure 3.8: Cutoff frequencies of first a few TE and TM modes.

Pipelines are usually used to convey tobacco in the industry. For a typical
application, the pipeline radius is 60 mm. When used as a waveguide,
e.g., in Eq. 3.14, the cutoff frequency of this pipeline is fcp = 1.465 GHz.
The sensor is also designed based on a circular waveguide, as a means to
replace the pipeline without causing any disturbances in the transmission
of the tobacco. If the cutoff frequency of the circular waveguide for the
sensor is designed to be below 1.465 GHz, the waves can then be excited
in the sensor but stopped in the pipeline. The waves are trapped in the
sensor forming an open resonator. A cross section of the sensor is shown
in Fig. 3.9

Since the sensor is working below the cutoff frequency of the pipelines,
the radius of the sensor is larger than the radius of the pipelines. A
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Pipeline PipelineMass Flow Sensor

Glass Tube

Port 1 Port 2

Figure 3.9: Cross section of mass flow sensor with glass tube for tobacco
sensing application.

Borosilicate glass tube is implemented in the sensor cavity to ensure the
undisturbed transmission of tobacco. As noted in Port1 and Port2 of
Fig. 3.9, small loop antennas excited the wave in the sensor. In order
to only use the fundamental mode in the sensor, the length must be
carefully designed. An algorithm is thus developed to find the optimal
radius and the length of the sensor.

3.3.2 Optimum Sensor Design Criteria

The resonant frequency TEnml mode of a closed circular resonator is
calculated as [27]

fnml =
c

2π
√
µrεr

√
(
pnm
r

)2 + (
lπ

d
)2, (3.15)

where c is the speed of light in the vacuum, µr and εr are the relative per-
meability and permittivity of the material in the resonator, respectively,
and d is the length of the resonator.

To form an open circular resonator working at TE11 mode, the resonance
frequency of the sensor f11l needs to be smaller than both the cutoff
frequency of the pipelines fcp and that of the second mode of the sensor
fcs, which is TM01 from Fig. 3.8. The available dimension of the sensor
is solved using two inequations{

f11l < fcp

f11l < fcs.
(3.16)

When the glass tube in Fig. 3.9 is not considered, the radius and length
of the sensor can be solved by substituting Eq. 3.14 and Eq. 3.15 into
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the inequation set 3.16, which are: d
l
> π/

√
εrs
εrp

(
pTE
11
rp

)2 − (
pTE
11
rs

)2

d
l
> π/

√
(
pTM
01
rs

)2 − (
pTE
11
rs

)2.
(3.17)

d
l

is the length of the sensor per mode, εrs, rs and εrp, rp are the relative

permittivity and radius of the sensor and pipelines, respectively. The pTE
11

is the first root of derivative of first kind Bessel function, and pTM
01 is first

root of first kind Bessel function. Fig. 3.10 shows the solved feasible
dimensions of the sensor. The curve of εrp = 1 is the boundary of the
sensor dimension in the case of an empty tobacco conveying pipe. The
area above the boundary curve is the feasible dimension combination
which is suitable for the design in this condition. When the conveying
pipe is partially filled with tobacco, taking place when some tobacco is
left after transport, the relative permittivity is assumed to be 1.09. The
feasible dimension for the sensor design is the area above the curve of
εrp = 1.09 in Fig. 3.10. In the extreme case that the conveying pipe is
completely filled with tobacco, the boundary of the dimension is shown
by the curve of εrp = 1.48, with the relative permittivity of Tobacco
Substitution.
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Figure 3.10: Feasible radius and length for mass flow sensor design.

A preliminary test is done with the sensor structure reported in [39].
The sensor is 1 m long with a radius of 75 mm, shown in Fig. 3.11 (a).
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According to the feasible dimension shown in Fig. 3.10, the locus of the
sensor dimension is within the safe area for the sensor to resonate in
the extreme case. Two SMA connectors are soldered with small loops
to feed the electromagnetic energy into the resonant cavity as shown in
Fig. 3.11 (b) and (c). The two flanges with a radius of 60 mm at both
ends of the sensor are used to connect the conveying pipe for tobacco
transport. A glass tube with the same radius as the flanges is placed con-
centrically into the sensor, which is used to convey the tobacco through
the sensor.

(a)

(b) (c)

SMA

Loop
feeding

1 m

150 m
m

Figure 3.11: Tobacco mass flow sensor for the preliminary test, (a) over
view, (b) SMA connector for signal input, (c) Loop feeding
for excitation.

A graphical user interface (GUI) is designed and compiled from Matlab
for the tobacco mass flow measurement as shown in Fig. 3.12. Some
preliminary information needs to be given before the measurement. The
permittivity and the density are already extracted from the tobacco char-
acterization, and the lowest and highest velocities of the tobacco flow are
provided by the cooperative partner. The online mode is for the real time
measurement of the tobacco mass flow, and the results will be saved in
the given file name. The concentration, velocity, and mass flow of the
tobacco can be measured with the sensor, and the real time measurement
results are shown in the three charts. In the end, a total mass is calcu-
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Figure 3.12: Graphical user interface for mass flow sensor.

lated for users within a certain supplied time. An offline mode function
is added to the GUI, ensuring users to review all of the measurement
results for further analysis.

An on-sight test of the sensor is performed at Riedel–Filtertechnik GmbH,
which is a cooperative project partner. The sensor is implemented in
their pneumatic tobacco conveying system with the radius of the pipeline
of 60 mm. Four distinct measurements are obtained by feeding different
weights of tobacco to the mass flow sensor in different time duration,
e.g., 1 kg tobacco is fed into the mass flow sensor in 10 min and 20 min,
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Figure 3.13: Four measurement results of the mass flow sensor with dif-
ferent supplied weight and time.
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3.3 Mass Flow Sensor Application

and 1.5 kg and 2 kg tobacco are fed into the sensor in 20 min. The mea-
surement results are shown in Fig. 3.13. The dashed line is the ideal case
in which the measurement results and the supplied weight are matched.
The±10 % discrepancy curves are the dot dashed and double dots dashed
line in Fig. 3.13. These four measurement results are within a 10 % dis-
crepancy.
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Chapter 4

Relative Humidity Sensing Using Electrical
Loading

In chapter 3, an effective method, the cavity perturbation method was
discussed to characterize the moisture content of a solid material at a
single frequency. However, nowadays the water content in gases such as
air, which is known as humidity, is also of great interest. To sense the
humidity, polyvinyl alcohol is employed due to its advantages of good
sensitivity, easiness of process and low price. The PVA film exhibits two
main characteristics for RH sensing application, which are the change
of mechanical and electrical loading, i.e., the permittivity changes with
RH, which will be discussed in details in this chapter. An in-depth dis-
cussion of using the mechanical loading property of PVA film for sensing
applications will be given in chapter 5.

First, the method of broadband complex permittivity characterization
of PVA film is introduced, and the results are extracted at different RHs
from 13.7 % to 94.3 % over a frequency span from 1.5 GHz to 15 GHz.
Then the hysteresis and long interval performance of the PVA film is
investigated and reported. The extracted permittivities at different RHs
show properties of dielectric relaxation, which can be described by the
Cole–Cole equation. The coefficients in the Cole–Cole equation are calcu-
lated at different RHs. Functions of the coefficients over RH are found, by
which the permittivity can be obtained at an arbitrary RH. For the first
time, a comprehensive model of the PVA film is evaluated and proven as
an accurate mathematical model for RH sensing applications. Second, a
chipless, highly sensitive, low profile, low cost and easily fabricated pas-
sive wireless relative humidity sensor is designed based on PVA film. The
sensor consists of a narrow band loop antenna loaded with the PVA film
coated on an IDC at 2.85 GHz. The RH sensor generates an amplitude
peak at resonance in the radar cross section (RCS), which changes with
different RH. Simulations are done by applying the comprehensive model
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4.1 Polyvinyl Alcohol Film Characterization

of the PVA film to the sensor structure. The comparison of the measure-
ments and simulation results shows good agreement, which proves the
accuracy of the PVA model.

4.1 Polyvinyl Alcohol Film Characterization

In this section, the dielectric properties of PVA film is desired to be
characterized in a broad frequency range, which can be used in computer
simulation tools to facilitate the sensors design. Different structures
exist for broadband material characterization, e.g., coaxial transmission
lines, waveguides, coplanar waveguide (CPW) lines and IDCs. For the
characterization of thin films, uniplanar structures like CPW and IDC
are suitable due to the large exposed surface of film to the experiment
environment. Considering costs, losses and manufacture difficulties of
the devices, sensing RH is preferred at frequencies below 10 GHz. Since
CPW lines show inevitable calibration errors at low frequencies (less
than 1 GHz) [40], an IDC is used to perform the measurement with the
PVA film loaded on top. To extract the material electrical properties
over a broad frequency band, a mathematical model of the measurement
structure is mostly used. In this work, the IDC is covered with PVA
film which fit the model of a multilayered IDC. The multilayer structure
is first separated into several single-layer substrates using the partial
capacitance technique in [41], where the total capacitance is the sum of
the capacitances of each separated single-layered IDC. To calculate the
total capacitance, the single-layered IDC is transformed into a parallel
plate capacitor by applying the conformal mapping method [42]. The
permittivity extraction is done by comparing the admittance of the IDC
extracted from measurement results to the mathematical IDC model.

The main purpose to characterize the PVA film is to obtain a more
comprehensive model, so that the response of the sensors at an arbi-
trary RHs can be obtained. It has been shown that the permittivity of
PVA film at different RHs exhibits dielectric relaxation especially at high
RH [20]. There are different equations to describe the dielectric relax-
ation. The classical theory is the Debye theory, which is used to describe
the effect for polar dielectrics [25]. Later an empirical formula, Cole–
Cole equation, involving a single new constant based on experimental
data was discovered as an improvement for Debye theory [43]. Different
concentrations of PVA aqueous solutions have been studied at various
temperatures, and it has been found that the permittivity of the aqueous
solution follows the Cole–Cole equation [44–46]. Therefore, in this work
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Chapter 4 Relative Humidity Sensing Using Electrical Loading

the Cole–Cole equation is applied to describe the humidity dependent
PVA film permittivity.

In this section, a thorough investigation is performed for which the PVA
film is characterized in a wide frequency range from 1.5 GHz to 15 GHz.
A mathematical model of PVA film loaded IDCs is derived using par-
tial capacitance techniques and conformal mapping method. Frequency
dependent complex permittivities are extracted by comparing the ad-
mittance of the IDC calculated from measurement results and from the
conformal mapping results. The hysteresis of the PVA film is investi-
gated by experiments, and a long interval stability study of the PVA
film is performed by comparing the characterization results of PVA films
manufactured in 2013 and 2015, respectively. The characterization re-
sults are fitted to the Cole–Cole equation in order to reveal the dielectric
relaxation property of the PVA film at different RH. The Cole–Cole coef-
ficients are obtained using a nonlinear regression fitting algorithm of the
characterization results. They are functions of RH values and follow ex-
ponential equations and polynomials. The coefficients of the Cole–Cole
equation at an arbitrary RH can be calculated by the function, which
provides the capability for RH sensing application. The low hysteresis
and the stable long interval performance prove the PVA film as a good
candidate for RH sensing applications.

4.1.1 Interdigital Capacitor Design and PVA Film
Preparation

To ease the fabrication process and keep the self resonance frequency
above the characterization band, an IDC is carefully designed for the
characterization. The PVA film as the sensitive layer is prepared and
loaded on top of the IDC structure.

Interdigital Capacitor

The fabricated IDC is shown in Fig. 4.1. The IDC has 10 gold finger
pairs. The width of the fingers, the gaps between them and the gaps
at the end of the fingers are 30 µm. The length of overlapped fingers is
215 µm, and the width of the interconnection bars is 75µm. The uncer-
tainty between the dimension of the design and fabricated structure is
neglected, since the difference is in the nm range. The structure is re-
alized on a 700 µm glass substrate with a constant relative permittivity
of 4.47 and loss tangent of 0.025 within the frequency range of inter-
est [47]. First, the glass is coated with 20 nm chromium adhesion and
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Figure 4.1: Microscopic image of the fabricated IDC for PVA character-
ization purpose with the designed parameters.

100 nm gold seed layer patterned with photoresist AZ6632. In a second
step, the gold seed layer is electroplated to obtain a gold metallization
with a thickness of 3.13µm. Finally, the seed and the adhesion layers are
removed using gold and chromium etchants. The self resonant frequency
of the IDC is 62.69 GHz, which is far above the frequency band used for
characterization. The radiation effects of the IDC from simulation can
be neglected, since the radiation loss is almost 30 times smaller than the
metallic loss.

PVA Film Preparation and Humidity Sensing Mechanism

PVA is a hygroscopic polymer of high molecular weight with a glass
transition temperature about 70◦C, and it has an –OH group bonded to
each carbon in the backbone chain [11]. A 20 % PVA water solution is
spin-coated on the IDC, and the structure is baked at 60◦C for 20 min
in open air to dry the PVA film. The thickness of the PVA film after
spin-coating measured by a profilometer is 4.5µm, which is sufficient to
fully cover the IDC electrodes.

When the humid gas contacts the PVA film surface, water molecules in
the humid gas are adsorbed through hydrogen bonding on two adjacent
–OH groups of PVA molecules. This layer of water molecules cannot
move freely due to the restriction from the two hydrogen bonding, which
is called physically-adsorbed layer. When water keeps condensing on the
surface of the PVA film, more layers are formed on top of the first layer
with one hydrogen bond. These layers are less ordering, and the water
molecules are mobile [48]. Due to the baking process, pores are created in
the film. When the humidity increases, the physical adsorption not only
takes place on the surface of the PVA film, but also along sites available
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Chapter 4 Relative Humidity Sensing Using Electrical Loading

on the thickness of the film. At higher RH, multilayer adsorption of water
occurs which penetrates deeper inside the film [49]. The adsorption stops
when equilibrium is reached between the PVA film and environment. The
time to reach the equilibrium is frequency independent.

4.1.2 Permittivity Extraction with a Multi-layer Structure

After deposition of the PVA film on top of the IDC as shown in Fig. 4.2,
the device under test has 3 dielectric layers: an infinite air layer, a PVA
film layer and a glass substrate layer. In this sandwich structure, the
IDC electrodes are between the PVA film and the glass substrate. Two
adjacent electrodes have the same electrical potential, but 180◦ phase
difference. Under the assumption of an infinite periodic structure and
infinite finger length, the electric field lines orthogonally cross the per-
pendicular planes, which are located in the middle between two adjacent
electrodes. These planes have zero voltage, thus forming a virtual ground
shown as dashed lines in Fig. 4.2. εr,Air, εr,PVA and εr,Glass are the com-
plex relative permittivities of the dielectric multi-layer structure given
in [27]

εr = ε′r − jε′′r , (4.1)

where ε′r and ε′′r are the real and imaginary part of relative permittivity,
j is the imaginary unit.
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Figure 4.2: Equivalent circuit of the IDC three-layer sandwich structure
with an example of four electrodes.
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hPVA and hGlass are the thickness of the PVA film layer and the glass
substrate, respectively. CI stands for half of the capacitance between one
interior electrode and the virtual ground, and CE is the capacitance be-
tween one outer electrode and the virtual ground. The total capacitance
of the structure is calculated as [50]

Ctot = (N − 3)
CI

tot

2
+

2CI
totC

E
tot

CI
tot + CE

tot

, N > 3. (4.2)

According to the partial capacitance technique [41], the sandwich struc-
ture with finite dielectric layers in Fig. 4.2 can be separated into three
individual dielectric layers. Both CI

tot and CE
tot can be calculated as the

summation of the capacitance in each individual layer as

C
I/E
tot = C

I/E
Air + (εr,PVA − 1)C

I/E
PVA + εr,GlassC

I/E
Glass, (4.3)

where C
I/E
Air , C

I/E
PVA and C

I/E
Glass are the interior and exterior capacitance

in each individual layer, which are dependent on hPVA, hGlass and the
electrode geometry [50]. The mathematical description of the sandwich
IDC structure is derived by substituting Eq. 4.3 to Eq. 4.2 with the only
unknown parameter of the PVA film permittivity. The admittance of
the IDC calculated from Ctot is

Y CM
IDC = jωCtot, (4.4)

where ω is the angular frequency.

The reflection parameter of the IDC without PVA film SBare
11 and with

PVA film SLoaded
11 are measured by using a VNA. The metallic loss of

the IDC is considered as a resistor, which is connected in parallel to
the capacitor with parallel resistance of the glass dielectric loss. It is
assumed that the metallic loss of IDC does not change with the loading
of the PVA film. The total loss of the IDC without the PVA film is
calculated by

Y Loss
IDC = Real(Y Mea

IDC,Bare) = Real

(
1

Z0
· 1− SBare

11

1 + SBare
11

)
(4.5)

from the measurement, where Z0 is the characteristic impedance of the
measurement system. After removing the total loss from the admittance
of loaded PVA film Y Mea

IDC,Loaded and comparing the results with the ad-

mittance Y CM
IDC calculated from conformal mapping method, the complex

permittivity of PVA film can be extracted:

Y Mea
IDC,Loaded − Y Loss

IDC = Y CM
IDC . (4.6)
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A validation of this method is performed by extracting the permittivity
of the glass substrate. The real part of the relative permittivity has an
average value of 4.6 in the range of 1.5 GHz to 15 GHz, which confirms
the results reported in [47,51].

4.1.3 Measurement System and Experimental Setup

To measure the PVA film coated IDC, a climate chamber is required to
provide adjustable steady RH and access to the RF measurement device,
is required. The minimum measurement time duration needs to be de-
termined to have a steady RH in the climate chamber, and a stabilized
electrical response of the PVA loaded IDC. From the measurement re-
sults, the complex permittivities can be extracted at different RHs. To
test the suitability of PVA film for RH sensing application, the hysteresis
and long interval stability are studied as well.

Measurement Setup

The block diagram of the measurement setup is shown in Fig. 4.3a. It
contains two parts: humid gas generation and on-wafer measurement
setup. In the humid gas generation part, a commercial humidifier gen-
erates water vapor by ultrasonic vaporization of de-ionized water, which
is adjusted by a controller. The vapor is mixed with dry nitrogen in the
gas mixer where an adjustable valve is implemented to control the ni-
trogen flow and precisely adjust the RH. The measurements are carried
out using an on-wafer probe station. Fig. 4.3b shows the experimental
measurement setup. The humid gas is fed into the climate chamber,
where the RH and the temperature is monitored by a commercial sensor
with a RH resolution of 0.1 % and temperature measurement resolution
of 0.1◦C. The response of the PVA film covered IDC, i.e., the reflec-
tion parameter S11 is measured by a VNA. The VNA is connected to
a signal ground (SG) port in Fig. 4.1. The calibration of the VNA is
performed by employing a commercial calibration substrate, which sets
the reference plane to the tip of the on-wafer probe.
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(a) Block diagram of RH measurement system.
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(b) Measurement setup in a climate chamber.

Figure 4.3: Measurement system and experimental setup.
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Figure 4.4: Test of exposure time of a PVA film coated IDC at 8 GHz
in the RH measurement system with a change of RH from
83.6 % to 13.7 %.

In the measurement, the SG probe directly contacts the middle of the
IDC as shown in Fig. 4.1. Since the probe is contacted to the IDC
manually, the applied contact force differs slightly for each measurement.
This is the major measurement uncertainty. To estimate this uncertainty
together with the fabrication and VNA uncertainty which is much smaller
than the repeatability-induced uncertainty, 30 unloaded IDCs with the
same structure are measured. The maximum standard deviation of the
real part of the glass relative permittivity, normalized to the mean value,
is 2.5%. The maximum standard deviation of the imaginary part of the
glass relative permittivity is 7.4%, and it drops to 3% above 5 GHz. The
temperature in the climate chamber is stabilized between 22.7◦C and
22.8◦C by a water cooling system during the measurements.

Measurement Time Duration

In order to obtain the response time for the measurement, a 70 % RH
change is tested from 83.6 % down to 13.7 %. The step of the humidity
change is significantly larger than in any subsequent measurements, e.g.,
the characterization, hysteresis and long interval stability study. The
time response of RH in the climate chamber and extracted permittivity
are shown in Fig. 4.4. First, the RH in the climate chamber is constant
at 83.6 %, which is recorded by the reference sensor. The time response
of the IDC covered with PVA film is measured by the VNA at 8 GHz
for 30 min. Then, the RH is turned to 13.7 % after 1.2 min. The RH
in the climate chamber is steady at 13.7 % RH after 15 min. Both real
and imaginary part of the extracted relative permittivity are stabilized
after 20 min. In order to observe the results clearly, only the real part
of relative permittivity ε′r is shown in Fig. 4.4, which is stabilized at the
value of 4.6. Hence, the exposure time is fixed at 20 min for all following
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4.1 Polyvinyl Alcohol Film Characterization

characterization measurement of PVA film.

4.1.4 Characterization Results

The complex permittivity of a PVA film is extracted by the method dis-
cussed before in the frequency range from 1.5 GHz to 15 GHz. The PVA
film is characterized at 10 different RHs from 13.7 % to 94.3 %. The
values of extracted permittivities at low RH and high RH have large
difference. In order to reveal the characteristics clearly, 5 of the char-
acterization results at 13.7 %, 56.2 %, 76.4 %, 83.0 % and 94.3 % RH are
shown in Fig. 4.5. The real part ε′r of the complex permittivity in upper
half of Fig. 4.5 exhibits two major properties. It shows dielectric relax-
ation especially at higher RH, e.g., at 83 % and 94.3 %. The permittivity
increases with the increased RH, and when the RH is above 50 %, the
increase rate of permittivity is higher compared to the RH below 50 %.
The lower half in Fig. 4.5 shows the imaginary part ε′′r of the complex
permittivity, which represents the loss of the material. It is evident that
the loss of the material increases with the RH, due to the fact that the
water vapor absorbed by the PVA film is very lossy in the microwave
range. When the RH increases, more water vapor is absorbed by the
film, which increases the loss indicated by a larger ε′′r . The error bars in
Fig. 4.5 present the standard deviation of the characterization results at
different RH levels.

4.1.5 Hysteresis Effects of PVA Films

To study the hysteresis of the PVA film at low, medium and high RHs,
a series of measurements is performed with the same PVA film covered
IDC used for the characterization. The RH in the climate chamber is
first adjusted to lowest value of 13.7 %. After measuring the response of
the IDC, the RH is increased to medium RH value of 56.2 % and high RH
value of 83.0 %, and the responses are measured, respectively. After the
response at 83.0 % is measured, the RH in the climate chamber is further
increased to 94.3 % which is used as the starting point for the backward
measurement. When the electrical response is steady at 94.3 % RH,
the RH in the climate chamber starts to decrease. The first backward
measurement is at 83.0 % to compare with the response at same value
measured forward. Then, the RH is continually decreased to 56.2 %
and 13.7 %. The real part ε′r of the permittivity is extracted from each
measurement, and the results for the same RH values measured forward
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Figure 4.5: Broadband permittivity characterization results of PVA film
at different RHs with error bars in red presenting measure-
ment uncertainty.

and backward are compared in the left half in Fig 4.6. It can be conclude
that at 13.7 % and 56.2 % RH, the forward and backward results agree to
each other. At 83.0 % RH, the two curves show slight difference. In order
to evaluate the differences, a relative difference δ between two extracted
permittivities from the measurements is defined as

δ =
ε′r2 − ε′r1
ε′r1

. (4.7)

The relative difference δhys between forward and backward measurement
at 13.7 %, 52.6 % and 83 % RH are calculated by the Eq. 4.7, respectively.
The extracted permittivities from forward increasing RH measurements
are ε′r1, and the extracted permittivities from backward deceasing RH
measurements are ε′r2. The results are shown in the right half in Fig. 4.6,
respectively. It can be seen that δhys at low, medium and high RH are
positive. It means that the ε′r2 is larger than ε′r1 due to the hysteresis
between absorption and desorption of the PVA film. Among the three
RH levels, the maximum value of δhys is 1.7 % at 13.7 % RH. The small
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Figure 4.6: Hysterisis study by comparing the extracted real part of the
permittivity ε′r from the forward and backward measurement
results at the low, medium and high RH (left) and calcula-
tion results of relative difference δhys between the extracted
ε′r measured forward and backward at the same RH value
(right).

value of δhys at all measured RH levels prove that the PVA film has little
hysteresis for relative humidity sensing.

4.1.6 Long Interval Stability of PVA Films

The long interval stability of PVA film for RH sensing is investigated
by using two PVA films with the same thickness of 4.5 µm. One of the
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Figure 4.7: Long interval stability study by comparing the extracted real
part of the permittivity ε′r from the measurement results of
recent and old PVA film sample at the low, medium and high
RH (left) and calculation results of δage between the extracted
ε′r of the recent and old PVA film sample measured at the
same RH value (right).

PVA film is recently produced by the procedure introduced in before in
2015, the other one is an old PVA film produced in 2013 with the same
procedure. The PVA solution is stored in a light tight fridge with the
temperature of 9◦C since it was opened. Both films are loaded on the
same IDC structure, and measured at three different RHs 13.7 %, 56.2 %
and 83.0 %. ε′r is extracted from the measurement results which is shown
in the left half of Fig 4.7. The curves of ε′r agree to each other at 13.7 %
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and 56.2 % RH, and at 83.0 % a difference between the extracted results
of recent and old film is noticeable.

To describe the difference between the results of recent and old PVA film
sample at same RH, a relative difference δage is calculated by Eq. 4.7.
ε′r1 is the extracted real part of relative permittivity from measurement
result of recent produced sample, and ε′r2 is the extracted real part of
permittivity from measurement of old PVA sample. The results at low,
medium and high RH are shown in the right half in Fig. 4.7 respec-
tively. The maximum relative difference between recent produced and
old sample at 13.7 % RH is 4.47 %, and at 56.2 % RH the maximum rel-
ative difference is −3.14 %. At high RH of 83 %, the maximum relative
difference is −10.16 %. Hence, after two years, the performance of the
PVA film at low and medium RH is stable, and at high RH the relative
difference is acceptable in practice.

4.1.7 Cole-Cole Modeling of the Characterization Results

The characterization results of PVA film in Fig. 4.5 show dielectric relax-
ation property. In order to find a more comprehensive model to describe
the relaxation property of the PVA film, the Cole–Cole equation is em-
ployed [43], which describes the material dispersion as

εr = εr∞ +
(εrs − εr∞)

1 + (jωτ0)1−α
. (4.8)

Here, εrs is the static relative permittivity, i.e., limiting low-frequency
permittivity, and εr∞ is the infinite frequency relative permittivity, i.e.,
limiting high-frequency permittivity, τ0 is a generalized relaxation time
and α is a curve constant with a value between 0 and 1 indicating the
broadness of the symmetric relaxation curve [43,44].

To calculate the Cole–Cole coefficients at different RHs, the real and
imaginary part of permittivity of the PVA film from the characterization
results are used to estimate the coefficients by a nonlinear least squares
fitting algorithm. An example of Cole–Cole dispersion at 94.3 % RH is
shown in Fig. 4.8. The complex relative permittivity of the PVA film at
94.3 % RH is used to fit the Cole–Cole equation with error bars on the
characterization results representing the measurement uncertainty. The
coefficients after fitting are εr∞ = 7.69, εrs = 75.78, τ0 = 83.72 ps and
α = 0.3254. A conclusion can be drawn from Fig. 4.8 that the fitted
results and the characterization results of both real and imaginary part
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Figure 4.8: Characterization results with error bars and Cole–Cole equa-
tion fitted results of a PVA film at 94.3 % RH, where ε′r is
the real part of permittivity and ε′′r is the imaginary part of
permittivity.

of relative permittivity agree well. To evaluate the fitting process, a
relative mean square error (MSE) is defined as

MSE =
1

N

N∑
i=1

|yi − fi|2

|yi|
, (4.9)

where yi is the observed data value, fi is the predicted value from the
fitting, and N is the number of samples used in the fitting. At 94.3 %
RH, the MSEp in Eq. 4.9 is 0.028 %, where the observed data is the
extracted complex permittivity from characterization, and the predicted
value is the fitted permittivity from Cole–Cole equation.

The coefficients of the Cole–Cole equation at different RHs are shown
in Table 4.1. The high frequency permittivity decreases with RH from
7.69 to 4.57, and the static permittivity decreases from 75.78 to 4.63.
The relaxation time decreases with RH from 83.72 to 9 ps, and the curve
constant decreases from 0.3254 to 0.017. Below 39.4 % RH the changes
of all the coefficients in Table 4.1 are very small. The maximum MSEp

among all relative humidity levels is 1.03 % at 13.7 % RH. Above 22.7 %
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Table 4.1: Fitted parameters of Cole–Cole equations of PVA film at dif-
ferent RHs

RH εr∞ εrs τ0/ps α MSEp

94.3 % 7.69 75.78 83.72 0.3254 0.028 %

83.0 % 7.40 19.94 83.40 0.1679 0.16 %

76.4 % 6.93 12.37 82.93 0.0523 0.28 %

65.7 % 6.15 8.39 82.00 0.0180 0.46 %

56.2 % 5.47 6.27 46.86 0.0180 0.50 %

47.5 % 5.19 5.48 37.34 0.0180 0.65 %

39.4 % 4.78 4.83 13.25 0.0173 0.83 %

30.6 % 4.67 4.71 10.64 0.0171 0.87 %

22.7 % 4.63 4.65 9.20 0.0170 0.88 %

13.7 % 4.57 4.63 9.00 0.0170 1.03 %

RH the MSEp is smaller than 1 %. The small MSEp at all RHs proves
that the Cole–Cole equation can describe the dispersive properties of
PVA film well.

For sensing applications, the relative humidity in the climate chamber
can only be set to discrete values for the characterization. To obtain
the coefficients of Cole–Cole equation at an arbitrary RH environment,
the coefficients in Table 4.1 are fitted over the whole range of RH from
13.7 % to 94.3 %, where the fitting functions are given below:

εr∞ = 4.47 · 10−4 · RH2 − 4.73 · 10−3 · RH + 4.45

RH ∈ [13.7 %, 94.3 %] (4.10)

εrs = 3.75 · 10−5 · exp(0.15 · RH) + 3.56 · exp(0.01 · RH)

RH ∈ [13.7 %, 94.3 %] (4.11)

τ0/ps = 38.45 · tanh(0.076 · RH− 4.067) + 46.96

RH ∈ [13.7 %, 94.3 %] (4.12)

α =


2.45 · 10−5 · RH + 1.65 · 10−2

RH ∈ [13.7 %, 65.7 %)

2.99 · 10−4 · RH2 − 3.67 · 10−2 · RH + 1.14

RH ∈ [65.7 %, 94.3 %]

(4.13)
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It can be observed from Eq. 4.10 to Eq. 4.13 that the coefficients of
the Cole–Cole equation are functions of relative humidity. The fitted
curves of the four coefficients of Cole–Cole equations together with the
fitting data from Table 4.1 are plotted as functions of relative humidity in
Fig. 4.9. The maximum error between the fitted curves and the fitting
data of the Cole–Cole equation is evaluated by the maximum relative
MSE defined in Eq. 4.9. The observed data yi in Eq. 4.9 is the coefficient
obtained at measured RHs shown in Table 4.1, and the predicted data
fi is the fitted result. The MSE of εr∞ is 0.067 %, MSE of εrs is 0.38 %,
MSE of τ0 is 1.31 % and MSE of α is 2.57 %. The small MSE between
the fitting data and the fitted results shows good agreement among all
four coefficients.
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Figure 4.9: Curves of four Cole–Cole equation coefficients as functions
of relative humidity compared with discrete data for fitting
Cole–Cole equation .
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4.2 Wireless RH Sensor Application

Wireless humidity sensors were investigated quite intensively in recent
years for applications such as climate control, biomedical survey and
harsh environment monitoring, etc. Researches have been carried out
on e.g. single-chip integrated humidity sensor [52], and surface acoustic
wave sensors [53]. However, these sensors have complex manufacture
procedure and need extra antennas, which raise the cost. Therefore,
a chipless, highly sensitive, low profile, low cost and easily fabricated
wireless relative humidity sensor based on PVA film is designed for the
humidity sensing. In the implementation, a loop antenna is designed to
transmit data and form a part of the sensor structure, and a PVA film
loaded IDC is used as the RH sensing element and tunes the antenna to
2.85 GHz. The sensor is interrogated remotely by a reader antenna, and
the measurement results show a good sensitivity up to 5.35 MHz/%RH
above 50 % RH. The sensor structure is also simulated with CST Mi-
crowave Studio with the PVA film model by the Cole–Cole equation
used in the simulation. The simulation results of the sensor at the same
RH points are compared to the measurement results. Very good agree-
ment between two results are found with the maximum absolute different
of 15.45 MHz and relative difference of 0.543 %. This has proven the ac-
curacy of the PVA film model, which can be used as a trustworthy tool
for the RH sensor design.

4.2.1 Sensing Concept

The basic sensing principle is shown in Fig. 4.10. A reader generates a
frequency-sweeping interrogation signal, which illuminates the RH sensor
in the climate chamber. The sensor first receives the signal and generates
an amplitude peak at resonance in the radar cross section amplitude
spectrum. Then the signal is scattered back, and then, received by the
reader. When the RH in the climate chamber changes, the water content
of the PVA film changes as well, which results in different permittivity of
the film. Since the PVA film is loaded on top of the IDC, the capacitance
of the IDC changes. Therefore, the resonant frequency of the sensor is
tuned by the IDC. Thus, the changing resonant frequency carries the
information of the RH.

45



Chapter 4 Relative Humidity Sensing Using Electrical Loading

Reader
Climate
Chamber

RH Sensor

PVA
coated
IDCInterrogation

frequency

R
C

S
A

m
p

li
tu

d
e

RH

Figure 4.10: Radar cross section sensing principle overview.

4.2.2 Sensor Design and Realization

The sensor is composed of a loop antenna and a 2-finger pair IDC illus-
trated in Fig. 4.11. As substrate, Rogers 5880 material is used with a
relative permittivity of 2.2 and thickness of 381 µm, which is shown in
Fig. 4.11(a). The metallization of the sensor structure is realized on a
17 µm thick copper layer.

Considering the efficiency in the frequency band, the PVA film is spin-
coated only on top of the IDC with the rest of the structure protected
by transparent tapes. The structure is baked at 60◦C for 30 minutes in
the open air to cure the PVA film [11]. After removing the tapes, the
PVA film is measured by the Dektak Mechanical Profilometer with the
thickness of 3 µm as shown in Fig. 4.11(b). The realized sensor structure
is shown in Fig. 4.11(c).
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Figure 4.11: Sensor structure with all dimensions in millimeter: (a)
sketch of the sensor, (b) PVA film coated IDC and (c) real-
ized sensor.
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4.2.3 Measurement Setup and Measurement Results

The RH measurement is performed with the setup in Fig. 4.12. A broad-
band horn antenna is used as the reader antenna with its operating fre-
quency range from 0.75 GHz to 18 GHz, which has an average again of
10 dB around the target frequency range of 2 GHz to 3 GHz. The sensor
is placed in a polystyrene foam box, which is 12 cm away from the reader
antenna. At the bottom, humid gas with different humidity is fed into
the box through the humid gas input port. A commercial sensor is used
as the reference RH sensor with a RH resolution of 0.1 %, which is placed
within the box to measure relative humidity as shown in Fig. 4.12(a).
When the box is closed, it forms a small climate chamber with adjustable
RH to characterize the frequency response of the RH sensor in the target
frequency range as in Fig. 4.12(b).

The measurements are performed by a VNA connected to a reader an-
tenna. Differential measurements (Srcs) are carried out. The reflection
parameter of the environment (Sref) not including the sensor is measured,
and used as reference data. Then, the sensor tag is place inside the cli-
mate chamber with every setup remaining its position, and the reflection
parameter (Ssen) is measured which contains the relative humidity infor-
mation. The Srcs at different RH can be calculated by subtractions of
Sref from Ssen:

Srcs = Ssen − Sref. (4.14)

The resonant frequency of the bare structure without RH film coating is
2.891 GHz and the quality factor is 170. After the film is coated on the
IDC, the sensor is characterized from 14 % to 91 % RH at 21◦C, and the
corresponding reflections are shown in Fig. 4.13.

To reveal the feature of the response, 3 reflections at RH of 14 %, 71 %
and 91 % are highlighted with marks, and the rest are all in gray. When
the RH increases from 14 % to 91 %, the resonant frequency of the sensor
decreases from 2.85 GHz to 2.74 GHz. Due to the loss of water content,
the amplitude at the resonance drops by 13.5 dB.

One of the key factor to evaluate the sensor performance is the sensitivity.
Here an average sensitivity η of the RH sensor is defined as the ratio of
the decrease of resonant frequency at two adjacent RH (f1, f2) divided
by the increase of the two adjacent RH (RH1, RH2) :

η =
|f1 − f2|

|RH1 −RH2|
. (4.15)
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Figure 4.12: Relative humidity measurement setup: (a) overview of the
setup and (b) setup in operation.

The results of resonant frequency of the sensor versus the RH values
and the average sensitivity in between each two adjacent RH values are
shown in Fig. 4.14.

The average sensitivity increases with the relative humidity. From 14 %
to 48 % RH, the average sensitivity is 0.147 MHz/%RH, i.e., rather low.
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Figure 4.13: Reflection of the sensor at RH from 14 % to 91 %.

After 50 % RH, the sensitivity increases considerably. From 58.2 % to
79.4 % RH, the sensitivity is already 1.5 MHz/%RH. From 79.4 % to
91.2 %, the sensitivity is even 5.35 MHz/%RH. This is due to the fact
that at high RHs, the permittivity of the PVA film changes more than
at low RHs, which is in agreement with the characterization results in
Fig. 4.5.
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Figure 4.14: Resonant frequency and average sensitivity of the sensor at
RH from 14 % to 91 %.

4.2.4 Sensor Performance Simulation

The sensor structure is simulated with CST Microwave Studio to prove
the accuracy of the PVA model introduced in chapter 4.1. In the sim-
ulation, a transverse electromagnetic (TEM) wave is generated from a
waveguide port and propagates towards the sensor with the magnetic
field of the wave perpendicular to the sensor plane as shown in Fig. 4.15,
which simulates the function of the broadband horn antenna used in the
measurement.
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Figure 4.15: Sensor structure modeled in CST Microwave Studio.

In simulation, a 3 µm thick PVA film is placed on top of the IDC. The
dielectric property of the PVA film is calculated by using the Cole–Cole
equation. The coefficients of the Cole–Cole equation at the measured
8 relative humidity values are calculated by Eq. 4.10. The results are
listed in Table. 4.2.

Table 4.2: Calculated coefficients of the Cole–Cole equation at measured
relative humidity values.

RH εr∞ εrs τ0/ps α

14.0 % 1.3926 4.9132 6.2500 0.0046

27.5 % 1.5573 5.3650 6.6300 0.0096

36.8 % 1.7008 5.7005 6.9057 0.0159

48.0 % 1.9326 6.1366 7.2583 0.0294

58.2 % 2.2448 6.5936 7.6332 0.0515

65.8 % 2.5882 7.0754 8.0648 0.0782

79.4 % 3.6592 10.4797 11.5677 0.1650

91.2 % 5.5489 40.0741 41.5095 0.3155

At each RH point, the complex permittivity is calculated, and used as
input to determine the material properties of the PVA film in simulation.
The simulation results of RCS are shown in Fig. 4.16. When the RH
humidity increases, the resonance of the sensor shifts to lower frequencies.
Due to the larger losses of the material at high RH, the magnitude and
the quality factor of the sensors decrease.

A comparison between the resonant frequency from the measurement
and the simulation results are shown in Fig. 4.17. The comparison of
the resonant frequencies are made at the same RH. Under the same
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Figure 4.16: Simulation results of RCS of the RH sensor from 14 % to
91 %.
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Figure 4.17: Comparison of the resonant frequency from measurement
and simulation results.

scale, both curves are close to each other. The resonant frequencies from
the simulation results are a bit higher than the measurement results.
The distance of the two curves are larger at low RH values. When RH
increases, the distances between the two curves are getting smaller. From
79 % to 91 % RH, the two segments are almost overlapping.

To evaluate the difference between the measurement and the simulation
results quantitatively, the absolute difference ∆fr and relative difference
δ are calculated as:

∆fr = fsimu − fmea, (4.16)
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δ =
∆fr
fmea

. (4.17)

fsimu is the resonant frequency from simulation results, and fmea is the
resonant frequency from measurement results. The results calculated by
Eq. 4.16 and Eq. 4.17 are shown in Fig. 4.18.
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Figure 4.18: Absolute and relative difference of resonant frequency from
measurement and simulation results.

The maximum absolute difference between the simulation and measure-
ment result happens at 14 % RH with the value of 15.45 MHz, which
is only 0.543 % of the measurement result. When the RH increases,
the absolute differences decreases to 1.85 MHz with the relative differ-
ences value of 0.0659 % at 79.4 % RH. These little differences prove the
high accuracy of the PVA model. Hence, a proper prediction of the
RH responses can be performed with this PVA model implemented in a
computer simulation tool.
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Chapter 5

Relative Humidity Sensing Using
Mechanical Loading

When the PVA film absorbs or adsorbs water molecules, it changes not
only its permittivity as discussed in chapter 4, but also its mechanical
loading, i.e., the mass loading and viscoelasticity. A classical application
of this property for RH sensing purpose is to load SAW resonators with
PVA films [10,11,54]. The information of relative humidity is transferred
to the mechanical loading, and detected by the resonant frequency of a
SAW resonator. In this chapter, the working principles of such sensors
are discussed in detail. First, the fundamental knowledge of SAW devices
are introduced, including the piezoelectric material and the methods to
analyze and design the SAW devices, e.g., coupling of modes (COM)
method, P-matrix method and simulation tools. Then, SAW resonators
loaded with PVA films for RH sensing are investigated. A wet chemical
method to pattern the PVA film is discovered, which solves the poor
electrical contact and contamination problems of the SAW based RH
sensors. The influence of different thickness of the PVA films on the
sensor performances are investigated. Applying different patterns and
thicknesses of the PVA films, RH sensors design can be facilitated with
different performances and measurement convenience.

5.1 Fundamentals of Surface Acoustic Wave (SAW)
Devices

SAW devices are built on piezoelectric materials, which are non-centric
crystals with linear interaction between mechanical and electrical energy.
The piezoelectric materials can be separated into four categories, i.e.,
single crystal, bulk ceramics, thin film and composite forms, which are
introduced in the following [55].
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The most demanded piezoelectric material is still quartz, which is a
single crystal. With different cuts of the crystal, quartz has different
properties, e.g., AT cut quartz has high stability over a wide tempera-
ture range, which is well suited for application requiring good frequency
stability. Lithium Niobate (LiNbO3) and Lithium Tantalate (LiTaO3)
are also very popular due to their high coupling factor between me-
chanical and electrical energy compared to quartz, but more sensitive to
temperature. Different cuts of the material can provide different types
of surface acoustic waves or bulk acoustic waves. New materials such
as Berlinite and Langasite have also drawn great attention due to their
special properties, e.g., for harsh environment applications. Piezoelectric
ceramics such as Lead Zirconate Titanate ceramics are also often used,
e.g., in fast accelerometer sensors. They have great advantages of fast
electromechanical response and compact size.

5.1.1 Direct and Converse Piezoelectric Effect

The most important properties of piezoelectric materials are the direct
and converse piezoelectric effect, which explains the transformation be-
tween mechanical and electrical energy within the piezoelectric materi-
als. Before introducing the two effects, two physical quantities need to
be defined, which are stress and strain.

A force per unit area is called stress. It depends not only on the position
and time but also on the orientation of the surface element acted on by
the force [55]. An example of various surface forces acting on a material
element is shown in Fig. 5.1. A cube is placed in cartesian coordinates
with 3 orthogonal axises x1, x2 and x3. Tij is the stress tensor, where i
is the stress vector and j is the normal vector of the surface where the
stress is applied to. For example, when stress is applied on a surface with
the positive direction along x1, the stress is T11. If the stress is applied
on surface b with the positive direction also along x1, the stress is T12.

A strain is defined as a displacement of material points under a cer-
tain system of forces, which is not the absolute movement of the points
but the separation and approximation between the particles, i.e., the
deformations [56]. Two different types of strains which can occur on
piezoelectric materials are shown in Fig. 5.2.

When the elastic material is pressed or pulled, the material has a defor-
mation along the direction of the forces which is defined as normal strain
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Figure 5.1: Surface forces on a material element.

shown in Fig. 5.2(a). When the angle of the edges changes as shown in
Fig. 5.2 (b), the strain is called shear strain.

The relationship between the stress tensor Tλ and the strain tensor Sµ
can be approximately expressed by linear functions [55], which are ex-
pressed as

Tλ = cλµSµ, (5.1)

Sλ = sλµTµ. (5.2)

F

-F

(a) (b)

F

-F

Figure 5.2: Two types of strains: (a) the normal strain and (b) the shear
strain.
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cλµ and sλµ describe the material properties, which are called stiff-
ness and elastic compliance, respectively. They are both 6 × 6 matrix-
equations.

When an extra mechanical stress is applied to the piezoelectric material,
an electrical polarization is generated proportional to the strain, which
is defined as the direct piezoelectric effect as shown in Fig. 5.3. The
piezoelectric material is pressed by a force F in Fig. 5.3 (a), which causes
a strain of the material and generates a dielectric displacement P in the
material. If an opposite direction force is applied to the material as shown
in Fig. 5.3 (b), the electrical polarization has the opposite direction as
well.

P

F

-F

P

-F

F

(a) (b)

Figure 5.3: The direct piezoelectric effect generated by applying exter-
nal stress on the material: (a) the piezoelectric material is
pressed under forces and (b) the piezoelectric material is
pulled under forces.

The direct piezoelectric effect can be described by a linear function be-
tween electric displacement Di and the stress Tµ [55]:

Di = diµTµ, (5.3)

where diµ is called piezoelectric coefficient, which is a 3× 6 matrix.

Since the piezoelectric material has the property to convert between me-
chanical system and electrical system, also a converse piezoelectric effect
exists. When an external electrical field is applied to the piezoelectric
material, a strain appears to the material as shown in Fig. 5.4. The
piezoelectric material is deformed under the electrical field as shown in
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Fig. 5.4 (a), while the material is strained to the opposite formation if
the external electrical field changes its direction as in Fig. 5.4 (b). Both
effects are the fundamental properties of the piezoelectric material, and
the terms of “direct” and “converse” are named due to chronological
reasons.
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Figure 5.4: The converse piezoelectric effect generated by applying ex-
ternal electrical field to the material: (a) the piezoelectric
material is pressed under an electric field and (b) the piezo-
electric material is pulled under an electric field.

The converse piezoelectric effect has a mathematical form of [55]

Tµ = hiµDi, (5.4)

where hiµ is a 3× 6 matrix, and called piezoelectric modulus.

Considering Eq. 5.2 and Eq. 5.4, the strain can be expressed as a linear
function of the electric displacement. If electromagnetic energy with al-
ternating electric displacement is coupled into the piezoelectric material,
the strain is alternating too, and hence, a mechanical wave is formed. In
an ideally infinite unbounded material, the longitudinal and transverse
mechanical wave can propagate. If the particle motion in the material
is parallel to the wave propagation direction, the vibration is defined as
longitudinal wave, while if the particle motion in the material is per-
pendicular to the direction of wave propagation, the vibration is called
transverse wave. In a material with one bounded interface, a surface
acoustic wave can propagate. If both longitudinal and transverse waves
are excited and confined at the surface of the material in a depth of
the order of a wavelength, the combination of the two waves is called
Rayleigh wave [56].

57



Chapter 5 Relative Humidity Sensing Using Mechanical Loading

5.1.2 Analysis Methods for SAW Devices

There are mainly two types of methods to analyze and design SAW
devices, which are phenomenological methods and numerical methods.
The phenomenological methods include the coupling of modes model,
P -matrix model, and equivalent circuit models. The numerical methods
analyze the elastic wave in the electrodes and the piezoelectric material,
and calculate the properties of SAW devices from the material property
and geometry. Typical numerical methods use finite element method
(FEM), e.g., COMSOL simulation software, and Green’s function tech-
niques. The numerical methods are generally more accurate than phe-
nomenological methods, but require large computation effort and time.
In the following, the coupling of modes model, one of the phenomenolog-
ical methods, and finite element method in COMSOL simulation soft-
ware as numerical method are discussed, respectively. Both methods are
nowadays commonly used for the SAW devices design and analysis.

Coupling of Modes

The coupling of modes theory originates from the theory of wave propa-
gation in periodic media. When a wave enters a periodically perturbed
region, e.g., the grating on the piezoelectric material surface, a strong
reflection happens when the period of the perturbation is equal or close
to half of the wavelength. This is called Bragg reflection. The reflected
waves are in phase with the incident wave, which add constructively.
If the perturbed media is infinite, the wave propagation is formulated
mathematically as a Mathieu equation or loaded wave equation [57]:(

d2

dx2
+ k20

)
ϕ(x) = −ζ(x)k20ϕ(x), (5.5)

where k0 = ω
v0

is propagation constant, v0 is the SAW wave velocity
in an unloaded substrate, ω = 2πf is the angular frequency, the field
ϕ(x) can be stress, displacement or electric potential, and ζ(x) stands
for the p-periodic load density, which is used to describe the electric or
mechanical loading due to the effects of metal electrodes or grooves on
the piezoelectric material surface.

The solution of the field ϕ(x) is assumed to be [57]

ϕ(x) =

+∞∑
n=−∞

ϕne
−j(β+2πn/p)x, (5.6)
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which shows an infinite sets of harmonics, coupling to each other. Equa-
tion 5.6 can be interpreted as a main or incident wave accompanied
by an infinite number of scattered waves, where β is the wavenumber
of the fundamental harmonic. The wavenumbers of the infinite higher
harmonics are n 2π

p
with respect to the fundamental mode. Only a few

harmonics have strong coupling, while all others are negligible because
of weak coupling. This is called the coupled-mode approach or coupling
of modes.

Due to the assumption of weak coupling, only two waves have large
amplitudes and dominate the fields in Eq. 5.6. One is the fundamental
mode with the propagation constant β, and the other one is the wave
which has the same amplitude but travels in a different direction with the
propagation constant of −β. Since the strong coupling happens under
the Bragg condition, the propagation constant of the fundamental mode
is close to half structure wavenumber π/p which is expressed as [57]

β =
π

p
+ q, q <<

π

p
, (5.7)

where p is the perturbation periodicity, e.g., gratings on the materials.
The structure wavenumber is constant once the period of the perturba-
tion is fixed. However, the small derivation q is dispersive over frequency.
If only the two strong coupling modes are considered and the weak cou-
pling modes are ignored, the Fourier series expansion of the field ϕ(x) in
Eq. 5.6 is simplified as

ϕ(x) = ϕ0e
−jqxe

−jπ x
p + ϕ−1e

−jqxe
jπ x

p . (5.8)

e
jπ x

p in Eq. 5.8 introduces strong spatial variation to the two waves,
while e−jqx varies relatively slowly the phase of the waves at different
positions. Therefore, the field ϕ(x) can be separated to fast spacial phase
part and slow spacial phase part as

ϕ(x) = A(x)e
−jπ x

p +B(x)e
jπ x

p , (5.9)

where the new variables A(x) and B(x) stand for slowly varying waves
traveling in opposite directions. If a linear relationship between the
amplitudes of the waves, voltage and current is assumed, the coupling of
modes equation has the differential form of [57]

dA(x)
dx

= −jδA(x) + jκB(x) + jαV,
dB(x)
dx

= −jκ∗A(x) + jδB(x)− jα∗V,
dI(x)
dx

= −2jα∗A(x)− 2jαB(x) + jωCV.

(5.10)
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The coupling factor κ stands for the reflectivity due to the periodic
loading of the gratings. α is the transduction coefficient, which mea-
sures the excitation of waves due to the piezoelectric coupling. δ is
defined as a detuning factor, which can be approximately expressed as
δ = π(f−f0)/(pf0). f0 is a center frequency which is the loaded acoustic
wave velocity divided by two times of the perturbation periodicity. C
is the capacitance, which measures the electrostatic storage of energy
in the structure. The slowly-varying wavenumber q in Eq. 5.7, which is
also known as COM dispersion relation can be calculated by the coupling
factor and the detuning factor as [57]

q = ±
√
δ2 − |κ|2, Im(q) ≤ 0. (5.11)

Mathematically, both signs of the square root in Eq. 5.11 have equal
results. However, physically the imaginary part of q, which is noted as
q′′ should always be non-positive, since amplitude of the waves cannot
increase in passive devices. The dispersion relation is shown in Fig. 5.5
under the condition of finite reflectivity, lossless material and no scatter-
ing to the bulk acoustic wave.
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Figure 5.5: Dispersion relation of the slowly varying wavenumber q =
q′ + jq′′ with the real part q′ and the imaginary part of q′′.

Fig. 5.5 shows the most important results in COM model. When (f −
f0)/f0 is within the range of − |κ| p/π to |κ| p/π, q is pure imaginary.
The frequency range is called stopband. Within this stop band, the
wavelength is close to the perturbation periodicity of 2p, which satisfies
the Bragg reflection condition. Due to the Bragg reflections, the ampli-
tudes of modes attenuate in the propagation direction, which is used for
SAW resonators design.

P -matrix
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It is convenient and useful to analyze and design the SAW devices from
a network point of view. The structures such as IDTs and reflectors can
be described by a P -matrix, which is considered as a discrete version of
the continuous COM method [58,59].

Fig. 5.6 represents a part of an interdigital transducer located between
x = x1 and x = x2. The incident waves a(x1) and a(x2) approach from
the side boundaries of the transducer, which are marked with dashed
lines. Then, the incident waves are reflected by the transducer, where the
reflected waves are b(x1) and b(x2). Meanwhile due to the piezoelectric
effect, the current I is generated by the transducer.

P

x x= 1 x x= 2

a�x1)

b�x1)

a�x2)

b�x2)

I

V

Figure 5.6: Interdigital Transducer of piezoelectric devices with two
acoustic ports located at x = x1 and x = x2. The P -matrix
is used to describe the structure, which relates the incident
waves and the voltage to the reflected wave and the current.

From Eq. 5.10, a linear relationship between A(x) and B(x), V and I is
observed, and the coefficients are all COM parameters. If we consider
a(x1), a(x2) and V as input, and b(x1), b(x2) and I as output parameters,
the structure in Fig. 5.6 can be defined through the matrix equation
as [59][

b(x1)
b(x2)
I

]
=

[
P11(f) P12(f) P13(f)
P21(f) P22(f) P23(f)
P31(f) P32(f) P33(f)

][
a(x1)
a(x2)
V

]
. (5.12)

The first part on the right hand side is called P -matrix. They are fre-
quency dependent parameters, which describe both, the acoustic and
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electric property of the transducer. P11(f) and P22(f) are the reflection
coefficients, which describe the reflection of the incident acoustic waves
due to the presence of the electrodes. P12(f) and P21(f) are the trans-
mission coefficients, which evaluate the transmission of the the acoustic
waves under the influence of the structure. These four components de-
scribe the scattering parameters of the acoustic waves. The left five
are the acoustoelectric parameters, which connect the electric current
and voltage to the acoustic waves. P13(f) and P23(f) are the excitation
efficiency of the transducer, which describe the transferring efficiency
between electric energy and mechanical energy. P31(f) and P32(f) eval-
uate the current generated by the transducer due to the incident waves.
P33(f) is the admittance of the transducer.

The P -matrix can be expressed by the COM parameters. For an in-
terdigital transducer or an electrically shorted grating, the scattering
parameters in the P -matrix are [60]

P11(f) =
jκ∗ sin(qL)

q cos(qL) + jδ sin(qL)
, (5.13)

P12(f) = P21(f) =
(−1)Nq

q cos(qL) + jδ sin(qL)
, (5.14)

P22(f) =
jκ sin(qL)

q cos(qL) + jδ sin(qL)
, (5.15)

where L is the length of the IDT or electrically shorted gratings. The
frequency dependent magnitude and phase of reflection coefficient P11(f)
are shown in Fig. 5.7

The magnitude of P11 is close to one when κL is larger than 6.82, which
is much larger compared to 1. When the length of the transducer or
gratings decreases, the magnitude of the reflection within the stopband
becomes smaller as the curve of κL = 0.682 shows, and the edges of the
stopband get less sharp. The width of the sidelobes become broader, and
the distance between the sidelobes are larger with smaller κL values.

The frequency between fleft and fright in Fig. 5.7 is the stopband, if
κL >> 1 such as the curve of κL = 682. fleft matches the point of
− |κ| p/π, and fright matches the point of |κ| p/π in Fig. 5.5. From
Eq. 5.13 the phase of the reflection coefficient P11 can be calculated.
For f = f0, the phase of P11 is −π

2
. For f = fleft, the phase of P11 is 0.

For f = fright, the phase of P11 is −π.

The admittance P33(f) consists of two elements [60]:

P33(f) = P sc33 (f) + PE33(f). (5.16)
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Figure 5.7: Magnitude and phase of the reflection coefficient P11 with
various values of κL as a function of f−f0

f0
.

P sc33 (f) stands for the current due to the eigenmodes generated from the
voltage and reflected from the edge of the transducer. PE33(f) describes
the currents generated from excited field. In a long transducer, the
latter component in Eq. 5.16 dominates the admittance result, which is
expressed as [60]

PE33(f) = −L4j
δ |α|2 + Re(κ∗α2)

δ2 − |κ|2
+ jωCL. (5.17)

A plot of the admittance of a long transducer is shown in Fig. 5.8. The
resonance frequency fr measures at the maximum of the conductance of
Yr, which is at one edge of the stopband in Fig. 5.5 due to the construc-
tively interfering eigenmodes. At the other edge of the stopband, the
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Figure 5.8: Admittance of an infinite long transducer.

resonance cannot be noticed due to the destructive interference of the
eigenmodes. An anti-resonance frequency far measures the frequency at
which the susceptance is zero.

The biggest advantage of introducing the P -matrix is that the devices
such as resonators and delay lines can be easily modeled by cascading
the P -matrix of the structures, e.g., transducers and reflectors, which are
used to compose the devices. Each structure can be described separately
by the P -matrix, and connected together by sharing common acoustic
ports or electrically connection. One section for cascading an IDT is
shown in Fig. 5.9.
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b
n+1

b
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a
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n n+1

I
n+1

I
n V

Figure 5.9: One cascading section with two acoustic wave ports and one
electrical port.
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The IDT has two acoustic wave ports, namely port n and port n+1. The
acoustic waves a and b travel though the two ports. The current on the
IDT is I, which is the difference between In and In+1 on the two sides of
the IDT. The voltage V is considered the same for all of the cascading
sections. The P -matrix in Eq. 5.12 can be rearranged as a transmission
matrix, relating quantities on the right to those on the left [61] bn+1

an+1

V
In+1

 =

 t11(f) t12(f) t13(f) 0
t21(f) t22(f) t23(f) 0

0 0 1 0
t31(f) t32(f) t33(f) 1


 an

bn
V
In

 , (5.18)

where tii is a function of P -matrix, which can be found in [61].

An application of the cascading method is to calculate the admittance of
a one port SAW resonator. A typical one port resonator is composed of
a transducer and two identical reflectors located symmetrically on both
sides of the transducer. Normally a gap is located between the transducer
and the reflector. The P -matrix of the gap is derived as [62]

Pgap =

 0 (1− γgap)e−jωd/vgap 0

(1− γgap)e−jωd/vgap 0 0
0 0 0

 . (5.19)

d is the width of the gap, γgap is the material loss of the unloaded gap
surface and vgap is the phase velocity of the SAW on an unloaded gap
surface.

The admittance of the reflector-gap-transducer-gap-reflector structure is
calculated as [57]

Y = P IDT
33 − 4R(P IDT

13 )2

1−R(P IDT
11 + P IDT

12 )
, (5.20)

where P IDT
ii is the component of the P -matrix of the interdigital trans-

ducer and R is the reflection coefficient of the reflectors and the gaps,
which is calculated as

R = (1− γgap)2e−2jωd/vgapP g11. (5.21)

P g11 stands for the reflection coefficient of the reflector. Similar results
for delay lines or two ports resonators can also be obtained by cascading
the transmission matrix of each structure.

COMSOL Multiphysics Simulation
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Nowadays computer aided design softwares have been widely used for
SAW devices. One of the most popular one is COMSOL Multiphysics,
which includes a piezoelectric interface and can perform various types of
studies such as eigenfrequency, frequency response and time dependent
studies. COMSOL uses adaptive meshing together with finite element
method to solve the numerical problems.

YZ cut LiNbO3 used as the material for the SAW devices. An infinite
IDT surface acoustic wave resonator model is build into the piezoelectric
interface with the proper definition of the LiNbO3 material properties
such as stiffness and dielectric constant, which is shown in Fig. 5.10.
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Figure 5.10: An infinite IDT surface acoustic wave resonator model in
COMSOL piezoelectric interface.

The electrodes are made of aluminum with a height of 200 nm and width
of 1.961 µm. The bottom boundary in the model is set as the fixed
constraint. Therefore, if only one side of the piezoelectric material is
unbounded, a surface acoustic wave can be formed. To realize the in-
finite IDT in this model, both left and right boundaries are defined as
periodic boundaries, which have periodic SAW displacement and elec-
tric potential. First the eigenfrequency is studied, which is expected
around 433 MHz. Two eigenmodes are found and the displacement at
both eigenfrequencies are shown in Fig. 5.11.

The inner reflection of the electrodes are considered in the simulation,
thus, the infinite IDT structure forms a one port resonator. Fig. 5.11a
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(a) Displacement of the infinite IDT
structure with eigenfrequency at
432.8247 MHz

(b) Displacement of the infinite IDT
structure with eigenfrequency at
442.3262 MHz

Figure 5.11: Two eigenmodes of the infinite IDT structure

shows surface acoustic wave displacement of the first eigenmode at flow =
432.8247 MHz. The maximum of the standing wave appears at the gap
between the electrodes. To fulfill the phase requirement for resonance,
the reflection coefficient is −1 at both boundaries, which means flow
locates at the lower edge of the stopband shown in Fig. 5.5. This mode
is able to be excited by applying a differential electric potential on the
two electrodes. Fig. 5.11b shows surface acoustic wave displacement of
the first eigenmode at fup = 442.3262 MHz with the maximum standing
surface acoustic wave at the position of the electrodes. The reflection
coefficient at this mode is +1, which means fup locates at the upper
edge in the stopband. To excite such mode, both electrodes need to have
same electric potential. This excitation cannot be realized, since the
one port resonator is usually measured by the device with a differential
potential.

The frequency response of the infinite IDT can also be obtained by em-
ploying a frequency solver in COMSOL with a differential excitation
applied on the two electrodes. The IDT is first meshed with unstruc-
tured quadrilateral elements. The FEM method is applied to calculated
the frequency response. The simulated admittance is shown in Fig. 5.12.
The resonant frequency fr is 432.825 MHz, at which the conductance
has the maximum value. The result matches the resonant frequency cal-
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Figure 5.12: Simulation result of the admittance in the frequency do-
main.

culated from the eigenmode study with the differential excitation case.
The quality factor is 48092.

The COM parameters can be obtained from the eigenmode and frequency
simulation results. The lower and upper frequency of the stopband in
Fig. 5.5 can be calculated as the zeros of Eq. 5.11 by neglecting the
attenuation parameter, which is [57]{

flow = f0
(
1− |κ|p

π

)
,

fup = f0
(
1 + |κ|p

π

)
.

(5.22)

The frequencies flow and fup are obtained from the eigenmode simulation
results. From Eq. 5.22, the center frequency f0 can first be determined
as

f0 =
1

2
(flow + fup) . (5.23)

Then the velocity of the surface acoustic wave can be calculated as v =
λf0, with λ = 2p. Re-arranging Eq. 5.22, the normalized reflectivity
κp = κλ0 is expressed as either

κp = − (f0 − flow)π

f0
, (5.24)

or

κp = − (fup − f0)π

f0
. (5.25)

To determine the attenuation factor γp, the bandwidth of the half max-
imum admittance ∆f needs to be calculated from the frequency sim-
ulation result in Fig. 5.12, then the normalized attenuation factor is
expressed as [63]

γp =
∆fπ

f0
. (5.26)
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The transduction coefficient αp = αλ0 can be determined by the maxi-
mum value of the admittance Yr shown in Fig. 5.12, which has the form
of [63]

αp =

√
Yrγp

4
. (5.27)

The transduction coefficient can be normalized by the aperture W , which

is expressed as αn = αp/
√

W
λ0

. With the help of a defined quality factor

Q = fr/∆f , the capacitance is calculated as [63]

Cp =
Yr

2πfar

2Q (far/fr − 1)

4Q2 (far/fr − 1)2 + 1
, (5.28)

where the anti-resonant frequency far = 440.869 MHz, at which the sus-
ceptance of the infinite IDT is zero in the simulation result. The capac-
itance can be normalized by the aperture W as well, which is calculated

as αn = αp/
√

W
λ0

.

All COM parameters are determined from Eq. 5.23 to Eq. 5.28. The
results are shown in Table. 5.1. The results in Table 5.1 are consistent
with the COM parameters extracted for YZ LiNbO3 in [63, 64]. Substi-
tuting the COM parameters into Eq. 5.17, the admittance of the infinite
IDT can be calculated.

Table 5.1: Normalized COM parameters from the COMSOL simulation
results with an aperture of 392.2 µm and a wavelength of
7.844 µm.

Parameter Values Dimension (SI)

v 3432.3 m/s

κp −0.0682

αp 0.0041 Ω−1/2

αn 5.7428 · 10−4 Ω−1/2

γp 6.4616 · 10−5 Np/λ0

Cp 2.0615 · 10−13 F

Cn 5.2562 · 10−10 F/m

A comparison of the admittance obtained from the COM model and the
COMSOL simulation results is shown in Fig. 5.13. It is observed from
Fig. 5.13a that the resonant frequencies of the infinite IDT calculated
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(a) Conductance of the infinite IDT calculated from the
COM model and the COMSOL simulation result.
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Figure 5.13: A comparison of the admittance obtained from the COM
model and simulation results from COMSOL.

from both methods are the same with the equal magnitude of conduc-
tance. However, the conductance determined from the COM model is
narrower than the one obtained from COMSOL. The quality factor calcu-
lated from COM model has the value of 72138, which is 1.5 times higher
than the quality factor obtained from COMSOL. Fig. 5.13b shows the
susceptance of the infinite IDT. Around the resonant frequency range,
both results coincide as well.

The advantage of the COM model is the short computational time,
since that the SAW structure can be expressed with analytical equa-
tions. However, preliminary measurements are needed to extract the
COM parameters. The numerical simulation doesn’t need preliminary
measurements, since the response of the SAW devices can be determined
only based on the material physical properties. But the computational
time of numerical simulation is at least 10 times longer than the COM

70



5.2 One Port SAW Resonator

IDT ReflectorReflector Gap Gap

Lithium Niobate

Figure 5.14: One port surface acoustic wave resonator which contains an
IDT, two reflectors and gaps.

model. Nevertheless, both methods are very helpful to study and design
SAW devices,

5.2 One Port SAW Resonator

The surface acoustic wave devices such as resonators and delay lines
play a very important role in sensors. To detect the physical parameters
from frequency responses with high quality factor, SAW resonators are
usually employed for sensing applications. From the methods introduced
in 5.1, the numerical simulation tool COMSOL is used to design a one
port SAW resonator in an industrial scientific and medical (ISM) radio
band.

The one port SAW resonator contains three parts, which are IDT, reflec-
tors and the gaps between the IDT and reflectors as shown in Fig. 5.14.
The structure is built on a YZ cut LiNbO3 piezoelectric substrate with a
thickness of 500µm. The electrodes are made of aluminum with a thick-
ness of 125 nm. The IDT contains 21 fingers with a width of 1.96 µm.
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Figure 5.15: Admittance calculated from simulation result of one port
surface acoustic wave resonator in COMSOL.
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(a) Mask of the one port SAW resonator with two con-
tact pads for on-wafer measurements and shorted elec-
trodes in the reflectors.

x

y

x

y

(b) Fabricated one prot SAW resonator with the magni-
fied IDT .

Figure 5.16: Mask and fabricated one port SAW resonator.

The reflectors consist of 200 electrodes with a width of 1.96µm as well.
The distance between the fingers in the IDT and the electrodes in the
reflectors are the same,having a value of 1.96µm. The gap between the
electrode edge of the IDT and the reflector is 20.59µm. The model is
simulated with the COMSOL frequency solver, assuming two perfect
matched layers added at both ends of the substrate. The calculated ad-
mittance is shown in Fig. 5.15. The structure resonates at 438.66 MHz
which is near the ISM band. The quality factor of the resonator is 48740,
which is calculated as the resonant frequency divided by the bandwidth
measured at the half of the maximum admittance.

The SAW resonator structure is fabricated by a standard photo lithog-
raphy and wet etching process shown in Fig. 5.16. Fig. 5.16a presents
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5.2 One Port SAW Resonator

the mask of the structure. The IDT has two contact pads with the size
of 78µm by 69µm, which is used for the on-wafer measurements by a
SG probe. The IDT has an aperture of 109.8 µm. The electrodes in the
reflectors are shorted in the design.

Fig. 5.16b shows the fabricated one port SAW resonator. The average
thickness of the structure is 125 µm, measured by a Dektak Profilometer.
The IDT of the resonator is magnified in the figure. The width of the
electrodes is smaller than the gap between the electrodes, which is due
the inevitable under etching during the fabrication process. The imper-
fectly etching process also results in rough edges of the electrodes, which
increases the loss of the resonator.

The resonator shown in Fig. 5.16b is measured by a VNA, using a SG
probe with a pitch of 350µm. The measurement system is calibrated
to the end of the probe, which has a impedance of 50 Ω. The result is
shown in Fig. 5.17.
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Figure 5.17: Admittance calculated from the measurement result of one
port surface acoustic wave resonator.

The resonant frequency of the resonator is measured at 438.59 MHz.
The difference of the resonant frequency between measurement and sim-
ulation results is 0.07 MHz, which is 0.016 % of the measured resonant
frequency. The quality factor calculated from Fig. 5.17 is 2308.4, which
is 4.74 % of the one from the simulation results. This is due to the losses
introduced during the fabrication process.

The SAW resonator is coated with sensitive polymer to realize the func-
tional layer for sensing humidity. A problem of the SAW based sensors is
that the aluminum electrodes of the sensor are often attacked by chem-
ically reactive gases, which results in forming an acid or a base with
the humidity of the ambient air. The problem is aggravated that the
measured gas is further accumulated at the surface of the devices due to
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increasing of sorption by the sensing film. This has a consequence of se-
rious performance degradation of the sensing function and even destruc-
tion of the SAW device after a limited number of measurement cycles.
One of the best solutions is to use anti-corrosive metal as electrodes such
as gold. The robustness against corrosion of gold electrodes has been
tested to be effective, and the quality factor of gold SAW resonators are
comparable to aluminum structures [65–67].

A comparison of the physical properties between aluminum and gold
is shown in Table. 5.2. It can be seen that gold is much heavier than
aluminum, with a density of more than 7 times larger than that of alu-
minum. The Young’s modulus of gold is 12.8 % larger than aluminum.
Poisson ratio of gold is 14.28 % larger than that of aluminum.

Table 5.2: Comparison of the physical properties between aluminum and
gold.

Material Density Young’s modulus Poisson ratio

Aluminum 2.7 g/cm3 70 GPa 0.35

Gold 19.3 g/cm3 79 GPa 0.40

A one port SAW resonator made of gold electrodes is fabricated using
the same mask shown in Fig. 5.16a. The average thickness of the gold
electrodes is 90 nm. The structure is measured with the same setup as the
resonator with aluminum electrodes. The admittance of the resonator
is shown in Fig. 5.18. The structure resonates at 436.02 MHz, and the
quality factor is 3007. The resonant frequency deviates 2.57 MHz, which
is near the ISM band. The quality factor increases by 699. Hence,
it is better for the sensing application by detecting the frequency shift.
Therefore, gold electrodes are used for the following design of SAW based
sensors.

5.3 Sensing Principle of SAW Devices

SAW devices are often used for sensing applications. Any change in
physical properties of the surface on a SAW device or a film loaded on
the surface can directly affect the wave propagation parameters, i.e. the
phase velocity and the attenuation factors, which lead to the change
of electric response [68, 69]. There are two types of mechanisms which
contribute to the SAW based sensors, namely the electric loading and
the mechanical loading. The electric loading is the acoustoelectric effect
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Figure 5.18: Admittance calculated from the measurement results of one
port surface acoustic wave resonator with gold electrodes.

which describes the coupling between the electromagnetic wave (EMW)
and the SAW on the surface of the devices. The mechanical loading
considers the mass loading and the viscoelastic effect, which are caused
by the sensitive film loaded on top of the SAW devices. All the three
effects change the SAW phase velocity according to equation [68]:

∆v

v
= −cmf0∆(m/A) + 4ce

f0
v2

∆(hG′)− K2

2
∆

[
σ2

σ2 + v2C2

]
. (5.29)

The first part on the right hand side in Eq. 5.29 calculates the mass
loading effect. cm is the coefficient of the mass sensitivity, and ∆(m/A)
is the change in mass per unit area. f0 is the center frequency. The
second part describes the viscoelastic effect which contributes to the
change of velocity. ce is the coefficient of the elasticity, h stands for
the film thickness, and G′ is the real part of the shear modulus. The
third part on the r.h.s. is the acoustoelectric effect. K2 stands for
the electromechanical coupling coefficient, σ is the sheet conductivity of
the film, and C is the capacitance per unit length. A comprehensive
discussion of these three effects on the attenuation factors can be found
in [69].

In this work, a humidity sensitive film PVA is loaded on top of the
SAW devices. Both the electric loading and the mechanical loading have
influence on the sensor’s response. The effect of electric loading is studied
by simulations. An infinite IDT with a sensitive film on top is built in
COMSOL, which is shown in Fig. 5.19.

The sensitive film is considered as a dielectric layer with a relative per-
mittivity εsens and a thickness hsens. The edges of the sensitive film are
set to be periodic. The electrodes in the model are made of gold with a
thickness of 80 nm, which is the same as used in the humidity sensors.
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Figure 5.19: Infinite IDT model with sensitive film loaded on top used
in COMSOL.

First, the influence of the thickness of the sensitive film on the electric
loading effect of the infinite IDT is studied. εsens is chosen arbitrarily
with a value of 8. The thickness changes from 300 nm to 900 nm with
a step of 100 nm. Fig. 5.20 shows the resonant frequency fr from this
simulation.
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Figure 5.20: The electric loading effect with different PVA film thickness.

The resonant frequency of the infinite IDT decreases with increasing
thickness of the PVA film. An average decreasing rate with increasing
thickness is about −0.01 kHz/nm. A one port SAW resonator with the
structure of reflector-gap-IDT-gap-reflector is used in COMSOL with a
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865 nm thick PVA film loaded on top. The relative permittivity of the
film at different RHs can be obtained by the comprehensive model in-
troduced in section 4.1.7. The simulation model doesn’t consider the
mechanical loading of the PVA film. This sensor is characterized from
15 % RH to 60 % RH in the measurement setup described in section 4.1.3,
and both, electric loading and mechanical loading contribute to the fre-
quency change in the measurement results. A comparison between the
resonant frequency from simulation and measurement results is shown
in Fig. 5.21.
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Figure 5.21: Comparison of the resonant frequencies between the simula-
tion and measurement results of a one port SAW resonator
covered with a PVA film.

The resonant frequency from simulation changes about 58.7 kHz by chang-
ing RH from 15 % to 60 %, while the resonant frequency from the mea-
surement results varies 3939.8 kHz, which is 67 times more than sim-
ulation results. The significant difference between the simulation and
measurement results are due to the mechanical loading effect of the PVA
film. Therefore, for the SAW resonator based humidity sensor with sen-
sitive film loaded on top, the mechanical loading dominates the sensor
response.

5.4 Relative Humidity Sensors with Different PVA Film
Patterns

As discussed in Chapter 4, PVA film is a very promising material for
humidity sensing with good sensitivity, low cost and easiness of fabrica-
tion. Another application of PVA film in humidity sensing is to use the
property of its mechanical loading which changes with the environment
humidity. A major part of utilizing this property is to coat the PVA films
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on surface acoustic wave resonators. The velocity of SAW changes with
different mechanical loading, and thus changes the resonant frequency
of SAW resonator. The planar structure, high electrical quality factor,
small size of the SAW resonators covered with PVA film play an impor-
tant role for detecting the humidity. However, after loading the PVA
film, the measurement terminals, i.e., the contact pads of the RH sen-
sors, are covered by the PVA film as well. This creates a poor electrical
contact to sensors and contaminates the measurement probes. Mean-
while, the PVA film covered terminals prevents the sensors from being
integrated to other components such as antennas in order to realize more
functions.

In this section, a wet chemical method of patterning PVA film in mi-
crometer resolution is introduced to solve the stated problems. Two
different patterns of PVA films are applied as functional layers to a one
port SAW resonator with anti-corrosive gold electrodes for RH sensing.
Both patterns have open windows through PVA film on the top of RH
sensor terminals, which bring the sensors with clean contact pads for
measurement and integration. The frequencyhumidity responses of the
two sensors are characterized, and the performances are compared. The
sensor with PVA film patterned only on the reflectors of the SAW res-
onator has larger RH operation range, higher maximum reflection and
higher quality factor. The other one with PVA film opened at IDT pads
shows higher sensitivity.

5.4.1 PVA Film Pattern

PVA is a hygroscopic polymer which has high molecular weight with a
glass transition temperature about 70◦C. It has an –OH group bonded to
each carbon in the backbone chain [70]. A 10 % PVA solution, provided
by Wacker Chemie AG is prepared, and the photolithographic pattern
procedure is shown in Fig. 5.22. First the PVA solution is spin-coated
on a one port SAW resonator. The structure is baked at 60◦C for 20 min
in the open air to dry the PVA film. Then a positive photoresist AZ6632
from MicroChemicals GmbH is spin-coated on top of the PVA film with
the thickness of 2.61 µm. Afterwards it is prebaked at 60◦C for 5 min
and exposed under ultraviolet (UV) light for photolithography with the
desired pattern shaped mask. The AZ726 metal ion free (MIF) developer,
which contains 2.38 % tetramethylammonium hydroxide and surfactant
from AZ Electronic Materials GmbH, while the PVA film is etched in
the same development bath. At the end, the photoresist is stripped with
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5.4 Relative Humidity Sensors with Different PVA Film Patterns

acetone and proponone. The fabrication of the RH sensor with patterned
PVA film is then ready for RH characterization.

Figure 5.22: Process of patterning PVA film.

5.4.2 Sensor Structures and Measurement Results

With the method of photolithographically patterned PVA films, the sen-
sor design is facilitated to fulfill different application requirements. Two
different patterns of PVA films are investigated for RH sensing, which
are loaded on gold electrodes one port SAW resonator. The first one
is to cover the whole area of the SAW resonator with PVA film except
the IDT pads shown in Fig. 5.23. The open area of the contact pad on
the sensor is 100 µm by 73 µm and the thickness of the film is around
865 nm.

The frequency–humidity response of the sensor is measured on-wafer
with a signal ground probe in a climate chamber, which is introduced
before in section 4.1. The scattering parameter S11 is measured using a
vector network analyzer. The time duration between two RH measure-
ments is 20 min, so that both, the RH in the climate chamber and the
electrical response of the sensor are stabilized. In order to eliminate the
interrogation signal and the EMW reflection from the IDT, a time gate
from 101 ns to 1 ms is implemented on the results. After excitation, the
energy is stored in the SAW resonator. The SAW wave is delayed due
to a lower phase velocity compared to EMW, and retransmitted to the
VNA. After applying the time gate, the signal contains only the SAW
energy, and hence, the RH information can be retrieved from resulting
peaks after Fourier transform [71]. The results are shown in Fig. 5.24.
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Figure 5.23: RH sensor with PVA film open at IDT pads.

The sensor is characterized at 7 different RHs from 15 % to 69.4 % RH
at 20◦C. The results of S11 after time gated of 6 responses, i.e., 15 %,
32.5 %, 41.4 %, 50.2 %, 59.1 % and 64.9 % RH are shown in Fig. 5.24.
When the RH increases, the resonant frequency of the sensor decreases
and the resulting peaks became broader. The maximum RH, i.e., the
maximum RH which the sensor can detect, is 59.1 % with this PVA
thickness and pattern, since there are no detectable peaks within the
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Figure 5.24: Measurement results of RH humidity sensor with PVA film
open at IDT pads after time gate.
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interested frequency band at higher RHs.

After the measurements, the first pattern of the PVA film on top of the
SAW resonator is washed away by AZ726 MIF developer and de-ionized
water. The SAW resonator is measured, and the response is the same
as that before the deposition of the first PVA film pattern. The second
pattern is then realized with the PVA film loaded only on the reflectors
of SAW resonator shown in Fig. 5.25. The size of the PVA film is 982µm
by 825 µm with a measured thickness of 910 nm.
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Figure 5.25: RH sensor with PVA film loaded on the reflectors of the
SAW resonator.

The sensor is characterized at 10 different RHs from 16 % to 77.2 % with
the above mentioned setup, and 6 of the time gated results are shown in
Fig. 5.26. The resonance frequency peak becomes undetectable at 77.2 %
with this PVA film pattern, and the cutoff RH is 72.8 %. However this
is 13.7 % more than the sensor with the first PVA film pattern.

5.4.3 Comparison of the Sensors Performances

The RH sensors covered with two different PVA film patterns with almost
the same thickness show different performances. The average sensitivity,
the maximum reflection and the broadness of the peaks, from which the
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Figure 5.26: Measurement results of RH humidity sensor with PVA film
loaded on the reflectors of the SAW resonator only, after
time gating.

quality factor is evaluated, are compared. The results are discussed as
follows.

The average sensitivity η of the RH sensor is defined as::

η =

∣∣∣ ∆f

∆RH

∣∣∣ =

∣∣∣ f1 − f2
RH1 − RH2

∣∣∣ , (5.30)

where ∆f is the difference between the resonance frequencies f1 and
f2 at two RH measurements, and ∆RH is the difference between the
corresponding relative humidity values RH1 and RH2.The results of the
average sensitivity are calculated and plotted at the middle of two RH
values in Fig. 5.27.

It can be seen that for both cases the average sensitivity increases with
RH. The sensor with open PVA film on IDT pads has a smaller RH
operation range, but within the operation range it has an overall average
sensitivity of 89.34 kHz/%RH, which is 3.87 times higher than the sensor
with PVA film patterned on the reflectors in the same range. It is because
the PVA film covers a larger area of the SAW resonator, which introduces
more mechanical loading changes with the variation of RH.

The maximum reflection is the maximum magnitude of S11 after time
gating. The results are shown in Fig. 5.28. The maximum reflection
magnitude of the sensor with PVA film loaded on the reflectors is higher
than the sensor with open windows of PVA film on the IDT pads, e.g.,
at approximate 15 % RH the maximum magnitude of PVA film laded on
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Figure 5.27: Comparison of the average sensitivity of the RH sensor with
two PVA film patterns open on IDT pads and loaded on
SAW reflectors.

the reflector is 0.53 dB higher and at approximate 59 % RH it is 5.44 dB
higher than the sensor with open windows of PVA film on IDT pads.

The quality factor Q is defined as the resonance frequency fres of the
SAW resonator divided by the −3 dB bandwidth of the time gated results
BW3dB. The outcome is shown in Fig. 5.29.

Because high quality factor is preferable in sensing application, the sensor
with loaded PVA film on the reflectors is preferable in practice, since its
average Q is nearly 141 higher compared to the sensor with open PVA
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Figure 5.28: Comparison of the maximum magnitude of the RH sensor
with PVA film patterns open on IDT pads and loaded on
SAW reflectors.
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Figure 5.29: Comparison of the quality factor of the RH sensor with PVA
film patterns open on IDT pads and loaded on SAW reflec-
tors.

film on IDT in the RH range from 15 % to 59 %. There are several
reasons for the improvements of the maximum reflection and Q factor of
the sensor with PVA film loaded on the reflectors. First, the impedance
matching of the sensor with PVA film loaded on the reflectors is better,
which means the coupling between EMW and SAW is improved. Second,
since there is no PVA film on the IDT, the dielectric losses of the EMW
are lower during the coupling. Last, since there is also no PVA film on
the substrate between the IDT and reflectors of the SAW resonator, the
attenuation of the SAW is lower.

5.5 Relative Humidity Sensors with Different PVA Film
Thickness

In section 5.4, it is proven that different PVA film patterns can facilitate
the humidity sensors design with various performances such as different
operation range, sensitivity and quality factor. Besides the patterns,
another way to alter the performances of the humidity sensors is to em-
ploy different thickness of the PVA film. Since the SAW resonator based
humidity sensors detect the humidity by the change of mechanical load-
ing, different thickness of PVA film can absorb various mass of water
molecules and obtain different size of swelling under the same environ-
mental humidity. Therefore, with the help of the PVA film patterning
method introduced in 5.4, humidity sensors with two different thick-
ness of PVA film loaded on the reflectors of the same one port SAW
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5.5 Relative Humidity Sensors with Different PVA Film Thickness

resonator are characterized at different relative humidity levels. The op-
eration range, sensitivity and quality factor of the two humidity sensors
are compared. The sensor with thicker PVA film has higher sensitiv-
ity, while the sensor with thinner PVA film shows properties of larger
operation range and higher quality factor.

5.5.1 Sensor Structure and Measurement Results

A one port SAW resonator is employed for the study of the influence
of different thickness of PVA film for humidity sensing application. The
SAW resonator has the same structure shown in Fig. 5.14, and it is made
of gold with a thickness of 108 nm. The IDT contains 21 fingers with an
aperture of 267µm. The reflector has 200 shorted electrodes, and each
electrode is 1.96 µm wide and 275 µm long. The gap between the IDT
and the reflector is 590.17 µm.

The wet method of patterning the PVA film introduced in section 5.4
is applied. The PVA film is only loaded on the reflectors of the SAW
resonator. The sensor structure is shown in Fig. 5.30. By varying the
speed of the spin coating of the PVA solution, different thickness of the
PVA film can be obtained. Two different thickness of the PVA film of
315 µm and 531 µm are realized for the humidity sensing application.

PVA PVA

Figure 5.30: One port SAW resonator with different thickness of PVA
film loaded on the reflectors for humidity sensing applica-
tion.

The humidity characterization of the sensors is performed in the same
climate chamber shown in Fig. 4.3. The S11 of the sensors are mea-
sured with a VNA through a signal ground wafer probe. A time gate
from 101 ns to 1 ms is implemented to the measurements to eliminate
the interrogation signal and the electromagnetic wave reflection from
the IDT.
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The SAW resonator is first coated with 315µm PVA film, and then char-
acterized at 8 RHs from 12 % to 89 %. The results of S11 after time
gating at 5 RHs are shown in Fig. 5.31.
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Figure 5.31: Measurement results of the RH humidity sensor with a
315 nm thick PVA film.

The resonant frequency of the sensor decrease with increasing RH in
the range from 430.5 MHz to 433.5 MHz. The curves get broader with
increasing RH, which indicates decreasing quality factors. The cutoff
RH of this sensor is 88.9 %. After the measurements, the PVA film on
the SAW resonator is washed away by AZ726 MIF developer and further
cleaned by de-ionized water. Then, the PVA solution is spin-coated
on the reflector of the SAW resonator with slower speed again. The
thickness of the PVA film is measured about 531 nm. The S11 of the
sensor is measured at 7 different RHs, and the time gate from 101 ns to
1 ms is implemented to the measurements. Five time gated S11 curves
from 17.8 % to 72.3 % are shown in Fig. 5.32.

The resonant frequencies of this sensor shift to lower frequency range
from 429 MHz to 432 MHz compared to the results of the sensor with
315 nm thick PVA film. The cutoff RH is 72.3 %.

5.5.2 Comparison of the sensor performances

The two RH sensors are using the same SAW resonator, the only dif-
ference between them is the thickness of the PVA film. The sensor per-
formance, the operating range, the average sensitivity and the quality
factor of both sensors are compared, and the results are discussed in the
following.
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Figure 5.32: Measurement results of RH humidity sensor with 531 nm
thick PVA film.

First, the resonance frequencies of both sensors at different RHs are
compared in Fig. 5.33. The average resonant frequency of the sensor with
315 nm thick PVA film is 1.77 MHz smaller than the average resonant
frequency of the sensor with 531 nm thick PVA film. Since the sensors
are based on the same SAW resonator, thicker loaded film shifts the
operating frequency to lower values. The sensor with 315 nm thick PVA
film has larger operating range, since the cutoff RH is 16.6 % larger than
the cutoff RH of the sensor with 531 nm thick PVA film.
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Figure 5.33: Resonant frequencies of the RH sensor with PVA film thick-
ness of 315 nm and 531 nm.

The average sensitivity, which is defined in Eq. 5.30, is calculated for
both thickness, and the results are plotted at the middle of two RHs in
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Figure 5.34: Average sensitivity of the RH sensor with PVA film thick-
ness of 315 nm and 531 nm.

Fig. 5.34. Although the sensor with the 531 nm PVA film has a smaller
operating range, it has an overall average sensitivity of 11.22 kHz/%RH,
which is 1.72 times higher than the sensor with 315 nm PVA film within
its operating range. It means, that thicker PVA film can result in higher
sensitivity for humidity sensing.

The quality factor is also compared between the humidity sensor with
two PVA film thickness, which is calculated by the resonance frequency
divided by −3 dB bandwidth of the time gated results of S11. The results
are shown in Fig. 5.35. The average quality factor of the sensor with
315 nm thick PVA film on the reflectors is 1.51 times higher than the
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Figure 5.35: Quality factor of both RH sensors with PVA film thickness
of 315 nm and 531 nm.

88



5.5 Relative Humidity Sensors with Different PVA Film Thickness

sensor with 531 nm thick PVA film within its operating range from 17.8 %
to 72.3 % RH. This result shows, that thick PVA film causes larger losses,
which decreases the quality factor more than the sensor with thinner PVA
film.

To conclude, depending on the application requirements, the humidity
sensor can be specifically designed by the thickness of the PVA film with
a certain trade-off of the performance parameters.
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Chapter 6

Dual-load Relative Humidity Sensor

The application of the electrical property of the PVA film for humidity
sensing has been discussed in Chapter 4. The permittivity of the PVA
film changes with different humidity values in an experimental environ-
ment. Then, the application of the mechanical loading property of the
PVA film for humidity sensing has been discussed in Chapter 5, where
the mechanical loading of the PVA is dependent on the environmental
humidity level, which results in a changing of velocity of the surface
acoustic wave. Both mechanisms for humidity detection are used nowa-
days, individually.

In this chapter, an attempt is made by realizing a dual-load humidity
sensor, using both, electrical and mechanical loading properties of a PVA
film in a single structure. By using the dual-load sensor, performance,
i.e., the operating range, sensitivity and the quality factor can be im-
proved compared to the humidity sensors using either the electrical or
the mechanical loading mechanisms of the PVA film. To realize such a
sensor, the one port SAW resonator with anti-corrosive, gold electrodes
is combined with an LC resonator. Two IDCs with the same pitch as the
IDT are used as reflectors in the SAW resonator. Hygroscopic PVA films
are patterned on the IDC reflectors as functional layers to sense the RH.
The SAW resonator operates between 433 MHz to 434 MHz. The LC
resonator, consisting of the IDC reflectors as variable capacitance and
a lossy inductor as inductance, is designed in a frequency band below
350 MHz in the simulation. An exposure of the PVA film to different
RH environments causes both, a mechanical loading and a permittivity
change. The change of resonance frequency of the SAW resonator is
dominated mainly by the change of the mechanical loading of PVA film
at different RHs. The resonance frequency of the LC resonator varies
with the change of the PVA film permittivity. Due to the two different
RH sensing mechanisms, the sensor has an enlarged RH operation range
and better sensor performances.
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6.1 One Port SAW Resonator

The sensitivity and the quality factor are two important parameters for
evaluation of the performances of such a sensor. However, there is a
certain trade-off in RH sensing, using PVA film. If better sensitivity
is achieved, Q factor is lower, since thicker film is needed according to
the last subchapter 5.4.2. A figure of merit (FoM), containing these
two parameters, is defined and used to evaluate the sensor performances
additionally. Then, the extracted FoM for both sensing mechanisms are
compared over the whole RH range, and the better one is chosen to
detect the RH with a certain range of RH.

6.1 One Port SAW Resonator

The SAW resonator is fabricated on YZ cut LiNbO3 substrate with 20 nm
chromium and 80 nm gold layer evaporated on top, which is shown in
Fig. 6.1. The IDT has 10-pair electrodes with a pitch of 3.9 µm. The
reflectors are made of two 100 finger pairs of IDCs with the same pitch
as the IDT, and the length of the overlapped fingers is 275 µm.

IDC IDCID
T

x

y

x

y

Figure 6.1: SAW resonators with IDCs used as reflectors.

The structure is measured on-wafer with a SG probe, and the scattering
parameter S11 is measured by using a vector network analyzer. A time
gate from 300 ns to 1 ms is implemented to the measurements to eliminate
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the interrogation signal and the electromagnetic wave reflection from the
IDT. The frequency response of the SAW resonator is shown in Fig. 6.2.
The SAW resonator with the IDCs as reflectors has the same frequency
response as the resonator with short gratings as reflectors. The SAW
resonator resonates at 436.6 MHz with a quality factor of 1431.
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Figure 6.2: Time gated SAW resonant frequency peaks.

6.2 Dual-load Sensor Structure

A 10 % PVA solution is prepared and spin-coated on the structure. With
the treatment and the photolithographic method of patterned PVA film
introduced in Chapter 5.4, a thickness of 360 nm PVA film is patterned
on the IDC reflectors only as shown in 6.3.

PVA PVA

G2 G1

S2 S1

L

Figure 6.3: Dual-load RH sensor structure with IDC reflectors coated
with PVA film only.

92



6.2 Dual-load Sensor Structure

6.2.1 SAW Resonator for Humidity Sensing

After the PVA film is loaded on the IDC reflectors, a dual-load relative
humidity sensor is realized. The mechanical loading sensing mechanism
is first characterized by measuring the humidity frequency response of
the SAW resonator through terminal S1G1 as shown in Fig. 6.3. The
results are also filtered by the time gate from 300 ns to 1 ms. The SAW
resonator for RH sensing is characterized at 7 different RHs from 14 %
to 78 % RH at 20◦C, where 5 of them are shown in Fig. 6.4.
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Figure 6.4: Time gated SAW resonant frequency peaks with PVA film
loaded on the IDC reflectors.

While the resonance is shifted from 436.6 MHz to a frequency range be-
tween 433 MHz and 434 MHz, the quality factor drops from 1431 to a
value below 650. When the RH increases, both, the resonance frequency
and the quality factor decrease. The maximum RH, which the sensor
can detect, is defined as the cutoff RH, which is 72.4 % for the SAW
resonator, since there are no detectable peaks within the interested fre-
quency band at higher RHs.

6.2.2 LC Resonator for Humidity Sensing

There is no excitation of the acoustic wave for frequencies below 350 MHz
in this sensor configuration. Thus, the IDC reflectors can be used as
capacitors. One of the IDC reflectors with loaded PVA film on top is
characterized through terminal S2G2 shown in Fig. 6.3 at 6 different RH
values from 16.8 % to 89.3 %. The IDC reflector is modeled as a capacitor
and an equivalent series resistor. The capacitance and the quality factor
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Figure 6.5: Calculated results of capacitance and quality factor of PVA
film loaded IDC reflector from the measured scattering pa-
rameter at different RHs.

are calculated with the model from the measured scattering parameter
as shown in Fig. 6.5.

It can be observed, that the capacitance of the IDC reflector increases
with the RH, since the permittivity of the PVA film increases with RH as
is already discussed in Chapter 4. The quality factor of the IDC reflector
decreases with increased RH due to the increased dielectric loss of the
PVA film.
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6.3 Sensing Performance Comparison of SAW Resonator
and LC Resonator

In order to form an LC resonator, an inductor is connected parallel to the
IDC reflector as shown in Fig. 6.3. The parallel LC resonator is simulated
by using Agilent ADS schematic simulator applying the measured results
of IDC reflector at different RHs and a lossy inductor of 30 nH, which has
a measured quality factor of 46 at 900 MHz and a self resonance frequency
of 2.35 GHz. The resonance frequency of the parallel LC resonator along
with the SAW resonator are shown in Fig. 6.6.
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Figure 6.6: Resonant frequency of the SAW resonator and the LC res-
onator at different RH.

The resonance frequency of both, SAW and LC resonators decrease with
increasing RH levels. The RH operation range of the SAW resonator is
below 72.4 %, while the RH operation range of LC resonator is up to
89.3 % RH. An improvement of 16.9 % in the RH operation range is real-
ized by using the dual-load humidity sensor compared to the conventional
one port SAW resonator based humidity sensors.

A sensitivity of the sensor η is defined as the normalized resonance fre-
quency shift of f1 and f2 over the corresponding relative humidity change
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of RH1 and RH2, as expressed in Eq. 6.1:

η =

∣∣∣∣ ∆f

f0 ·∆RH

∣∣∣∣ =

∣∣∣∣ f1 − f2
(f1 + f2)/2

· 1

RH1 − RH2

∣∣∣∣ . (6.1)

The sensitivities are calculated between two RH measurements, and the
values are placed between the resonance frequency points with the unit
of 10−4/%RH in Fig. 6.7. Below the cutoff RH, the SAW resonator
has an overall average sensitivity of 0.38× 10−4 /%RH, while the overall
average sensitivity of LC resonator is 12.6 times higher with the value of
4.79× 10−4 /%RH.
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Figure 6.7: Calculated average sensitivity of the SAW resonator and the
LC resonator at different RHs.

The quality factor of the SAW resonator and the LC resonator are cal-
culated and compared in Fig. 6.8. When the RH increases, the quality
factor of both resonators decreases. The quality factor of the SAW res-
onator is much higher than the quality factor of LC resonator, the min-
imum quality factor of SAW resonator is 267 which is 30.7 times higher
than the minimum quality factor of the LC resonator.
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Figure 6.8: Quality factor of the SAW resonator and the LC resonator
at different RH.

6.4 Figure of Merit

Considering the average sensitivity in Fig. 6.7 and quality factor in
Fig. 6.8 of both, SAW resonator and LC resonator for RH sensing, a
tradeoff between sensitivity and quality factor can be found. It is ev-
ident that, when the sensitivity increases, the quality factor decreases.
To evaluate a tradeoff, a figure of merit is defined as key sensor per-
formance, which considers both, sensitivity η and quality factor in the
following way:

FoM = Q · η, (6.2)

The FoM of the dual-load RH sensor is calculated and plotted at the
RH values from 30 % to 90 % shown in Fig. 6.9. The FoM of the SAW
resonator for RH sensing first increases with RH and then it starts to
decrease above 72.4 %. Above this cutoff RH, the SAW resonator is con-
sidered out of operation for RH sensing, since the FoM drops to zero
at 78.3 %. In contrast, the FoM of the LC resonator increases signif-
icantly. By comparing the FoM of both resonators, an optimum RH
operation range for each resonator can be defined. For sensing the RH
below 72.4 %, the SAW resonator is better suited due to the significant
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Figure 6.9: Figure of merit of the SAW resonator and the LC resonator
for RH sensing.

higher FoM, while above this cutoff RH, the LC resonator is preferred
instead because of better FoM. Thus, expanding a larger operating range
for RH sensing, compared to the sensors with single loading mechanism.
Of course different thickness of PVA film or different density of the PVA
solution is used to form the functional layer, the cutoff RH of the SAW
resonator and the FoM for both sensing structures will be different. In
any design, the one with better FoM is used for RH sensing in a defined
RH range.
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Chapter 7

Conclusion and Outlook

This work focuses on the methods of moisture and humidity detection
and the applications for efficient sensor designs. A method of mate-
rial characterization of the moisture content was introduced, and the
moisture content of different kinds of tobacco were measured for a spe-
cific application by using the proposed methods. The information of the
tobacco moisture content was later used for a mass flow sensor design.
Consequently, the methods of humidity measurements, i.e., the water va-
por content in air, were discussed. A material named polyvinyl alcohol
(PVA) was chosen as a sensitive layer for relative humidity (RH) sensing.
The PVA film exhibits two properties when confronts with water vapor:
the permittivity of the PVA film changes, and the mechanical loading
of the film varies. To characterize the permittivity change, a compre-
hensive model of the PVA film at different RHs was found. Applying
this model to computer simulation tools, the performances of RH sen-
sors, with PVA films can be predicted. To utilize the mechanical loading
property of the PVA film, a one port surface acoustic wave humidity
sensor was designed. By varying the patterns and thickness of the PVA
film, different sensor performances can be observed. In the end, a novel
structure of a dual-load one port SAW resonator was proposed for hu-
midity sensing application, which can use both the permittivity change
and mechanical loading for humidity sensing, simultaneously. The sensor
has shown unique features with improved overall sensor performances.

To characterize the electrical behavior of a material such as complex
permittivity, the cavity perturbation method is precise at a single fre-
quency, which was employed accordingly. A rectangular resonator was
used for sample characterization, using small loops for electromagnetic
wave coupling. The complex permittivity of the material under test can
be calculated through the resonant frequency and quality factor before
and after the sample is inserted into the resonator as a small perturba-
tion. 6 different brands of cigarettes and a Tobacco Substitution were
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characterized using the cavity perturbation method, and the absolute
permittivity and loss tangent were calculated. The weight and mois-
ture content of each brand of cigarettes were each measured by a scale
and moisture analyzer. The calculated absolute complex permittivity
and loss tangent of 6 brands of cigarettes and the Tobacco Substitution
were related to the mass of the water content, a linear increased ten-
dency between the mass of moisture content and the absolute complex
permittivity and loss tangent were proven. The tobacco moisture con-
tent was used as pre-knowledge for a mass flow sensor design, which is
based on an open cylindrical resonator. The resonator contains two cir-
cular waveguides with different diameters, which were employed as the
tobacco conveying pipeline. Since the cutoff frequency of the pipeline
is larger than the cutoff frequency of the sensor, the energy is trapped
into the sensor, forming an open resonator. Based on the requirement of
the dimension limitation, a feasible radius and length of the sensor were
calculated, and a 1 m long sensor with a radius of 75 mm was built for
testing. 4 measurements were obtained by feeding different weights of
tobacco to the mass flow sensor in various time duration, with all of the
measurements resulting in a 10 % discrepancy.

After introducing the method of characterizing the moisture content of a
solid material, the approaches of detecting the humidity in the air were
proposed. Polyvinyl alcohol was chosen as the sensitive layer for humid-
ity sensing due to the advantages of good sensitivity, ease of process, and
low price. The PVA film exhibits two characteristics for humidity sens-
ing, i.e., the change of electrical loading and mechanical loading. Both
of the sensing mechanisms were discussed in this work.

The change of electrical loading of PVA film suggests the permittivity
changes with different humidity levels. A broadband characterization
of PVA film, using an interdigital capacitor has been performed for RH
sensing application in a climate chamber with a variable humidity level.
A conformal mapping method was used to mathematically model the
PVA film covered IDC for the extraction of the PVA film complex rela-
tive permittivity at different RHs. Substantially, dielectric relaxation of
PVA film was observed at a high RH. Low hysteresis and stable long in-
terval performance of PVA films have been proven based on experiments,
which make PVA films a promising material for RH sensing. A compre-
hensive model for the electrical property of PVA films was described by
the Cole–Cole equation with coefficients calculated from a fitting algo-
rithm of the characterization data. The function of each coefficient in
the Cole–Cole equation over relative humidity was found, in which the
permittivity at an arbitrary RH can be obtained. This mathematical
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model of electrical property of PVA films can be used to accurately pre-
dict the RH sensor performances by computer simulation tools, so that
the operating frequency, the bandwidth, and sensitivity of the RH sen-
sors can be designed. In order to verify the mathematical model of the
PVA film, a chipless, highly sensitive, low profile, low cost and easily
fabricated wireless relative humidity sensor based on a PVA film was
designed and characterized. By measuring the reflection of the radar
cross section of the sensor at different RHs, a maximal 5.35 MHz/%RH
sensitivity above 50 % RH was achieved with the interrogation distance
of 12 cm. A simulation model was built in CST Microwave Studio with
the PVA film dielectric property calculated by the Cole–Cole equation
at a measured RH. A good agreement between the simulation and mea-
surement results has proven the accuracy of the PVA film model, and
offered great practicability and aid for the RH sensor design.

To utilize the mechanical loading property of the PVA film, surface acous-
tic wave resonators were employed. A humidity sensor was formed by
loading the PVA film on top of the SAW resonator. When the PVA
film absorbs or adsorbs water molecules in the air, the mechanical load-
ing of the film changes, leading to a change of in SAW velocity. From
the reflection parameters obtained by the vector network analyzer, the
resonant frequency change can be detected with varying humidity. To
facilitate the convenient measurement and integration ability of the hu-
midity sensor, a photolithographic method of patterning PVA films with
micrometer resolution was found using its solubility characteristic. Like-
wise, the design freedom of RH sensors was increased in order to fulfill
different application requirements. Two RH sensor topologies based on
a SAW resonator with different patterns of PVA films were designed,
and their performances were compared. The sensor with open PVA film
on IDT pads has shown better average sensitivity, while the sensor with
PVA film loaded on the reflectors has shown larger operating RH range,
higher maximum reflection and higher quality factor. Later the influence
of PVA film thickness on the sensor performances was studied. The hu-
midity sensor with thicker PVA film presented higher sensitivity, while
the sensor with thinner PVA film indicated the properties of higher oper-
ation range and larger quality factor. According to different application
requirements, various PVA films can be selected for the sensor design.

To use both, the electrical loading and mechanical loading at the same
time, a dual-load RH sensor was designed and realized by an anti-corrosive
SAW resonator and LC resonator, where the capacitor was employed as
the IDC reflector of the SAW resonator and coated with PVA film. Two
different sensing mechanisms were applied in the sensor: the resonance
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frequency of SAW resonator was mainly determined by the RH due to
the altered mechanical loading of PVA film, while the LC resonator was
tuned by the RH dependent PVA film permittivity. The sensor has
enlarged the RH operation range by using this dual-load sensing mecha-
nism. A figure of merit was defined to evaluate the sensor performances,
which considered the sensitivity and the quality factor at the same time.
By comparing the FoM of the two resonators, the better one of the two
can be used for RH sensing in a defined RH range.

To further improve the operation range, sensitivity, and quality factor,
a multi-structure humidity sensor can be a promising approach that will
demand attention in the future. This sensor might consist of several
structures such as EMW resonators and SAW resonators loaded with
different patterns and various thickness of the PVA films. They can
work as frequency division, i.e., each sensor element achieves its optimal
performance in a defined frequency range, or time division, in which
each sensor element works separately in time by applying a different
time window.
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