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Dielectric Characterisation Methods for Additively Manufactured Ceramic Materials
EMMA ÖDMAN
Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract
Additive manufacturing has recently emerged as a promising technique for fabricat-
ing microwave components with complex geometries that are difficult or costly to
achieve using conventional manufacturing methods. By enabling greater geometric
freedom, additive manufacturing has the potential to improve component perfor-
mance, reduce device size, and lower fabrication costs. However, to evaluate the
suitability of additive manufacturing for high-frequency applications, it is essential
to characterise how the fabrication process influences dielectric properties such as
the relative permittivity and loss tangent.

This thesis, conducted in collaboration with Saab, focuses on the development and
evaluation of dielectric characterisation methods for additively manufactured ceram-
ics, as well as on investigating the influence of fabrication and post-processing on
their performance. Three dielectric characterisation methods were developed and
evaluated: a parallel plate capacitor method, a dielectric resonator method, and a
broadband transmission line method. The parallel plate capacitor method was used
to characterise samples in the green body, sintered, and hot isostatically pressed
(HIPed) states.

Dielectric performance was found to be strongly dependent on material density, with
a 0.6% increase in density corresponding to a 31.4% increase in relative permittivity
and a 15.4% reduction in loss tangent. The relative permittivity remained stable
over the temperature range 25 ◦C to 100 ◦C, varying by less than 2%, whereas the
loss tangent increased by approximately 250%. In addition, the dielectric properties
of the sintered and HIPed samples deviated from the manufacturer’s specifications,
highlighting a significant influence of the fabrication process on the final dielectric
performance.

The findings demonstrate the importance of process optimisation in additive manu-
facturing of microwave ceramics and provide practical dielectric characterisation
methods for evaluating and comparing fabrication parameters. The work con-
tributes to the understanding of how additive manufacturing and post-processing
influence the dielectric properties of ceramic materials intended for microwave ap-
plications.

Keywords: Additive Manufacturing, Ceramic Materials, Alumina, Dielectric Char-
acterisation, Relative Permittivity, Loss Tangent, Microwave Materials, Hot Iso-
static Pressing.
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1
Introduction

More than 130 years ago, Faraday introduced the term “dielectric” to describe a
phenomenon similar to current flow in a capacitor [1], [2]. He suggested that cur-
rent entering one plate appears to pass through the insulating material, enabling the
opposite plate to become charged. This is because dielectrics are a type of electrical
insulators that become polarised when exposed to an electric field [1]. Because of this
property, dielectric materials have played an important role in modern electronics.
They are key components in microwave filters, resonators, waveguides, and capaci-
tors. However, the fabrication process can be costly and may limit implementation
of new design concepts.
These limitations are particularly relevant in airborne sensing applications, where
microwave components are essential. For example, modern airborne sensing systems
face increasing demands for reduced size, weight, and power consumption while
maintaining high performance. As smaller, faster-moving threats employing stealth
technology emerge, there is a growing need to improve situational awareness in the
air domain. This has created a demand for lightweight, compact, and high-efficiency
sensors suitable for integration in small airborne platforms.
Meeting these requirements requires not only improved sensor designs but also more
flexible and cost-effective manufacturing techniques. In particular, there is a grow-
ing interest in fabrication methods capable of producing components with complex,
application-specific geometries that integrate both conductive and dielectric materi-
als within a single structure. To address these challenges, alternative manufacturing
methods are being explored. One promising approach is additive manufacturing
(AM), also known as 3D printing. This method creates objects by joining materials,
usually in a layer-by-layer approach. For example, additive manufacturing has been
implemented in production of antennas, filters, diplexers and dielectric resonators
[3]–[14].

1.1 Additive manufacturing
Several additive manufacturing processes exist. For ceramic materials, one of the
most commercially established methods is vat photopolymerisation, particularly
stereolithography (SLA) [15]. This is a 3D printing process where a container (vat)
is filled with a liquid slurry, consisting of ceramics and polymers, and then selectively
cured by light-activated polymerisation. Other methods include material jetting, in
which droplets of build material are selectively deposited and cured with UV, and
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1. Introduction

fused deposition. The latter method works by heating a filament and dispensing it
selectively through a nozzle [15]. These methods can also be used for other materials,
such as polymers.

1.1.1 Fabrication of dielectric components
Conventionally, polymers have been the primary materials used in 3D printing.
However, as additive manufacturing expands into electrical and electromagnetic ap-
plications, alternative materials are being explored. Among these, ceramics have
gained increasing attention due to their favourable thermal and dielectric proper-
ties.
Multiple techniques are available for producing microwave components using ad-
ditive manufacturing. These include printing polymer structures followed by met-
allisation, directly printing metallic components, or fabricating components using
ceramic materials. The main benefits of using AM techniques compared to conven-
tional methods is the freedom of design and cost-effectiveness in small-to-medium
volume. Since the principle of printing the material builds on a layer-by-layer ap-
proach, the limitation lies in the allowed printing size and amount of material used.
Another benefit of 3D printing is the reduction in weight. In [6], Guo et al. print
a plastic filter structure based on spherical resonators using stereolithography and
coat it with a thin layer of copper. This lowers the weight from 2 kg using traditional
milling to 0.28 kg. However, their filter is limited by the working temperature that
can go no higher than 39−46 ◦C. To address this limitation, a ceramic material can
be chosen instead.
Using lithography-based ceramic manufacturing (LCM), Miek et al. [5] present a
monolithic 3D-printed ceramic X-shaped dual-mode microwave filter. Because of
the fabrication process, there are no alignment issues, even though there are com-
plex geometries inside. When designing the filter, they estimate an initial ceramic
permittivity of 9.4. In order to achieve more accurate results, they perform material
characterisation on the 3D printed alumina by measuring a resonator excited in a
cavity. The resulting S-parameters are then matched to simulation in order to find a
permittivity of 9.32 at 5.27 GHz. The final filter had a significant bandwidth reduc-
tion when compared to simulations due to a decreased inter-cavity coupling. This
effect could be caused by deviations in the 3D printing process or unequal shrinkage
during sintering.
As [6] and [5] highlight, there are many advantages to using additive manufacturing
processes. The main benefit is the ability to create complex shapes. In [7]–[11],
additive manufacturing is used to fabricate variants of waveguide bandpass filters
through structural deformation, the introduction of inserts, and modifications to
the conventional rectangular geometry. In these cases, the final product is either
fabricated in resin and coated in metal, or produced directly through metal additive
manufacturing.
When 3D printing using ceramic materials, it is possible to create custom microstrip
structures. In [12], they present at low-pass filter created by varying the substrate
height and line width of a microstrip. This emphasizes the possibility of compact,
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1. Introduction

integrable filters. However, it also requires good knowledge of the manufactured ma-
terial and its electrical properties. In [5], the measured permittivity differed slightly
from the specified value, demonstrating that material properties can deviate after
fabrication. As electromagnetic component performance is dependent on these prop-
erties, accurate characterisation methods are important for additively manufactured
materials. With reliable characterisation techniques, it becomes possible to investi-
gate the effects of different manufacturing processes, evaluate material combinations,
and develop multi-material components with predictable dielectric behaviour.

1.2 Measurement of material properties

Two main categories of methods are commonly used for measuring dielectric proper-
ties – transmission–reflection methods, in which the scattering parameters are anal-
ysed, and resonant methods, where the dielectric properties are determined from
the effect of the material under test on the resonant frequency of the system.

Deffenbaugh et al. [16] present three different methods for characterising 3D-printed
materials fabricated using fused deposition modelling and stereolithography. The
proposed methods include measurements using an LCR meter at 1 MHz and 2 MHz,
where the capacitance is used to determine the relative permittivity and loss tan-
gent, and measurements using an impedance analyser based on the same extraction
principle. In addition, an X-band waveguide operating in the frequency range 8.2-
11 GHz is utilized, where the dielectric properties are extracted from the effect of
the material sample on the resonant behaviour of the system.

Another method is presented by Takach et al. [17] where they use a two-line coaxial
cable technique in order to find the relative permittivity and loss tangent. This
is done by measuring two coaxial lines with a well known length difference and
comparing the results with and without the material under test. From the scattering
parameters, the propagation constant can be found.

In [18], Goulas et al. investigate the impact of printer settings on the relative
permittivity and loss tangent of composite thermoplastic filament, manufactured by
fused deposition. The manufacturing properties investigated were extrusion width,
layer height, and material infill. To do this, they placed printed samples in an
X-band cavity and measured the transmission and reflection parameters. These
scattering parameters were then used in the Nicolson–Ross–Weir (NRW) method
to calculate the relative permittivity and loss tangent of the material. A similar
approach was employed by Castles et al. [19] to validate results obtained using a split
post dielectric resonator, which determines dielectric properties by analysing the
influence of a sample on the resonant frequency. In their work, the permittivity of the
printed material was controlled by varying the concentration of ceramic filler within
the polymer during fused deposition modelling. Alimenti et al. [20] also characterise
the loss tangent and relative permittivity of 3D printed plastic materials using a
resonator based model, but this time with a modified Hakki-Coleman resonator. The
device under test was photopolymer resonator discs printed using PolyJet deposition,
a type of material jetting.
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1. Introduction

The resonator method is the most commonly used technique for characterising these
materials, but it requires specialised measurement equipment. In addition, there is
a lack of characterisation studies focused on ceramic materials, despite their poten-
tial advantages in terms of thermal stability and higher relative permittivity. For
instance, the variation in relative permittivity reported by Miek et al. [5] may signif-
icantly influence the performance of the final component. This highlights the need
for further investigation into the dielectric properties of 3D-printed ceramic mate-
rials, as well as the influence of printing and post-processing parameters on these
properties. In order to appropriately implement additively manufactured compo-
nents we have to understand how the fabrication parameters affect the performance
of the material.

1.3 Thesis scope and overview
The purpose of this Master’s thesis is to present methods for characterising ad-
ditively manufactured ceramic material, as well as discuss the impact of fabrica-
tion processes on the dielectric properties. The material investigated is high-purity
LithaLox alumina (Al2O3) from Lithoz, fabricated by lithography-based ceramic
manufacturing (LCM). Some of the samples undergo post-processing by hot iso-
static pressing (HIP). Three dielectric characterisation methods are presented and
evaluated: a parallel plate capacitor method, a dielectric resonator method, and a
broadband transmission line method. The parallel-plate capacitor method was used
to characterise samples in the green body, sintered, and HIPed states. Preliminary
findings indicate that the dielectric properties are tied to the density och the ma-
terial. The highest relative permittivity and lowest loss tangent was observed in
samples with the highest relative density.
The thesis is organised as follows. Section 2 introduces relevant theory about di-
electric material and characterisation methods. Section 3 states how the 3D printed
components were fabricated at Chalmers Centre for Additive Manufacturing, CAM2,
and details how they were post-processed. Section 4 presents the experimental setup,
materials, and tools used. Section 5 demonstrates and discusses the achieved results,
and Section 6 concludes the thesis by summarising the findings.
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2
Theory

This chapter aims to explain relevant theory regarding dielectric material and its
uses, additive manufacturing, and measurement methods for dielectric material. An
analysis of ceramic material properties and their impact on the dielectric properties
is also conducted.

2.1 Dielectric material
A dielectric is an electrically insulating material that becomes polarised when ex-
posed to an external electric field [1], [21]. Common dielectric materials include air,
glass, ceramics, polymers, and water, each characterised by different polarisation
mechanisms and dielectric properties. Unlike conductors, where electric charges can
move freely through the material, charges in a dielectric only shift slightly from their
normal positions, producing what is known as dielectric polarisation. This displace-
ment generates an internal electric field that opposes and weakens the external field
within the material.
The electric polarisation, denoted by P̄e, contributes to the electric flux density
according to

D̄ = ε0Ē + P̄e = εĒ, (2.1)

where ε is the complex permittivity of the medium [21],

ε = ε′ − jε′′ = ε0(ε′
r − jε′′

r). (2.2)

ε0 is the permittivity in vacuum and εr is the complex relative permittivity. The real
part, ε′, represents the material’s ability to store electric energy. A higher relative
permittivity means the material becomes polarized more easily when an electric field
is applied. The imaginary part, ε′′, represents dielectric losses in the material due
to damping of the vibration dipole moments.
The dielectric loss is commonly quantified using the loss tangent,

tan δ = ε′′

ε′ , (2.3)
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2. Theory

which is defined as the ratio between the dissipated and stored electromagnetic
energy in the dielectric medium.
The dielectric properties of a material directly influence electromagnetic wave propa-
gation through the medium. In particular, the permittivity determines the phase ve-
locity, wavelength, and attenuation of propagating fields, as described by Maxwell’s
equations. They are given by

∇× Ē = −∂B̄
∂t
− M̄

∇× H̄ = ∂D̄
∂t

+ J̄

∇ · D̄ = ρ

∇ · B̄ = 0

(2.4)

where Ē is the electric field, B̄ the (fictitious) magnetic flux density, M̄ the magnetic
current density, H̄ the magnetic field, D̄ the electric flux density, and J̄ the electric
current density [21]. In a source-free, linear, isotropic, homogenous region, we can
write Maxwell’s first two equations as

∇× Ē = −jωµH̄
∇× H̄ = jωεĒ

(2.5)

given that B̄ = µH̄, where µ is the complex permeability of the medium. The
permeability relates to the magnetic polarization of the medium, and is analogous
to the permittivity. From this, we can derive the Helmholtz equation for a general
lossy medium in terms of Ē as

∇2Ē− γ2Ē = 0, (2.6)

where the complex propagation constant γ is given by

γ = α + jβ

= jω
√

µε

√
1− j

σ

ωε
.

(2.7)

σ is the conductivity of the material, α is called the attenuation constant, and β the
phase constant. The wavelength is related to the phase constant as

λ = 2π

β
. (2.8)

The skin depth, the distance before a field decays by 1
e
, is related to the attenuation

constant as

δs = 1
α

. (2.9)

6



2. Theory

For an ideal dielectric, σ = 0 and µ and ε are real quantities. The propagation
constant is then purely imaginary and reduced to γ = jβ.

2.2 Dielectric resonators

The dielectric resonator was first introduced by Richtmyer in 1939 [22], where he
showed that dielectrics could be used as high frequency oscillators. Since then they
have become important components in modern electronic devices, used in antennas
and filters. Electrical resonators are designed to achieve standing wave behaviour at
specific resonance frequencies. This can be accomplished through various designs;
series and parallel resonance circuits, transmission line resonators, cavity resonators,
and dielectric resonators [21].

Dielectric resonators confine the electromagnetic field, except for an exponentially
decreasing part outside [21], [22]. In order to quantify the frequency selectivity of
the resonator, we can look at the quality factor

Q = ω
average energy stored

energy loss/second . (2.10)

The Q-factor can be denoted as the loaded, unloaded, and external quality factor
depending on how it is measured. The unloaded quality factor, Q0, excludes external
loading effects and is the Q of the resonator itself [21]. As the resonator couples
to other circuitry, the impact is described through the external quality factor Qex.
What is measured in practice is a combination of both the external and unloaded
quality factor,

1
QL

= 1
Q0

+ 1
Qex

(2.11)

where QL is the loaded quality factor [21].

The geometry of the dielectric resonator, as well as its intrinsic properties, decides at
what frequencies there is resonance. If we consider a cylindrical dielectric resonator
with height L, radius r, and relative permittivity εr, the magnetic field distribution
for the first resonance mode is shown in Figure 2.1. The evanescent behaviour
outside of the resonator is due to high permittivity of the resonator (in the range of
10-100) in comparison to air.
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Figure 2.1: Magnetic field distribution for the first resonance mode of a cylindrical
dielectric resonator with height L, radius r, and relative permittivity εr. Picture
recreated with inspiration from [21] and [23].

In this waveguide the lowest order mode is TE01δ, where δ = 2L
λg

< 1 denotes the z
variation of the resonant mode [21]. This is because the resonant length is smaller
than λg

2 , where λg is the guide wavelength of the TE01 mode.
In order to approximate the resonant frequencies we can follow the analysis presented
by Pozar [21], which in turn follows that of Cohn [24]. Assume that we have a
magnetic wall boundary condition at ρ = r [21],[25]. For TE modes in the dielectric
waveguide, Ez = 0 and Hz must satisfy the wave equation

(∆2 + k2)Hz = 0 (2.12)

where

k =


√

εrk0 |z| < L/2
k0 |z| > L/2

Under the condition that Hz is finite at ρ = 0 and zero at ρ = r, ∂
∂ϕ

= 0, and
k2

c = k2 − β2 can write an expression for Hz as

Hz = H0J0(kcρ)e±jβz. (2.13)
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J0 is the Bessel function of the first kind as a function of kc and ρ. In this case, we
can write kc = p01

r
with p01 = 2.405.

Inside the waveguide (|z| < L/2) we have a real propagation constant β =
√

εrk2
0 − k2

c ,
and in the air region outside the resonator (|z| > L/2) the propagation is imagi-
nary and given by α =

√
k2

c − k2
0. We now want to match the transverse fields at

z = ±L/2, where we have the field expressions given by

Eϕ =

AJ ′
0(kcρ) cos βz |z| < L/2

BJ ′
0(kcρ)e−α|z| |z| > L/2

(2.14)

and

Hρ =

−
jA
Zd

J ′
0(kcρ) sin βz |z| < L/2

± B
Za

J ′
0(kcρ)e−α|z| |z| > L/2

(2.15)

where A, B are unknown amplitude coefficients, Zd = ωµ0
β

, and Za = jωµ0
α

.
This leads to the simplified transcendental equation

tan βL

2 = α

β
(2.16)

which can be numerically solved for k0 = 2πf0
c

in order to find the resonant fre-
quency.
Using this method, we do not take fringing fields into account. This means that
we have an error of about 10%. However, if the resonator faces metal plates at a
shorter distance, the magnetic wall approximation is quite valid [26]. In order to get
more accurate results, we can use the method proposed by Itoh and Rudokas [27].
In the paper they compare the field expression for a cylindrical dielectric resonator
on a substrate by dividing the field expression into different regions and look at the
boundary conditions. This yields a coupled eigenvalue equation

J ′
0(hr)

hJ0(hr) + K ′
0(pr)

pK0(pr) = 0 (2.17a)

βL = qπ + tan−1
(

γ

β

)
+ tan−1

(
ξ

β
coth ξt

)
(2.17b)

where q = 0, 1, 2, . . . and

β2 = εr1k
2
0 − h2 = k2

0 + p2,

γ2 = h2 − k2
0,

ξ2 = h2 − εr2k
2
0.

9
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εr1 denotes the relative permittivity of the dielectric resonator, and εr2 the relative
permittivity of the substrate. If we let εr2 = 1 and t→∞, Equation 2.17b simplifies
to the transcendental Equation 2.16 for q = 0. This method, however, does not work
as well for resonators with a lower εr. Instead we can use the variational method from
Konishi et al. [26], which is valid when the resonator is placed in free space or far
from ground. Their method starts by calculating ω0 using the same set of equations
presented by Pozar [21] and then adding a correctional term ∆ω

ω0
. Assuming we have

found k0 from Equation 2.16, we also have the values for β, α, kc. Let

x0 = k0r

ξ = L

2r

η = α

β
+ βL

2 ·
(

1 + α2

β2

)

and define

∆ω

ω0
= F (α, β, x0, ξ, εr)

=

−2a(β + αη)
∫ ∞

−∞

√
x2

0 − x2
H

(2)
0

(√
x2

0 − x2
)

H
(2)
1

(√
x2

0 − x2
)A2 dx

παax2
0εrη

[
ξ + sin(2βaξ)

2βa
+ cos2(βaξ)

αa

]
(2.18)

where A is given by

A = rβ sin(rβξ) cos(xξ)
(rβ)2 − x2 + rα cos(xξ) cos(rβξ)

(rα)2 + x2 −

− x sin(xξ) cos(rβξ) · (rβ)2 + (rα)2

((rβ)2 − x2) ((rα)2 + x2) .

(2.19)

From the results presented in [26], the error between theoretical and experimental
results was less than one percent.

2.3 Ceramic material properties
The relative permittivity, loss tangent, and temperature stability, are important
parameters used to characterise dielectric ceramics for use at radio frequencies. For
a dielectric resonator, the size is inversely proportional to the square root of the
relative permittivity [28]. This means that we want the relative permittivity to be as
high as possible while maintaining a low loss tangent and temperature stability.
The dielectric constant and loss are influenced by the material composition. For
example, Penn et al. [29] studied the influence of grain size and porosity on the
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dielectric properties of alumina. They showed that the loss is heavily dependent on
the porosity of the material, where even small porosity led to an increase in loss.
The dielectric constant was also affected by the porosity, showing a decrease as the
porosity increased. For a 0.3 fractional porosity, the relative permittivity was 40 %
lower than for a fully dense sample.

Jenkel et al. [30] also performed a similar study, but instead investigating the effects
of sintering time on the dielectric properties of additively manufactured alumina.
They found that the relative permittivity changed from 4.4 when sintering at 1250 ◦C
to 9.2 at 1650 ◦C. Similarly, the quality factor increased with sintering temperature.
This was attributed to the grain size and porosity of the samples, where the grain
size increased and porosity decrease with sintering temperature.

2.4 Microwave measurements

For a travelling wave on a transmission line, the characteristic impedance Z0 is de-
fined by the ratio between the voltage and the current [21]. The complex impedance
can be written as

Z = R + jX (2.20)

where the real part R is related to the dissipated power and the imaginary part X
relates to the net energy stored in the network.

For an arbitrary N -port microwave network, we can use the impedance matrix [Z]
to relate the voltages and currents as


V1
V2
...

VN

 =


Z11 Z12 · · · Z1N

Z21
...

... . . . ...
ZN1 · · · · · · ZNN




I1
I2
...

IN

 . (2.21)

The admittance matrix can similarly be derived as [I] = [Y ][V ], meaning that
[Y ] = [Z]−1. The matrix elements of [Z] can be found by

Zij = Vi

Ij

∣∣∣∣∣
Ik=0 for k ̸=j

. (2.22)

When dealing with high-frequency networks, it becomes a practical problem to mea-
sure voltages and current. A better way to characterise such a matrix would be
with scattering parameters, which represent the incident, reflected, and transmitted
waves. The scattering matrix, and its S-parameters, relates the incident voltage to
the reflected voltage as

11



2. Theory


V −

1
V −

2
...

V −
N

 =


S11 S12 · · · S1N

S21
...

... . . .
SN1 · · · SNN



V +

1
V +

2
...

V +
N

 . (2.23)

A specific element can be determined as

Sij = V −
i

V +
j

∣∣∣∣∣
V +

k
=0 for k ̸=j

. (2.24)

We can write the scattering matrix in terms of the impedance matrix and identity
matrix [U ] as

[S] = ([Z] + [U ])−1 ([Z]− [U ]) (2.25)

which reduces to

S11 = Z11 − Z0

Z11 + Z0
(2.26)

for a one-port network with characteristic impedance Z0.
Scattering parameters can be measured using a Vector Network Analyzer (VNA),
which is a microwave measurement instrument designed to analyze the transmitted
and reflected signals of a network [21]. In order to get accurate results, calibration
of the VNA should be performed. By doing this, systematic errors are removed and
the reference plane shifts from the VNA ports to the location where the calibration
is conducted [31]. The calibration relies on calibration standards that are used
to quantify and correct errors introduced by the VNA and test setup. The four
most common standards are short (S), open (O), load (L), and through (T) [31].
The short standard represents a short circuit at the reference plane and is used
for reflection calibration. The open standard represents an open circuit, typically
with defined parasitic effects that become significant at higher frequencies. The
load standard, also referred to as a match, consists of a termination matched to the
characteristic impedance of the system in order to minimise reflections. Lastly, the
through standard represents an ideal connection between two ports and is used for
transmission calibration.
When even more accurate results are required and there are no calibration standards
with the same connectors as the device under test (DUT), a TRL (Through, Reflect,
Line) calibration can be performed [32]. The through standard can be either zero-
length or non-zero length. The reflect standard can be anything with high reflection,
but the phase must be known within a quarter of a wavelength. The line standard
must have the same impedance and propagation constant as the through, but must
be of a different length. A single line standard can be used over an 8:1 frequency
range, and at each frequency the phase difference between through and line must
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be greater than 20 degrees and less than 160 degrees. If a broader frequency span
is required, several line standards can be used.

2.5 Parallel plate capacitor
Consider a parallel plate capacitor consisting of two metal plates with an area A,
filled by a dielectric of uniform height h. The capacitance is then given by

C = εrε0
A

h
, (2.27)

where ε0 is the permittivity in vacuum and εr is the relative permittivity of the
dielectric [33]. The capacitance can also be described using a complex impedance
Z = R + jX, where R is the resistance and X the reactance. The reactance can be
either inductive, XL, or capacitive, XC . For the capacitive series reactance we have
the relation,

XC = − 1
ωC

. (2.28)

By letting C0 = ε0
A
h

, we can combine Equation 2.27 and 2.28 to obtain an expression
for εr,

εr = − 1
ωXCC0

. (2.29)

The quality of the reactance can be quantified using the loss tangent, tan δ, which
is defined as

tan δ = − R

XC

[34]. (2.30)

Similarly, we can also use the admittance Y = G + jB, where G is the conductance
and B the susceptance, to define the relative permittivity and loss tangent.

εr = B

ωC0
,

tan δ = G

B
.

(2.31)

2.6 Dielectric resonator coupled to a microstrip
line

When placing a dielectric resonator beside a microstrip line, they couple to each
other. This effect can be used to realise oscillators and filters [35]. The coupling
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factor, β, is defined as the ratio between the resonator coupled resistance R at the
resonance frequency and the resistance external to the resonator,

β = R

Rext
= S11o

S21o

, (2.32)

where S11o and S21o are the real valued magnitudes at the resonant frequency [35].
The coupling factor relates to the quality factors as

Q0 = QL(1 + β) = βQex. (2.33)

We can find the loaded quality factor from the 3 dB bandwidth, ∆f , and centre
frequency,f0, of the resonance as

QL = f0

∆f
. (2.34)

Similarly, the Q factor can be calculated through the change of phase for a series
resonator as

Q = ω0

2
∂ϕ(Zs)

∂ω

∣∣∣∣∣
ω=ω0

. (2.35)

The complex characteristic impedance of a resonator coupled to a microstrip line
can be found using the method proposed by [36]. If we assume that we have a two-
port fixture free from electrical imperfections, we can find the resonator impedance
as

Z = 2Z0

[
S21e

S21o

− 1
]

, (2.36)

where Z0 is the characteristic impedance of the transmission line, S21e is the average
of the measured S12 and S21 scattering parameters for the empty two-port fixture,
and S21o is the average of the measured S12 and S21 scattering parameters with the
resonator present.

2.7 Multiline method
The multiline method, presented by Roger B. Marks [37], can be used to find the
propagation constant from two transmission lines. A transmission line with length
li connected to a VNA, can be represented by the cascade matrix Mi as

Mi = AT iB, (2.37)

where A and B are matrices representing imperfections in the VNA and cable con-
nections [37], [38]. The matrix T i represents the cascade matrix of a transmission
line with length li,
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T i = (U + δ1i)Li(U + δ2i), (2.38)

where Li is the representation of an ideal transmission line

Ll =
[
e−γli 0

0 e+γli

]
. (2.39)

The matrices δ1i and δ2i represent imperfections in the transmission line [37]. For
the rest of this analysis, we will assume a perfect transmission line and let T i ≡ Li.
We can write the cascade matrix M i in terms of measured S parameters,

M i = 1
S21i

[
(S12i, S21i − S11i, S22i) S11i

−S22i 1

]
[38]. (2.40)

Given two transmission lines with lengths li and lj and corresponding cascade ma-
trices M i, M j, we can define a new matrix M ij as

M ij ≡M j(M i)−1. (2.41)

For two ideal transmission lines, we can follow the same procedure and define T ij

as

T ij ≡ T j(T i)−1

=
[
e−γ(lj−li) 0

0 e+γ(lj−li)

]
.

(2.42)

These matrices are related to each other by

M ijX = XT ij, (2.43)

assuming that the imperfections represented by the matrices A and B are the same
for both transmission lines and the only difference is the line length. We thus have
an eigenvalue problem, where the eigenvalues λij1 and λij2 give us information about
the propagation constant γ. Solving the eigenvalue equation gives an expression for
the propagation constant as

γ = ln(λij)
li − lj

. (2.44)

For a broadband measurement, we can solve for each frequency in order to find

γ(ω) = α(ω) + jβ(ω). (2.45)

From γ we can find the dielectric loss tangent and relative permittivity.
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If measurements were performed on a microstrip line, we would not only have di-
electric losses αd, but also conductor losses αc dependent on the surface resistivity
Rs, characteristic impedance Z0, and line width W ,

αc = Rs

Z0W
[21]. (2.46)

The surface resistivity varies depending on the conductor, but can be calculated
through

Rs =
√

ωµ0

2σ
. (2.47)

The conductor loss does not take surface roughness effects into account, which can
be modelled by a correction factor

Cr = 1 + 2
π

arctan
1.4

(
∆
δs

)2
 , (2.48)

where δs =
√

2
ωµσ

is the skin depth and ∆ is the RMS surface roughness [39]. The
conductor losses can then be written as

αrough
c = Crαc. (2.49)

For a microstrip line, the characteristic impedance is in turn dependent on the ratio
between the line width and substrate thickness d

Z0 =


120π√

εe[ W
d

+1.393+0.667 ln(W
d

+1.444)]
W
d
≥ 1

60√
εe

ln
(

8d
W

+ W
4d

)
W
d
≤ 1,

(2.50)

where εe is the effective dielectric constant given by

εe = εr + 1
2 + εr − 1

2
1√

1 + 12 d
W

[21]. (2.51)

The dielectric loss αd can then be found assuming α = αrough
c + αd, Equation 2.45,

and the definition of dielectric loss for a microstrip line given by [21] as

αd = Re(γ)− αrough
c

= k0εr (εe − 1) tan δ

2√εe (εr − 1) .
(2.52)

The imaginary part of the propagation constant for a microstrip line is given by

β = Im(γ) = k0
√

εe (2.53)
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which together with Equation 2.51 can be used to extract the relative permittivity
εr. From this, the loss tangent can be found using Equation 2.52. Errors in γ for
this method arise when there are mismatches in impedance as well as connector
discrepancies [40], [41].
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3
Ceramic Additive Manufacturing

To manufacture ceramic components, ceramic powder has to be formed into the de-
sired shape by molding, pressing, casting, machining, or other methods [42]. How-
ever, these techniques can be costly when fewer batches of complex geometries need
to be produced. To reduce these limitations, alternative manufacturing processes
are being explored. One of them is additive manufacturing, also called 3D print-
ing. Additive manufacturing is the process of building physical three-dimensional
structures from computer models. To create ceramic additively manufactured parts,
there are several methods available. One approach, and the method used for this
thesis, is Lithography-Based Ceramic Manufacturing (LCM).
Fabrication of the 3D printed components was performed at Chalmers Centre for
Additive Manufacture, CAM2. This was done using LCM with the Lithoz CeraFab
Multi 2M30, a 3D printer that has the capacity to perform multi-material printing
[43]. The LCM process uses a layer-by-layer technique in order to build compo-
nents from a slurry [44], [45]. The slurry consists of a mixture between the ceramic
material, photocurable binder, plasticizers and dispersants [44]. The manufacturing
process is as follows:

1. A slurry is deposited on a transparent vat and spread out using a blade to the
desired layer thickness.

2. The moveable build platform is lowered and dipped into the slurry.
3. The slurry is selectively exposed to visible blue light from beneath the vat with

the help of a digital micromirror device (DMD), curing the photopolymer only
in the exposed area. The DMD divides the available printing area into a
number of pixels that are either on or off.

4. The building platform lifts the cured part out of the vat.
5. The slurry is spread out again on the vat and the process repeats.

After the component has been produced, we have what is called a green body. In or-
der to get the finished part with the desired properties, we have to debind and sinter
the green part. These steps are performed for conventional ceramic manufacturing
processes as well [44].
After printing, the parts are cleaned with Lithasol 20 and air-brushed to remove
any uncured slurry. Afterwards they are left to air-dry for a few hours and are
stored in a desiccator before debinding. Each sample is individually debinded in
a thermal analyser (NETZSCH STA 449 F1 Jupiter), following Lithoz standard
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cycle for components with wall thickness between 1−3 mm. This is done in order
to remove all the binding materials. The temperature cycle is shown in Figure
3.1.
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Standard	debinding	cycle	of	High-purity	LithaLox

Figure 3.1: Temperature cycle for debinding the green body after fabrication.

After the binding material is removed, we have a porous body. Sintering is performed
in order to densify the body and transform it to a continuous structure dominated
by grains and grain boundaries. This is done by heating the component to high
temperatures. The temperature cycle for the sintering process is presented in Figure
3.2.
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Figure 3.2: Temperature for sintering the porous alumina component.
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Because of the densification after debinding and sintering, shrinkage rates are spec-
ified before printing in order to accommodate for the change in size. In the XY-
direction the shrinkage rate was 24.5%, and 27.5% in the Z direction.

The final component can be erroneous as a consequence of the fabrication process.
During the upward pull of the platform after the slurry has been cured, tensile stress
may develop in the sample which in turn could lead to layer defects [42]. There is also
the possibility of uneven material distribution. If a material is difficult to cure and
the material has insufficient stability against settling, the particles can accumulate
at the bottom of the layer. By increasing the energy of light when curing, this effect
can be mitigated. However, the power increase can cause high polymerisation rates
and heat release which in turn could deform the cured part. There can also be
a polymerisation gradient within individual layers, which can cause cracks during
debinding [46].

The material used for the ceramic components is High-Purity LithaLox from Lithoz,
which contains high-purity aluminium oxide powder [47]. The sintered material
properties are presented in Table 3.1.

Table 3.1: Material parameters of sintered high-purity LithaLox from Lithoz, con-
taining high-purity aluminium oxide [47].

Sintered Ceramic

Theoretical density 3.985 g cm−3

Relative density 99.4 %
Surface roughness, Ra 0.4 µm
Relative permittivity (@ 7.5 GHz) 9.9
Dielectric loss tangent (@ 7.5 GHz) 9× 10−5

Maximum working temperature 1650 ◦C

3.1 Hot Isostatic Pressing

As stated in Table 3.1, the relative density of sintered alumina is 99.4 %. In order
to achieve full density of the ceramic component, additional post-processing may be
necessary. One way to do this is by Hot Isostatic Pressing (HIP), a high-temperature
high-pressure process that can densify components to near-theoretical density [48].
This process can mitigate internal defects such as porosity, voids, and microcracks.
Some of the samples produced at Chalmers were sent to Quintus for this HIP process.
The pressure and temperature cycle is shown in Figure 3.3.
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Figure 3.3: Temperature and pressure cycle for the HIP process at Quintus.

The densities after sintering and HIP are presented in Table 3.2 for three cubes used
for the measurement method presented in Section 4.1. The measured dimensions
are presented in Table 4.1.

Table 3.2: Measured density and relative density of samples after sintering, before
and after HIP. The density measurement was performed using the Archimedes prin-
ciple and compared to the theoretical density in Table 3.1

Sample Sintered HIPed

Density Relative density Density Relative density
(g cm−3) (%) (g cm−3) (%)

Cube 1 3.8668 96.91 3.9278 98.44
Cube 2 3.9091 97.97 3.9170 98.17
Cube 3 3.9416 98.79 3.9486 98.96

An image of the final HIPed and sintered cubes is presented in Figure 3.4. Note
that the image is taken after application of copper tape, which is needed in order to
measure them as parallel plate capacitors.

22



3. Ceramic Additive Manufacturing

Figure 3.4: Sintered and HIPed additively manufactured cubes, with densities
presented in Table 3.2. Note that copper tape is attached to them in this figure,
which was done after the density measurements. The dimensions are given in Table
4.1.
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4
Method

In this section, the three proposed methods for measuring the dielectric properties
of additively manufactured materials are presented.

4.1 Parallel plate capacitor
The impedance of a parallel plate capacitor can be measured in order to extract the
relative permittivity and loss tangent.

4.1.1 Measurement setup
One-port S-parameter measurements were performed using Keysight Vector Network
Analyser E5061B connected to a Keysight 16201A 7 mm Terminal Adapter with a
Keysight 16192A Parallel Electrode SMD Test Fixture on top. The measurement
setup is presented in Figure 4.1a.

(a) Measurement setup for one-
port S-parameter characterisation
of a parallel plate capacitor.

(b) Close-up of the Keysight
16192A test fixture with the sin-
tered and HIPed 3D-printed cube
in position.

Figure 4.1: Measurement setup used for one-port S-parameter characterization
of the parallel plate capacitor. (a) Overview of the setup consisting of a Keysight
E5061B VNA, a Keysight 16201A 7 mm terminal adapter, and a Keysight 16192A
parallel electrode SMD test fixture. (b) Close-up of the test fixture with the sample
mounted.
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The measurements were performed on 3D printed cubes of various sizes, with copper
tape applied on the top and bottom in order to form a parallel plate capacitor. Short-
Open-Load calibration was performed with Maury Microwave 2650CK10 calibration
kit at the terminal adapter. A close-up of the cube on the SMD test fixture can be
seen in Figure 4.1b.
In order to analyse the impact of the fabrication process, measurements were made
on green body cubes, sintered cubes, as well as cubes that had undergone both
sintering and HIP. The sizes of the cubes are presented in Table 4.1.

Table 4.1: Dimensions of 3D-printed cubes before and after processing. An image
of the sintered and HIPed cubes are given in Figure 3.4 and the green body cubes
in Figure 4.2.

Processing state Measurement Cube 1 Cube 2 Cube 3 Cube 4

Green body Area (mm2) 5.618× 5.626 5.637× 5.598 5.534× 5.536 5.567× 5.560
Height (mm) 1.171 1.806 2.423 3.044

Sintered Area (mm2) 4.614× 4.598 4.487× 4.516 4.524× 4.485 –
Height (mm) 0.982 1.430 1.937 –

Sintered + HIP Area (mm2) 4.575× 4.596 4.536× 4.508 4.488× 4.493 –
Height (mm) 0.975 1.418 1.929 –

An image of the sintered and HIPed cubes is presented in Figure 3.4 and the green
body cubes are shown in Figure 4.2 below. Note that copper tape is attached to the
3D printed cubes in these images, which is done after measurements.

Figure 4.2: Green body additively manufactured cubes, with dimensions presented
in Table 4.1. Note that copper tape is attached to them in this figure, which was
done after size measurements.

After HIP, the thermal stability of the finished pieces were studied. In order to do
this, the measurement setup was modified to be performed inside a ESPEC SH-242
temperature and humidity chamber. The humidity was not modified and the mea-
sured temperature values were 25 ◦C, 30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C, 80 ◦C, 90 ◦C,
and 100 ◦C. A phase-stable coaxial cable was connected between the fixture inside
the chamber and the VNA. The S-parameters were saved after the temperature had
stabilised. The measurement setup inside the temperature chamber is presented in
Figure 4.3.
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Figure 4.3: Measurement setup inside the ESPEC SH-242 temperature and hu-
midity chamber. A phase-stable coaxial cable connects the test fixture to the VNA.

4.1.2 Extraction of dielectric properties

To extract the dielectric properties, the measured S11-parameters were converted to
impedance parameters using MATLAB. The impedance values were used in order to
see which frequencies belonged to the capacitive region of the capacitor, while the
admittance was used to calculate the relative permittivity and loss tangent. The
admittance parameters are proportional to C0, which in turn is proportional to A

h
.

Assuming a constant parasitic conductance and susceptance, we write

Gmeasured = Gdevice + Gparasitic

Bmeasured = Bdevice + Bparasitic
(4.1)

where Gdevice ∝ A
h

, Bdevice ∝ A
h

. With this, we can use linear regression in order to
find the slope between the measure capacitances for the different cubes of varying
dimensions. For example, using the conductance the slope would be a function
of the device parameter and dimension kG = Gdevice

A/h
. The implementation of this

method follows that of Algorithm 1, where polyfit is a MATLAB function that returns
polynomial coefficients using the least-squares method.
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Algorithm 1 Extraction of dielectric properties using the parallel plate capacitor
method

for each frequency in the capacitive region do
for each cube do

Calculate capacitance C = Im(Y11)
ω

Calculate conductance G = Re(Y11)
Calculate geometry factor x = A

h

end for
Calculate kC from the slope of the linear regression using polyfit(x, C)
Calculate kG from the slope of the linear regression using polyfit(x, G)
Calculate εr = kC/ε0
Calculate tan δ = kG/ωkC

end for
plot εr and tan δ

When studying the temperature stability, Algorithm 1 is repeated for each temper-
ature.

4.2 Resonator coupled to microstrip line

In order to analyse the dielectric properties at higher frequencies, we investigate a
dielectric resonator coupled to a microstrip line. Both experimental measurements as
well as simulations are performed in order to evaluate the 3D printed resonator.

4.2.1 Measurement setup

The measurements were performed with a Keysight N5247B PNA-X Network Anal-
yser, two 2.4 mm coaxial cables, male to female 2.4 to 2.92 mm coaxial adapter,
and a microstrip line designed to be 50 Ω at 11 GHz. The measurement setup is
presented in Figure 4.4.
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Figure 4.4: Setup for measuring a dielectric resonator coupled to a microstrip
line. The measurements were performed with a Keysight N5247B PNA-X Network
Analyser, two 2.4 mm coaxial cables, male to female 2.4 to 2.92 mm coaxial adapter,
and a microstrip line designed to be 50 Ω at 11 GHz

In order to get accurate results, a TRL kit was designed on the same substrate
as the microstrip line using the same connectors. Both PCBs were fabricated at
Eurocircuit with the I-Tera MT40 substrate, which has a relative permittivity of
εr = 3.38 and loss tangent of tan δ = 0.0028 measured at 10 GHz. The calibration
kit uses one line standard, where the line is 90◦ at 11 GHz with a frequency span of
around 3 GHz to 19 GHz. The connectors are 2.92 Southwest end launch connectors.
An image of the calibration kit is presented in Figure 4.5.

Figure 4.5: TRL calibration kit with one line standard, designed to be 90◦ at
11 GHz with a frequency span of around 3 GHz to 19 GHz. The connectors are 2.92
Southwest SMA end launch connectors.
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4.2.2 Simulation setup
The simulations were performed using the electromagnetic field simulator program
Advanced Design System (ADS). Both 3D simulations using the finite element
method (FEM) as well as schematic simulations were performed. For the FEM
simulations, a substrate stack has to be defined. This is done in layers, were we
have the 0.5 mm thick MT40 substrate as a base. Under, we define a ground plane
and on top a conductor. The resonator is defined as a dielectric medium, with
characteristics first defined from Table 3.1. The substrate model is shown in Figure
4.6.

Figure 4.6: Substrate stackup in ADS used in the three-dimensional FEM sim-
ulations. The bottom layer is defined as the ground plane, the conductor copper,
and the resonator a dielectric medium according to specifics. The MT40 substrate
is defined from Eurocircuit datasheet.

To model the resonator coupled to the microstrip line, the resonator height is defined
in the substrate and then drawn in ADS. The microstrip line width is designed to be
50 Ω at 11 GHz, and the line length is 40 mm so that the reference plane is the same
for the simulations and the measurements after calibration. The three-dimensional
model is shown in Figure 4.7. The FEM simulations were performed with standard
settings, except for the delta error which was set to 0.01. The ports were of TML
type.

Figure 4.7: Three-dimensional model of the measurement setup in ADS used for
FEM simulations. In this example the radius of the resonator is 5 mm and the height
4 mm. The width of the microstrip line is 1.15 mm and the length 40 mm.

For simulations using the schematic tool in ADS, a predefined dielectric resonator
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model is used. The coupling factor, relative permittivity, quality factor, and dimen-
sions of the resonator as well as microstrip parameters are inputted. The microstrips
were defined on a substrate model of the I-Tera MT40 substrate following the same
dimensions as in Figure 4.7 and terminated with 50 Ω ports.

4.2.3 Extraction of dielectric properties
From the measured and simulated S-parameters, there are several ways to extract
the dielectric properties. Using ADS, one can tune εr and tan δ until the measured
and simulations match. Another way is the three-point method, where the resonant
frequency and 3 dB bandwidth points are utilised. By finding the resonant fre-
quency f0, we can calculate the coupling coefficient and loaded quality factor from
Equations 2.32 and 2.34. Inserting the result in Equation 2.33, we find the unloaded
quality factor of the resonator which is inversely related to the loss tangent. This is
implemented in MATLAB according to Algorithm 2.

Algorithm 2 Extraction of unloaded Q-factor from the resonant frequency and 3
dB bandwidth points.

f0 = f(min(S21,dB))
f1 = f(min(S21,dB)− 3dB)
f2 = f(min(S21,dB) + 3dB)
β = S11(f0)

S21(f0)
QL = f0

f2−f1

Q0 = QL(1 + β)

In order to compare our results, we can use another method to calculate the quality
factor. Assuming that we have no electrical imperfections in our measurement setup
after calibration, we can use Equation 2.36 to calculate the characteristic impedance
of the resonator. From this, we can use Equation 2.35 in order to find the quality
factor of the resonator. This is implemented in MATLAB according to Algorithm
3.

Algorithm 3 Extraction of Q-factor from the de-embedded resonator impedance.
S21e = Smeas

21e +Smeas
12e

2
S21o = Smeas

21o +Smeas
12o

2
Z = 2Z0

[
S21e

S21o
− 1

]
ω0 = 2πf0

Q0 = ω0
2

∂ϕ(Z)
∂ω

∣∣∣∣∣
ω=ω0

These methods do not give us information about the relative permittivity. In order
to do that, we can try to find the approximate solution using the equations presented
in Section 2.2. For each numerical approximation, we loop through a list of relative
permittivities and store the calculated resonant frequency. The implementation of
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Equation 2.16 in MATLAB is presented in Algorithm 4. This method does not take
fringing fields into account and is valid when we have ground planes close to the top
and bottom of the resonator.

Algorithm 4 Resonant frequency extraction using Pozar transcendental equation
for each permittivity guess εr do

Solve transcendental equation using nonlinear root finding:
k0 ← fsolve

(
F (k0, εr, r, L) = 0

)
Compute angular resonant frequency:

ω0 = c k0
Compute resonant frequency:

f0 = ω0/(2π)
end for
Store f0 versus εr

If the resonator is placed close on top of a ground plane, but far from the top ground
plane, its resonant frequency can be approximated using the method proposed by
Itoh and Rudokas [27]. The coupled eigenvalue Equation 2.17 is implemented using
Algorithm 5.

Algorithm 5 Resonant frequency extraction using Itoh–Rudokas full-wave model
for each permittivity guess εr1 do

Initialize unknown vector:
(h, k0)← initial guess

Solve coupled nonlinear system:
(h, k0)← fsolve(F (h, k0; εr1, εr2, r, L, t) = 0)

Extract propagation constants:
β =

√
εr1k2

0 − h2

p =
√

β2 − k2
0

γ =
√

h2 − k2
0

ξ =
√

h2 − εr2k2
0

Compute resonant frequency:
f = c k0

2π
end for
Store f versus εr1

To instead approximate the resonant frequency when the dielectric resonator is
placed in free space, we can use the variational method presented by Konishi et al.
[26], using Equation 2.18. This is implemented using Algorithm 6.
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Algorithm 6 Resonant frequency correction using Konishi perturbation
for each permittivity guess εr do

Solve baseline transcendental equation:
k0 ← fsolve(F (k0, εr, r, L) = 0)

Compute uncorrected angular frequency:
ω0 = c k0

Evaluate field parameters:
x0 = k0r, ξ = d/(2r)
α =

√
k2

c − k2
0, β =

√
εrk2

0 − k2
c

Compute correction factor:
∆ = KonishiCorrection(k0, r, L, εr, α, β)

Apply frequency correction:
ωcorr = ω0(1 + ∆)

end for
Convert to frequency: fcorr = ωcorr/(2π)

4.3 Multiline method
The multiline method can be used in order to extract the propagation constant using
S-parameter measurements from two transmission lines of different lengths.

4.3.1 Measurement setup
The measurement setup follows that of the previous section – Keysight N5247B
PNA-X Network Analyzer, two 2.4 mm coaxial cables, male to female 2.4 to 2.92 mm
coaxial adapter – but instead of measuring on the microstrip line we measure the
Through and Line standard of the TRL kit presented in Figure 4.5. The length
difference between them is 4.14 mm. The VNA is calibrated using an electronic
calibration kit, Keysight N4691B Ecal 3.5mm, where the reference plane is after the
2.4 mm coaxial cable, before the adapter.

4.3.2 Simulation setup
In order to verify and compare the results, a simple schematic microstrip simulation
was set up in ADS. The width of the microstrip line is 1.15 mm, the Through length
is 38.3 mm, and the Line length is 42.44 mm.

4.3.3 Extraction of dielectric properties
Following the theory from Section 2.7 we can calculate the relative permittivity and
loss tangent at each measured frequency according to Algorithm 7. The measured
S-parameters are compared to those simulated using ADS schematic. For the con-
ductor loss, we assume no surface roughness. This gives us an upper bound of the
loss tangent.

33



4. Method

Algorithm 7 Extraction of complex permittivity from two microstrip lines of dif-
ferent lengths

for each dataset (measured, schematic) do
Import S-parameters of the short and long transmission lines
for each frequency do

Convert S-parameters to transmission matrices
Mshort
Mlong

Form matrix ratio
Mij = MlongM−1

short
Compute eigenvalues

λ1, λ2 = eig(Mij)
Select propagating eigenvalue λ
Calculate propagation constant

γ = ln(λ)
Lshort − Llong

Extract attenuation and phase constants
α = Re(γ)
β = Im(γ)

Calculate effective permittivity

εeff =
(

β

k0

)2

Calculate dielectric constant using the microstrip model
εr = 2εeff − (1− u)

1 + u
Calculate characteristic impedance Z0
Calculate conductor loss

αc = Rs

Z0w
Calculate dielectric loss

αd = α− αc

Calculate loss tangent
tan δ = 2αd

√
εeff(εr − 1)

k0εr(εeff − 1)
end for

end for
Plot εr and tan δ versus frequency
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Results

Using the methods presented in Section 4, the results for the different setups are
presented and discussed in this section.

5.1 Parallel plate capacitor measurements

Green body, sintered, and HIPed samples were measured in order to compare dielec-
tric properties across fabrication stages. The relative permittivity increased after
each processing step, as shown in Figure 5.1.

Frequency	[MHz]
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Figure 5.1: Relative permittivity of the additively manufactured cubes as a func-
tion of frequency. There is a clear increase in permittivity after HIP.

The loss tangent decreased with each fabrication stage instead, which can be seen
in Figure 5.2.
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Figure 5.2: Loss tangent of the additively manufactured cubes as a function of
frequency, after linear regression. The loss tangent decreases after sintering.

The average relative permittivity and loss tangent over the frequency span are pre-
sented in Table 5.1, and compared to the material properties as specified by Lithoz
after sintering (at 7.5 GHz).

Table 5.1: Average relative density and dielectric properties of the printed alumina
samples at different processing stages.

Sample Relative density (%) εr tan δ

Green body – 4.6 5.0× 10−2

Sintered 97.9 5.1 1.3× 10−2

Sintered + HIP 98.5 6.7 1.1× 10−2

Lithoz specification 99.4 9.9 (@ 7.5 GHz) 9.0× 10−5 (@ 7.5 GHz)

A 0.6 % increase in density resulted in a 31.4 % increase in relative permittivity
and a 15.4 % decrease in loss tangent. These trends are consistent with the findings
reported by Penn et al. [29] and Jenkel et al. [30], who observed a strong dependence
of dielectric properties on material density. Nevertheless, the measured dielectric
properties remain below the values specified by Lithoz. Since the measured densities
of the sintered samples also remain below the manufacturer’s specified density, the
results suggest that further improvements in relative permittivity and reductions in
loss tangent may be achievable through additional densification.
For all samples, the measured loss tangent exceeded the value reported by Lithoz.
One possible explanation is that the loss tangent is particularly sensitive to measure-
ment uncertainties and model assumptions. For example, some sample dimensions
measured after HIP were larger than those measured before HIP, despite the increase
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in density. This observation indicates uncertainty in the geometric measurements,
which directly affects the calculated dielectric properties. Furthermore, the extrac-
tion method assumed constant parasitic contributions and used linear regression
to determine the device parameters as a function of the area-to-height ratio of the
cubes. This method was proposed due to a variation in dielectric properties depen-
dent on the sample size, as seen in Figure 5.3, which should not be the case if all
samples are of the same material.
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Figure 5.3: The calculated relative permittivity and loss tangent of the additively
manufactured cubes before and after HIP, without the use of a linear regression
approximation. The permittivity and loss tangent seem to have a size dependence.

As presented in Table 3.2, the cubes have different densities both before and after
HIP. This means that there could be slight differences in the dielectric properties
between the cubes, which could influence the linear regression results. Despite this,
the linear fits shown in Figure 5.4 demonstrate good agreement for all sintered
as well as sintered and HIPed samples. The primary exception is the green body
measurements, which exhibited larger deviations. This behaviour is likely related to
the high porosity of the green bodies, which made the dimensions harder to measure
accurately.
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Figure 5.4: Linear regression of capacitance as a function of the area divided by
height of the 3D printed cubes. The sintered, and sintered and HIPed cubes have a
good linear fit compared to the green body cubes.

Nevertheless, a clear correlation between the relative density and the relative per-
mittivity can be observed. This trend is consistent with previous studies that have
reported an increase in permittivity with increasing densification due to the reduc-
tion of porosity.

The influence of density on the loss tangent is less straightforward. Penn et al.
[29] demonstrated that dielectric loss is highly sensitive to porosity, suggesting that
the elevated loss tangent measured in the present work may partly be attributed to
the lower relative density of the samples compared with the manufacturer’s speci-
fication. However, the measured HIPed samples reached relative densities of up to
98.5%, compared with the specified value of 99.4%, while the corresponding loss
tangent remained approximately two orders of magnitude higher than the specified
value. Furthermore, the transition from the sintered to the HIPed state resulted in
oa 0.6% increase in relative density and a 15.4% reduction in loss tangent. These
observations indicate that porosity alone is unlikely to fully explain the discrepancy.
Measurement uncertainty may have contributed to the observed difference. The di-
electric properties extracted using the parallel plate capacitor method are sensitive
to uncertainties in sample dimensions, electrode contact quality, fixture parasitics,
and calibration accuracy. Since the loss tangent is derived from relatively small con-
ductive losses, even small measurement errors can have a significant impact on the
extracted values. Consequently, both microstructural differences and measurement
uncertainty should be considered.
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Further investigation of the microstructure would be interesting in order to estab-
lish the mechanisms underlying the observed dielectric behaviour. In particular,
microstructural characterisation of the additively manufactured material could be
used to assess the influence of grain size and porosity on the dielectric proper-
ties. This would enable a direct comparison with the findings of Jenkel et al. [30],
who reported significant correlations between dielectric performance, grain size, and
porosity.
Measurements were also conducted to investigate the temperature dependence of
the dielectric properties. The average relative permittivity varied by less than 2 %
between 25 ◦C and 100 ◦C. This can be seen in Figure 5.5.
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Figure 5.5: Measurements of relative permittivity over temperature for sintered
and HIPed cubes, compared with results from measuring outside of the temperature
chamber. The discrepancy between outside and inside temperature chamber could
be because of interference with the shielded chamber. The average relative permit-
tivity varied by less than 2 % over the temperature span.

As seen in Figure 5.5, there is a discrepancy between the relative permittivity mea-
sured inside and outside of the temperature chamber. Since the chamber is a metal
box, the difference between measurement results could be due to interference with
the shielded chamber.
For the dielectric loss, an increase of approximately 250 % is observed, as illustrated
in Figure 5.6. This indicates a strong apparent temperature dependence of the loss
tangent over the investigated temperature range. However, part of this variation
may also be influenced by measurement conditions and the sensitivity of the loss
tangent to parasitic effects.
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Figure 5.6: Measurements of loss tangent over temperature for sintered and HIPed
cubes, compared with results from measuring outside of the temperature chamber.
The loss increases with temperature.

It would be of interest to investigate how the temperature dependence of the dielec-
tric properties is influenced by processing parameters such as sintering temperature
and relative density. In particular, it would be valuable to determine whether in-
creased densification reduces the temperature sensitivity of the loss tangent. Fur-
thermore, temperature-dependent measurements using the two alternative charac-
terisation methods would provide an independent validation of the observed trends
and enable a comparison of the methods’ consistency and accuracy.

5.2 Resonator coupled to microstrip line
A green body cylinder was placed beside a microstrip line in order to investigate
whether a resonant response could be observed. As presented in Figure 5.7, no
distinct resonance response was found within the frequency range. One possible
explanation is the high polymer content and porosity of the green body. Figure 5.7
also includes FEM simulation results obtained using ADS. The simulations were per-
formed using the dielectric properties extracted from the parallel plate capacitance
measurements of the green body. No resonant response was observed in the simu-
lations, following the measured results. For the green body simulations, full-wave
FEM simulations were required, as the schematic-based resonator model available
in ADS could only be simulated with εr ≥ 6. Since the measured relative permit-
tivity of the green body was below this threshold, the schematic model was not
applicable.
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Figure 5.7: Measured and simulated scattering parameters of a green body di-
electric resonator coupled to a microstrip line. (a) Reflection coefficient, S11. (b)
Transmission coefficient, S21.

To evaluate the performance of the proposed measurement method, a commercial
dielectric resonator (DRT 10.5 GHz) with a specified relative permittivity of εr = 33
and a resonant frequency of 10.5 GHz was characterised. When coupled to the mi-
crostrip line, the first resonant mode was measured at 11.15 GHz, as shown in Figure
5.8. The discrepancy between the specified and measured resonance frequency could
be due to the specified value referring to the intrinsic resonance of the isolated res-
onator, instead of the loaded resonator.
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Figure 5.8: Magnitude of the transmission of a microstrip line coupled to a DRT
10.5GHz resonator. The first resonance frequency is 11.15 GHz.

Using Algorithms 2 and 3, the quality factor and coupling coefficient between the
microstrip line and the DRT 10.5 GHz resonator were extracted from the measured
S-parameters. The unloaded quality factor obtained using the three-point method
was used in both the schematic and FEM simulations, while the relative permittivity
was adjusted until the simulated resonant frequency matched the measured value.
The resulting comparison is shown in Figure 5.9.
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In both simulation approaches, a higher relative permittivity than the specified
value was required to reproduce the measured resonant frequency. The same res-
onator geometry was used in both cases, and the schematic dielectric resonator
model employed a coupling coefficient of β = 1.49, calculated from the measured
S-parameters.
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Figure 5.9: S21-parameters from FEM and schematic simulations with relative
permittivity tuned in order to resonate at 11.15 GHz.

The FEM simulation shows closer overall agreement with the measured S-parameters,
as it is based on a full-wave solution that accounts for non-idealities of the microstrip
structure. However, when focusing on the frequency region around the first reso-
nance, the schematic model provides a closer match to the measured response, as
illustrated in Figure 5.10. This suggests that while the full-wave model better cap-
tures the broadband behaviour of the structure, the schematic representation may
more accurately reproduce the local resonant behaviour under simplified assump-
tions.
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Figure 5.10: Close-up of the measured, schematic and FEM transmission around
the first resonance frequency.

Using the S-parameters from the measurement as well as FEM and schematic simu-
lations, we can compare the calculated coupling factor, β, and Q-factors calculated
with the three-point method and the de-embeded characteristic impedance of the
resonator. The result is shown in Table 5.2.

Table 5.2: Coupling factor and unloaded quality factor obtained using the three-
point method (Algorithm 2) and from the phase of the de-embedded characteristic
impedance of the resonator (Algorithm 3).

Method Coupling factor, β Q0 (three-point) Q0 (phase of Z)

Measured 1.49 499.19 124.43
FEM simulation 0.62 88.03 81.28
Schematic simulation 1.33 841.53 384.76

A considerable discrepancy is observed between the quality factors obtained using
the three-point method and those derived from the phase of the de-embedded res-
onator impedance for both the measured data and the schematic simulation. This
difference could be due to strong coupling effects, where the assumptions underlying
the impedance de-embedding procedure are no longer fully valid.
For the FEM simulation, the extracted quality factor is the lowest among the com-
pared cases. This is also reflected in Figure 5.10, where the resonance dip exhibits
the largest magnitude. These differences directly influence the extracted coupling
coefficient, which may explain the lower value. These results suggest that the esti-
mated relative permittivity depends on the chosen simulation model. In particular,
the schematic model provides better agreement in the immediate vicinity of the
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resonance, whereas the FEM model more accurately captures broadband behaviour
and higher-order resonances.
To further asses if this method can be used to calculate the relative permittivity,
we can evaluate how the numerical models perform with a resonator with the same
dimensions as the commercial resonator.Varying the relative permittivity between
27 and 40, we can see how the resonance frequency changes in Figure 5.11. The
specified permittivity and resonant frequency of the DRT 10.5 GHz resonator are
included for reference.

Figure 5.11: Resonant frequency as a function of relative permittivity for a cylin-
drical resonator with a diameter of 5.07 mm and height of 2.19 mm, calculated using
numerical methods presented by Pozar [21], Itoh and Rudokas [27], and Konishi et
al [26]. The specified permittivity and resonance frequency of the DRT 10.5 GHz
resonator is also plotted.

Using the transcendental model by Pozar [21], a relative permittivity of εr = 27.8 is
required to obtain a resonant frequency of 11.15 GHz for a resonator with the same
dimensions as the DRT 10.5 GHz. In comparison, the model by Itoh and Rudokas
[27] yields an estimated permittivity of approximately 40, while the formulation
by Konishi et al. [26] results in a value below 20. This highlights the need for
complementary measurement techniques to more accurately determine the relative
permittivity.

5.3 Multiline method
Using the multiline method, the relative permittivity and loss tangent calculated
from S-parameter measurements from two microstrip lines with a length difference
of 4.14 mm were compared to calculations using S-parameters from simulations us-
ing the schematic layout in ADS. For both simulation methods, input parameters
included εr and tan δ which were set according to the data sheet of the I-Tera MT40
substrate as εr = 3.38 and tan δ = 0.0028 at 10 GHz. The result at 10 GHz is sum-
marised in Table 5.3 for the measured and simulated result, and compared to the
values presented in the data sheet for the substrate.

Table 5.3: Relative permittivity and loss tangent at 10 GHz from measurements
and simulations compared to data sheet values for I-Tera MT40.

Relative permittivity, εr Loss tangent, tan δ

Data sheet 3.38-3.75 0.0028-0.0035
Measured 3.31 0.0039
Schematic simulation 3.43 0.0031

The relative permittivity and loss tangent from 3 GHz to 19 GHz is presented in Fig-
ure 5.12. The results using measured and simulated S-parameters are quite similar,
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indicating that this is a valid method for calculating the dielectric properties.
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Figure 5.12: Relative permittivity and loss tangent calculated using the multiline
method from measured and simulated S-parameters from two microstrip lines with
a length difference of 4.14 mm. The dielectric loss was estimated taking conductor
losses into account, but not accounting for surface roughness.

For the loss tangent, we can clearly see a wave-like pattern from the measurement.
This is probably due to connector mismatch, which introduces a standing wave
that can be seen in the S-parameters of the independent line measurements. The
reason for this standing wave could be because the designed TRL kit did not have a
metal plate for support. This made it hard to connect and disconnect to the SMA
contacts without the PCB bending, which could account for the perturbations. In
the multiline method, the main assumption is that the non-idealities are the same
for both lines. If this is not the case, there is the possibility of small perturbations
having a large impact on the derived quantities. Differences in how the lines are
connected could have an impact for example, even if this difference is miniscule.
As the loss tangent values are small in themselves, the impact is more noticeable.
However, from simulations we can conclude that the multiline method does give
accurate results in terms of relative permittivity and loss tangent. If time was
spent on minimising connector and impedance mismatch, the result could be very
accurate. Using the S-parameters from the schematic simulation, the calculated
parameters are close to the input with a less than 2 percent difference in the relative
permittivity and around 10 percent difference in loss tangent.
As a next step, a 3D printed ceramic substrate could be fabricated and plated
with gold or copper in order to form two microstrip lines and a ground plane.
This would give accurate broadband measurement results, and would also be easy
to implement if multi-material printing with metal and ceramic is available. The
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dielectric properties also fall out directly from equations without having to use
numerical approximations or electromagnetic simulations, and are not limited to a
specific set of frequencies. More investigation is needed for this method, in order to
determine its limitation. This could be done with schematic simulations in ADS,
which are quick to perform.
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6
Conclusion

The aim of this Master’s thesis was to develop and propose characterisation methods
for the dielectric properties of additively manufactured materials, in particular rel-
ative permittivity and loss tangent. In addition, the influence of different stages of
the fabrication process on these properties was evaluated. To achieve this, three di-
electric characterisation methods were developed and investigated. The first method
employed 3D-printed ceramic cubes configured as parallel-plate capacitors to deter-
mine both relative permittivity and loss tangent. The second method utilised a
dielectric resonator coupled to a microstrip line for loss tangent extraction, while
the third method was based on broadband S-parameter measurements of transmis-
sion lines with a known length difference to determine both relative permittivity and
loss tangent. Of these methods, the parallel-plate capacitor approach was applied to
characterise the material throughout the complete manufacturing process, including
the green body, sintered, and hot isostatically pressed (HIPed) states.
The results demonstrate a strong dependence of dielectric performance on material
density. An increase in density of 0.6% resulted in a 31.4% increase in relative per-
mittivity and a 15.4% reduction in loss tangent. These findings are consistent with
previous studies that have identified porosity as a critical factor governing the di-
electric behaviour of ceramic materials. Furthermore, the temperature dependence
of the dielectric properties was investigated between 25 ◦C and 100 ◦C. Over this
temperature range, the relative permittivity remained comparatively stable, vary-
ing by less than 2%, whereas the loss tangent increased by approximately 250%,
indicating that dielectric losses are considerably more sensitive to temperature than
permittivity.
The measured dielectric properties of both sintered and HIPed samples did not meet
the values specified by the material manufacturer. This discrepancy suggests that
dielectric performance is highly sensitive to processing conditions and that material
density alone does not fully explain the observed behaviour. In particular, the results
indicate that the sintering stage plays a critical role in determining the final dielec-
tric properties. As microstructural characterisation was outside the scope of this
work, the relationship between dielectric performance and microstructural features
such as grain size, residual porosity, and grain-boundary characteristics could not be
directly assessed. Future investigations combining dielectric measurements with mi-
crostructural analysis would therefore provide valuable insight into the mechanisms
governing the observed material behaviour.
Several limitations should be acknowledged. The number of characterised samples
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was limited, and only one of the three proposed measurement methods was applied
to all fabrication stages. Consequently, a comprehensive comparison between the dif-
ferent characterisation techniques could not be performed. Nevertheless, the results
provide meaningful insight into the influence of additive manufacturing and post-
processing on dielectric properties and contribute to the growing body of knowledge
on additively manufactured microwave ceramics. Furthermore, the thesis demon-
strates three practical and accessible measurement approaches that can be imple-
mented for rapid dielectric assessment and process evaluation.
Future work should focus on establishing clearer relationships between processing
parameters, microstructure, and dielectric performance. In particular, the influence
of sintering temperature, sintering duration, layer thickness, and other manufac-
turing parameters should be systematically investigated. Additional measurements
using the resonator-based and transmission-line-based methods would also enable
validation of the parallel-plate capacitor results and facilitate an assessment of the
accuracy, repeatability, and frequency-dependent performance of the different tech-
niques. Overall, the findings demonstrate that achieving dielectric properties compa-
rable to those of conventionally manufactured ceramics requires careful optimisation
of all stages of the additive manufacturing process, from printing and debinding to
sintering and post-processing.
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