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ABSTRACT
This report examines how dielectric properties such as permittivity and loss affect the
propagation of electromagnetic waves within a transmission line structure. To understand how
these properties affect transmission materials were first characterized using three different
measurement techniques: split post resonator, split cavity resonator, and Fabry-Perot open
resonator. These three measurement techniques helped generate a broadband characterization for
different ceramic and polymer materials. Additionally, a deeper analysis of the Q-factor for the
Fabry-Perot open resonator was performed to understand the accuracy of the results. Following
characterization using physical measurements the recorded data were used to model various
microstrip devices in a software called COMSOL Multiphysics. Within the RF module,
parameters such as dielectric permittivity, dielectric loss and conductivity were altered to observe
the performance of each microstrip. Changing the material used for the conducting strip and the
ground plane altered the attenuation per unit length within the device. Using data from different
frequencies and materials the attenuation per unit length was calculated using the scattering
parameters that were simulated in COMSOL. As simulations were performed at higher
frequencies and with materials of higher permittivity the presence of surface waves became more
apparent. Altering the physical dimensions of the microstrip devices helped reduce surface wave
propagation allowing for microwave simulation up to 100 GHz. Using a combination of physical
measurements and microwave simulations a group of ceramic and polymer materials were
characterized to determine overall performance.
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Chapter 1
Introduction
Wireless communication methods have been advancing since 1979 when 1G or firstgeneration systems were implemented in Japan (Sharma, 2013). Over the following decades the
analog system that was using in the first generation of wireless communications was replaced with
a digital system that was the center of 2G or the second generation. This change provided an
improvement to data services and opened wireless communication to a larger consumer market.
Since then both the third and fourth generations of wireless communications have been introduced
providing improvements in data services, video and file sharing, and voice communication.
However, like all its predecessors the fourth generation is coming to an end and 5G or the fifth
generation is getting ready to make improvements in the already widely used wireless
communication networks. It is estimated that 5G will contribute $700 billion to the global economy
by 2020 (Jiang, 2019). Besides the obvious benefits of faster speeds and improved data sharing
there also a plethora of new technologies that will rely on 5G systems to be effective. A few of
these technologies include smart city infrastructure, autonomous driving vehicles, an improved
Internet of Things (IOT) and many other technologies. The improvements and focus on 5G is
currently driving the technology industry, therefore leading to the question: “What are the impacts
on devices that will now be used at higher frequencies?”

Over the past few years, the implementation of 5G has been a slow process but recently a
push to implement 5G systems in the United States and South Korea is being made (Jiang, 2019).
Now that these systems are becoming more prominent devices are being designed and tested to
operate at higher frequencies in the gigahertz range from 1Ghz – 6Ghz and 20Ghz – 40Ghz. This

2
will have impacts on a large portion of microwave frequency devices such as resonators, antennas,
and transmission lines. As traditional models for these microwave devices hold for frequency
ranges from 1Ghz – 10Ghz new models have to be developed for these higher frequencies.
Additionally, a focus on new materials that exhibit low loss over a wider range of frequencies is
also prevalent (Vayman, 2019).

Figure 1-1: Improvements from 4G to 5G

Design Needs

Transmission Lines
A transmission line is a component that appears when dealing with electrical circuits that
serves to transfer energy or information between two points (Ulaby, 2015). The general structure
of a transmission line can be simplified into a simple circuit that consists of a resistor, a capacitor
and two ports. In this model there is a port that is commonly known as the source and then the other
port in known as the load (Ulaby, 2015). These ports can be connected to many different devices
such as a radar transmitter or an amplifier and many other devices that produces an output voltage
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for the load port to transport. On the other end of the circuit the load can be anything from an
antenna to a computer terminal that is receiving this information. For a basic understanding of a
circuit and one that operates at low frequencies the transmission line can be constructed using two
wires that connect the source and the load (Ulaby, 2015). For applications at higher frequencies
different geometries and structures are used resulting in a variety of different types of transmission
lines. Some of these different transmission lines include coaxial cable, waveguide, microstrip, and
fiber optic. These different transmission line structures can be seen below in figure 1-2.

Figure 1-2: Transmission line structures (Ulaby, 2015)

Different transmission line structures are characterized by their propagation mode which
is either transverse electromagnetic or higher order modes (Ulaby, 2015). When looking at these
different transmission line structures, the lumped-element method is often used which consists of
four different parameters: resistance, inductance, conductance, and capacitance. These are called
the transmission line parameters, which allow for accurate models to be created for each
transmission line. In addition to these different parameters the characteristic impedance is also an
important value for transmission lines and is given by the following equation.
𝑍0 =

𝑅′ +𝑗𝜔𝐿′
𝛾

= √

𝑅′ +𝑗𝜔𝐿′
𝐺 ′ +𝑗𝜔𝐶′

(1.1)
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Where 𝑍𝑜 is the characteristic impedance, 𝑅′ is the resistance per unit length, 𝐿′ is the
inductance per unit length, 𝐺 ′ is the conductance of the dielectric and 𝐶′ is the capacitance per unit
length. This characteristic impendence is the ratio of the voltage amplitude to current amplitude for
each travelling wave in the transmission line (Ulaby, 2015). For the purpose of experiment, the
microstrip is a transmission line that has proven easy to study and is a simplified version of a coaxial
cable.

Microstrip
A microstrip is a basic transmission line structure that consists of a conducting strip
placed on top of a dielectric substrate with a conducting ground plate on the bottom. These two
regions of conducting material are connected by a source and a load at the two ports that were
discussed previously. Due to the voltage that is applied at the source the positive and negative
charges on the conductors create electric fields that travel through the dielectric substrate (Ulaby,
2015). Additionally, the current that travels along the conducting strip generates magnetic field
waves that create a loop centered on the conducting strip. These fields are orthogonal everywhere
except the region below the conducting strip allowing us to say that these microstrips operate in
the quasi-transverse electromagnetic mode. As previously discussed, the characteristic impedance
is a parameter that is important when looking at transmission lines. For the microstrip line this
characteristic impedance is dependent on the dimensions of the physical device. This leads to the
practice of designing microstrips that have a desired impendence, typically 50 Ohm for most
consumer electronic devices. Unlike the permittivity that is used to measure a specific material
the permittivity that is used to characterize a microstrip is a combination of the permittivity of the
substrate and the permittivity of air. The permittivity of the microstrip is called the effective
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permittivity and is denoted by 𝜀𝑒 . The effective permittivity is necessary because of the electric
field distribution which can be seen in figure 1-3.

Figure 1-3: Microstrip field lines (Wu)

Unlike a stripline that does not have a dielectric material separating the two conductors a
microstrip has an effective dielectric constant e, because a portion of the lines travel through the
substrate and a portion travel through air (Pozar, 2017). This effective dielectric constant is given
(

be the following equation.
2)
𝜖𝑒 =

𝜖𝑟 +1
2

+

𝜖𝑟 −1

1

2

√1+12𝑑⁄𝑤

(1.2)

Where 𝜀𝑒 is the effective permittivity, 𝜀𝑟 is the relative permittivity, 𝑑 is the thickness of
the substrate and 𝑤 is the width of the stripline. This effective dielectric constant is like a
homogenous material that takes both the permittivity of the substrate and the permittivity of air into
account. As the operating frequency increases in the microstrip the quasi-static nature of the
effective dielectric constant and characteristic impedance disappears, and new effects arise such as
higher order modes (Pozar, 2017). As the frequency changes so does the dielectric constant as well
as the current distribution over the conducting strip. The frequency dependence is important and if
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there is a drastic change in frequency this can alter the dielectric constant, which would result in a
phase delay through a section of the transmission line. This generation of higher order modes can
lead to problems, which is why we typically only are interested in lower order modes but this
subject to change with the transition to 5G.
Opportunities in 5G have generated interest in property characterization of glass,
ceramics, polymers, and metals in the microwave and mm-Wave frequency regions. Transmission
lines are used in high frequency circuitry and rely on low attenuation loss. The major contributors
to transmission line loss include dielectric loss and metal resistivity and dielectric loss becomes
more important with new transmission line structure such as substrate integrated waveguides. The
complex permittivity of different materials has been characterized spanning a frequency range
from 5 GHz to 70 GHz. Broadband dielectric characterization can be divided into two basic
categories, transmission and resonant. Transmission methods allow for swept frequency;
however, they are generally limited to dielectric loss values above 0.005. Substantially lower
dielectric loss values are possible to measure by resonant methods and broadband characterization
is achieved using several cavities that span the frequency range of interest.
The broadband characterization techniques include Split Post, Split Cavity, Fabry Perot
Open Resonator. Due to the differences in the methods and the fixtures, samples of different
geometries, sizes, and thicknesses are often required. For a given material broadband dielectric
characterization is achieved by the split post the Split Post method at 5 GHz, the Split Cavity
method at 15-20 GHz, and the Open Resonator up to 70 GHz.

Goal of Research
As companies continue to push into the 5G frequency range the demand for dielectric
material characterization continues to grow. The goal of this research is to study dielectric
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properties such as permittivity and loss to determine how they affect attenuation. Transmission
line geometry also affects attenuation per unit length, which was looked at briefly. Material
characterization using different resonant techniques along with microwave simulation allowed for
the study of microstrip attenuation.

Chapter 2
Literature Review
Microwave devices and transmission lines have a variety of different shapes and sizes
that often affect the performance of the device. In addition to the geometry of the device the
materials that are used also plays a role in the performance of the device. Two common
geometries that were studied were the microstrip and the coplanar waveguide. The performance
of both devices is determined on a few factors such as the geometry, dielectric substrate, and the
conducting material. By altering these different parameters, we were able to design different
devices that operated at a desired frequency with a reduced amount of energy lost.

Microstrip
The microstrip transmission line is one of the most basic geometries that is used to
characterize materials. The microstrip is a planar transmission line that consists of a ground plane
made of a conducting material, a dielectric substrate and a conducting strip that is placed on top
of the dielectric substrate. The side profile of this device can be seen below in figure 2-1.

Figure 2-1: Cross section of basic microstrip (Le, 2019)
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This simple geometry can easily be created using various types of circuit board
manufacturing techniques allowing it to be easily integrated into different types of microwave
circuits (Le, 2019). One aspect of the microstrip is that the physical dimensions such as the
conducting strip width, the substrate thickness and the total device length affect the performance
of the device in terms of its impedance and operating frequency. In most cases the dielectric
permittivity of the substate (εr) is the most important parameter because it will determine the
characteristic impedance of the device. The characteristic impedance of the device is important
because it needs to match the impedance of the system the device is being implemented in to (Le,
2019). The most common impedance that is used in a majority of circuits is 50 Ω. Designing a
microstrip that has a characteristic impedance of 50 Ω is important because it will reduce the
amount of reflection that occurs in the device when the electromagnetic wave is launched. The
reflection and transmission are measured using something called S-parameters. The S-parameters
or scattering parameters are used to quantitatively measure the performance of linear networks
that operate at microwave frequencies. The S-parameters measure the reflection and transmission
that occurs within a transmission line and is easily expressed in matrix form which can be seen
below in equation 2.1.
[𝑆] = [

𝑆11
𝑆21

𝑆12
]
𝑆22

(2.1)

The S-parameters are complex quantities because they represent both a magnitude and a
phase that varies with the frequency of operation (Pozar, 2017). The S-parameters can then be
used to help determine the attenuation per unit length () of the microstrip device. The
attenuation per unit length is a measure of how much energy is lost in the device. The attenuation
can be broken up into two different values that include the attenuation of the conductor and the
attenuation of the dielectric material. We can then take this value and divide it by the total length
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of the microstrip to find the attenuation per unit length of the microstrip. This is a common metric
that is used to determine the performance of a microstrip.
As state previously one of the most important values used when designing a microstrip
transmission line is the effective dielectric permittivity (εr). The effective dielectric constant for a
microstrip transmission line is important because it incorporates both the dielectric constant of the
substrate as well as the dielectric constant of air. The design of a microstrip as a planar
transmission line with the electromagnetic waves passing both through air and the substrate
requires the use of this effective dielectric permittivity. The effective dielectric permittivity can
be thought of as a homogeneous medium that is a combination of both the air and the dielectric
substrate (Pozar, 2017).

Coplanar Waveguide
Coplanar waveguides (CPW) are another type of planar transmission line that are used in
different types of electronic devices. The difference between the CPW and the microstrip is that
the ground plane and the signal conductor are placed on the same side of the substrate. In most
design situations the ground plane extends to the end of the substrate and in some cases wraps
around underneath the substrate. However, in practical cases this is often not possible and in most
practical situations the ground plane is just a wider strip that does not extend to the end of the
substrate (Pozar, 2017). Coplanar waveguides that have ground planes that do not extend to the
end of the substrate are often called finite ground plane CPW. The difference between these two
different geometries can be seen below in figure 2-2.
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Figure 2-2: Coplanar waveguide compared to finite ground plane coplanar waveguide (Pozar,
2017).

When observing the operation of a coplanar waveguide it is evident that is has similarities
to the operation that is seen in a microstrip transmission line. One of the most important
similarities that is shared between the two is that the electric field passes through both the air
above the conducting strip as well as the substrate below the conducting strip. When looking at
the electromagnetic wave propagation within the CPW we notice that at low frequencies below
20 GHz the wave propagation is considered quasi-TEM (Pozar, 2017). When observing the
operation of CPW at frequencies higher than 20 GHz we notice that the wave propagation is nonTEM, which is caused by longitudinal components of the magnetic field being present. It has
been found however that the quasi-TEM propagation models can be used for CPW up to 50 GHz
if the dimensions of the stripline are small compared to the wavelength. One of the advantages of
CPW is that are often easier to mount with active components when compared to a microstrip.
Circuit components are typically fabricated in flat beam-lead packages meaning that at least one
of the leads in the device must be grounded. This causes and issue for microstrips because the
stripline is not in the same plane as the ground plane. For microstrips to be incorporated they
must be fitted with vertical connections. These vertical connections (VIAs) connect the top and
bottom surface of the microstrip allowing them to be incorporated into circuits. These VIAs are
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also commonly used in another transmission line structure known as a substrate integrated
waveguide.

Materials
The dielectric materials that are used in transmission line structures are often ceramics
and polymers. Both of these categories have materials with various different properties that can
impact the performance of how a transmission line structure operates. Ceramics are often broken
into two different categories that are ‘hard’ and ‘soft’ substrates (Pozar, 2017). These two
categories describe the physical nature of the material. The materials can either be hard and brittle
often meaning they require a special manufacturing technique, or they can be soft and flexible
meaning they are easier to manufacturing. The tradeoff however is that certain ceramics are often
inferior when looking at the electrical performance of the material as a substrate. This plays a role
when deciding on a substrate for a practical application.

Alumina
Alumina is a hard and brittle ceramic material that is common when designing circuits
and transmission line structures. Some of the issues that arise when working with alumina is that
alterations in the substrate such as hole often must be done using a laser drill (Pozar, 2017)
Alumina has excellent electrical properties in the gigahertz range when it has a high purity.
Alumina typically comes in purities of 96% and 99.5% which have an impact on the loss of the
material. In addition to the low loss of alumina it also has a low surface roughness often due to a
polishing process. When comparing the loss of alumina to other ceramic materials used in
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electronics such as quartz and LTCC we can see the loss of the alumina is much lower depicted in
Table 2-1.
Table 2-1: Loss comparison of ‘hard’ ceramic materials (Pozar, 2017)
Material

εr

tan δ (at 10 GHz)

96% Alumina

9.6

0.0006

99.5% Alumina

10.2

0.0001

Quartz

3.8

0.0001

LTCC

7.1

0.001

When designing microstrip transmission lines it is often essential to have low attenuation
or a high-Q value. For microstrip transmission lines the total attenuation is often the sum of both
the attenuation of the substrate and the attenuation of the conductor. In most cases the attenuation
of the conductor is going to dominate and determine the performance of the device. At the
millimeter wave region, the attenuation of the dielectric loss becomes more important because it
is directly proportional to the frequency and the attenuation of the conductor loss is proportional
to the square root of the frequency (Gupta et. al., 1996).

Kapton
Kapton is a polymer that is flexible that has applications for devices in the gigahertz
range. One of the main benefits that Kapton has is that it has applications for flexible electronics
and is relatively cost effective. Dielectric characterization of ceramics using different cavity
techniques is common but is not always viable for polymers such as Kapton. Hamouda et. al.
used a wideband transmission line technique to measure S-parameters of Kapton up to 20 GHz
(Hamouda, 2019). With this technique the dielectric permittivity (ε r) and the loss (tan δ) were
measured. Kapton is a material that is not often thought of for microwave devices but is a viable
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candidate assuming metallization is possible on the surface. It is a polyimide with an operating
temperature up to 300° C with viable thermal stability as well as chemical and radiation
resistances (Hamouda, 2019). In addition to its electrical and chemical properties Kapton can also
be manufactured as a thin film leading to many applications for flexible electronic devices. The
dielectric properties of Kapton are relatively stable below 10 GHz and show that the loss is higher
than ceramics such as Alumina but is still viable for some applications. The values for the
dielectric permittivity and loss tangent can be seen in figure 2-3.

Figure 2-3: Complex dielectric properties of Kapton (Hamouda, 2019)

The cost, versatility and dielectric properties make Kapton a viable candidate for use in
flexible electronics. These results show that a conductive polymer microstrip transmission line
has good precision when compared to something such as a ceramic microstrip. This transmission
line technique for characterization provided accurate results and did not incorporate common
characterization techniques such as cavity and resonant techniques.
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Resonant Measurement Techniques

Split Post and Split Cavity
The split post measurement is a resonant technique that is used to characterize dielectric
properties of different materials. Split-post dielectric resonators (SPDR) are designed to measure
materials with planar geometries with a uniform thickness (Krupka, 2010). These SPDR are often
available for characterizing materials within a frequency range from 1 – 20 GHz. Additionally,
SPDR are best used to measure the permittivity of bulk materials. Krupka et. al. used a SPDR to
measure metal-dielectric metamaterials that were manufactured using thin film technology. The
thickness of the sample plays a role in the mode of the electromagnetic waves that occur with the
resonator. For thin samples, around half the wavelength, a quasi TE01n mode is dominant but
when you move to a thick sample the resonator is dominated by and HE01n mode. With thin
samples that operate in the TE01n mode the electric field is continuous across the dielectric-air
interfaces. The continuous electric field allows for the presence of air to be neglected with no
affect on the accuracy of the measurement. Surface currents in the instrument are circumferential
meaning that physical contact between the lateral surface and the bottom of the cavities does not
affect the accuracy of the measurement either. The SPDR allows for highly accurate
measurements of dielectric permittivity and loss tangent with samples measured using the TE 01n
having an uncertainty of 0.5% (Krupka et. al., 2006).
In addition to the SPDR, another resonant technique used for characterizing materials is
the split cavity. This instrument has many similarities to the split post but can operate at a higher
frequency. The split cavity instrument is also more reliant on a uniform thickness for the substrate
that is being measured. The instrument has a hollow cylinder that that is split in half where the
samples are placed. For this measurement to be accurate there must be a seal that is formed
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between the cylinder and the substrate. These two resonators use the TE011 mode for
measurements which was originally proposed by Hakki-Coleman to measure the permittivity and
loss of low loss dielectric materials (Hakki et. al., 1960). Since then, this mode has become the
most accurate method for measuring permittivity and loss of low loss materials.

Fabry-Perot Open Resonator
Unlike split cavity resonator that was previously mentioned, the Fabry-Perot (FP) is an
open resonator. The FP instrument is typically used to measure and characterize materials that are
in the millimeter frequency range. The electromagnetic mode that is used for this instrument is
the TEM00q, which can accurately measure samples that have a thickness that is equal to half of
the wavelength. One obstacle that arises when using the FP is the sample area must be much
larger than the samples used in the different split resonator measurements. The sample must be on
the order of 11 cm square to ensure accurate measurements. This instrument also has mirrors on
either side of the sample that must be significantly large to ensure that there is proper beam
formation. When operating this instrument, the Q-value for the device with no sample inserted is
around 100,000 – 200,000 and can be even higher depending on the mode. Measurement of
samples with low permittivity that have a thickness of one-half wavelength can have an
uncertainty as low as 0.5% but increases with thicker samples. Regarding the resolution of the
loss tangent measurement, Krupka et. al. found that the resolution is on the order of 1 × 10−5
assuming there is no radiation loss. The electromagnetic mode that is used in the FP measurement
also allows for measurements for frequencies up to 60 GHz, which is not obtainable with the
other resonator techniques.
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Microwave Simulation
COMSOL Multiphysics is a microwave simulation software that is designed for
modeling and simulation of different microwave devices and transmission lines. This software
uses the finite element method to solve the various partial differential equations during the
simulation process (Dickinson, 2014). Looking at the methods that are used in the simulation of
microwave devices it is apparent that the finite element methods is used and is separated into the
frequency domain and the time domain. Combined this gives the method of finite difference time
domain, which has been used for the past decades to model and simulate the propagation of
waveforms in devices. For simulation purposes there are two methods of wave excitation which
include impulse waves and continuous waves (CW) which consist of a sinusoidal waveform (Bo,
2019). In a paper published by Bo et al. a method for generalizing the part average test (PAT)
algorithm was studied which would allow for the normalization of impulse waves and give
accurate quantitative data. The research was focused on wideband PAT and an arbitrary
waveform using the PAT algorithm that was previously derived using Parseval’s Theorem (Bo,
2019). Parseval’s theorem represents the idea that a Fourier transform is unitary which is given by
the following equation.

∞

∞

∫−∞ |𝐹(𝜔)|2 𝑑𝜔 = ∫−∞ |𝑓(𝑡)|2 𝑑𝑡

(2.2)

Where ω is frequency, F(ω) is the Fourier transform of f(t) and t is time. This idea of
normalization is important when looking at the propagation of electromagnetic waves through a
microstrip because it allows for the quantization of data. When working with simulations at high
frequency an accurate CAD model is the first aspect to acquire accurate results. Another aspect of
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the simulation that is important for accurate data is the meshing that is used when the calculations
are being made.

Chapter 3
Methodology
When designing and characterizing transmission lines there are different parameters that
must be considered. A few of these parameters include the physical geometry of the transmission
line, the dielectric material that is being used as the substrate, the conducting material that is
being used as well as other parameters. With a large quantity of parameters, it is valuable to have
a method to design and measure transmission lines before they are fabricated and tested
experimentally in a laboratory. Using microwave simulation software, transmission lines can be
designed and tested to ensure the device will operate as expected without have to make the
physical device. This often saves time and money and gives a good indication of how a device
will perform after it is physically manufactured.

Physical Measurements

Split Post
The first measurement technique that was used to measure the dielectric properties of
materials was the split post method. This measurement technique is ideal for measuring samples
that are planar with a thickness less than a few millimeters. For this measurement the split post
instrument was attached to a Keysight P937A USB VNA to make the measurements. This VNA
has an operating frequency range between 300 kHz and 20 GHz with a display only on an
external monitor, which can be seen below in figure 3-1.
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Figure 3-1: Keysight P937A USB VNA
The split post instrument itself consists of a metal housing with a resonating post in the
center that is split in half. The sample is then placed in the center of the split post to make the
measurement. To ensure that the measurement is accurate the sample must be centered between
the dielectric resonators. This method of measurement however in insensitive to air therefore the
distance between the dielectric resonators is fixed and does not need to be adjusted. The crosssectional view as well as the physical instrument can be seen below in figure 3-2 and 3-3.

Figure 3-2: Cross-sectional view of Split Post dielectric resonator (Krupka, 2001)
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Figure 3-3: Split Post dielectric resonator instrument attached to Keysight VNA
To make the measurement for dielectric permittivity and loss the split post must be
attached and observed with the VNA before a sample is placed in the instrument. The VNA is set
to output the S21 value of the instrument over a frequency range from 1 GHz to 20 GHz. To take
the measurement, the correct resonant peak must be located and isolated through the process of
spanning out the specific peak. For the SPDR that was used it was predetermined that the
resonant peak was located around 5.1 GHz. With this we isolated the correct peak and recorded
the frequency as well as the Q-value. After we had these values, we placed the sample into the
SPDR and observed how the peak shifted. The shifted resonant peak was then located again and
the frequency along with the corresponding Q-value were recorded. The calculation of the
dielectric permittivity and loss tangent were then completed using a calculator that was built into
the software. The calculator required values for the resonant frequency peak, sample thickness
and Q-value. The equation that governs the dielectric permittivity can be seen below in equation
3.1.
𝜀r′ = 1 +

f0 − fS
hf0 K𝜀(𝜀r′,h)

(3.1)
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In this equation for calculating the real permittivity of the sample ℎ is the thickness of the
sample, 𝑓0 is the resonant frequency of the empty SPDR, 𝑓S is the resonant frequency of the
SPDR with the sample, and 𝐾𝜀 is function that is controlled the permittivity and the thickness.
These steps were completed for a variety of samples with different thicknesses to obtain data for
dielectric permittivity and loss tangent around 5 GHz.

Split Cavity
The second measurement technique that was used to test different samples was the split
cavity instrument. This technique uses the Keysight P937A USB VNA as well, which is ideal
because this technique is used to obtain data for samples around 20 GHz the upper limit of the
VNA. The measurement technique shares many similarities to the split post because these are
both instruments that us a dielectric resonator to make measurements. For this technique we
observe how the third resonant peak shifts when a sample is placed in the cavity. When choosing
a sample for this measurement it is important to have a uniform thickness to ensure that there is a
proper seal around the cavity and the sample. When the sample is placed into the instrument, we
can see the third resonant peak shift to a lower frequency. After the third peak is identified again,
we can isolate that peak and span it out to take measurements. Similar to the steps that are taken
for the split post measurement we record the center frequency of the resonant peak as well as the
Q-value. With this information we can use a calculator built into the software that will allow us to
calculate both the permittivity and loss of the sample. Figure 3-4 below shows the split cavity
instrument with a glass sample being measured.
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Figure 3-4: Split cavity dielectric resonator measuring glass sample
The instrument itself can be adjusted to change the noise of the peaks that appear on the
VNA. To tune the device, we can pull the coaxial cables out farther from the cavity or they can be
pushed in closer to the cavity. This often helps reduce the noise on the VNA making it easier to
identify the third peak, which is used to make the measurement.

Fabry-Perot
The Fabry Perot Open Resonator (FP) is a method that is used to measure dielectric
materials between 12 and 65 GHz. This method allows for characterization over the largest
frequency range. The FP method is a quasi-broadband measurement because of the many
resonant peaks between 20 and 65 GHz. The modes that occur in the open resonator are identified
as transverse electromagnetic where both the electric and magnetic field vectors align with the
sample surface. The method relies on large thin samples that have dimensions of 10 cm x 10 cm x
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1 mm. The samples are placed in the center of the cavity and are positioned to be in the maximum
electric field for the symmetric TEM modes.
The dielectric loss for the sample is calculated using the Q-factor which is found using
the peak width from a selected resonant peak. For the FP, the cavity and sample losses both
contribute to the total loss of the system. The cavity loss is a combination of both the cavity loss
and the radiation loss. The total loss of the system is inversely related to the total Q-factor of the
system. This relationship is shown in 3.2
1
𝑄𝑇

=

1
𝑄𝑠

+

1
𝑄𝑐

+

1
𝑄𝑟

(3.2)

where 𝑄𝑇 is the total Q-value of the system, 𝑄𝑠 is the Q-value of the sample, 𝑄𝑐 is the Qvalue of the conductors and 𝑄𝑟 is the Q-value due to radiation. The measurement loss threshold
of this technique is limited by the magnitude and uncertainty of the cavity and radiation losses.
The total cavity loss is the sum of losses of the input and output probes and the surface resistance
of the metal mirrors. The cavity loss and the radiation loss cannot be measured separately which
can cause issues for very low loss materials. The Q factors of the empty cavity and the cavity
with dielectrics are shown in figure 3-5.

Figure 3-5: Q-values for dielectric materials measured using Fabry-Perot open resonator
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The Q-factor measurement approaches a peak of around 100,000 in the 30 GHz range for
the 26 cm spacing. The Q-factor is reduced at higher and lower frequencies and is attributed to
the metal and radiation losses. For the open resonator loaded with a dielectric sample, Kapton has
the highest loss and fused silica has loss that is intermediate between Kapton and Quartz. A
sample of single crystal quartz was measured using the open resonator because it is one of the
lowest loss dielectric materials in a geometry that was compatible with the Fabry Perot
instrument. As shown for frequencies around 40 GHz and higher the Q-factor measurement with
the sample begins to reach the measurement threshold of the instrument. This would result in a
negative loss value, so the threshold loss is reported as the Q-factor of the cavity. When
measuring the materials there is clear distinction between the Q values of the resonator with and
without the sample in the range of 25 GHz to 40 GHz. For example, the loss of the fused silica is
high enough to accurately measure it using the open resonator. The FP can be seen below in
Figure 3-6 connected to and Aniritsu VNA.

Figure 3-6: Fabry-Perot Open Resonator connected to Aniritsu VNA
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This measurement technique requires the sample be larger to ensure that it can be placed
in the mounting frame and the beam can be focused on the center of the sample. Additionally, this
measurement is sensitive to vibration, so the instrument is placed on anti-vibration pads that help
reduce the noise that is often seen on the VNA. This measurement also varies from the previous
two techniques because it can calculate the permittivity and loss of a material over a frequency
range not just a single frequency. The measurements with this instrument can be taken from 1
GHz to 40 GHz but it is very time consuming.
This measurement also requires a setup process to ensure that the measurements are
accurate unlike the previous two methods. The mirrors on either side of the sample are set at a
specified distance to ensure that the sample is centered at the largest electric field. A small
adjustment knob is used to adjust the sample by small increments to find the exact center. Once
this is complete the measurement can be performed where a frequency sweep is done to find
various resonant peaks that are used to calculate the dielectric permittivity, dielectric loss and Qvalue.

Simulation and Modeling

COMSOL Multiphysics
The software program that was used to carry out the microwave simulations was
COMSOL Multiphysics. This program has various packages with different applications, but the
radio frequency package was the primary package that was used for all the simulations. This is a
cloud-based software meaning all the computation time was reliant on the number of cores you
are allocated before starting the simulation session.
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This simulation software has a built in CAD program that allows the user to both design
and simulate different geometries all in a single place. For the simulations that were carried out
there was a few steps that had to be followed to ensure that the simulation would run, and the
results were accurate.

Modeling
The first and most important part of the simulation process was the modeling of the
devices. This step used a built in CAD interface that allowed for the creation of the different
microwave devices. Most of the devices that were modelled were created using basic functions
such as extruding a block and setting the specific distances that were desired. To ensure that the
simulations were as close to a real-world test we placed each of the devices in an air-filled box.
The modelling interface with a basic microstrip can be seen below in figure 3-7.

Figure 3-7: COMSOL CAD modeling interface with microstrip transmission line in air-filled box
To decide on the dimensions of the device we had to decide on a material thickness and
an operating frequency. From this we were then able to design a device that had an impedance of
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50 Ω to ensure that there was impedance matching with the ports that were used to launch the
wave in the simulation.

Parameters and Meshing
After the modelling of the microwave device was complete the parameters and meshing
were adjusted as needed. The parameters included different material properties for the dielectric
substrate that was used. We also used the parameters section to alter the properties of the
conductor that was being used in the device. For the early simulations that were performed the
conductor that was used was a basic perfect electrical conductor (PEC) but was later adjusted to
be copper for more accurate results. The parameters section could be altered to include various
properties which can be seen below in figure 3-8.

Figure 3-8: Parameters section for copper conductor used in microwave devices
After the parameters for all the materials were decided the meshing for the device was
generated using the built-in meshing from COMSOL. The meshing could be adjusted for finer
detail around areas of interest such as below the conducting strip. The meshing for a microstrip
can be seen below in figure 3-9.
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Figure 3-9: Meshing on microstrip device generated using COMSOL
For devices that had smaller conducting strips the resolution of the meshing was adjusted
to ensure that proper accuracy was acquired. These same steps were also repeated for coplanar
waveguides that were studied.

Simulation
Following the meshing of the device the proper ports and boundary conditions had to be
applied to the device. For simulation of microstrips and coplanar waveguides a lumped port was
used on either side of the device. The first lumped port that is applied to the device is designated
as propagation port. This port is used to launch the waveguide into the device and is also set to
the desired impedance of 50 Ω. A second lumped port is then placed on the other side of the
device as a termination port. In addition to the ports that were applied to the device a transition
boundary condition also needed to be applied for the use of metallic materials such as copper.
This step was done by simply selecting the surface that was metal and setting a desired skin depth
for that surface.
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The final step before running the simulation was to choose a desired frequency range that
the simulation would run at. The simulation could either be run at a single frequency or could be
swept over a set frequency range with a user-defined frequency step. Once this was complete the
simulation was run and the results could be recorded.

Chapter 4
Discussion and Results
Results were gathered using both physical measurement techniques from three different
instruments and compared to the results gathered using microwave simulation software. The
primary data that was gathered was dielectric permittivity and dielectric loss from various
materials. With this data were then able to calculate things such as attenuation per unit length
which is a metric that is often used to determine the performance of transmission lines using
different dielectric substrates. When looking at the performance of transmission line structures
with different substrate materials and conducting materials it is important to determine the loss
contribution from each. It is hypothesized that the loss due to the conducting material would
dominate and be the limiting factor. To compare loss contribution, attenuation per unit length was
calculated using S-parameters and plotted with literature values for a range of frequencies. In
addition to loss contribution, we also evaluated the accuracy of Q-values from measurement
techniques.

Physical Measurements
The data for different materials was collected using three different instruments: split post
dielectric resonator, split cavity dielectric resonator, Fabry-Perot open resonator. The data from
these different instruments can be seen below.
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Table 4-1: Material properties of polymers and ceramics measured using split post

Material
Kapton
PTFE
Alumina
HDPE
LDPE

Center Frequency (GHz)
5.167
5.168
5.047
5.149
5.149

Real Permittivity (ε)
3.595
2.173
9.198
2.304
2.247

Loss (tan δ)
0.0138
0.000164
0.000664
0.000207
0.000401

Table 4-2: Materials properties of polymers and ceramics measured using split cavity

Material
Kapton
PTFE
Alumina
Quartz
LDPE

Center Frequency (GHz)
19.93
19.95
19.85
18.01
18.91

Real Permittivity (ε)
3.433
2.217
9.442
4.35
2.262

Loss (tan δ)
0.0126
0.0025
0.000645
0.0000942
0.000083

The data collected from the FP can be found in appendix A for a variety of different
ceramic and polymer materials. Using the data that was collected from the three different
techniques a broadband characterization was generated for both the dielectric permittivity and
dielectric loss of the tested materials. Figure 4-1 and figure 4-2 show the broadband dielectric
permittivity and dielectric loss of the materials that were measured.
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Figure 4-1: Broadband dielectric permittivity of polymers and ceramics

Figure 4-2: Broadband dielectric loss of polymers and ceramics
Using the data that we gathered from the measurements that were taken in the laboratory
we were able to then use the data to generate microwave devices in COMSOL and test the
performance.
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Q-Value Analysis for Open Resonator
The broadband characterization results for polymer and inorganic substrates are shown in
figures 4-1 and 4-2. The results are compiled from the three different techniques described
previously. The accuracy of the real permittivity measurement (estimated within 5%) is
significantly higher than for the loss measurement (estimated within 30%). The quartz loss is at
the lower limit of the measurement and the values shown in Fig. 2 are threshold values. The
permittivity values are generally independent of frequency except for Kapton. The decrease in
Kapton permittivity, coupled with the high loss, suggests a broadband relaxation that is related to
the amorphous structure (Bur, 1985). HDPE and LDPE are semicrystalline polymers and have
similar loss values that are also governed by the amorphous phase. Alumina is a ceramic material
with low loss in the 10-4 range, with grain boundary and impurity contributions as potential
contributors to the loss. Fused silica and quartz have an identical composition (SiO2); however,
the loss values are significantly different. Amorphous fused silica has over an order of magnitude
higher loss than for the crystalline form (i.e., Quartz) (Lanagan, 2021).
By using a combination of three different measurement techniques along with various
fixtures, we were able characterize a diverse group of materials over a frequency range between 5
and 40 GHz, which is important for 5G applications. The materials were a variety of ceramics and
polymer films that exhibited diverse electrical properties. An example of the challenges in
characterizing dielectrics with extremely low loss was demonstrated using the Fabry-Perot Open
Resonator samples. The Q values of the resonator and the resonator/sample were
undistinguishable, resulting in the measurement threshold below which the loss could not be
measured.
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To better understand the Q-values of the FP we can look at a similar model for a FP with
Bragg reflectors, which are planar rather than curved. For this model the planar plates are
separated by a distance of 𝐿0 that is given by 4.1.
L0 = q

λ0
2

(4.1)

This distance is used to determine the resonant frequencies that are evaluated when
measuring a dielectric sample. For an ideal case we can also assume that there is no radiation loss
meaning that the loss is only from the conductor as well as the dielectric. The Q-value for the
conductor can then be calculated using 4.2.
Q=

G
Rs

(4.2)

Where R s is the surface resistance of the metal planes and G is the geometric factor given
by 4.3.
2

⃑⃑ | dv ∬ |H𝜏 |2 ds
G = 𝜔V 𝜇0 |H
S

(4.3)

Where 𝐻 is the magnetic field inside of the resonating plates, and 𝐻𝜏 represents the
tangential component of the magnetic field. With this we can also simplify the calculations
further by calculating the Q-value of the system when there is no sample inserted. This will give
us the contribution of loss due to the conductor.
The FP that was used to measure the dielectric materials used curved mirrors rather than
Bragg planar mirrors which alters the equations used to calculate the Q-values. Unlike the Bragg
reflectors the resonant frequencies must be calculated using 4.4.
fp,l,q =

c
(q
2L0

+1+

0.5
2p+l+1
L
arctan ( 0 ) )
𝜋
R0 −L0

(4.4)

In 4.4 p, l, q are mode indices and help determine the radius of curvature of the mirrors. The
combination of a hemispherical reflector with Bragg reflectors has shown to measure accurate Qvalues for low loss materials up to 100 GHz.
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COMSOL Equations and Simulations

Lumped Port
When modeling microwave devices in COMSOL one important step is placing ports on
either end of the transmission line that allow for signal transmission and dissipation. When
dealing with transmission line theory voltages and currents are used in place of electric and
magnetic fields. Using lumped ports in simulations connects the two and allows for better
analysis in microwave devices. One of the key components of a lumped port is that the feed that
is used for the transmission of the signal must have a gap that is much less than the wavelength. If
the previous condition holds the voltage can then be written in terms of the electric field as shown
in 4.5
V = ∫h 𝐄 ∙ 𝐝𝐥 = ∫𝐡(𝐄 ∙ 𝐚h )dl

(4.5)

where h is the line between the two terminals at the start of the transmission line and the
integration is carried out from the positive voltage v to ground. Figure 4-3 is a schematic to show
the basic layout of a lumped port.

Figure 4-3: Lumped port configuration for transmission lead
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In a similar way the surface current density can be calculated by integrating the current
over the length of the transmission line. The surface current density can be calculated using
equation 4.6
I = ∫w(𝐧 × 𝐉𝐒 ) ∙ 𝐝𝐥 = − ∫w(𝐉𝐒 ∙ 𝐚h )dl

(4.6)

where I is the current, JS is the surface current density and n and ah are direction vectors.
With both the voltage and current the impedance can then be calculated using 4.7
Z=

V
I

=

∫𝐡(𝐄∙𝐚h )dl
− ∫w(𝐉𝐒 ∙𝐚h )dl

(4.7)

The impedance of the microstrip is important to ensure that there is proper impedance
matching. After the impedance matching is complete an additional step that is important when
dealing with metal conductors such as copper and silver. When incorporating metal conductors
within a microwave simulation a transition boundary condition is need for any metallic surface.
The transition boundary condition assumes that wave propagation occurs in the normal direction
to the thin layer of metal. The equations that govern the transition boundary condition are shown
4.8 to 4.11.

𝐉s1 =
𝐉s2 =
ZS =
ZT =

(ZS 𝐄t1 −ZT 𝐄t2 )
Z2S −Z2T
(ZS 𝐄t2 −ZT 𝐄t1 )
Z2S −Z2T
−j𝜔𝜇

1

k

tan(kd)

−j𝜔𝜇
1
k
sin(kd)

(4.8)
(4.9)
(4.10)
(4.11)

These equations use different properties such as permeability and frequency to determine
impedance and surface current density.
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In COMSOL we used the data that was collected from the different measurements to
design and test different microwave devices. For all the samples that were tested we created a
microstrip structure that incorporated the dielectric permittivity and dielectric loss that as
measured. In addition, we also simulated microstrips that had both a PEC as well as a copper
conductor to determine if the resistive loss dominated. Once the simulation as complete, we were
able to record the s-parameters for each microstrip and generate an attenuation plot to show the
efficiency of each of the microstrip devices. Figure 4-4 below shows the literature values for the
attenuation of different materials.

Figure 4-4: Attenuation per unit length of ceramics and polymers
Using the S-parameters that were measured using COMSOL we then calculated the
attenuation per unit length for different materials and plotted the data. Figure 4-5 below shows the
attenuation per unit length for various materials.
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Figure 4-5: Attenuation per unit length of simulated materials
The electric field distribution was also observed for the various microwave devices that
were simulated. At lower frequencies the electric field distribution was localized under the
conducting strip as expected. As the frequency was increased surface waves began to form
leading to power loss within the substrate. The difference between these two scenarios can be
seen in figures 4-6 and 4-7.

Figure 4-6: Alumina microstrip operating at 20 GHz with no surface waves
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Figure 4-7: Alumina microstrip operating at 40 GHz with surface waves
To understand how dielectric properties affect the attenuation of microstrip devices
similar simulations were performed and variables such as permittivity, loss, conductor material
and physical dimensions were altered. The following figures show microstrips with substrate
materials such as Kapton, quartz and HDPE.

Figure 4-8: Kapton microstrip operating at 60 GHz with no loss
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Figure 4-9: Kapton microstrip operating at 60 GHz with tan  = 0.0126

Figure 4-10: HDPE microstrip operating at 60 GHz with tan  = 0.000207
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Figure 4-11: Quartz microstrip operating at 60 GHz with tan  = 0.0000942
COMSOL Multiphysics was also used to briefly look at the performance of coplanar
waveguides a different transmission line geometry. The same substrate materials were used when
designing the coplanar waveguides but unlike the microstrip the ground planes were placed in the
same plane as the conducting strip. Similar to the microstrip surface waves became prominent as
the frequency was increased for the simulations. The waveguide differed from the microstrip
because the surface waves become prominent at lower frequencies and appeared to be more
random. Figure 4-12 shows how frequency and permittivity affect surface waves within a
coplanar waveguide.
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Figure 4-12: Impact of frequency and permittivity on coplanar waveguide surface waves where
the light blue and green colors represent regions of higher electric field strength
The results for the coplanar waveguides did not lead to accurate attenuation data
therefore microstrip simulations were used as the primary transmission line.

Surface Waves
Surface waves occur at the interface of two different materials in the case of this research
at the interface between the substrate and the conducting stripline (Polo, 2013). In most microstrip
antennas there is some amount of power that is launched in the form of surface waves which will
eventually be lost. This in turn will lower the efficiency of the device and is an undesired
characteristic of many microstrip devices. In many cases the surface wave fields decay with radial
distance at a slower rate than the space waves that are typically more important. Another
characteristic of surface wave is the localization at an interface. Therefore, they travel toward the
edge of the device and eventually dissipate. When looking at a microstrip device the surface waves
are caused from internal reflection and these waves can be seen in figure 4-13 below.
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Figure 4-13: Internal reflection that causes surface wave propagation (Ayop, 2007)
These waves are first captured within the substrate and reflected between the interface of
the substrate and ground plane. They continue to travel until they reach the edge of the device.
Because these waves create a loss of power in the device the signal that is received at the end of
the microstrip device is typically lower than expected. There are ways to prevent surface waves
from forming, which typically involve introducing a radiating element into the device (Jackson,
1993). This is beneficial for microstrip antennas because this will help reduce the amount of
power loss and can lead to a stronger signal that is transmitted. This radiating element which is
sometimes a ring of magnetic current will not excite the TM 0 mode which is often responsible for
surface waves. This is one way that we could improve the performance of these simulated
microstrip devices if we introduced a radiating element to reduce surface waves. When looking at
a microwave device with an interface of two different materials if we allow z=0 to be the
interface the plot below shows the variation of the electric field as a function of distance from the
interface (Polo, 2013).
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Figure 4-14: Variation of electric field with respect to distance z (Polo, 2013)
When looking at a dielectric material with a finite thickness and a dielectric permittivity
greater than one, at least one surface wave is always observed. There are various modes for
surface waves but when looking at the cutoff frequency for the different modes we notice that the
TM0 will always be observed since it has zero cutoff frequency (Cano, 2020). The equation that
determines the cutoff frequency for different TM n modes is given by 4.12.
fc =

nc
2h√𝜀r −1

, n = 0,1,2 …

(4.12)

In 4.12 c is the speed of light and h is the thickness of the dielectric material. In addition
to TMn modes surface waves can also be formed from higher modes or TEn modes. The cutoff
frequency for these modes is given by 4.13 (Pozar, 2017).
𝑓𝑐 =

(2𝑛−1)𝑐
4ℎ√𝜀𝑟 −1

, 𝑛 = 1,2,3 …

(4.13)

The cutoff frequencies help determine what type of surface waves are present within the
dielectric substrate, which dictate how much power is lost during wave propagation. Surface
wave propagation for lower order modes can be seen in figure 4-15.
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Figure 4-15: Surface wave comparison for (a) plastic sample and (b) glass sample (Cano, 2020)
Figure 4-15 shows the surface wave propagation for two samples with different dielectric
constants. Energy loss due to surface waves is undesirable in most cases making material
selection an important step when designing a microwave device.
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Chapter 5
Conclusion

Summary
The first main goal of this research that was completed was the broadband
characterization of ceramic and polymer materials using resonant techniques. The three
techniques that were used were the split post, split cavity, and the Fabry-Perot open resonator.
Using these measurement methods samples of various dimensions were measured from a range of
5 GHz – 40 GHz. With the data that was collected transmission line structures were modeled and
simulated using COMSOL Multiphysics. Using this microwave simulation software parameters
such as dielectric permittivity, dielectric loss, conductivity and permeability were varied to
observe how attenuation was affected. After running various simulations the scattering parameter
data was gathered and used to generate the attenuation per unit length for microstrips. What was
found was that attenuation was dominated by the metallization in the microstrip structure.
Comparing results using perfect electrical conductors and copper showed that conduction loss
was the main contributor to higher attenuation. In addition to higher attenuation, simulations
showed that surface waves become more prominent at higher frequencies and higher permittivity.

Final Thoughts
Microwave simulation is an area that has the potential to benefit many industries with the
main one being 5G technology. As 5G continues to grow over the years the ability to simulate
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devices at these higher frequencies and accurately predict how they will perform has many
benefits. It is predicted that the 5G industry will generate $3.6 trillion in economic output and at
the same time with create 22.3 million jobs (The Impact of 5G: Creating New Value across
Industries and Society, 2020). This industry is at the beginning stages and is predicted to peak by
the year 2035. With technology continually growing and the need for faster and more reliable
communications the development of new and faster microwave devices is at the forefront of the
industry. This development is then backed by reliable simulation software that allows for
researchers to evaluate materials and geometries before fabricating reducing the cost of research
across the board. Though the idea of simulation is dependent on calculation methods such as
finite difference time domain and finite element method the meshing that can be generated gives
accurate data that can be used to improve designs and drive the industry forward. In addition to
5G there are also other industries such as MRI that benefit from this simulation software which
can calculate things such a SAR which is specific absorption rate and is the measure of energy
absorbed per unit mass by a human body. This is an important value when looking at RF devices
because there is a maximum SAR value that must not be surpassed for devices to be safe for use
(Freeman, 1992).

Future Work
The telecommunication industry is continuing to grow rapidly and the need for better
performing transmission lines is important. Moving forward the use of substrate integrated
waveguides will help eliminate issues with metallization leading to loss in microstrips. Substrate
integrated waveguides use a series of via fences to contain the electromagnetic waves that are
transmitted. In addition to geometry, material selection for transmission lines can also improve
the overall performance of transmission lines. Materials such as Kapton that are flexible are
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desired and if they could be modified to exhibit lower loss there are many applications such as
wearable electronics and flexible electronics.

Appendix
Material Data from Fabry-Perot Open Resonator
Table A-1: Fabry-Perot material data for Alumina
Frequency (GHz)
Real Permittivity (ε)
12.06014
9.487879
16.51844
9.468075
20.98433
9.436685
25.4582
9.423944
29.9387
9.40881
34.42429
9.390159
38.91382
9.367581

Q Value
1467.034
5538.208
18818.61
51438.07
84682.37
85694.04
78074.8

Loss (tan δ)
0.006852
0.000816
0.000498
0.000319
0.000151
0.000152
0.00001

Table A-2: Fabry-Perot material data for HDPE
Frequency (GHz)
Real Permittivity (ε)
12.19638
2.386583
16.68604
2.38763
21.17356
2.382446
25.66161
2.380983
30.15067
2.37782
34.64079
2.373486
39.13209
2.367602

Q Value
1702.27
6180.395
19220.44
56424.32
88857.82
80459.54
68306.94

Loss (tan δ)
0.007483
-6.9E-05
0.000662
0.000251
0.00011
0.000218
0.000202

Table A-3: Fabry-Perot material data for LDPE
Frequency (GHz)
Real Permittivity (ε)
12.19563
2.261869
16.68507
2.264486
21.17245
2.261106
25.66043
2.26124
30.14944
2.260726
34.63958
2.259135
39.13088
2.257183

Q Value
1676.797
6269.715
19173.4
58326.99
83667.79
77962.14
67626.62

Loss (tan δ)
0.007779
-0.00025
0.000641
0.00019
0.000169
0.000248
0.00021
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Table A-4: Fabry-Perot material data for PTFE
Frequency (GHz)
Real Permittivity (ε)
12.23519
1.967528
16.73908
1.893192
21.23951
1.875901
25.73947
1.885832
30.23941
1.891205
34.73937
1.890992
39.23928
1.895169

Q Value
1527.747
6599.212
20911.07
63987.57
103346.4
88407.95
74834.33

Loss (tan δ)
0.079473
-0.00574
0.001799
0.00036
-0.00021
0.000549
0.000325

Table A-5: Fabry-Perot material data for Kapton
Frequency (GHz)
Real Permittivity (ε)

Q Value

Loss (tan δ)

1461.755
5454.875
11145.46
19945.85
22736.81
21839.44
20614.05

0.104414
0.01142
0.025629
0.019778
0.019036
0.020052
0.020166

12.23389
16.73659
21.23661
25.73594
30.23531
34.73479
39.23408

3.044709
3.049779
2.974833
2.991598
2.993851
2.9822
2.988597
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