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Summary  

This thesis deals with two applications of microwave sensing devices to thermal 
metrology. In the first case, a Whispering Gallery Mode (WGM) resonator is used 
as a sensor for temperature measurements. In particular, the prototype sensor is 
made of a cylindrical sapphire resonator hosted in a gold plated copper cavity. Two 
coaxial cables protrude inside the cavity exciting the whispering gallery modes of 
the cylindrical sapphire. The system affords a high quality factor that enables high 
resolution temperature measurements. This work further develops the principle of 
the Sapphire Whispering Gallery Thermometer (SWGT) which was developed by 
Strouse in 2007 [1]. It was shown that a temperature measurement uncertainty of 
10 mK was achievable, albeit the sensing device exhibited some mechanical 
instabilities, especially at temperatures below -20 °C, so that it was not possible to 
use it as a thermometer without recurrent recalibrations. In this thesis the design of 
a new WGM resonator is reported. Its mechanical stability was improved so that 
the temperature working range was extended. Moreover, the quality factor of the 
new resonator was 90 % higher in comparison to that achieved in the earlier work. 
This further improved the temperature measurement resolution. The fabricated 
prototype was investigated in a temperature range from approximately -40 °C to 30 
°C, i.e., from the triple point of mercury and the melting point of gallium. A Vector 
Network Analyzer (VNA) was employed for the resonant frequency estimation and 
an ASL F900 Precision Thermometry bridge was used for Standard Platinum 
Resistance Thermometer (SPRT) resistance measurement. Five different 
whispering gallery modes were investigated in a frequency range spanning from 6 
GHz to 14 GHz, however, only the WGMn=5 (f = 12.25 GHz) was chosen for 
temperature sensing because of the good compromise between quality factor and 
relative sensitivity. A fifth-order polynomial function was used as a calibration 
curve with sub-millikelvin residuals, approximately one order of magnitude better 
to that reported in the literature in the same temperature range. Measurement 



 
 

reproducibility and repeatability were also investigated for such a SWGT 
thermometer; the estimates are 14 μK and 0.4 mK, respectively. An uncertainty 
analysis is also reported in this thesis. The calibration procedure generated a 
combined uncertainty of 3 mK for the device under calibration. Considering the 
promising results obtained in this work, the SWGT confirms to be a promising 
alternative to platinum resistance thermometer, both as transfer standard in 
industrial applications and as interpolating instrument for the dissemination of the 
kelvin and the temperature scale. 

The second microwave device described in this thesis is a sensor-integrated 
antenna used as sensing node for humidity measurements. The main goal of this 
research activity was the integration of a relative humidity sensor into a rectangular 
patch antenna (2.45 GHz) in order to overcome the antenna performance 
degradation which often occurs during the integration process: the antenna is 
affected by the presence of the sensor and, at the same time, the sensing 
performance are affected by the antenna. The main idea was to employ an aperture 
coupled patch antenna that ensures a weak coupling between the sensing element 
and the antenna itself. Two Rogers RO4003 substrates were used for this purpose: 
a patch antenna and a ground plane with aperture in the first substrate; a feedline 
and a ground plane with aperture in the other substrate. An interdigitated capacitor 
(IDC) was placed at the end of the feedline and a BaTiO3 – based sensing material 
was deposited between its fingers. A change in the surface impedance of the 
deposited material (this is what happens during a water vapour exposure) is 
transduced into a change on the antenna resonant frequency. The frequency shift 
was large enough to be recorded, but not so much to detune the antenna out of its 
working band. Measurements were carried out inside a Thunder Scientific 2500 
humidity generator between 10 %rh and 95 %rh in the temperature range from 1°C 
to 40 °C. The prototype sensing properties and the antenna performances are still 
under investigation. However, the achieved results show that this device could be 
used for IoT (Internet of Things) applications or as a sensing node in a Wireless 
Sensor Network (WSN) for environmental monitoring.   
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Chapter 1 

Microwave Resonators and 
Applications 

1.1 Introduction 

Since ancient times, people showed interest on electricity and 
electromagnetism. In 6th century BC, Thales of Miletus, a Greek philosopher, 
studied the static electricity. He observed how rubbed amber was able to attract 
small objects like hairs. In 1690, Christiaan Huygens published “Treatise on Light” 
in which he described for the first time the wave theory of light. A great 
improvement on electromagnetic theory was given in 1865 by James Clerk 
Maxwell with the paper entitled “A Dynamical Theory of the Electromagnetic 
Field” in which he unified electricity, magnetism and light. In this work he 
described the electromagnetic radiation in which the electric and magnetic field are 
coupled each other travelling together as waves with a certain speed that he 
estimated to be 310,740,000 m/s. In 1888, Heinrich Hertz was able to produce and 
detect microwaves in the UHF band by using the first antenna prototype. He 
observed how the radio waves can travel through some materials and, on the 
contrary, can be reflected by others. With his experiments he explained some 
electromagnetic properties like refraction, reflection, polarization and interference.  

At the beginning of the development of modern microwave techniques [2], only
the lower part of microwave spectrum was exploited because of the limited number 
of applications. When the scientific community became more confident with radio 
waves, the lower range of RF spectrum started to be saturated and the need of wider 
bandwidth was absolutely essential.  At the same time, international conventions 
on the frequency spectrum were established. It was only during the World War II 
that microwave techniques received a great improvement with the development of 
radar equipments and in wireless communications. In recent years, the microwave 
techniques have been characterized by a continuous development in RF solid state 



 

23 
 

devices and integrated circuits. Their applications spread over different field such 
as wireless communications, networking, sensing and security [3]. 

As the working frequency increases, the wavelength decreases as: 
 
 𝜆 =

𝑐

√𝜀𝑟𝑓
 (1.1) 

 
Where c is the speed of light in vacuum, εr is the permittivity of the medium in 

which the wave is propagating, f is the working frequency. Above certain 
frequencies, the size of the components used becomes comparable to the 
wavelength so that the lumped element approximation is not valid anymore because 
voltage and current vary in amplitude and phase along the circuit. The Transmission 
Line Theory gives the right tools to study such cases. Still, the frequency at which 
the microwave range starts is not defined uniquely, however in literature [2] it is 
usual to start speaking about microwaves at that frequencies in which the lumped 
element circuit approximation is not valid anymore. Usually this happens for 
frequencies above 1 GHz. On the contrary, the ending part of the microwave 
spectrum corresponds to that frequencies for which optical techniques must be used 
to describe the signal transmission.

 

 

Figure 1 Electromagnetic spectrum 

 
At low frequency, every electrical network can be fully defined by voltage and 

current at its input and output port. The z, y, g and h parameters are defined for this 
purpose. Similarly, at high frequency, a transmission line can be employed with 
reasonable simplicity considering the energy flow through its ports. As instance, 
let’s consider a simple two port network as shown in figure 1. 

 

 

Figure 2 Generic two port network 
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It is possible to define at each port i an incident wave (ai) and a reflected wave 
(bi), so that: 

 
{
𝑏1 = 𝑎1𝑆11 + 𝑎2𝑆12

𝑏2 = 𝑎1𝑆21 + 𝑎2𝑆22
 

 
(1.2) 

Or in matrix form: 
 

[
𝑏1

𝑏2
] = [

𝑆11 𝑆12

𝑆21 𝑆22
] [

𝑎1

𝑎2
] (1.3) 

 
The network is so described by a [S] matrix that is called Scattering Matrix. 

The terms Sij are called scattering parameters, they are complex numbers and are 
defined as reported in Table 1.1: 

 

Table 1 Scattering Parameters definition 

𝑆11 =
𝑏1

𝑎1
|
𝑎2=0

 

 
Reflection coefficient at port 1 

when port 2 is terminated with matched 
load (a2 = 0)

 

𝑆12 =
𝑏1

𝑎2
|
𝑎1=0

 

Reverse transmission coefficient 
when port 1 is terminated with matched 
load (a1 = 0). It represents the 
attenuation of wave travelling from 
port 1 to port 2. 

𝑆21 =
𝑏2

𝑎1
|
𝑎2=0

 

Forward transmission coefficient 
when port 2 is terminated with matched 
load (a2 = 0). It represents the 
attenuation of wave travelling from 
port 1 to port 2  

𝑆22 =
𝑏2

𝑎2
|
𝑎1=0

 

 
Reflection coefficient at port 2 

when port 1 is terminated with matched 
load (a1 = 0) 

 
 
The parameters S11 and S22 are defined as the ratio between reflected wave and 

incident wave at each port when there is no incident wave at the opposite port 
(matched load). They are called reflection coefficients at port 1 and port 2 
respectively. The parameters S21 and S12 are defined as the ratio between the 
reflected wave at the not excited port (ai = 0) and the incident wave at the opposite 
port. They are called forward and reverse transmission coefficients respectively. 
Components and networks at microwave range are usually described by the 
scattering matrix. These parameters can be calculated using the network analysis 
techniques or measured directly with a Vector Network Analyzer (VNA). 
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1.2 Microwave Resonators 

One of the most used microwave devices are the microwave resonators. They 
are employed in the design of filters, frequency meters, oscillators and tuned 
amplifiers. 

The resonance phenomenon was firstly observed by Galileo Galilei in 1638. As 
he wrote in “Dialogues Concerning Two New Sciences” [4]: 

 
“Even as a boy, I observed that one man alone by giving these impulses at the 

right instant was able to ring a bell so large that when four, or even six, men seized 
the rope and tried to stop it they were lifted from the ground, all of them together 
being unable to counterbalance the momentum which a single man, by properly-
timed pulls, had given it”. 

 
However, Galileo Galilei is not considered as the man that discovered the 

resonance phenomenon, but certainly he is the pioneer of the scientific research 
behind it [5].  

The working principle of a microwave resonator is similar to that of lumped 
element resonant circuit: at a certain frequency the network impedance changes so 
that the energy coming from the generator is completely transmitted/absorbed or 
reflected by the network itself. For a lumped-element RLC series circuit (Figure 2) 
the input impedance can be written as [3]: 

 

Figure 3 Lumped element RLC series circuit schematic 

 
 

𝑍 = 𝑗𝜔𝐿 +
1

𝑗𝜔𝐶
+ 𝑅 = 𝑅 + 𝑗𝜔𝐿 (1 −

1

𝜔2𝐿𝐶
) (1.3) 

 
At resonance, the impedance is purely real. This occurs when Im(Z) = 0 or 𝜔 =

±
1

√𝐿𝐶
, the impedance reaches its minimum value. 

In order to understand the resonance phenomenon and the cancellation of the 
reactive components, it is worth to note that the capacitor and inductor voltages are 
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always shifted by 180°: when one reactance is dropping, the other is increasing. 
Resonance occurs when the two magnitudes are the same [6], or: 

 
 

𝜔𝐿 =
1

𝜔𝐶
 (1.4) 

 
The dual principle is valid for the Lumped-Element RLC parallel circuit. In this 

case (Figure 1.4) the role of voltages and currents are interchanged and, at resonant 
frequency, the admittance reaches its minimum value. Usually, the resonance in the 
case of a parallel RLC circuit is called antiresonance. 

 

Figure 4 Lumped element RLC parallel circuit schematic 

 
An important parameter that characterize a resonator is the quality factor (Q). 

It is a measure of the resonator losses and is defined as [3]: 
 
 

𝑄 = 𝜔
𝐸𝑠

𝐸𝑙
 (1.5) 

 
Where Es is the average energy stored and El is the energy loss per second due 

to dielectric, conductor and radiation losses. It is possible to prove [3] that the 
quality factor can be expressed as: 

 𝑄 =
𝜔0

∆𝜔
 (1.6) 

 
Where Δω is the half-power bandwidth of the resonator and ω0 is angular 

resonant frequency. This quality factor does not take into account the loading effect 
caused by the connected circuit. When the loading effect is included the Q is called 
loaded Quality Factor (QL). 

At microwave range, it is not possible to describe a network as a lumped-
element circuit. This is the reason why at high frequency resonators are described 
using the transmission line theory. However, at frequencies near resonance, a 
microwave resonator can usually be modelled by either a series or parallel RLC 
lumped-element equivalent circuit. So there are: 

 short circuited λ/2 line, can be modelled as a series RLC circuit; 

 short circuited λ/4 line, can be modelled as a parallel RLC circuit; 
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 open circuited λ/2 line, can be modelled as a parallel RLC circuit. 
All of them can be studied as lumped element circuits with an equivalent value 

of R, L and C [3].  
 
 
 

1.3 Microwave Resonators as Sensors 

1.3.1 Basic principles of microwave sensors 

Microwave resonators are commonly employed for accurate measurements of 
electromagnetic properties in dielectric materials like permittivity, loss tangent and 
surface impedance [7]. Moreover, they can be also employed as sensors of different 
physical quantities that affect the complex permittivity or the dielectric losses of 
the Material Under Test (MUT). 

Microwave sensors firstly appeared in the 60’s, but their development was 
slow. During the last twenty-five years the design of microwave sensors has been 
facilitated by the improvement of microwave components that become smaller, 
faster and cheaper [8]. Today microwave sensors are used for a variety of 
applications in the industry, medicine, and for research purposes. They are based 
on the interaction of microwaves with matter. This interaction may be in the form 
of reflection, refraction, scattering, emission, absorption, or change of speed and 
phase.  

When an electric field is applied across a dielectric material, the atomic charges 
and molecular dipoles in the dielectric are displaced from their equilibrium 
positions and the material is said to be polarized. Dielectric analysis involves the 
determination of this polarization in materials subjected to a time varying electric 
field. 

The permittivity is the main dielectric parameter and represents the 
measurements of the maximum dipolar polarization that can be attained by the 
material under specific condition (temperature, chemical state, etc.). The 
permittivity is a frequency-dependent complex number with following expression 
[9]: 

 
 𝜀(𝑓) = 𝜀0(𝜀𝑟

′(𝑓) − 𝑗𝜀𝑟′′(𝑓)) (1.8) 
 
where: 

 f is the frequency; 

 ε0 is a constant, which represents the vacuum permittivity; 

 the real part εr'(f) is known as the relative dielectric constant, which 
characterizes the material's ability to store and release electromagnetic 
energy; 
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 the imaginary part εr''(f) is known as the relative loss factor, which 
characterizes the material's ability to absorb (attenuate) electromagnetic 
energy to create heat. 

Microwave sensors are based on the fact that electromagnetic waves are very 
sensitive to the dielectric properties of the material in which they exist. The 
interaction between microwaves and the medium of propagation is completely 
determined by the medium dielectric properties. 

The range of applicability of these sensors is very large because dielectric 
properties are also sensitive indicators of numerous physical and chemical 
properties of the material, such as the moisture content, temperature, biomass, 
density, bacterial content, chemical reaction and composition, viscosity and many 
other properties [8]. 

A generic schematic for a measurement setup of a microwave sensor is reported 
in Figure 5. 

 

 

Figure 5 Working principle schematic for a microwave sensor 

 
The majority of microwave sensors are characterized by a transmitter that 

generates the input signal, the MUT whose dielectric properties are affected by the 
quantity to be measured (gas, temperature, force…) and a receiver. Usually, instead 
of transmitter and receiver, a VNA is used for the determination of the material 
dielectric properties. The resonant frequency is strongly linked to the resonator 
geometry and the material permittivity, so that a variation in the resonant frequency 
can be related to a variation on the physical quantity that affects the MUT. 

1.3.2 Microstrip resonators and applications 

During last few years, several topologies of microstrip resonators were studied 
as antennas, filters or in sensing applications.  

The microstrip is one of the most used transmission line in microwave 
applications. It is preferred to other transmission lines because of its low cost and 
good performance. Many microwave components such as antennas, filters, 
resonators can be realized with this technology. The disadvantages of microstrip 
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compared with other transmission lines (i.e., waveguides) are its lower power 
handling capacity and higher losses. 

 
 

 

Figure 6 Microstrip structure. ‘W’ is the microstrip width, ‘h’ the substrate thickness, ‘t’ the metallization 
thickness and ‘εr’ is the substrate relative dielectric constant. 

 
The geometry of a microstrip line is shown in Figure 6. It is made by a 

conductive ground plane on the bottom part, a dielectric layer of thickness h and 
dielectric constant εr in the middle and, finally, a conductive strip on the top. In the 
microstrip structure, the electric field lines go from the upper conductor to the 
ground plane passing through air and the dielectric material.  The presence of two 
different materials (dielectric and air), complicates the study of microstrip line. 
However, in most of the cases, the dielectric thickness is very small compared to 
the wavelength (h << λ) so that the field distribution is very similar to the DC case. 
Instead of considering a dielectric-air interface in the field path, it is possible to 
consider the material uniform with an effective dielectric constant that satisfies the 
relation [3]: 

 
 1 < 𝜀𝑒𝑓𝑓 < 𝜀𝑟 (1.9) 

 
It is possible to estimate the εeff from the εr value and the microstrip geometry. 

Formulas for such approximation are reported in [3]. 
Sensors based on microstrip resonators are preferred for less accurate and low 

cost applications. Rectangular, circular, triangular, disk sectors, rings are examples 
of geometries employed for the resonator design. Most of the time, they are 
capacitively coupled to a microstrip line that is connected to an excitation source 
like a signal generator or a transmitter. They can be realized using the same 
technology employed in the fabrication of Printed Circuit Boards (PCBs) and can 
be easily assembled into an electronic board or coupled to a patch antenna. Due to 
these advantages they are widely used in sensing applications, especially in gas 
detection [10], [11]. Generally, the working principle of a microstrip gas sensor is 
based on a change in the effective permittivity of a sensitive material covering part 
of a microwave resonator. When the target gas is adsorbed on the material surface, 
the effective permittivity changes and a variation in the resonant frequency is 
observed [12]. 



 

30 
 

One of the most interesting microstrip sensors advantages is that they are fully 
compatible with the wireless technology. Especially during last few years, in which 
the wireless communications are spreading over and over in our everyday life, they 
are employed in wireless sensor networks as part of sensing nodes in environmental 
monitoring, industrial measurements, and security/medical applications. In these 
cases, a combination between a sensor and an antenna is needed for the wireless 
sensing node design and, most of the time, they are both fabricated using the same 
technology. Typically, they are made on the same substrate using the microstrip 
technology because of a relatively low cost and the easier fabrication process 
(photolitography). The design, fabrication and testing of a sensor-integrated 
antenna prototype is discussed in Chapter 3 of this thesis.  
 

1.3.3 Cavity resonators and applications 

A microwave resonator can also be made by waveguides of different shape and 
size [3]. Usually, they are closed at both ends (short circuited) forming the so called 
“resonant cavity”. The electromagnetic field energy is stored inside the closed box 
and different resonant modes can be established inside the cavity. The coupling is 
usually made through a small aperture in the conductive walls or using a probe or a 
loop as an antenna. Simple geometries like cylinder or sphere are well studied [13] 
and the analytical solution that provides all the modes inside the cavity is known. 
For other unusual geometries, no analytical solution is reported in literature so the 
Maxwell equations have to be solved with the right boundary conditions in order to 
calculate the cavity resonances. Usually this procedure is made numerically by a 
computer software using the Method of Moments (MoMs) or the Finite Element 
Method (FEM). A detailed description of this two different approaches can be found 
in [14]–[17]. 
Cavity resonators are used in gas detection [18] and for displacement measurements 
[19]. An interesting application of a cavity resonator is the “quasi-spherical 
resonator” used to measure the permittivity of a binary mixture of gases. From the 
permittivity value it is possible to calculate the polarizability of the mixture and so, 
the polarizability of the gas under test. A more detailed description of this 
instrument can be found in [20]. 
 

1.3.4 Dielectric resonators and applications 

Dielectric materials can also be used as microwave resonators [3]. The working 
principle of such resonators is similar to that of cavities. High permittivities are 
typically employed in order to confine the electromagnetic field inside the dielectric 
shape. Conductor losses are absent because there are not metallic walls, but a small 
part of electromagnetic field propagates outside the resonator. This effect is known 
as field fringing and is the cause of radiation loss and a consequent worsening of 
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the resonator quality factor. This is the reason why dielectric materials with low 
losses are usually employed for the design and fabrication of such resonators. 
Dielectric resonators are usually used as displacement sensors [21], crack detectors 
[22] and for liquid and gas detection [23], [24]. Usually, simple geometries like 
cubic or cylinder are employed because their electromagnetic behaviour is widely 
described in literature [13]. 
An important sub-category of dielectric resonators is represented by Whispering 
Gallery Mode (WGM) resonators. Their high stability and high quality factor make 
them useful in several fields like in oscillators development or in sensing 
applications. WGM resonators are used for force measurements, in gas detection 
and bio-sensing [24]–[31]. Moreover, they were successfully employed in the past 
for temperature measurements [1], [32] with a measurement uncertainty better than 
10 mK. A more detailed discussion of Whispering Gallery Mode resonators is 
reported in Chapter 2 of this thesis. 
 

1.3.5 Microwave Sensors: features 

Mazierska et al. in his paper [7] summarised different microwave resonators 
according to the resonant frequency range and the Q factor (Table 1). According to 
his study [7], microstrip resonators have a Q factor of the order of few hundreds 
and they are usually employed at room temperature. Working at low temperatures, 
the Q factor can be increased by several orders of magnitude by employing 
whispering gallery modes (WGM) excited in low loss dielectric resonators made of 
sapphire [6]. These kind or resonators provide a very high Q factor that makes them 
one of the most sensitive electromagnetic instruments [7]. 
 

Table 2 Frequency range and Q factors of different microwave resonators 

Resonator type Frequency Q-factor 
Microstrip resonator 500 MHz – 10 GHz 100 – 300 
Cavity Resonators 6 GHz – 40 GHz 104 – 4x104 
Cavity made of 
superconductor (T < 20 
K) 

6 GHz – 40 GHz 108 - 1010 

Dielectric resonators 1 GHz – 20 GHz 104 – 5x104 
WGM sapphire 
resonators 

8 GHz – 50 GHz 105 - 1010 
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Figure 7 Resonators topologies working area 

 
The most important advantages of employing microwave technology in sensing 
applications are listed below [33]. 

 for some configurations, microwave sensors do not need mechanical contact 
with the MUT; 

 microwave energy penetrates all materials except for metals. The measured 
result therefore represents a volume of the MUT, not only the surface; 

 microwave resonator sensors are inherently stable because the resonant 
frequency is related to the physical dimensions; 

 at low frequencies (capacitive and resistive sensors), the dc conductivity 
often dominates the electrical properties of a material. The dc conductivity 
depends strongly on temperature and ion content. At microwave 
frequencies, the influence of the dc conductivity often disappears; 

 at the power levels used for measurements with microwave sensors, 
microwaves are safe for the operator (contrary to radioactive radiation); 

 the response of the microwave sensor to a change in the MUT is almost 
immediate; 

 manufacturing cost of microwave sensors is generally not high. 
 
However, there may be some disadvantages: 

 the higher is the frequency, the more expensive are the electronic 
components; 

 microwave sensors must be calibrated separately for different materials; 

 the sensors are often adapted to a specific application, resulting in low 
universal applicability; 

 due to the cells size and the wavelength of the microwave signals, the spatial 
resolution with microwave sensors is low; 



 

33 
 

 the sensors are sensitive to more than one variable. Additional sensors are 
therefore in some cases necessary for compensation. 

These disadvantages have limited the applications of microwave sensors. 
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Chapter 2 

Thermometry based on Whispering 
Gallery Mode Resonators 

2.1 Introduction 

The scope of the work described in this chapter is to exploit a microwave 
resonator as a thermometer, to evaluate its metrological performance and make a 
comparison with the Standard Platinum Resistance Thermometer (SPRT), the 
reference thermometer in precision industrial and scientific applications. 

The Platinum Resistance Thermometer (PRT) was introduced for the first time 
in 1887 by Professor H. L. Callendar with the paper entitled “On the Practical 
Measurement of Temperature” [34], [35]. Before that time, the mercury 
thermometer was the instrument used for temperature measurement, it was fragile 
and had a very limited working range. In 1871, C. W. Siemens proposed the first 
resistance thermometer as an instrument able to measure temperature up to 1000°C. 
After the Callendar’s studies, the PRTs were employed in blast furnaces, annealing 
furnaces (1892) and later in chemical industry, food production and environmental 
control systems. The standard PRT (SPRT) is a special PRT used in for highly 
accurate laboratory measurements. It is used as the interpolating instruments for the 
realization and dissemination of the International Temperature Scale of 1990 (ITS-
90). Still today, with the new definition of the kelvin, the SPRT is the reference
thermometer in metrological and industrial applications. However, the SPRTs 
suffer from some limitations: they are sensitive to vibrations, mechanical shocks 
and thermal stress. Consequently, they need periodic recalibrations. Moreover, in 
some fields like aerospace, chemistry or weather stations, a measurement 
uncertainty less than 10 mK is often required [1], but this level of accuracy is hard 
to reach outside a laboratory using a platinum resistance thermometer. 

Because of these limitations, other topologies of thermometers were 
investigated based on photonics [36] or microwave [1], [32]. In particular, an 
optical thermometer with nano-kelvin resolution is described in [38]. In this article, 
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the authors were able to employ an isotropic crystalline whispering gallery mode 
resonator to measure temperature with a resolution of 80 nK/√Hz. Another 
approach to measure the temperature with high resolution is reported in [37]. In this 
case, a superconducting quantum interference device (SQUID) magnetometer is 
employed as a nano-kelvin resolution thermometer. Although its performance in 
temperature measurements and its small size, this device can be used only at low 
temperature (~ 3 K) and it is not able to cover the SPRT temperature range. 

In this thesis, a whispering gallery mode microwave resonator was developed 
for temperature measurements. Its performance as a thermometer was investigated 
and compared to that of SPRT finding very promising results. The resonator 
exhibited a temperature resolution better than 15 μK and a measurement stability 
and repeatability five times better than a SPRT. Compared to the optical resonator 
previously described [38], the coupling in a microwave whispering gallery mode 
resonator is easier since a metallic antenna can be employed to excite the modes. 
Furthermore, the resonator roughness is not so stringent as required in optical 
resonators [39]. 

In the next sections of this chapter the microwave resonator design and its 
fabrication are described. Two calibration techniques are also reported with the 
associated uncertainty analysis. Finally, the developed thermometer is compared 
with the classical SPRT. 

 

2.2 Whispering Gallery Mode Resonators 

2.2.1 WGM theory 

The St Paul’s Cathedral in London is not famous only for its architecture and 
rich history, but also for of an exclusive feature that makes it unique: the whispering 
gallery that runs along the interior wall of its dome [40]. When weak sounds are 
generated close to the dome wall, the mechanical waves propagate through the walls 
and start to circulate many times before fading away. As a result, these sounds are 
audible to the opposite side of the dome. Several explanations were given to this 
physical phenomenon, but only in late 1870s John William Strutt, also known as 
Lord Rayleigh, described for the first time the Whispering Gallery Waves in his 
Theory of Sounds [41]. From a geometrical point of view [42], such waves are 
guided by means of repeated reflections which, neglecting losses, continue ad 
infinitum with no end. However, acoustic whispering gallery waves have no 
practical application because of the cavity size needed to sustain such acoustic 
modes. In 1961, Garrett et al. [43] observed whispering gallery modes in optical 
wavelength range where the resonator size could be reduced to the micrometer 
level. Nowadays, ultra-high Q Whispering Gallery Mode Resonators are employed 
as oscillators, filters or sensors. Moreover, they are receiving increasing attention 
due to their high potentials in quantum informatics, novel micro/nano sources, 
dynamic filters and in micro/nano sensors [44]. 
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Figure 8 Whispering gallery mode in a spherical resonator 

 
Microwave Whispering Gallery Mode (WGM) resonators are the main topic of 

this chapter. They are made by low loss dielectric material with a rotational 
symmetry like sphere or cylinder. In such geometries, the electromagnetic (EM) 
wave is trapped in a circular orbit very close to the external surface and circulate 
along the inner surface with small losses. As reported in the literature [44], WGMs 
in spherical coordinates are characterized by three mode numbers: l, n and m, which 
represent the radial, azimuthal and polar mode numbers, respectively. The mode 
number l is equal to the number of field maxima in the radial direction (r) of the 
sphere. The value 2n is equal to the number of field maxima in the azimuthal 
direction (θ) in the equatorial plane, and, finally, the value of (n-m+1) indicates the 
number of field maxima in the polar direction (φ) around the equator. 

Resonant frequencies for a spherical WGM resonator can be found by solving 
the following transcendental equation [42]: 

 
 [𝑛ℎ𝑥𝑦𝑙(𝑛ℎ𝑥)]′

𝑦𝑙(𝑛ℎ𝑥)
= 𝑁

[𝑛𝑟𝑥𝑗𝑙(𝑛𝑟𝑥)]′

𝑗𝑙(𝑛𝑟𝑥)
, (2.1) 

 
where: 

 jl(x) and yl(x) are spherical Bessel functions of the first and second kind 
 x = nhω0R/c is called size parameter; 
 R is the resonator radius; 
 nr and nh are the dielectric refractive indexes of the resonator and the host 

medium respectively; 
 c is the speed of light; 
 N is a constant whose value depends on the mode polarization. N=1 for 

transverse electric (TE) polarized modes, N = nh
2/nr

2 for transverse 
magnetic (TM) polarized modes. 

As stated by Foreman in [42], an exact analytic solution of Eq 2.1 (or its analog 
in cylindrical or other highly symmetric systems) is generally not possible, so that 
resonances frequencies must be calculated either numerically or by means of 
analytical approximations. However, what is important to note from Eq. 2.1 is that 
it depends on the resonator size and its dielectric properties so, it is possible to claim 

θ(n) 

ϕ(m) 

r(l) 
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that resonances are set by the dielectric properties of the resonator and its 
environment and the resonator size [42]. Even if several analytical approximations 
were given for the whispering gallery problem, the use of such equations is limited. 
Approaches based on finite element methods are also prominent in the literature. 
Especially during the last few years, FEM simulations are improving their 
flexibility and accuracy with an increasing interest in their use for optimization of 
the WGM resonators geometry. 

 

2.2.2 Sensing mechanism 

As described for a generic microwave sensor (see Chapter 1), the working 
principle for a WGM sensor is to monitor its spectral properties that can be affected 
by some physical changes on its surface or close to it. As an example, a variation 
in the WGM resonances can be due to a change in pressure, temperature or by the 
introduction of gas into the resonator environment. The sensing principle is to 
record the resonance frequency shift induced by such physical changes. 

Shifts in the WGM resonant frequency occur when the resonator size or 
refractive index varies. Actually, a frequency shift can be observed even if only the 
refractive index of the host material is changing. This behavior is due to the 
evanescent tail of WGM that extend in the environment outside the resonator 
dielectric material. A change in the host refractive index determines a change in the 
effective refractive index seen by the WGM along its path. 
 

2.2.3 Mode Splitting on WGM resonators 

Because of their physical properties, WGMs can be excited only inside cavities 
with a perfect rotational symmetry along one axis, like spheres, cylinders, rings. At 
resonance, two independent WGMs propagate in two opposite directions along the 
resonator inner surface accumulating the same phase shift thus creating a single 
resonance peak in the resonator spectrum. However, when the geometrical 
symmetry is broken, for example, because of a perturbation in the resonator surface, 
a reflected wave is produced coupling the two counter-propagating modes and 
introducing a difference in the two-phase shifts. As a consequence, the single 
resonant peak is divided into two different peaks. If their distance is of the order of 
their bandwidth, their spectrum is distorted lowering the resonator Q factor. This 
phenomenon is known as “mode-splitting” [45], [46]. Pierre-Yves Bourgeois and 
Vincent Giordano [45] developed a mathematical model for the description of the 
mode splitting effect in a WGM resonator. According to their studies, the coupling 
factors of the two modes depend on the angular position of the coupling probes and 
of the dominant perturbation causing the mode splitting. This means that for certain 
angles, the coupling can be eliminated or, at least, minimized reducing the mode 
splitting effect. The results obtained by Bourgeois and Giordano were confirmed 
by the FEM simulations performed in this thesis. Similarly to their work, a crystal 
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sapphire was considered as WGM resonators. A rod sapphire was placed inside a 
cylindrical metal cavity with two diametrically opposed antennas acting as exciting 
probes. A perturbation was included in the 3D model and several simulations were 
performed with the particle moving along the resonator surface. In particular, the 
perturbation included in the simulation was a hole in the sapphire surface with a 
diameter of 80 μm. The mode splitting is strongly dependent on the particle 
position, for certain angles it is negligible and one peak prevails on the other, for 
other particle angles, the mode splitting effect is maximized and a clear separation 
appears between the two peaks. For instance, Figure 9 (b) shows the microwave 
resonator spectrum when the perturbation is moving along the azimuthal direction 
(a). It is evident that the mode splitting effect is emphasized when the perturbation 
is along the equatorial plane, the area in which the EM field is maximum. For higher 
azimuthal angles, the perturbation is moved to regions in which the field amplitude 
is low and so the mode splitting becomes negligible. 

 

(a) 

 
(b) 

Figure 9 (a) perturbation azimuthal position; (b) resonator S21 magnitude at different perturbation 
azimuthal angles (θ) with φ = 10°. The mode splitting is maximized when the perturbation is in the equatorial 

Antenna 1 Antenna 2 

θ 
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plane. If the particle is far from the equator, it does not interfere with the electromagnetic field and the mode 
splitting disappears (θ = 40°, φ = 10°). 

The FEM simulations confirmed that for certain angles, even if the perturbation 
is in the equatorial plane, the mode splitting effect disappears. In Figure 10 the field 
distribution (a) and the spectrum (b) of a WGM at f = 13.5 GHz are reported. The 
mode splitting becomes negligible for φ ϵ [0°, 30°, 60°, 90°], or for φ = a0 · π/6. In 
other words, the mode splitting effect disappears when the particle is placed close 
to the E-field maximum or minimum. For a generic WGM it is possible to claim 
that this angle is equal to: 

 𝜑 = 𝑎0

𝜋

2𝑛
. (2.2) 

 
Where a0 is an integer. For odd a0 values a frequency shift was observed in the 

resonator spectrum. 
 

 
(a) 

 
(b) 

Figure 10 (a) Perturbation position along the equatorial plane. (b) Resonant peak when the particle is in 
the equatorial plane (θ = 0). For WGM at 13.5 GHz, at φ = 0°, 30°, 60°, 90°, the mode splitting disappears. 

Antenna 1 
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Figure 11 reports the transmission coefficient (S21) of the spherical sapphire 

resonator when the perturbation angular position is between 0° and 30°. For these 
φ angles, the mode splitting effect is not negligible. 

  

Figure 11 Mode splitting with the perturbation in the equatorial plane and 0°<φ<30°. 

Finally, some simulations were carried out with different perturbation size. If 
the perturbation size is small, it can be stated that the related impedance is 
reasonably small. On the contrary, a bigger perturbation can be represented by a 
larger impedance. If the presence of a bigger hole is simulated along the equatorial 
surface, the mode splitting effect is emphasized. On the contrary, for a smaller 
perturbation, the amplitude of one peak is always less respect to the other (Figure 
12). 

 

Figure 12 Mode splitting at different perturbation size (φ = 10°; θ = 0°) 
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The simulations confirmed the study of Bourgeois and Giordano [45]: the mode 
splitting effect is strongly related to the surface roughness. If a perturbation is 
present on the resonator surface, the mode splitting effect takes place. However, it 
can be minimized by rotating the resonator along its axis with an angular position 
given by eq. 2.2. Bourgeois and Giordano claimed that the case of more 
perturbations along the resonator surface can be studied as a unique equivalent 
perturbation. Simulation of such cases is not reported in this thesis because they are 
still under investigation. 
 

 

2.3 WGM Thermometry – State of The Art 

The first Sapphire Whispering Gallery Thermometer (SWGT) was developed 
by Strouse in 2007 [1]. He employed a monocrystalline sapphire disk as a dielectric 
resonator with whispering gallery modes in the bandwidth (14 – 20) GHz and with 
a quality factor (Q) as large as 90000. After the calibration procedure, Strouse’s 
prototype was able to measure temperature in the range from 0 °C to 100 °C with a 
standard uncertainty of 10 mK (k = 1) [1]. According to Strouse and Tobar’s studies, 
in a monocrystalline sapphire disk the frequency vs temperature dependence due to 
the thermal coefficient of the sapphire dielectric constant can be expressed as 
follows [1], [47]: 

 
 1

𝑓0

𝜕𝑓0

𝜕𝑇
=  

1

𝑓0
(
𝜕𝑓0

𝜕𝜀⏊

𝜕𝜀⏊

𝜕𝑇
+  

𝜕𝑓0

𝜕𝜀‖

𝜕𝜀‖

𝜕𝑇
+ 

𝜕𝑓0

𝜕𝐿ℎ

𝜕𝐿ℎ

𝜕𝑇
+  

𝜕𝑓0

𝜕𝑎

𝜕𝑎

𝜕𝑇
), (2.2) 

 
where: 

 f0 is the resonance frequency, 
 T is the temperature, 
 ε⏊ and ε‖ are the pemittivities in the radial and axial direction respectively, 
 Lh is the sapphire disk height and a is the disk diameter. 

The fractional frequency change with temperature was estimated to be 40-to-
70 ppm/K [48]–[50]. The frequency shift is due on one side to the temperature 
dependence of the sapphire permittivity, on the other side to the thermal expansion. 
However, the latter is one order of magnitude less respect to the first contribution 
[1], [49]–[51]. 

In 2012, Yu and Fernicola [32] developed a spherical-sapphire-based WGM 
resonator. Their prototype was based on a 12-mm spherical sapphire dielectric 
resonator and the whispering gallery mode at 13.6 GHz was explored in a 
temperature range from -40 °C to 85 °C. In this case, the quality factor was 
estimated to be 82000 with a measurement uncertainty better than 10 mK (k = 1). 
According to the literature [1], the SWGT is a good alternative to the PRT because 
of its smaller uncertainty in temperature measurements. However, still the main 
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limitation of these resonators is their mechanical instability [46]. If the sapphire is 
shifted from its equilibrium position or tilted, for example, because of thermal 
expansion mechanical stress, the resonator symmetry is broken, the resonator 
behavior is affected and it is not possible anymore to use it as a thermometer without 
a new calibration. Because of this important limitation, a new resonator design is 
needed in order to improve the SWGT performances.  

In this chapter, the design, fabrication and testing of a new SWGT are reported. 
It is based on a 17.6-mm cylindrical sapphire resonator, similar to that exploited by 
Strouse in [1]. In order to improve the resonator mechanical stability, a new design 
for the copper cavity was given. Five whispering gallery modes were explored in 
the band (6 – 14) GHz in a temperature range from -40 °C to 0 °C. A bigger 
dielectric resonator made it possible to have a quality factor (>250000) higher than 
that previously measured by Strouse [1] and Yu [48]. By using the new cavity 
design, no mechanical instabilities were recorded even at the lowest investigated 
temperatures (e.g., -40 °C) where the thermal stress affects the resonator response 
[46]. The measurement standard uncertainty was evaluated to be 3 mK (k = 1) while 
the thermometer resolution was approximately 14 μK. 

 

2.4 Experimental activity 

2.4.1 New Resonator design 

Strouse and Yu’s resonator designs are very similar: the crystal sapphire is 
suspended through a screw in the center of a copper cylindrical cavity. According 
to numerical optimizations [48], the cavity inner diameter and height are about 
twice the sapphire diameter. As shown in Figure 13, it is made by a central hollow 
body and two disks. Two coaxial cables protrude from one disk for the excitation 
of the whispering gallery modes. A vacuum pipe is also included in the design. The 
central body and the two disks are bolted together and sealed with two O-Ring 
gaskets. 

 
 

 

Figure 13 Resonator cavity: old design with a central body and two disks 
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However, this configuration suffers from some mechanical instabilities 

especially at low temperatures (< -20 °C). As highlighted by Ramella et al. in [46] 
the two main critical aspects of the design are the cavity assembly and the sapphire 
mounting. The authors claimed that the adoption of separate pieces bolted together 
to create the cavity, may lead to body-disks misalignments as a consequence of 
thermal expansion. This is equivalent to a shift of the sapphire resonator from the 
geometrical center of the cavity. According to these studies, even more critical is 
the different thermal expansion between the sapphire holding screw and the cavity. 
In this case the mechanical stress due to the different thermal expansion leads to 
small sapphire tilts respect to the cavity’s vertical axis thus changing the frequency 
separation between two whispering gallery modes. This is reasonable because a tilt 
in the spherical sapphire changes the relative position of the main perturbation 
respect to the whispering gallery standing wave: the mode splitting is affected, a 
frequency shift of the main peak occurs (see Figure 11) and a recalibration is 
needed. 

The new cavity design proposed in this thesis takes into account these issues 
trying to solve them. The issue related to the cavity assembly, that generates 
horizontal shifts in the sapphire position, was solved by designing the cavity’s 
central body and the disk holding the crystal sapphire as a unique object. In this 
way, no bolts and O-Ring gaskets are needed and no mechanical movements are 
allowed. With this geometry the sensor assembly reproducibility is improved as 
well. As regards the sapphire tilts, they were reduced considering a holding screw 
that penetrates deeply inside the copper cavity. The new resonator design is 
depicted in Figure 14. 

 

 

Figure 14 New cavity design, 3D model 

 
Other smaller improvements were included in the new cavity design, such as: 

 Six through-bolts instead of bolts in threaded holes ensure a better vacuum-
sealing; 

 Three additional 7-mm holes allow hosting SPRTs during the calibration 
procedure measuring the resonator temperature and, at the same time, giving 
an estimation of the temperature uniformity of the copper block; 

 Two collars facilitate the soldering process of the coaxial cables. 
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The cavity design was made with Solidworks by Dassult Sistemes. Two kinds 
of cavities were designed, one smaller to host a 12-mm spherical/cylindrical 
sapphire, the other one bigger in order to host a 17.6-mm cylindrical sapphire. The 
cavities drawings are reported in Appendix A. After their validation, the drawings 
have been sent to the manufacturer for fabrication. They were realized starting from 
a unique copper block. After their first machining, a vacuum pipe and two coaxial 
cables were soldered in each cavity. In particular, before soldering, the coaxial 
cables were cut so that the inner connectors protrude inside the cavity by 6 mm 
acting as antennas. On the other side the coaxial cables were vacuum sealed with a 
Stycast Epoxy to avoid leakages through the cables and, finally, RF SMA 
connectors were soldered. 

 

 

Figure 15 Copper cavities before the coaxial cables soldering and gold plating 

 
After these assemblies, the cavities were polished, nickeled and gold plated in 

order to avoid the copper oxidation. The nickel layer was needed to improve the 
gold adhesion on copper. The average gold thickness in the cavities was greater 
than 10 µm. The vacuum sealing was finally tested with a leak detector for all the 
fabricated cavities. Figure 16 shows the final resonator assembly. 

 
 

 
(a)                                (b)                                     (c) 

Figure 16 Copper cavity after its fabrication. Before the gold plating procedure, the copper cavity was 
nickel plated in order to improve the gold adhesion on copper. All the external edges were rounded to avoid the 
gold detachment from the cavity and so the copper oxidation. The three panels in this picture report three 
different views of the cavity: (a) bottom part of the hollow body with the cap; (b) top part of the cavity; (c) 
17.6-mm cylindrical sapphire placed inside the cavity. 
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According to computer simulations, the sapphire resonator Q factor is 
maximized when the antenna length is minimum. The cavity design has two 6 mm 
antennas that, after the sapphire resonator placement, where cut in order to optimize 
the Q factor and the coupling. According to simulations, for long antennas, the 
coupling is high but the Q factor is low; on the other hand, if the antennas length is 
reduced, the coupling decreases but the resonant peak is sharp (i.e., higher Q factor). 
In Figure 17, the transmission parameter (S21) is plotted at different antennas 
lengths (l). The antennae size was reduced from 6 mm to 0 mm in seven different 
steps. One more measurement was performed with the antennas 1 mm below the 
cavity base, this measurement is identified with l = -1 mm. As depicted in Figure 
17, the Q factor remains lower than 20 % of its maximum value for l > 4 mm, then 
it starts to increase quite linearly with the antenna length reaching its maximum at 
l = -1 mm. For lower l no resonant peaks were recorded. As regards the peak 
amplitude, it is evident from Figure 17 how it becomes very small by decreasing l. 
Because of this issue, the final antenna size could not be so small: a value for l close 
to 0.5 mm was chosen as a good compromise between Q factor and peak amplitude. 

 
 

 
(a) 
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(b) 

 

Figure 17 Measurements acquired at different antennas size: (a) S21 magnitude as a function of the 
antennas length; (b) Quality Factor as a function of the antennas length. 

 

2.4.2 Measurements vs. Simulations comparison 

A 3D model of the 17.6-mm cylindrical SWGT was built in CST Studio Suite 
in order to identify the whispering gallery resonances. The cavity was designed as 
a cylindrical object (εr = 1, µr = 1) with gold (lossy) along the external surface as a 
boundary condition. A cylindrical anisotropic sapphire with the same dimensions 
of that used in this thesis was placed inside with a permittivity of 9.391 along the x 
and y-axis, and 11.5869 along the z-axis [48]. The loss tangent was set to 1.45x10-

5 in the x and y-axis, 6.05x10-6 along the z-axis [52]. Two waveguide ports were 
created in the 3D model simulating the presence of the two antennas. A good 
agreement between measurements and simulation has been observed in the resonant 
frequencies. The simulated Q factors are in a good agreement as well except for 
WGMn = 2 (f = 6.5 GHz). A comparison of these values is reported in Table 3. Figure 
18 shows the electric energy densities at the resonant frequencies: the electric field 
is confined in a region close to the external surface and its distribution is the typical 
distribution of whispering gallery modes. From the number of E-field maxima (red 
regions in Figure 18) it is possible to determinate the order (n) of WGM. 
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Table 3: WGM with n = 2, …, 6. Simulated and measured resonant frequency (f) and Q factor. 

WGM 
f / GHz 
(sim. / meas.) 

Q 
(sim. / meas.) 

n = 2 6.580 / 6.581 88703 / 39690.6 

n = 3 8.482 / 8.487 120890 / 111700.5 

n = 4 10.375 / 10.383 141020 / 158276.7 

n = 5 12.263 / 12.251 152130 / 173442.2 

n = 6 14.121 / 14.105 151945 / 164025.3 

 
 

 
           (a)                      (b)                     (c)                     (d)                      (e) 

Figure 18 CST Simulation Results: electric energy densities at resonances. Five different WGMs are 
considered in this work: (a) WGM n = 2; (b) WGM n = 3; (c) WGM n = 4; (d) WGM n = 5; (e) WGM n = 6. 

2.4.3 Experimental setup 

In this work, only the 17.6-mm cylindrical sapphire was exploited as SWGT 
because of its higher Q factor respect to the 12-mm sapphire sphere used by Yu in 
[32]. Measurements in the range from 0 °C to 40 °C were performed placing the 
WGM resonator inside a thermostatic bath together with a SPRT as depicted in 
Figure 19. The resonator was not in contact with the bath, but suspended through a 
support in order to avoid the mechanical vibrations of the bath that could affect the 
measurements. 

 

 

Figure 19 WGM resonator and SPRT inside the bath. The WGM resonator is suspended for the vibrations 
rejection. 

 
The resonator cavity was connected to a vacuum pump in order to remove the 

pressure dependency of the resonant frequency and to avoid water vapor 
condensation at low temperatures. A pressure of about 1.6 mbar (u = 0.1 mbar) was 

WGM Resonator SPRT 
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set inside the cavity. The resonance spectrum was monitored for the entire 
measurement process and the SPRT temperature was recorded as well. A more 
detailed description of the instrumentation setup employed in this work is reported 
in the following. 

 

VNA R&S ZNB20 

The VNA ZNB20 by Rohde&Schwarz was used for the acquisition of the 
transmission coefficient (S21 parameter) of the WGM resonator. It was connected 
to the resonant cavity through two RG402 semi-rigid coaxial cables. Central 
frequency, bandwidth, number of acquired points and other parameters were set 
using a specifically made interfacing software. A more detailed description of this 
software is reported in the next paragraph. Table 4 includes the main specification 
of the VNA used for these measurements [53]. 

 
 

Table 4 ZNB specifications from the datasheet 

Impedance 50 Ω 

Number of test ports 2 

Frequency range 100 kHz to 20 GHz 

Static frequency accuracy 
(time since last adjustment x aging rate) + 
temperature drift + calibration accuracy 

Relative aging per year ±10-6 

Relative temperature drift (0 °C to +50 °C) ±10-6 

Relative achievable initial calibration accuracy ±5x10-7 

Frequency resolution 1 Hz

Number of Measurement points 1 to 100,001 

Measurement bandwidth 1 Hz to 1 MHz 

Accuracy of transmission measurements (1 MHz – 
20 GHz; -35 dB – -50 dB) 

Magnitude: < 0.08 dB 
Phase: < 0.8° 

 

SPRT and Fluke 1586A 

One SPRT was used to measure the temperature of the cavity block. It was 
inserted in one of the three 7 mm holes designed in the resonator cavity. The 
thermometer was a 25.5 Ω platinum resistance calibrated at the ITS-90 temperature 
fixed points in the range 83.8058 K (triple point of argon) to 419.5270 °C (freezing 
point of zinc) with an uncertainty lower than 1 mK. The last 50 mm of the 
thermometer was inserted inside the cavity block in order to ensure that the entire 
sensitive part, usually the last 30 mm, was in contact with the metal block. 
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Figure 20 INRiM SPRT used in the experiment. The last 50 mm were inserted in the cavity metal block 

 
In preliminary measurements, the SPRT resistance value was measured using 

a resistance bridge Fluke model 1586A. This is a 6½ digit DAQ with an accuracy 
of 0.8 mΩ in the measurement range from 0 Ω to 400 Ω. This corresponds to an 
accuracy of 8 mK for a 25.5 Ω SPRT. Other technical specifications can be found 
in the instrument datasheet [54]. The Fluke 1586A was used in the first part of the 
experimental activity in which all five WGMs in the range 6 GHz – 14 GHz were 
observed at different temperatures. Once the best WGM was selected in terms of 
sensitivity and Q factor another resistance bridge with higher resolution and better 
accuracy was used. 

 

ASL F900 Precision Thermometry Bridge 

Preliminary measurements indicated that for a good compromise between the 
SWGT sensitivity and resolution (Q factor), the WGM of order 5 (f = 12.2 GHz) 
should be selected. More information about the preliminary results are reported in 
Section 2.5. Once the best mode was selected, measurements were carried out using 
an ALS F900 Precision Thermometry Bridge. It is a primary standard resistance 
thermometry bridge specifically designed for resistance thermometry in order to 
provide the highest possible accuracy. This instrument is used by the INRiM 
calibration laboratories for SPRT calibration. As reported in the instrument 
technical document [55], the ASL F900 has a resistance ratio resolution of 10-9 and 
an accuracy of 2 x 10-8. This bridge was used in conjunction with a temperature-
controlled reference resistance of 25 Ω. 
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Figure 21 ASL F900 with the temperature-controlled reference resistance 

 

Vacuum system  

During the SWGT tests, the cavity was connected to a vacuum system through some 
Swagelok connectors. A Leybold DIVAC 0.8 T dry compressing vacuum pump 
was used for this purpose. The residual pressure inside the cavity was maintained 
to a value lower than 2 mbar. This was needed in order to remove the pressure 
dependence of the resonant frequency and the risk of water vapor condensation at 
low temperatures. 
 

2.4.4 Software developed 

Measurement data from Fluke 1586A, ASL F900 and R&S ZNB20 were 
acquired and recorded by a PC. Two software programs, developed in Python, were 
written for this purpose. The first one collected data from the instrument (RS232 
protocol for Fluke 1586A or IEEE488 for ASL F900) and recorded in a file the 
timestamp, the resistance value and the corresponding temperature value according 
to the ITS-90 temperature scale. For this conversion, the calibration coefficients as 
reported in the SPRT certificate were used. A plot is also shown to the user with the 
resistance value as a function of time and some statistics (average value of 
resistance and standard deviation). The software allows the user to change the 
instrument setup. Figure 22 shows the GUI for the ASL F900 interfacing software. 
The excitation current, carrier frequency, gain, source impedance and other 
parameters described in the instruments datasheet [55] can be set. 
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Figure 22 GUI for ASL F900 python program 

 
The software written for the VNA interfacing acquires data of the transmission 

coefficient S21 and performs a Lorentzian fitting of the acquired frequency spectrum 
for proper identification of resonant frequency and Q factor of the peak. For this 
purpose, a fitting algorithm was developed based on the Levenberg-Marquardt 
method and using the Lorentzian function (L(f)) in the form [56], [57]: 

 
 

𝐿(𝑓) =  
𝑎0𝑓

𝑓2 − 𝑓0
2, (2.3) 

 
where a0 and f0 are complex quantities calculated by the algorithm in order to 

find the best fit. The value f0 can be expressed as the following complex number: 
 

 𝑓0 = 𝑓𝑟 + 𝑗𝑔, (2.4) 
 
 
with fr resonance frequency of the peak and g half-power bandwidth. The 

quality factor of the peak can be written as a function of f0 and g: 
 

 
𝑄 =

𝑓𝑟 𝑔⁄

2
. (2.5) 

 
In this work, Eq. 2.5 is used to calculate the quality factor instead of Eq. 1.6. 

Finally, a background signal was modeled with a complex function (B(f)) in the 
form [56], [57]: 

 
 

𝐵(𝑓) =  ∑ 𝑏𝑛(𝑓 − 𝑓𝑟)
𝑛,

𝑁

𝑛=0

 (2.6) 
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where bn are the complex coefficients to be found. Experimental measurements 
proved that N = 4 is enough for a good fitting. The final complex function T(f) used 
for the Transmission coefficient fitting is: 

 
 

𝑇(𝑓) =
𝑎0𝑓

𝑓2 − (𝑓𝑟 + 𝑗𝑔)2
+ 𝑏0 + 𝑏1(𝑓 − 𝑓𝑟) + 𝑏2(𝑓 − 𝑓𝑟)

2 + 

 
+𝑏3(𝑓 − 𝑓𝑟)

3 + 𝑏4(𝑓 − 𝑓𝑟)
4, 

(2.7) 

 
 
with eight parameters to be calculated for the best fit. 
 
 

 

Figure 23 Plots displayed by the ZNB20 software. Acquisition of the WGMn = 2 at 6.58 GHz 

 
The fitting process is performed in real-time at each acquisition and the main 

function takes about 4 s to converge with a Pentium IV processor. The same 
software is able to perform the fitting as a post-processing operation. In this case it 
can rely on parallel computing for the fitting algorithm: with the actual algorithm, 
an Intel Xeon E5 2699 processor is able to fit about 450 lorentzian functions per 
second (approximately 2 ms per fitting). The fitting performances are described in 
Figure 24, as shown in the graph (a) the acquired spectrum and the fitted function 
of the resonant peak at 14.1 GHz are perfectly over imposed. In plot (b) the fitting 
residuals are reported for the imaginary and real part, they are always less than 
4x10-5. This value corresponds to an error of approximately 0.1 % according to the 
following: 

 
 𝐸𝑟 =

𝑥𝑚 − 𝑥𝑓

𝑥𝑚
∙ 100 (2.8) 
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Where Er is the percentage error, xm is the measured value and xf is the fitting 
value. 

The high performance of the implemented fitting is a good starting point for 
high-resolution measurements of the resonance frequency. 

 
(a) 

 
(b) 

Figure 24 Lorentzian fitting algorithm performances: (a) the S21 magnitude acquired with the VNA and 
the fitted functions are reported in this plot, they are well over imposed; (b) The lorentzian fitting residuals for 
the real and imaginary part are reported in this graph. They are always less than 4x10-5 in magnitude. 

A Telegram bot was finally created for the remote supervision of the 
measurements. Telegram is a cloud-based mobile and desktop messaging app [58], 
it allows exchanging text messages and media between two or more accounts. Bots 
are special Telegram accounts that are managed by software programs and offer 
several features like fully automated answers. In this work, a Telegram bot was 
employed as a logging system. For the entire measurement session, the end-user 
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was informed about all the acquisition steps and at the end of each session a 
screenshot of the desktop application (Figure 23) with some statistics (i.e., 
frequency average and standard deviation) were sent through the app. Figure 25 
shows a screenshot of the mobile application. 

 

 

Figure 25 Telegram bot with data regarding two measurement sessions 

 

2.5 Measurements and Results 

Measurements were carried out in the temperature range starting from the triple 
point of mercury (-38.8344 °C) to the melting point of gallium (+29.7646 °C). In 
preliminary measurements the subrange from the triple point of mercury to the 
triple point of water (0.01 °C) was considered. 

2.5.1 WGM resonator: preliminary measurements 

In preliminary measurements, the WGM resonator sensitivity to temperature 
was evaluated in the range between -40 °C and 0 °C at 41 steps (1 °C each). All the 
whispering gallery modes in the bandwidth 6 GHz to 14 GHz were considered at 
this stage. 

The thermostatic bath was filled with pure ethanol and both the SWGT and a 
reference SPRT were immersed. The bath temperature was changed every 4.5 
hours, the first two hours were used for the temperature stabilization and then the 
data acquisition started. The SWGT design allows to host three SPRT in order to 
evaluate the heat flux and so the temperature uniformity into the microwave 
resonator. However, during this calibration procedure, only one SPRT was 
employed because of the relatively long time between two consecutive temperature 
set points. 

Five different WGMs were monitored in the selected bandwidth; the 
acquisition time was about 30 minutes each. The Lorentzian fitting was performed 
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in real-time so that the resonant frequency and Q factor were monitored during the 
whole measurement process. The fractional change in f0 ((df0/dT)/f0) as a function 
of temperature and the Q factors for the five WGMs is reported in Figure 26.  

 

 
(a) 

 
(b) 

Figure 26 Measurements made on five different WGMs in the temperature range -40 °C / 0 °C. (a) 
Fractional change as a function of the temperature; (b) Quality Factor change with temperature, the highest Q 
factor is associated with the WGM5 (f = 12.2 GHz). 

 
As shown in Figure 26, both the ( df0 / dT) / f0 and Q factor vary with the WGM 

considered. For instance, for WGM6 at 14 GHz the fractional change is -65 x 10-6 
at 0 °C and -62 x 10-6 at -40 °C, these values are similar to that reported in the 
literature [1]. The highest Q factor is reached by the WGM5 at 12 GHz, its value is 
173000 at 0 °C and 257000 at -40 °C. Because of its higher quality factor, the mode 
at 12 GHz was considered for the successive SWGT calibration. The WGM6 has a 
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good sensitivity and quality factor as well, but it is close to a cavity resonance and 
it was tricky to estimate its central frequency and quality factor with high accuracy. 

 
(a) 

 
(b) 

Figure 27 SPRT standard deviation at different temperatures (a), resonant frequency standard deviation 
as a function of temperature (b). 

 
During the measurement process, the stability of the bath was better than 1.6 

mK (Figure 27 a). The temperature fluctuations of the bath were further smoothed 
down thanks to the high thermal mass of the SWGT copper cavity so that a standard 
deviation of less than 50 Hz was observed through the SWGT resonance frequency 
measurements. Considering an SWGT sensitivity of approximately 0.8 MHz/°C, it 
corresponds to 63 µK or better (Figure 27 b). 
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2.5.2 WGM5: calibration against SPRT 

After the preliminary measurements, the resonator was thermally characterized 
against an INRiM SPRT connected to the ASL F900 precision thermometry bridge 
with a temperature-controlled 25 Ω resistance as reference. As made before, the 
temperature range from -40 °C to 0 °C was explored in several steps of 1 °C each. 
Moreover, this range was extended above the melting point of gallium (30 °C) with 
seven more points. A 5th order function was used to fit the resonance frequency f0 
of WGM5 (f = 12.2 GHz), the calibration curve and the fit residuals are reported in 
Figure 28. 

 

Figure 28 Fifth order polynomial calibration curve in the temperature range from -40 °C to 30 °C 

 

Figure 29 Calibration fit residuals. As shown in the plot, in the considered range they are always within 
±600 μK 
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As shown in Figure 29, the calibration fit residuals in the whole range from -40 
°C to 30 °C are within ±0.6 mK, approximately one order of magnitude better than 
that obtained by Yu [48] and Ramella [46] in the same measurement range. 
Moreover, the new resonator design did not exhibit the mechanical instabilities 
described in [46].  

 

Figure 30 Standard deviation of the SPRT measurements. During the experiment, the SPRT was placed 
inside the copper block through the designed hole. 

 

Figure 31 Standard deviation of the WGM frequency measurements at each temperature step. 
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2.5.3 WGM resonator: calibration using a deviation function 

A novel approach is introduced in this thesis for the SWGT calibration. 
Similarly to the SPRT calibration defined in the text of the ITS-90 [59], a reference 
function for the generic SWGT is given and the fitting is performed on the 
difference between the calibration curve and the reference function. 

In 2013, Yu et al. [60] analyzed the performance of several SWGTs and wrote 
down different calibration curves. In the calibration process she considered a 4th 
order polynomial in the form: 

 
𝑇 =  𝑎0 + ∑𝑎𝑖𝑓

𝑖

4

𝑖=1

. (2.9) 

 
She noticed that the ai coefficients where almost the same for all the crystal 

sapphires, only the a0 coefficients were quite different. This behavior allowed her 
to perform single-point calibrations, considering a0 as the unique unknown, with a 
reproducibility of about ±40 mK. 

Her work proved that even if the resonance absolute value changes from 
sapphire to sapphire, and it depends on permittivity, size and other physical 
parameters, the temperature sensitivity is almost constant for different SWGTs. 
This is a good starting point for a definition of a generic reference function for the 
sapphire whispering gallery mode thermometer.  

 
As reported in Section 2.3, the relationship between SWGT resonant frequency 

and temperature can be expressed according to the Eq. 2.2 that, for quasi-TM 
modes, can be approximated to [1]: 

 
 1

𝑓0

𝜕𝑓0

𝜕𝑇
= −

1

2

1

𝜀‖

𝜕𝜀‖

𝜕𝑇
− 𝛼⏊, (2.10) 

 
where: 

 f0 is the resonance frequency, 
 T is the temperature, 
 ε‖ is the pemittivity in the axial direction, 
 a⏊ is the sapphire thermal expansion coefficient along the radial direction. 

Integration of Equation 2.10 results in the following equation: 
 

 𝑓0 − 𝑓0|𝑇0

𝑓0|𝑇0

= −
1

2
[ln|𝜀‖|𝑇

− ln|𝜀‖|𝑇0
] − ∫ 𝛼⏊(𝑇)𝑑𝑇,

𝑇

𝑇0

 (2.11) 

 
where: 

 T is the temperature at each measurement point, 
 T0 = 0 °C 
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The above equation gives an explicit formulation of the resonant frequency as 
a function of temperature with known ε|| and a. Even if analytical expressions for 
the sapphire permittivity and thermal expansion are not available, measurements of 
these two quantities are reported in the literature as a function of temperature. 
Egorov and Volovikov published an article in 2001 about the measurements of the 
dielectric permittivity of sapphire in the temperature range -180 °C to 70°C. Their 
results are in a fairly good agreement with that obtained previously by Krupka [52] 
and Shelby [50]. Figure 32 reports these measurements as well as the 3rd order 
fitting. 

 
 

 

Figure 32 Sapphire permittivity as a function of temperature. Third-order fitting performed on Egorov 
and Volovikov data. 

 
 
 
The same approach can be used for the measurements of the sapphire thermal 

expansion carried out by Guy K. White [61]. 
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Figure 33 Sapphire thermal expansion coefficient along the crystallographic z-axis as a function of 
temperature. Third-order fitting on White raw data, a subrange of White measurements is considered. 

 
White [61] performed measurements in the temperature range from -253 °C to 

727 °C. For the fitting, only the interval from -153°C to 177 °C was taken into 
account in order to consider a lower order polynomial function and a range similar 
to that considered for sapphire permittivity. 

By using the polynomial expressions for the sapphire permittivity and thermal 
expansion, it is possible to calculate the normalized frequency shift from Eq 2.11. 
The plot in Figure 34 shows both the calculated (Ss, calibration function) and 
measured (Sm, reference function) SWGT normalized shift in the relevant 
temperature range from -40 °C to 30 °C. 
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Figure 34 Comparison between the measured (Calibration function) and calculated (Reference function) 
normalized frequency shift. 

 

Figure 35 Difference between Calibration function and Reference function 

 
Ss is the reference function of a generic SWGT and it comes from the eq. 2.11, 

Sm is the measured shift and represents the calibration function of a specific SWGT 
under test. It comes from experimental measurements. It is possible to define a 
deviation function Sd (Figure 35) as: 

 
 𝑆𝑑 = 𝑆𝑠 − 𝑆𝑚 (2.12) 

 
This is something similar to the deviation function defined in the International 

Temperature Scale ITS-90 for the SPRT and can be written as: 
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𝑆𝑑 = 𝑎0 + ∑𝑎𝑖𝑇

𝑖

𝑁

𝑖=1

 (2.13) 

 
Where (N+1) is the number of calibration points and the a0, ai terms are 

calculated during the calibration procedure. In ITS-90, this method is used to reduce 
the number of SPRT calibration points. Indeed, to represent the function R(T) of 
any SPRT a twelve-order polynomial function should be required. This involves at 
least thirteen fixed points that is absolutely not practical. A deviation function is so 
defined as the difference between a reference function and the calibration curve of 
the SPRT under test. For ITS-90 compliant SPRTs the deviations are small and can 
be represented by low-degree polynomials defined in the text of the ITS-90 [59]. 

Experimental measurements showed that for the SWGT used in this thesis a 
fifth-order polynomial is needed to fit, with sub-millikelvin residuals, the deviation 
function. This is the first attempt to apply this calibration approach to a WGM 
resonator. In Figure 36 the calibration residuals are reported. 

 

Figure 36 SWGT residuals when a deviation function is used for the calibration 

 
The residuals reported in Figure 36 are very similar to those obtained in the 

previous section. This proves that, at least, the performance of the two calibration 
methods is equivalent. A thermal characterization of a higher number of SWGT 
would provide a better reference function so that only a few calibration points 
would be needed. 
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2.5.4 WGM resonator: calibration using the thermodynamic 
temperature scale 

Previously, the SWGT was calibrated using a calibrated SPRT as a reference 
thermometer so, the temperature was measured according to the ITS-90 scale and 
not according the thermodynamic temperature scale. 

Instead of using the SPRT as a thermometer, it is possible to use it as a 
comparator in order to relate the SWGT resonance frequency to the thermodynamic 
temperature of the fixed-points: the SPRT resistance at fixed-points is known from 
the calibration certificate. The deviation of the ITS-90 temperature (T90) of these 
points from the thermodynamic temperature (T) is also well known [62], [63]. On 
the contrary, the difference T-T90 between two consecutive fixed points with high 
resolution is still under discussion. 

 

Table 5 T and T90 temperatures for the explored fixed points. The INRiM SPRT resistance is also reported 
in the table 

Temperature fixed point T90 / °C T / °C 
INRiM SPRT 
resistance / Ω 

Triple point of Mercury -38.8344 -38.8377 21.3509 

Triple point of water 0.01 0.01 25.2924 

Melting point of gallium 29.7646 29.7690 28.2812 

 
 
Once the fixed point temperature is reproduced inside the thermal bath by 

comparing the SPRT resistance to the value reported into the calibration certificate 
(see Table 5), the thermodynamic temperature T is considered in the calibration 
process. In this work, beside this three fixed points, additional points were 
considered in the calibration procedure. In this case, the T-T90 deviations reported 
in the literature [62] were considered. Figure 37 reports the T-T90 data reported in 
the literature [62]. 
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(a) 

 
(b) 

 

Figure 37(a) Differences between thermodynamic temperatures and the ITS-90. In (b) a subrange is 
reported. Data published in [62].

 
After the SWGT calibration, measurements were carried out with the SWGT 

and SPRT inside the temperature bath so that the T90 temperature value of the SPRT 
was compared with T value estimated from the SWGT calibration curve. Such 
deviations are reported in Figure 38 and compared with other estimations reported 
in the literature [62], [63]. 
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Figure 38 The estimated values of T-T90 are compared with the estimations reported in the literature by J. 
Fischer and R. Underwood 

  

2.5.4 SWGT resonant frequency vs. SPRT resistance 

In a final experiment, the SWGT resonance frequency was compared with the 
SPRT resistance at different temperatures. This is something different to the 
analysis carried out in Section 2.5.3 in the following aspects: 

 previously, the SWGT was calibrated against the SPRT. The 
temperature value was calculated starting from the platinum resistance 
by using the SPRT coefficients reported in the certificate. 

 Now, just the SPRT resistance value is considered and compared with 
the corresponding resonant frequency. In this way it is possible to 
overcome the SPRT calibration and the polynomial function used to fit 
the SPRT calibration data.  
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Figure 39 Residuals from the SWGT resonant frequency vs SPRT resistance fitting. The SPRT resistance 
in the plot was expressed in terms of its corresponding temperature in order to improve the legibility of the plot. 
The residuals were converted in temperature as well by considering the SWGT sensitivity to temperature 
variations. 

 
A 5th order polynomial function was used to fit the frequency against the SPRT 

resistance. As shown in Figure 39, the frequency residuals as converted in 
temperature unit are within ±200 μK, a value slightly higher than 60 μK obtained 
by Corbellini et al. in [56]. However, because of mechanical instabilities, Corbellini 
considered a narrow temperature range from -20 °C to 30 °C. In this thesis the 
whole temperature interval from the triple point of mercury (-38.8344 °C) to the 
melting point of gallium (29.7646 °C) was investigated with promising results. 

The narrow scatter of the fitting residuals proves that the relationship between 
the SWGT resonance frequency and the SPRT resistance can be modeled quite well 
with a 5th order polynomial function. The performances of the two instruments are, 
at least in the above temperature range, compatible. Of course, by considering the 
SPRT as a reference, it is not possible to prove that the SWGT performance is 
better. However, it is possible to independently evaluate the SWGT measurements 
stability and repeatability and compare them with the SPRT performance.  The next 
section contains a detailed description of these measurements. 
 

2.5.5 SWGT stability and repeatability of the ice melting point 

In order to evaluate the SWGT stability, some measurements were performed 
with the resonator placed inside a melting ice bath. The experimental setup was the 
same described previously but, in this case, a dewar with melting ice was used as 
shown in Figure 41 to get rid of the small temperature oscillations due to the bath 
control system. In a period of about 30 minutes, the SWGT resonance frequency 
was fluctuating around its average value with a peak-to-peak fluctuation of ±30 Hz 
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and a standard deviation of 11 Hz that corresponds to approximately 14 μK in 
temperature unit (Figure 40). Such a small standard deviation estimate proves the 
capability of the system to perform measurements with a very high resolution. 

 
 

 

Figure 40 SWGT resonance frequency and quality factor deviations with the resonator placed inside the 
melting ice bath 

  

 

Figure 41 SWGT inside the dewar with melting ice 

 
Finally, the SWGT temperature stability was compared to that of the SPRT in 

the same condition. For this comparison, the temperature fluctuation as detected by 
the SPRT were converted in a frequency unit (by the resonator sensitivity according 
to Eq. 2.12) and an “equivalent” resonance frequency deviation for the SPRT was 
calculated. 

 
 ∆𝑓 =  ∆𝑇𝑆𝑃𝑅𝑇 ∙ 𝑆𝑆𝑊𝐺𝑇 (2.14) 
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This step is needed in order to normalize the scales for the SPRT and SWGT 

measurements. 

 

Figure 42 SWGT and SPRT stability comparison 

 
As shown in Figure 42, the SWGT stability is at least five times better than the 

equivalent SPRT stability. This result is in line with the measurements carried out 
by Corbellini et al. in [56], so confirm the good performance of a SWGT 
temperature measurements. 

The ice melting point repeatability was evaluated by placing the SWGT and 
SPRT in the ice bath several times. The results are reported in Figure 43. Also in 
this case, the SWGT performs the better measurement standard deviation of the 
SWGT is lower than 0.4 mK, while for the SPRT the estimate is about 2.3 mK, 
again more than five times better. 
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Figure 43 SWGT and SPRT measurement repeatability comparison 

 
From the stability and repeatability analysis, the microwave-based thermometer 

exhibited better performances in comparison to a standard platinum thermometer. 
This confirms the SWGT as a good candidate for temperature measurements at least 
in a limited temperature range with metrological performance which may exceed 
the SPRT. 
 

2.5.6 Uncertainty Budget Analysis 

For the estimation of the overall measurement uncertainty in SWGT 
temperature measurement, an uncertainty analysis was carried out in the explored 
range. The major uncertainty contributions in SWGT measurements are reported in 
Table 6. 

 
Table 6 Main uncertainty contributions from the SWGT calibration. The values in the gray cells refer to

the uncertainty contributions of the microwave sensor 

Uncertainty contribution Value 

Frequency measurement1 45 µK 

Measurement stability 14 µK 

Measurement repeatability 0.4 mK 

SWGT calibration (5th order 
fitting) 

0.2 mK 

Thermostatic bath stability 0.4 mK 

Thermostatic bath uniformity2 3 mK 
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SPRT Calibration 1 mK 

ASL F900 Thermometry bridge 10 uK 
1 The uncertainty contributions due to the frequency measurements are listed in Table 6. 
2 The value reported in datasheet 

 

Table 7 Uncertainty contributions due to the frequency measurements. 

Uncertainty contribution Value 

Lorentzian fitting reproducibility 10 µK 

VNA accuracy < 5 µK 

10 MHz frequency reference 
stability 

23 µK 

VNA resolution < 5 µK 

 
 
Considering all the uncertainty contributions reported in Table 2, the combined 

measurement uncertainty (k = 1) is 3 mK. A normal distribution was considered for 
each individual contributory factors. The thermostatic bath used in the calibration 
process gives the main contribution to the present measurement uncertainty. An 
improvement of this value, e. g., by using a fixed point calibration approach, would 
considerably reduce the SWGT measurement uncertainty. 
 

2.6 Conclusions 

A sapphire-based whispering gallery mode resonator (SWGT) was exploited as 
a thermometer. Its design was based on Strouse and Yu studies and some 
improvements were added. In particular, the mechanical instabilities that the 
previous design exhibited are now solved with the new cavity geometry. This 
enabled an improvement of the SWGT performance and, at the same time, an 
extension of the resonator working range. The prototype described in this thesis was 
calibrated with a combined standard uncertainty of 3 mK. The uncertainty
contribution of the whispering gallery sensor was estimated to be 0.4 mK. 

The prototype exhibited a temperature sensitivity of approximately 1 kHz/mK 
with a resolution lower than 14 μK and a measurement repeatability of better than 
0.4 mK. The measurements carried on in this work confirmed what reported in the 
literature [1], [32], [56]: the microwave thermometer performs better with respect 
to the classical platinum resistance thermometer, at least in the investigated 
temperature range. Nevertheless, the SWGT still suffers from some limitations: 

 It is massive with a very high thermal mass. This means that the response 
time is very big (hours); 
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 Up to now the SWGT was used in the temperature range from -40 °C up to 
100 °C. The SPRTs are usually employed from -200 °C to above 500 °C; 

 The expensive VNA should be used for the resonance frequency 
measurement. On the contrary, a low cost bridge can be used for the 
resistance thermometer; 

Of course these disadvantages limit the SWGT applications. However, they are 
not crucial and can be partially solved. 

The response time is not a critical limitation especially in some metrological 
applications (e.g., temperature calibrations). It is true that up to now the SWGT was 
used in a small temperature range, but it does not mean that its working range is 
restricted. The sapphire melting point (2030 °C) is higher respect to that of the 
platinum (1768 °C). In the work described in this thesis, the lower and upper 
temperature limits were set by some materials and mechanical features, e.g., the O-
Ring materials (from -45 °C to 200 °C) and the coaxial cables (from -40 °C to 125 
°C). By using metallic O-Rings and high temperature range cables or waveguide, it 
would be possible to cover the whole SPRT temperature range. 

Another limitation is related to the instrumentation employed. A VNA is an 
expensive instrument (20/30 k€), however it is possible to develop an ad-hoc 
hardware [64], [65] whose price is orders of magnitude lower. The price of a good 
resistance bridge (accuracy of 8 mK) for the SPRT measurement is approximately 
1000 / 2000 €, but if a higher accuracy is needed, the bridge price can overcome the 
50 k€ (e.g., ASL F900, see section 2.5.3). So, for very accurate temperature 
measurements, the SWGT is cheaper than the SPRT. 

Although is not always convenient to replace the SPRT with a microwave 
resonator, in some applications the use of a SWGT can bring some advantages. For 
instance, it can be employed in the laboratory to replace the fixed point calibration. 
The results presented in section 2.5.4 proved that the relationship between SPRT 
resistance and SWGT resonance frequency can be modelled as a 5th order 
polynomial function with very small residuals (< 0.2 mK) in a wide temperature 
range. If the SWGT resonance frequency at fixed points is known, the same 
temperatures can be reproduced in a thermostatic bath recording the resistance 
values of SPRT. From this readings it is possible to calibrate the platinum 
thermometer according the ITS-90 standards [59]. This, procedure can significantly 
reduce the SPRT calibration time and cost.  
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Chapter 3 

Sensor-Integrated Aperture 
Coupled Patch Antenna for 
Humidity Measurements 

3.1 Introduction 

Microstrip resonators exhibit a very low quality factor (100 – 300), however 
their fabrication is cheap. Usually they are employed as sensors in low cost 
applications or when measurement accuracy is not an issue. The biggest advantage 
in using microstrip sensors is that they are intrinsecally compatible with the wireless 
technology. 

Nowadays, many objects used in everyday life are combined with sensors. For 
instance, smartwatches, cell phones and cars host several sensors like 
accelerometers, magnetometers, proximity sensors or environmental monitoring 
sensors. Metal oxide semiconductors and nanomaterials [66]–[71] are employed in 
the development of new sensors designed for healthcare, air quality monitoring or 
in industrial manufacturing. Usually, the technology behind such sensors is based 
on microwave measurements. Microwave resonators, or antenna-based sensors are 
becoming more attractive during the past years, they exploit the change in the 
resonant frequency, e.g., as an indicator for the gas detection [72]–[78]. Moreover, 
they can rely on fast response time and small power consumption in comparison 
with the other categories and their fabrication cost is very low. Microwave 
resonators can be used at ambient temperature and they can be easily integrated into 
a WSN by combining the sensing element, the antenna and the electronic board into 
a single device (sensing node). 

When a sensor is included in a wireless sensor node, it needs to be coupled to 
an antenna. The major problem in the integration process is that usually the antenna 
is loaded by the sensing element and is detuned out of its working bandwidth. 
Moreover, power gain, return loss and radiation pattern are often affected by the 
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presence of the sensor and the overall performance of the sensing node are reduced. 
The integration of a sensing element into antennas is widely described in the 
literature [72]–[77]. For instance, novel antenna designs using a carbon nanotube 
(CNT) based sensing material, have been studied as gas sensors using the return 
loss variation [73] or the resonance frequency shift [72]–[75] as a marker. However, 
after the sensing material deposition the radiation efficiency is reduced from 99 % 
to 50 % with a frequency shift of about 200 MHz [74], [75]. The shape and position 
of the integrated sensor should be designed such that a low mutual coupling is 
established between the antenna and the sensing element. 

Usually, a microwave gas sensor is made by a resonant structure, such as a disk 
or an IDC, covered by a sensing material. When the sensor is exposed, the target 
gas is adsorbed on the surface of the sensing material changing the surface 
permittivity. As a consequence, the resonant frequency varies so that it is possible 
to relate the frequency shift to the concentration of the gas target. 

In this chapter, a novel design for a microwave gas sensor is proposed. It 
overcomes the antenna lowering performance that emerges after sensor integration. 
In particular, an interdigitated capacitor (IDC), acting as a sensing element, is 
coupled to a rectangular patch antenna through an aperture in the ground plane so 
that a low mutual coupling is established between the antenna and the interdigitated 
structure. It was proved [79] that, because of this weak coupling, the antenna 
performances are not affected by the sensor and, on the other hand, the sensor 
properties are not compromised by the presence of the antenna. The design of the 
Aperture Coupled Patch (ACP) antenna is reported in the next section. 

After its design and fabrication, the sensor integrated antenna was tested and 
the experimental measurements were compared with the simulation results. 
Afterwards, a sensing material was deposited on the IDC so that a variation in the 
material permittivity was transduced into a variation of the antenna resonant 
frequency. The design and fabrication of such a novel sensor integrated ACP 
antenna is reported. The combined system was tested as a water vapour sensor at 
different temperatures and relative humidity. 

 

3.2 Antenna design and fabrication 

Pozar in 1985 introduced for the first time the ACP antennas [80]. Unlike the 
classical coupling of printed antennas, in which a microstrip feedline is directly 
connected to the patch radiator, the aperture coupling involves two different 
substrates separated by a ground plane. The antenna element is placed in the first 
substrate, coupled through a small aperture in the ground plane to a feedline, placed 
in the second substrate. The geometry is represented in Figure 44 and it has been 
employed in several applications [81], [82].  
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Figure 44 Side view and top view of an ACP antenna coupled to a microstrip line 

This configuration ensures some advantages [80]: 

 Since the antenna and the feeding network are in two different substrates, it 
is possible to optimize the antenna for a particular substrate and design the 
feeding network in another substrate (usually with a higher dielectric 
constant). 

 Because of the ground plane between the two substrates, the main radiation 
pattern of the antenna is not compromised by the radiations from the feed 
network. 

 A direct connection of the antenna with the feedline is avoided. In this way, 
problems like large probe self-reactance or wide microstrip lines respect to 
the antenna size are avoided. 

The first study of a sensor integrated into an ACP antenna is reported in [83]. 
In that paper some electromagnetic simulations were carried out considering an 
interdigitated capacitor at the end of the microstrip line, covered by a sending 
material modelled as a surface impedance. The results from simulations proved that 
a good isolation was reached between the IDC and the antenna. Nevertheless, no 
measurements on a fabricated prototype were reported. 

In this piece of work, the design of sensor-integrated ACP antenna is carried 
out and reported. The configuration employed is very similar to that used in [79]: 
an IDC is designed as a sensing element at the end of the feeding line, just behind 
the rectangular radiator. The antenna was designed to work in the ISM band (2.45 
GHz) on Rogers RO4003C substrate (thickness h = 1.52 mm, εr = 3.38, tanδ = 
0.0027). The antenna length (La) and width (Wa) were calculated from the following 
equations [84]: 

 
 𝑊𝑎 =  

𝑐

2𝑓0√
𝜀𝑟 + 1

2

 
(3.1) 
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Where εeff is defined as [84]: 
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It is the effective dielectric constant of the substrate (see Chapter 1). 
 

 

Figure 45 ACP Antenna in the computer simulator (3D exploded view) 

 
The antenna design consists of two RO4003C substrates: one of them hosting 

a rectangular patch antenna and a ground plane with a rectangular aperture, the other 
one is characterized by a microstrip line (feed line) ended with an IDC and a ground 
plane with an aperture. Similarly to [79], the IDC was placed at the end of the 
feedline, approximately a quarter wavelength far from the aperture center. This 
guarantees a low mutual coupling with the antenna element [79] reducing the 
detuning effect after the gas exposure (Figure 46). The two substrate are joint
together so that the ground planes are in contact each other with the two apertures 
perfectly aligned. The rectangular aperture in the ground plane couples the 
microstrip line to the rectangular antenna placed in the other substrate. The classical 
coupling for rectangular patch antennas is made with a direct connection of the 
microstrip line to the patch radiator, however this configuration is not suited for a 
sensor integrated antenna [12]. A weak coupling is needed between the feedline and 
the patch so that after the sensing material deposition on the IDC surface, the 
radiation pattern, power gain and return loss are not compromised. 
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Figure 46 Simulation results: Electric energy density on rectangular patch and IDC at 2.45 GHz. The 
electric energy density is higher along the patch radiator boundaries and the feedline. On the contrary, its value 
is low between the IDC fingers because of the weak coupling. 

 
The IDC represents the sensing element. For gas sensors, once a sensitive 

material is deposited between its fingers, the adsorption of gas molecules on the 
material surface will change its effective permittivity. Because of the coupling with 
the patch radiator, this is transduced to a shift in the antenna resonant frequency and 
the shift amount is related to the gas target concentration. 

A first design for the ACP antenna was made starting from Eq. 3.1-3 and then 
all the dimensions were optimized using finite element electromagnetic 
simulations. CST Studio Suite was used for this scope. A 3D model for the ACP 
antenna + IDC was created and loaded into the computer simulator. The boundary 
conditions were set to “open – add space” in order to simulate a free space 
neglecting the reflections of the environment. The selected background was 
“Normal”, that in CST stands for vacuum (εr = 1, µr = 1). The “Copper” material 
was used for all the metallization and a lossy “RO4003C” for the substrate material. 
The “Frequency Domain Solver” was choose with a tetrahedral mesh for both 
antenna and substrate. A finer mesh was selected for antenna, microstrip and IDC, 
while the background was modelled with a rougher mesh in order to reduce the 
computational cost. 

 
For the dimensions’ optimization, the “parameter sweep” tool was employed. 

Width and length for rectangular patch and slot aperture were optimized for the 
highest return loss at resonance frequency. The microstrip line was designed for an 
input impedance of 50 Ω while the IDC dimensions were optimized compatibly 
with the resolution of the CNC used for its fabrication. The main prototype 
dimensions after the optimization process are reported in Table 8 [12]. 
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Table 8 Prototype dimensions after the optimization process 

 
 
 
 
 
 
 
 
 
 
The computer simulator found a resonant frequency for the antenna of 2.453 

GHz with a return loss of 54.65 dB, a radiation efficiency of -0.77 dB and a realized 
gain of 6.35 dB. The input impedance was estimated to be 49.9 Ω. The main 
simulation results are summarized in table 3.2 [12]. 

 

Table 9 ACP + IDC simulation, main results 

Parameter 
φ = 0° 

(xz plane) 
φ = 90° 

(yz plane) 

Main lobe magnitude (Realized Gain) 6.35 dB 6.35 dB 

Main lobe magnitude (Directivity) 7.12 dBi 7.12 dBi 

Main lobe direction 0.0° -1.0° 

Angular width (3 dB) 80.9° 84.9° 

Side lobe level -18.5 dB -18.2 dB 

 

 

Figure 47 IDC + ACP antenna 3D model, bottom view (left) and top view (right) 

 
 

Parameter 
Dimension 
(mm) 

Substrate width / length 75 / 80 
Rectangular patch width / length 30 / 41 
Microstrip line width / length 3.3 / 40 
IDC finger width / length 1 / 11.5 
IDC finger pitch 1.5 
Aperture width / length 1.5 / 12.4 

75 mm 

80 mm 

30mm 

41 mm 
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Figure 48 Integrated IDC dimensions 

After the design and optimization procedure, the two boards constituting the 
ACP+IDC prototype were fabricated by using the PCB milling machine LPKF 
Protomat S103 and an SMA connector was soldered at the end of the microstrip 
line as excitation port. A plastic frame was also realized with a 3D printer, it allows 
joining the two boards together, as described in the previous paragraph, with the 
two apertures in the ground plane aligned in order to reach the highest return loss. 
Some screws in the plastic frame allows moving one board respect to the other 
along the x and y direction and, finally, set them in the best position in terms of 
return loss. According to the simulations performed, while the antenna resonant 
frequency is related to the patch size, the return loss is strongly influenced by the 
alignment of the two boards (or by the slot aperture size and positioning). A photo 
of the fabricated prototype and its frame is reported in Figure 49 and Figure 50. 

 

 

Figure 49 Fabricated prototype. Top view and bottom view of each board. 
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Figure 50 ACP Antenna into its plastic frame. The two screws A and B move the antenna substrate along 
the y direction. Screws C and D move the antenna along the x direction. Screws E, F, G, H are used to stop the 
two substrates in the position chosen. 

After its fabrication, the prototype was tested using a VNA. Before the 
measurement session, the VNA was calibrated using the SOLT (Short-Open-Load-
Thru) procedure and was connected to the microstrip SMA connector through a 
coaxial cable. The reflection coefficient (S11) acquired is reported in Figure 51 with 
the simulated one. They are in a very good agreement: the return loss is almost the 
same and the measured resonant frequency is 6 MHz lower, probably because of 
the tolerances in the fabrication process. 

 

Figure 51 Simulated and measured |S11| at resonance (2.45 GHz). 
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Figure 52 Simulated and measured S11 phase at resonance (2.45 GHz) 

 
3.3 Preliminary measurements 

The main goal of this piece of work was the development of a novel sensor-
integrated antenna working in the ISM band (2.45 GHz) to be employed as a 
humidity sensor. Before the sensing material deposition (i.e., the sensor 
functionalization), the prototype was characterized at different temperature and 
relative humidity concentrations. This preliminary check is useful to highlight the 
sensing properties before and after the sensing material deposition. Two 
measurements setups were built for this purpose, one for temperature measurements 
and another for humidity testing and calibration. The setups are described below. 

 
Humidity measurements 
In order to test the prototype sensitivity to humidity variations, the combined 

antenna was placed inside a plastic box connected to the humidity generator 
Thunder Scientific 2500. The antenna temperature was monitored during the entire 
duration of the test and was 24 °C with a measurement uncertainty of 1 °C. Three 
different steps of relative humidity (dry air, 50 %rh, 90 %rh) were set, 
approximately one hour each. In the meanwhile, the antenna resonance frequency 
was recorded by the ZNB20 R&S VNA through a software very similar to that 
described in the previous Chapter. Figure 53 reports the results of this preliminary 
test. It is evident that the IDC + ACP antenna (no sensing material deposited yet) is 
insensible to humidity variations. A frequency shift of only 200 kHz was observed 
for a humidity variation from 0 %rh to 100 %rh (at 24 °C), showing a sensitivity of 
about about 2 kHz / %rh. Total shift correspond to 0.01 % of the operating 
frequency. 
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Figure 53 IDC + ACP frequency shift at different humidity concentrations. The shift is relative to the 
resonant frequency in dry air (0 %rh). This test was carried out at room temperature (24 °C) 

 
Temperature measurements 
For the temperature test, the prototype was placed into a foam box in contact 

with a heater made by a copper plate and connected to a Proportional-Integral-
Derivative (PID) controller. A thermometer was placed in contact with the antenna 
board, far from the patch radiator to avoid interferences. The thermometer 
employed during this test was a calibrated Pt100 (5-mm diameter) whose resistance 
was converted into a temperature value using the calibration coefficients reported 
in the calibration certificate. The antenna resonant frequency was monitored using 
the ZNB20 R&S VNA at five temperature steps, from 25 °C up to 70 °C. The 
experimental setup for temperature tests is reported in Figure 54. 

 

 

Figure 54 Experimental setup for the temperature measurements. 

 
The antenna substrate is in contact with a hot plate connected to a PID 

controller. Antenna and heater are placed inside a foam box in order to avoid fast 
temperatures variations. 
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Unlike humidity measurements, in this test a not negligible temperature 
sensitivity was observed. It is about 32 kHz/°C. There is not a single explanation to 
this frequency shift. Certainly as the temperature increases, the thermal expansion 
increases the patch dimensions thus lowering the resonance frequency (Δf becomes 
more negative) [85]. On the other hand, a substrate thermal expansion of (11, 14, 
46) ppm/°C in (x, y, z) directions, respectively [83] and the thermal coefficient of 
the dielectric constant (40 ppm/°C) [83] should be taken into account as well. The 
results for temperature measurements are depicted in Figure 55. 

 

Figure 55 Antenna frequency shift, test at different temperatures. Measurements performed without any 
sensing material deposited on the IDC 

 

3.4 Sensing material synthesis 

After the antenna fabrication, the sensing material was deposited to the IDC 
surface. A nano-powder of barium titanate with urea coating 
(BaTiO(C2O4)2/CO(NH2)2) was selected for this project. Its synthesis is similar to 
that reported in [86], [87].  

The BaTiO(C2O4)2/CO(NH2) synthesis was made according the following 
procedure. Barium Chloride (BaCl2) was added to 300 ml of water whose 
temperature was 60 °C. The compound was mixed for few minutes in order to 
stabilize the BaCl (solution A). Another solution (solution B) was made starting 
from 300 ml of water at 60 °C mixed with oxalic acid (H2C2O4). After the 
solubilisation, the titanium tetrachloride (TiCl4) was added. The two solutions A 
and B were finally mixed together for one hour at 60 °C. The product was then 
filtered, washed with water and placed inside an oven at 80 °C for 12 hours. The 
dried precipitate was dispersed in a solution of urea (ratio 1/3) and the compound 
was kept stirring for 30 minutes. Finally, the product was filtered, washed and dried 
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in oven for 12h at 80 °C. From the reaction, 55 g of barium titanate are created as 
final product. 

A SEM (Scanning Electron Microscopy) analysis of a sample highlighted the 
presence of agglomerates of nanoparticles whose size is less than 5 μm. These 
agglomerates have a spherical shape and consist of primary crystals with 
nanometric size. Afterwards, a TEM (Transmission Electron Microscopy) analysis 
proved that each crystal was characterized by an inner core made of BaTiO(C2O4)2 
and an external amorphous coating of urea with a thickness of 3-5 nm. The material 
produced looks like white powder.  

 

 

Figure 56 SEM and TEM analysis of the BaTiO(C2O4)2/CO(NH2)2 nanoparticles 

The material synthesis and analysis was performed at University of Messina by 
Prof. Giovanni Neri and his team. 

 
3.5 Sensing material deposition and testing 

The BaTiO3 based nano-powder described in the previous section was mixed 
with water and deposited on the IDC fingers using the drop-coating technique. After 
the deposition, the excess material was removed so that only the BaTiO3 between 
the fingers remained with a thickness of about 35 µm. At the end of the process, the 
IDC board was dried for about 10 minutes at 80 °C. 

 

5 µm 
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Figure 57 BaTiO3 nano-powder between the fingers of the IDC 

 
Once the sensing material was deposited at the top of the IDC sensing structure, 

the sensing properties were evaluated once again by characterizing the prototype in 
terms of its response to humidity and temperature variation. 

The sensor-integrated antenna was firstly tested at different relative levels of 
humidity by using the same humidity generator employed during the preliminary 
measurements (Thunder Scientific 2500). Relative humidity was changed in five 
different steps: 10, 20, 40, 80 and 95 %rh with a constant temperature of 23 °C. The 
humidity was varied so that the next pulse was approximately two times the 
previous one; in this way it was possible to evaluate the linearity in the sensor 
response. At the end of each pulse, the humidity concentration was set to 10 %rh in 
order to check if the sensor was able to return to its baseline.  

 

Figure 58 Resonant frequency shift for different humidity concentration values. Measurements carried 
out at 23 °C 

 
According to the measurements captured in Figure 58, when the relative 

humidity was lower than 40 %rh, no significant frequency shifts were observed. 
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For higher humidity, the antenna showed a frequency shift proportional to the 
relative humidity change. For instance, a shift in the resonant frequency of about 
500 kHz was recorded as a consequence of a relative humidity variation between 
40 %rh and 95 %rh. This means a sensitivity of about 10 kHz / %rh (considering a 
linear response). It is evident that the BaTiO3 on the IDC improved the sensing.  

Shifts in the resonant frequency of hundred kHz or few MHz during the 
detection process proves that the coupling between sensor and antenna is weak, so 
the antenna is not detuned out of its working band. 

The same measurements were repeated at different temperatures, considering 
the same relative humidity steps (10, 20, 40, 80, 95 %rh). The results are reported 
in the following plots. For T = 1 °C no frequency shifts were recorded. 

 

 

Figure 59 Resonant frequency shift for different humidity concentration values. Measurements carried 
out at 10 °C 
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Figure 60 Resonant frequency shift for different humidity concentration values. Measurements carried 
out at 30 °C 

 

Figure 61 Resonant frequency shift for different humidity concentration values. Measurements carried 
out at 40 °C 

 
The sensitivity varies with temperature and the reason of this behavior is 

explained here. When the sensing material is exposed to humid air, the water 
molecules are adsorbed by the BaTiO3 sensing material surface thus changing the 
effective material permittivity. With “effective” we mean that only the material 
surface is affected by the water molecules, not the bulk. However, it is still possible 
to consider the material as isotropic with a different permittivity or, in other words, 
with an effective permittivity. The weak mutual coupling between the IDC and the 
patch antenna is responsible of the small frequency shift. The higher is the relative 
humidity at constant temperature, the higher is the number of water molecules 
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adsorbed on the BaTiO3 surface. This causes a higher variation in the material 
permittivity that is converted into a variation of the antenna resonant frequency. 

 

 

Figure 62 Sensing mechanism schematic 

 
In a gas mixture (e.g., air), the water vapor increases the gas pressure by a 

certain amount called “vapor pressure”. At a certain temperature, the vapor pressure 
can increase up to the saturation limit (saturation pressure): this is the point in which 
the water vapor starts to condensate. The relative humidity is defined as: 

 
 

%𝑟ℎ = 100 ∙
𝑃

𝑃𝑠
 (3.5) 

Where: 

 %rh is the relative humidity value 

 P is the partial pressure 

 Ps is the saturation pressure at a certain temperature 

When the number of water molecules in the gas mixture is constant (P is 
constant) but the temperature is increasing, the relative humidity decreases because 
of the dependence of the water vapor saturation pressure with the temperature. This 
is the reason why the prototype sensitivity increases with the temperature: at higher 
temperatures for the same %rh values, the number of water vapor molecules in the 
environment is higher and so, the number of water vapor molecules adsorbed by 
the BaTiO3 is higher.  
 

3.6 Data analysis 

Data reported in the previous section were used to develop a mathematical 
model for the description of the sensor prototype. In Figure 63 the resonance 
frequency variations were reported as a function of the relative humidity. A moving 
average filter was implemented with a window of ten minutes in order to reduce the 
noise contribution, this allowed to improve the signal to noise ratio of the 
measurements. Four different plots are reported, one for each test temperature. Data 
were fitted with an exponential function of the form: 

                       IDC 

BaTiO3 surface (ε2) 

BaTiO3 bulk (ε1) 
ε
eff

 

Water vapor 
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 ∆𝑓 = 𝑎 ∙ exp (𝑏𝑥) (3.6) 

 

 

Figure 63 Frequency shift as a function of relative humidity. Each line represents the sensor response at 
different temperatures. Experimental data fits very good with an exponential function. 

 

 

Figure 64 Frequency shift as a function of the operating temperature. Each color represents the sensor 
response at different relative humidity values. 

 
In Figure 64 the antenna resonance frequency shift is plotted as a function of 

the temperature. Data points were fitted using a second order polynomial function. 
For relative humidity lower than 40 %rh, no significant temperature dependence 
was observed. 
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After the evaluation of the individual humidity sensitivity and temperature 
cross-sensitivity, a two dimensional calibration was carried out. The sensing node 
frequency shift was plotted as a function of the relative humidity (x axis) and 
temperature (y axis), as shown in Figure 65, and a two dimensional function was 
used to fit the experimental data. For this purpose, the Levenberg-Marquardt 
algorithm was employed. The function used in the fitting process can be written as: 

 
 

∆𝑓 = 𝑎 ∙ exp (
𝑏

%𝑟ℎ
+

𝑐

𝑓(𝑇)
) (3.7) 

 
Where: 

 a, b and c are three coefficients calculated by the fitting algorithm 

 %rh is the relative humidity value 

 f(T) is a function that describes the temperature cross-sensitivity. In this 
work a second order polynomial function was used.  

The fitting curve and the calibration fit residuals are depicted in Figure 65 and 
Figure 66 respectively. 

 

 

Figure 65 Resonance frequency variations as a function of relative humidity and temperature. A two 
dimensional calibration function was used to describe the sensor behavior. 

 

Figure 66 The calibration fit residuals reported in the graph are within ±0.1 MHz. This value corresponds 
to approximately 1 %rh (T = 40 °C, %rh > 40 %) 
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The goodness of the fitting (R-square) is 98 % while the Root Mean Squared 
Error (RMSE) is about 50 kHz, that correspond to 0.5 %rh at T = 40 °C for %rh > 
60 %. 

 

3.7 Conclusions 

The design, fabrication and testing of an interdigitated sensor integrated into an 
ACP antenna is reported. The sensing element was made by an IDC, placed at the 
end of the antenna feedline, with a BaTiO3 – based sensing material deposited 
between its fingers. Measurements carried out during this experiment highlighted 
the performance sensor after the sensing material deposition. The aperture coupling 
and the sensing element position ensured a weak coupling between the IDC and the 
patch radiator. This configuration overcame the antenna detuning issues that 
characterize the classical configuration. The developed prototype was characterized 
in terms of relative humidity and cross-sensitivity to temperature variations was 
evaluated as well. A frequency shift of 2 MHz was observed at 40 °C for a relative 
humidity change between 10 %rh and 95 %rh. At room temperature, the frequency 
shift was in the order of few hundred kHz. This relatively small shift in the antenna 
resonant frequency during the detection process proved the weak coupling between 
the sensing element and the patch radiator. In other words, the antenna is not 
detuned out of its working band even after strong variations in humidity and 
temperature values. 

The sensor prototype developed is still under investigation. A further sensor 
characterization need to be carried out by evaluating the sensing properties 
(selectivity, hysteresis, detection limits) as well as the antenna performance. 
However, the promising results reported in here confirm the possibility to use this 
device for wireless sensor nodes development. 

The BaTiO3 – based nano-powder exhibited an interesting behavior to water 
vapor adsorption and the change in its effective permittivity was transduced in a 
resonant frequency shift. However, a different sensing material can be deposited 
between the IDC fingers making the device selectively sensitive to a particular gas 
or volatile compound (oxygen, carbon dioxide, acetone). In such a way different 
kind of sensing node can be developed and potentially employed all together in 
wireless sensor networks for environmental monitoring. 
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Chapter 4 

Conclusions and future perspectives 

Recent developments in microwave sensing technology have resulted in a rapid 
and significant increase of their potential applications. Microwave sensors are today 
successfully employed in industrial applications, healthcare and air quality 
monitoring. They are preferred to other typologies of sensors because, generally,
they are characterized by a fast response time, low power consumption and they are 
relatively low cost. Two examples of microwave sensors are reported in this thesis: 
the two different devices have been employed in thermal measurements with the 
aim to give some improvements beyond the State of the Art. 

In the first case, a Sapphire-based Whispering Gallery Mode resonator was 
exploited as a thermometer and its metrological performances were improved 
compared to the previous prototypes described in the literature. This device is 
proposed as a good alternative to the SPRT. For this reason, it was compared in 
terms of performances with the SPRT and from this comparison, the microwave 
resonator confirmed its high potentials in temperature measurements as highlighted 
by Strouse in [1]. Because of its high sensitivity to temperature variations and its 
high measurement resolution, it was presented as a potential interpolating 
instrument between temperature fixed points, and it could be potentially employed 
in the SPRT calibration. Besides, the SWGT was also described as a promising 
substitute to the SPRT in the temperature unit dissemination. 

In particular, experimental measurements proved that the microwave resonator 
performance in terms of measurement repeatability and reproducibility are at least 
five times better to that of the SPRT. Table 10 reports a comparison between the 
SWGT and the more classic SPRT. Data reported in the table refers to the 
experimental measurements carried out in this research activity. Pros and cons in 
the employment of SWGTs instead of SPRT for temperature measurements were 
discussed in the second Chapter of this thesis. 
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Table 10 Comparison between the Sapphire Whispering Gallery Thermometer (SWGT) and the Standard 
Platinum Resistance Thermometer (SPRT) 

 SWGT SPRT 

Operating 
Temperature Range 

-40 °C to 150 °C -200 °C to >500 °C 

Response time minutes Seconds 
Measurement 
Repeatability 

14 µK 36 µK 

Experimental 
Reproducibility 

0.4 mK 2.3 mK 

 
 
Alternatively, the SWGT was also described as a good candidate for the 

thermodynamic temperature scale dissemination. For thermodynamic temperature 
measurements, a primary thermometer is needed. It is an instrument whose working 
principle is based on well-known physical laws in which the temperature value can 
be derived from the measurement of other quantities. Unfortunately, for SWGT 
there is still no analytical equation that relates the resonant frequency to the sapphire 
thermodynamic temperature without having to introduce temperature – dependent 
terms. This means that, at least for now, it is not possible to employ the SWGT as 
a primary thermometer. The acoustic resonator, for example, is used for this 
purpose. A more detailed description of this instrument and its working principle 
can be found in [88]–[90]. 

Primary thermometers are usually not practical and the measurement process is 
time consuming, so that the International Temperature Scale provides some 
procedures for the realization and dissemination the unit in an easier and 
reproducible way. In 2010, a workshop named “New kelvin dissemination” was 
held at NPL (National Physical Laboratory, England) with the aim to evaluate the 
implication of the kelvin redefinition for the realization and dissemination of the 
new temperature unit [91]. One of the possible proposal was to use the SWGT in 
the temperature range from 80 K to 750 K as a practical temperature standard 
(secondary thermometer) replacing the conventional platinum resistance that is at 
the limit of its capability. Research on this side is going on and this thesis set some 
improvements beyond the State of the Art in the Whispering Gallery Thermometry. 

 
The second microwave device described is a relative humidity sensor integrated 

into an ACP antenna. In this case, the detuning issue, that affects this kind of devices 
during the detection mechanism, was solved by reducing the mutual coupling 
between the sensing element and the antenna. The novel design employed and the 
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promising preliminary results make this device useful for Internet of Things (IoT) 
applications. 

The number of connected devices is increasing year by year. As shown in 
Figure 67, in 2014 they were 13 billion and considering their growing trend, in 2022 
they will exceed 39 billion [92]. The biggest contribution to this growth is given by 
IoT devices. These devices are computing systems connected to a wireless network 
and able to transmit data. It is expected that in 2020 the total spend on such systems 
will be $1 trillion, 20 % more than 2018. Of course, the research interest on this 
topic is increasing as well. 

 

 

Figure 67 Number of connected devices (billions) between 2014 and 2022. Data from www.ericsson.com. 

 
Microwave sensors have attracted considerable attention also because they are 

inherently compatible with the wireless technology and they can be easily 
integrated into a WSN or in IoT devices. In this case the sensing element needs to 
be coupled to the antenna and the resonance frequency shift is related to the sensor 
response. 

The new sensor-integrated antenna design reported in this thesis helps to 
overcome the main problems that usually occur after the sensor integration. Among 
others, the antenna detuning is one of the most important issues that should be taken 
into account. If a wireless sensing node is designed to work in ISM band (i.e., from 
2.4 GHz to 2.5 GHz with a bandwidth of 100 MHz) it is not allowed that, after the 
sensor integration, the antenna is detuned out of its working band. In this thesis an 
ACP antenna was employed in order to establish a weak coupling between the patch 
radiator and the sensing element. The latter was an IDC covered by a nanostructured 
sensing material placed at the end of the antenna feedline. Through experimental 
measurements, it was proved that by using this configuration, even after the gas 
exposure (water vapor) the antenna frequency shift was in the order of hundreds 
kHz up to few MHz. So the antenna detuning issue was solved. The prototype was 
characterized in terms of relative humidity variations and the cross-sensitivity to 
temperature variations was also evaluated. The sensing performances and the 
antenna properties of the developed prototype are still under investigation. 
However, the promising results described in this work make this device potentially 



 

95 
 

useful for IoT applications or as a sensing node in a WSN for environmental 
monitoring. 
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