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ABSTRACT This paper presents a monolithic 3D-printed ceramic X-shaped dual-mode microwave filter.
The filter is manufactured utilizing a lithography-based ceramic manufacturing (LCM) process, allowing
the realization of the resonator as well as the housing in one single piece. Therefore, contact as well as
alignment problems, usually arising between a ceramic in T M mode operation and a metallic enclosure, can
conveniently be avoided. A fourth order dual-mode filter with a designed center frequency of 6 GHz and a
bandwidth of 279 MHz is realized in alumina material. Practical design rules to be considered in the filter
layout process as well as limitations imposed by the LCM approach are discussed. The outer surface of the
ceramic cavity is subsequently metallized using a silver spray-coating. Advantageously, the metallization is
only a few micrometers thick, wherefore the weight of the component can be reduced. The measurement
results are compared to the simulation and reveal good agreement. A temperature stability measurement
shows a center frequency downward shift of 0.22%.

INDEX TERMS 3D-printed ceramic filter, additive manufacturing, alumina 3D printing, dielectric TM dual-
mode filter, monolithic ceramic filter.

I. INTRODUCTION
Dielectric or ceramic filters were first described in 1939 by
Richtmyer [1]. However, first applications in the area of mi-
crowave resonators and filters based on ceramics arise several
decades later due to manufacturing issues associated with the
temperature stability of the ceramic materials [2]. Nowadays,
dielectric filters are key components in e.g. communication
systems. In comparison to waveguide filters, they can have
a drastically reduced volume while maintaining a high Q-
factor [3]. Depending on the arrangement of the dielectric
resonator in the cavity, different modes of operation must be
distinguished.

The T E01δ mode is often used as fundamental mode
and offers a very high Q-factor which mainly depends on

the properties of the ceramic material. The electric field is
concentrated in the dielectric resonator, which has no contact
to the surrounding metallic cavity and is mounted on a low
permittivity material [4]. The ceramics used for this appli-
cation are almost traditionally pressed in suitable molds and
sintered afterwards. This is a meaningful approach for simple
geometries and mass production. Restrictions arise, if dual-
or multi-mode resonators with specialized shape should be
manufactured from ceramic materials. Examples can be found
in e.g. [5], where a dual-mode resonator based on two degen-
erated T E01δ modes is realized. There, at least one ceramic is
cut and subsequently connected with the other one. For this
approach, alignment issues as well as potential sources of loss
must be considered to prevent a decreased Q-factor. Based
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on a similar concept, spherical triple T E mode resonators are
proposed in [6]. The manufacturing of these resonators with
the classical approach might be extremely sophisticated and
cost intensive. An alternative approach for the realization of
these ceramics is additive manufacturing (AM), commonly
known as 3D printing. Nearly arbitrary formed shapes might
be realized by AM. Advantageously, the fabrication costs only
depend on the required material as well as on the production
time, but are independent from the geometrical shape.

Depending on the material to be processed, different AM
technologies are available. Microwave filters manufactured
out of plastic material are a common approach for the
light-weight realization of complex waveguide resonator
structures, e.g. [7], [8]. These filters are often realized with
the stereolithography approach, where an UV laser is used
to cure a resin at positions defined by the CAD file of the
component to be manufactured. A similar but more complex
approach can be used for the manufacturing of ceramic
resonators and filters.

Based on the layer-by-layer ceramic stereolithography ap-
proach, different types of microwave filters were already re-
leased, including filters based on a grid shape [9], [10] and
cubic as well as octagonal shaped resonators [11], [12]. In
comparison to the classical approach, no alignment problems
arise if the base plate, support structures as well as the res-
onator are manufactured in one piece. In [11] the shielding
cavity of a single resonator was manufactured from alumina
material as well and subsequently metallized. This allows,
for example, the optimization of the resonator geometry or
support structures with respect to the Q-factor or the spurious
free region into unconventional shapes, which might not be
realizable with classical manufacturing techniques.

Resonators operating in the T M mode are another option
for the implementation of microwave filters [13], [14],
which might benefit from the AM approach. They offer a
comparably large spurious free region but require a proper
contact between the ceramic resonator and the (usually
metallic) surrounding housing. This material transition may
contribute a majority of the insertion loss if it is not properly
designed, especially in environments with strongly varying
ambient temperatures. A common approach is to clamp the
ceramic rods into the housing, which additionally might lead
to cracks if the pressure is too high. The problem becomes
more severe when dual- or multi-mode resonators and filters
are fabricated using a similar approach, as e.g. in [15]–[17].
The simultaneous realization of a good electrical contact
between each ceramic and the surrounding housing is the
main challenge. One solution might be the manufacturing of
monolithic resonators, where the housing is made from the
same material. This approach was already accomplished by
conventional techniques [18], [19], but might be restrictive
for more sophisticated geometries.

The realization of nearly arbitrarily shaped res-
onators/filters can only be fulfilled by employing additive
manufacturing techniques rather than by conventional shaping
methods. Especially T M mode filters might benefit from this

approach as alignment issues between a ceramic rod and the
housing as well as thermal contact problems can be avoided.
Based on AM, second order T M mode filters were already
realized in [20]–[22], where a metallic paint is applied
to the exterior of the cavity housing. Similar studies are
accomplished in [23].

Considering these advancements, this paper proposes the
design, realization and measurement results of a fourth order
monolithic dual-mode filter in T M mode operation. To the
best of the authors knowledge, this is the first time a mono-
lithic T M mode ceramic filter with complex shape and a filter
order larger than two is presented. The fabricated filter reveals
a center frequency of roughly 6 GHz and a bandwidth of
202 MHz. The filter is based on two X-shaped dual-mode res-
onators, similar as proposed in [15], [24] or even [25]. How-
ever, contact as well as alignment problems are conveniently
avoided by using the LCM additive manufacturing approach.

This paper is organized as follows: Section II gives an
overview over the ceramic additive manufacturing process ap-
plied for the realization of the filter. Subsequently, Section III
describes the filter design process as well as design rules
imposed by the manufacturing process. The measurement re-
sults are compared to the simulation in Section IV, followed
by a temperature stability measurement. Finally, Section V
summarizes and concludes this paper.

II. CERAMIC ADDITIVE MANUFACTURING
The shaping of ceramic materials is a central issue and a
wide variety of processes were proposed until now. The com-
monly known approaches include casting, injection moulding
and pressing of ceramic materials. Most of these “classical”
processes are either extremely expensive especially for small
batch numbers, have long lead times or are not suitable for the
production of complex ceramic geometries.

Additive manufacturing reveals a meaningful alternative
for the realization of geometries with complex shape. Within
AM, the process of producing a component begins with a
digital 3D model. This model is sliced into individual layers
with a pre-defined layer-height using dedicated software. This
choice must be in accordance with the specifications of the
applied additive manufacturing process. In the manufacturing
machine (the 3D printer), the real component is created layer-
by-layer from this information.

Different ceramic AM approaches are discussed in the lit-
erature. Within the area of microwave components, a stere-
olithography based approach was recently used for the manu-
facturing of resonators and filters [9]–[12], [26]– [29].

In the first step, a ceramic powder with desired electrical
and/or mechanical properties is mixed with a binder, realizing
a slurry. The binder is required in the photopolymerization
process and connects adjacent ceramic particles if exposed
to UV light. In the stereolithography approach an UV laser
is used to cure the ceramic slurry located on the top of the
building platform. The diameter of the laser spot, the layer
height as well as the precision of the optical system mainly
define the manufacturing accuracy. After finishing one layer,
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FIGURE 1. Schematic drawing of the LCM printing process: (1) building
platform, (2) rotating vat, (3) optical system, and (4) LED [21].

the building platform is lowered by one layer height, new
material is released and the process repeats. Advantageously,
the manufactured component is recessed in the ceramic slurry,
which reduces the requirement for complex support structures
during the printing process. Otherwise, a printing job requires
a large amount of ceramic slurry, which might be rehashed
after finishing the component. Furthermore, the area to be
cured is rasterized by the laser, which might lead to a long
printing duration for large components.

An alternative is offered by the digital light processing
(DLP) approach [21], [30]. The basic working principle is
similar to stereolithography and visualized in Fig. 1. A LED-
array (4) with wavelength of 460 nm is used as a light source.
The light is projected using a digital micromirror device
(DMD) as well as an optical system (3) into the direction of
the rotating vat (2), where the building platform (1) is located.
Depending on the appearance of the layer to be printed, each
mirror in the DMD is either turned “on” or “off”. Ceramic
material is only cured in the corresponding pixel, if the mirror
is turned on. After printing a layer, the building platform
moves upwards, followed by a vat rotation, and a wiper blade
is used to reapply the slurry. Finally, the building platform is
lowered again and a new layer is exposed to light and thus
connected to the previous one.

Concerning tolerances arising in the ceramic AM process,
one has to distinguish between lateral tolerances and those
arising in building direction. The 3D design to be printed is
uploaded as stl format and sliced into 2D images using the
machine software. The number of images generated depends
on the selected slice thickness (which corresponds to the
thickness of a printed layer). If the height of the component is
not integer divisible by the selected slice thickness, it is either
rounded up (if the difference is larger or equal to half of the
selected layer thickness) or rounded down (if the difference is
smaller than half of the layer thickness). For a selected layer
thickness of e.g. 20 μm, the maximum error is ±10 μm for

the height of the printed component. Depending on the design
and utilized material, layer thicknesses between 10 μm and
100 μm can be realized.

During the slicing process, the intersection curves between
a plane (at a certain height) and all intersecting triangles are
calculated. The sum of all intersecting lines gives the contour
of the part at a given height. These contour lines are overlaid
with the pixel grid of the build platform. If more than half of
a given pixel is covered by the contour line, that pixel is on.
If this is not the case, the pixel is off. For the CeraFab System
S65 with a pixel size of 40 x 40 μm2, the maximum deviation
in XY direction is thus ±20 μm.

Scattered light generated during the exposure of a layer
(the extent depends on the exposure energy and the material)
can lead to an enlargement of the component in XY direction
(known as over-polymerization), which, however, can be com-
pensated by geometry correction parameters and/or through
optimized exposure energy.

After 3D printing, the component is called a green part.
The structural support is formed by the binder, a cross-linked
photopolymer, in which the ceramic particles are embedded
as filler. The green part does not yet have any ceramic prop-
erties. The green parts must undergo a thermal post-treatment
to finally obtain a dense ceramic after sintering. In order to
achieve the desired dimensions, the designs are printed with
appropriate scaling factors, which are determined at the be-
ginning of each material development based on a test series.
For the alumina material used in this work, these shrinkage
compensation factors are 1.233 in XY and 1.273 in Z direc-
tion. After sintering, the shrinkage of the component reduces
the systematic deviation which can occur during the printing
process as described above. Through a suitable design and an
optimized parameter setup, components can finally be pro-
duced with a very high dimensional accuracy, with dimen-
sional deviations in a range smaller 10 μm.

In comparison to the former mentioned stereolithography
principle, the DLP approach is able to print a whole layer
instantaneously without rastering the surface, leading to a
reduced printing time. Additionally, the required amount of
slurry is reduced to a minimum due to the bottom-up prin-
ciple. Otherwise, the building platform is removed from the
vat after printing every single layer, leading to pull-off forces
at the printed component. It is therefore required to design
components which are in agreement with this printing pro-
cess. It must additionally be mentioned that different building
envelops are available, ranging from 64 x 40 x 320 mm up
to 192 x 120 x 320 mm. As for all printers the same DMD
is used, the lateral resolution decreases from 25 μm (small
building envelope) to 75 μm (large envelope).

After printing, a cleaning step is applied, whereby any sup-
porting structures or excess material adhering to the compo-
nent is removed. The component (green part) is then heated
in a special furnace so that the binder thermally decomposes
(debinding). In order to avoid cracks and spallings during
the debinding, it is required that the material thickness re-
mains below a certain limit, which mainly depends on the
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FIGURE 2. Simulation model of the proposed monolithic prototype (cover
not shown). Outer dimensions of the housing: w = 33.88 mm,
l = 67 mm, and h = 14 mm.

processed material as well as on the choice of temperature and
time planned for debinding. Subsequently, the component is
sintered at a much higher temperature. At this point, the
component has the desired ceramic properties such as me-
chanical strength and electrical characteristics. Depending
on the required material specifications, post-processing steps
such as grinding and polishing, can be applied.

III. FILTER DESIGN
The scope of this project is the realization of a monolithic
ceramic T M dual-mode filter with the following electrical
specifications: The center frequency is f0 = 6 GHz and the
minimum required bandwidth is Bmin = 150 MHz ( fl,min =
5.925 GHz, fu,min = 6.075 GHz). The desired return loss is
set to RL = 23 dB. Two X-shaped dual-mode resonators are
used to realize a fourth order bandpass filter. As discussed
in [24], X-shaped dual-mode resonators can realize trans-
mission zeros by proper arrangement. However, in order to
fulfill the desired specifications, transmission zeros are not
necessarily required. The proposed filter structure is shown
in Fig. 2, where all resonances are denoted by black circles.
Each resonator consists of a bent X-shaped ceramic, which is
dimensioned to employ two orthogonal T M010 modes. Both
resonant modes are coupled by a coupling screw while the
cavities are coupled by an iris aperture. In comparison to
conventional dielectric filters, not only the resonators con-
sist of ceramic material but the housing as well. The outer
dimensions of the housing are given as w = 33.88 mm and
l = 67 mm. The height of the filter is designed to be
h = 14 mm. The exterior of the housing will be metallized
by a silver spray in the last manufacturing step.

The filter can be synthesized according to standard tech-
niques [31], which are accomplished as demonstrated in the

FIGURE 3. Electric field distribution of the eigenmodes: (a) in branch 1
and (b) in branch 2 (compare Figs. 2 and 4).

following. In order to realize a fourth order filter, in a first ap-
proximation possibly arising TZs are not considered, as their
exact positions are not required to fulfill the desired specifica-
tions. The coupling coefficients of a fourth order Chebyshev
filter response with a return loss of RL = 23 dB without TZs
can be calculated by standard techniques [32] and are given as
MS1 = M4L = 1.106, M12 = M34 = 0.986 and M23 = 0.741.
In order to extend the margin in the tuning process, the band-
width was increased to roughly Bsim = 279 MHz ( fl,sim =
5.871 GHz, fu,sim = 6.15 GHz, FBWsim = 4.64%). It is worth
to mention that the filter response is slightly asymmetric with
respect to the desired center frequency. However, the res-
onator tuning screws are only able to compensate manufac-
turing tolerances by decreasing the resonance frequency of
the resonators, which justifies the slightly increased center
frequency.

From the normalized coupling factors the denormalized
ones can be calculated to be k12 = k34 = 0.0458 and k23 =
0.0344 [33]. The external quality factor is Qe = 17.63. The
filter design procedure is described in the following sections
and is based on an initial estimated ceramic permittivity of 9.4.

A. X-SHAPED DUAL-MODE RESONATOR
Two coupled X-shaped dual-mode resonators are used for
the realization of the filter response. In comparison to the
approach in [15], [24], the resonators are bent and connected
to a common base plate [25]. As already mentioned, the
housing is made from ceramic as well. This advantageously
avoids the contact problem between a ceramic resonator and
the (usually metallic) housing. Furthermore, no alignment
problems arise, as the housing and the ceramic resonators
are printed in one single piece. Both desired eigenmodes are
shown in Fig. 3. As can be seen, the electric field follows
the direction of both orthogonal branches and is similar to
the classical T M010 mode in cylindrical ceramic rods [14].
Due to the orthogonality, the modes are degenerated. The
unloaded Q-factor of the resonant modes can be estimated to
be Qu ≈ 7600. For this estimation, an ideal silver coating as
well as a loss tangent of tan δ ≈ 4.166 · 10−5 for the ceramic
material is assumed (details to these values are clarified in
Section III-E). Furthermore, no tuning screws are considered
in these simulations. The required footprint of one dual-mode
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FIGURE 4. Tuning range of the first (vertical) resonance in dependency
from tuning screw height ts1. The simplified simulation model is shown in
the inset. The black arrow indicates the printing direction.

FIGURE 5. Tuning range of the second (horizontal) resonance by using one
or both (synchronously tuned) tuning screws (ts2,1, ts2,2; compare Fig. 4).

cavity is (w · l )/2 = 1135 mm2 while the lower and upper
spurious modes arise at 4.3 GHz and 7.78 GHz, respectively.

Additionally, it must be mentioned that the housing has
an irregular shape due to the adjustment to the 3D printing
process, which might lead to a small coupling between both
modes.

Tuning screws with a diameter of 2 mm for adjusting the
resonance frequencies can be inserted from the base plate into
the X-shaped resonator. Two parameter studies are shown in
Figs. 4 and 5. The first resonance can only be varied by using
one tuning screw. This is due to mechanical reasons, as the
input/output coupling must be mounted too close to a possible
position of a second tuning screw. Fig. 4 shows the tuning
range of the first (vertical) resonance in dependency from the
tuning screw height ts1. It must be mentioned that the horizon-
tal branch is detuned for this study (e.g. ts2,1 = ts2,2 = 4 mm)
in order to avoid overlapping resonance frequencies of both

resonances, which would make the evaluation more difficult.
The second (horizontal) branch, however, can be tuned by
using two tuning screws. This is not necessarily required.
Otherwise, a second tuning screw increases the tuning range
and offers an additional degree of freedom, e.g. if both tuning
screws are asynchronously inserted. The dependency of the
resonance frequency of the second resonator from the height
of one or even both tuning screws is shown in Fig. 5. As
expected, a second tuning screw increases the tuning range.

The shape of the housing is adapted to the printing process
as described in Section II. The black arrow in Fig. 4 indicates
the printing direction (negative x-direction), starting at the
upside of the cavity. The surface is flat to achieve a good
adhesion between the housing and the building platform. The
lower side of the cavity is rounded in order to reduce the
pull-off forces which would occur by printing a flat sidewall.
The effect can, however, be reduced by designing the cavity
to reveal a kind of dome on the lower side. The form of
the X-shaped resonator is adapted to the printing process as
well. The horizontal arm shows a necking to the center be-
cause the realization of large surfaces parallel to the building
platform might lead to cracks or other errors, similar as in
the case of the surrounding cavity. Additionally, it must be
mentioned, that the shape of the cavity reveals an asymmetry
in y-direction as well. The left hand side of the cavity is
nearly flat for realizing the inter-cavity coupling as described
in Section III-D. An abrupt transition between horizontal and
vertical sidewalls might lead to cracks in the sintering pro-
cess. For this reason, the right-hand side of the cavity wall
is completely rounded, because there is no need to provide a
flat sidewall. As already shown in Fig. 2, chamfers are added
between the resonator and the housing to realize a smooth
transition between both. These details are not considered in
the simplified simulation models of Figs. 4 and 5.

B. INPUT COUPLING
The form of the input/output coupling is shown in Figs. 2
and 6. It consists of a capacitive plate, which is bent into
the direction of the resonator for inherently increasing the
coupling strength. The input coupling can be mounted from
the bottom of the filter via a slot into the ceramic housing. A
further assembly in the filter interior is not possible, as it is
printed monolithically without the opportunity for opening.

The external quality factor can be adjusted by the width
and height of the plate as well as by the offset to the resonator,
denoted as oi. Fig. 6 shows a parameter study regarding the
external quality factor in dependency from the offset of the in-
put coupling. The simplified simulation model is shown in the
inset, consisting of only one branch of the former X-shaped
resonator. As expected, a larger distance reduces the input
coupling strength. To achieve the desired performance, the
input coupling should have a distance of roughly 2.2 mm from
the first resonator. In this simulation, the width of the plate is
assumed to be 5.4 mm and the height is 6.8 mm.

As the filter is printed monolithically, a slot is foreseen in
the ceramic housing at the position where the plate will be
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FIGURE 6. External quality factor Qe in dependency from the offset of the
input coupling to the resonator oi . The simplified simulation model
including a close-up of the bent input coupling plate is shown in the inset.
The dashed line indicates the desired Qe value.

FIGURE 7. Coupling factor k12 and k34 in dependency from the height of
the coupling screw. The inset shows the (simplified) simulation model. The
dashed line indicates the desired coupling factor value.

assembled. The whole input coupling consisting of an SMA
connector, a piece of wire and the plate itself is therefore as-
sembled individually and then mounted on the ceramic hous-
ing. Fine tuning can be accomplished by using a hole in the top
cover above the input/output coupling as shown in the right
hand side inset of Fig. 6. Through this hole, the plate might
be slightly bent into the direction of the resonator (positive
x-axis) to allow a tuning of the external quality factor in the
assembled filter set-up.

C. INTRA-CAVITY COUPLING
The intra-cavity coupling is required to couple both orthog-
onal modes of the X-shaped resonator. A coupling screw as
shown in the inset of Fig. 7 is used to achieve the desired
coupling strength. From Fig. 7 it can be seen, that the deeper
the coupling screw is inserted, the higher the coupling fac-
tor. It must be mentioned that for this analysis the equation
for asynchronously tuned resonators in [31] is used. This is
because the resonance frequencies of the individual branches

FIGURE 8. Coupling factor k23 in dependency from the iris width wiris. The
inset shows the (simplified) simulation model as well as the parameters
available to control the coupling strength at the inter-cavity coupling.

of the X-shaped resonator are already adapted to the loading
effects, which arise in a coupled resonator filter.

D. INTER-CAVITY COUPLING
The inter-cavity coupling is required to couple both resonators
for the realization of a fourth order filter. This is accomplished
by a simple coupling iris as shown in Figs. 2 and 8 (inset). Dif-
ferent parameters are available to adapt the inter-cavity cou-
pling strength. One obvious parameter is given by the width
of the aperture wiris. A parameter study which reveals the
coupling factor in dependency from this parameter is shown in
Fig. 8. Obviously, a larger iris width leads to a larger coupling
factor. In order to achieve the required coupling strength, the
width of the iris should be chosen to approximately 6 mm. The
simplified model for this investigation is shown in the inset of
Fig. 8, where only the required branches of the X-shaped res-
onator are simulated. Another option to influence the coupling
factor is given by the material thickness of the aperture walls
wc and hc, which contribute to the interaction of the fields as
well.

On the one hand, these parameters should not be chosen too
small due to mechanical instabilities. Therefore, the realized
filter model is chamfered at the transition between the cavity
housing and the blend aperture. On the other hand, the ceramic
is not allowed to be too thick to be in accordance with the
design rules.

E. SIMULATION RESULTS AND MANUFACTURING
The complete filter structure is shown in Fig. 2. To avoid
mechanical stress during sintering as well as 90 ◦ transitions,
all edges of the simulated prototype are either chamfered
or reveal radii. This additionally includes edges between the
bottom/cover and the side walls, between the bottom and the
resonator branches as well as the inter-cavity coupling. Fur-
thermore, radii are added at the cross-point of the X-shaped
resonator. The edges on the outside of the cavity are cham-
fered as well.
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FIGURE 9. Simulation results of the structure from Fig. 2 in comparison to
the coupling matrix representation as well as the initial simulation after
the filter design process. The inset shows the coupling scheme derivated
from the simulated S-Parameters with the following coefficients:
M11 = 0.011, M22 = 0.027, M33 = −0.108, M44 = 0.010, MS1 = 1.098,
M12 = 0.966, M23 = 0.769, M34 = 0.962, M4L = 1.098, M24 = 0.09,
M14 = −0.093, M1L = −0.007, MSL = 0.004.

The simulated S-Parameter results in comparison to the
coupling matrix representation as well as the initial S-
Parameters after the filter design process are shown in Fig. 9.
For the initial simulation all parameters as an outcome of the
design process described above are used. However, it must
be mentioned that the resonator tuning screws are already
set into the final position as all resonators are designed for
a slightly higher frequency than required. This circumstance
is necessary in order to be able to compensate tolerances
“in both directions”. Furthermore, all radii and chamfers are
neglected in the filter design process. However, as a one-
to-one relationship between the coupling matrix entries (at
least for the mainline couplings) and the available tuning
elements can be identified, the optimization is a straight for-
ward task using coupling matrix extraction and tuning tech-
niques. As can additionally be seen in Fig. 9, in total four
slightly asymmetric TZs at normalized frequencies fT Z,LP =
{− j5.31,− j3.75, j3.09, j4.1} arise. The inner TZ pair might
be associated with a cross-coupling between resonator 1 and
4. Based on the large distance between these resonators, this
coupling is very weak. The outer TZ pair might be interpreted
as a parasitic source to load coupling, which is caused by
the integral effect of higher/lower order modes [34]. Spurious
modes in the simulated filter are located below and above the
passband at frequencies 4.1 GHz and 7.3 GHz, respectively.
The TZs might be slightly moved in their frequency by vary-
ing the position of the inter-cavity coupling.

The coupling scheme associated with the filter response is
shown in the inset of Fig. 9 with all coupling factors given
in the caption. The diagonal cross couplings are introduced to
take into account the asymmetry of the TZs - i.e. the classical
canonical form as introduced in [32] is applied. This model

FIGURE 10. Partially printed filter for validation purposes: (a) inside view
and (b) illustration of the printing direction as well as size comparison
with a 1 euro coin.

uses the narrow-band approximation with frequency indepen-
dent coupling values. Alternatively, one might also consider
frequency dependent coupling factors (but this is beyond the
scope of this paper). The coupling matrix representation in
Fig. 9 describes the filter behaviour sufficiently well below the
passband while there are discrepancies for higher frequencies.
These deviations are mainly caused by the already mentioned
higher order modes, which are not included in the coupling
matrix description. As all TZs are relatively far away from the
passband, the design approach discussed in Section III with
the all-pole coupling factors as design goal gives a meaningful
first approximation. However, the final S-Parameter response
in Fig. 9 is obtained by using coupling matrix extraction and
tuning techniques as well as a final full wave optimization.
This is especially required, as all chamfers and radii were
neglected in the initial dimensioning - since they limit the
handling of the simulation model with respect to parameter
variations - but are required for the filter printing process.

A prototype of a manufactured filter is shown in Fig. 10.
For validation purposes, the fabrication of the filter was not
completed but stopped after printing the vertical branches of
the X-shaped resonators. Fig. 10(a) gives an internal view of
the prototype whereas (b) indicates the printing direction and
provides a size comparison with a 1 euro coin. The manufac-
tured filter is realized in alumina material with permittivity
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FIGURE 11. Parameter studies: (a) ideal simulation from Fig. 9 including
losses in the ceramic material and (b) ideal simulation from Fig. 9
including finite conductivity of the housing.

εr ≈ 9.32 and unloaded Q-factor Qu ≈ 24.000 (loss tangent
tan δ ≈ 4.2 · 10−5) estimated at 5.27 GHz.

For material characterization a resonator which is excited in
the T E01δ-mode is used. A cylindrical test geometry is placed
in the center of the cavity, which is made from copper and
weakly excited by using wires. The loss tangent is estimated
in two different ways: On the one hand, the measurement
methods described in [35, Sec. 2.4.7.3] are employed. By
using the proposed equations, the unloaded Q-factor can be
calculated from measured S11 and S21 data in different ways.
However, all other loss mechanisms (e.g. losses in the SMA
connectors, the losses of the holder material as well as the
finite conductivity of the cavity itself) are measured as well
and lower the Q-factor. Therefore, this method defines a lower
bound of the Q-factor to be estimated. On the other hand, the
resonator is simulated in a full wave simulator including the
losses of the cavity as well as the feeding lines. Subsequently,
the S-Parameters of the measurement are compared to those of
the simulation while the material parameters are altered until
a matching of both is achieved. This additionally allows the
estimation of the real part of the permittivity.

Furthermore, Fig. 11(a) shows a parameter study with re-
spect to dielectric losses of the ideal simulation in Fig. 9. The
tan δ is varied between tan δmin = 0 (lossless) and tan δmax =
1 · 10−4. Obviously, even for a dielectric loss tangent, which
is 2.4 times higher than the measured one, the insertion loss in
the passband in smaller than 0.05 dB. A similar study is done
in Fig. 11(b), where the conductivity of the metallization is
varied between σmax = ∞ S/m (PEC) and σmin = 10 MS/m.
A low conductivity seems to have a more serious effect on
the insertion loss, as even a metallization with conductivity
similar to brass leads to insertion losses higher than 0.1 dB.

Please note, that the prototype in Fig. 10 is not metallized at
this point. The final demonstrator reveals a silver layer applied
with an airbrush aerosol [36]. As the surface of the ceramic is
very smooth, it is required to roughen it by sand blasting in
order to provide a meaningful adhesion between the ceramic
and the metal coating. The applied coating is specified to

FIGURE 12. Measurement set-up with all tuning screws and SMA
connectors mounted on the silver coated surface.

FIGURE 13. Measurement results of the filter in Fig. 12 in comparison to
the simulation.

reveal a thickness of 4 μm. On the one hand, the skin depth
at a center frequency of 6 GHz and by assuming an ideal
silver conductivity is 0.83 μm. The coating therefore reveals
a thickness of roughly five times the skin depth. On the other
hand, after applying between three and four micrometers of
the proposed aerosol, the surface resistance tends to that of
pure silver [36].

IV. MEASUREMENT RESULTS AND DISCUSSION
A. MEASUREMENT SET-UP AND RESULTS
Fig. 12 shows the metallized filter with all connectors and
tuning screws mounted. All tuning screws are guided by spe-
cialized holders. These holders as well as the SMA connectors
are glued with Eccobond CE8500 to the silver coated surface
of the filter.

The measurement results in comparison to the simula-
tion are shown in Fig. 13. The input reflection coefficient is
matched to at least 23 dB within the passband edges between
fl,meas = 5.887 GHz and fu,meas = 6.089 GHz (Bmeas =
202 MHz, f0,meas = 5.987 GHz, FBWmeas = 3.37%). The
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FIGURE 14. Temperature stability measurement.

output reflection coefficient is slightly worse and matched to
at least 20 dB. It is worth to mention that the filter meets
the minimum required bandwidth specifications of 150 MHz.
However, a significant bandwidth reduction compared to the
simulated filter arises. This must be attributed to the inter-
cavity coupling (coupling M23), which is realized by a simple
aperture and designed to be not-tunable. By utilizing coupling
matrix extraction techniques, a normalized coupling factor
of M23 ≈ 0.57, which is about 23% lower compared to the
desired one, can be extracted. All other couplings as well
as the input/output coupling might be tuned in the assem-
bled filter and are therefore not primarily responsible for the
bandwidth reduction. However, in the manufactured prototype
the coupling strengths of all tunable couplings are adapted to
achieve an equi-ripple performance. Potential reasons for the
decreased coupling factor are deviations in the ceramic 3D
printing process as well as a potentially unequal shrinkage
in the sintering process due to an irregular mass distribution
of ceramic material. Furthermore, it must be mentioned that
an asymmetric tuning of the tuning screws in the horizontal
branches can lead to a coupling factor reduction as well.

The inset in Fig. 13 gives a close view on the transmission
coefficient S21 around the filter center frequency. Obviously,
the transmission in the passband is rather slanted and the
TZs on the lower passband side are weakly pronounced. One
obvious reason might be a crack in the inter-cavity coupling,
which arises during mounting the filter on a base plate to ease
the measurement and tuning process. This crack was glued
with a conductive glue (Eccobond CE8500). The unloaded
Q-factor is estimated to be Qu ≈ 840 based on characteristic
filter polynomials. The corresponding transmission coefficient
S21 is plotted in the inset of Fig. 13 as well and denoted as CM
(coupling matrix).

B. TEMPERATURE STABILITY
The results of the temperature stability investigation of the
filter are shown in Fig. 14. The initial measurement takes
place at room temperature (23◦ C) while the second measure-
ment was executed at 65◦ C. The 23 dB band edges at room
temperature are located at fl,cold = 5.89 GHz and fu,cold =

6.088 GHz while they are shifted to fl,warm = 5.874 GHz
and fu,warm = 6.078 GHz at 65◦ C. The exact center fre-
quency of both measurements might be calculated to be
f0,cold = 5.9882 GHz and f0,warm = 5.975. GHz, leading to
a center frequency downward shift of 13.1 MHz or 0.22%
(52.087 ppm).

V. CONCLUSION
This paper describes the design and realization of a fourth
order T M mode dielectric resonator filter. The filter is man-
ufactured using a ceramic additive manufacturing approach
called LCM. The AM technique is described and compared
to the basically similar stereolithography approach. Subse-
quently, the filter design process is outlined, including the
dimensioning of the input coupling as well as the intra- and
inter-resonator coupling. A prototype is manufactured in alu-
mina and subsequently spray coated with a silver surface. The
measurement results show good agreement to the simulation
apart from a reduction of the bandwidth. A coupling matrix
extraction reveals, that the coupling between both dual-mode
cavities is too small, reducing the achievable bandwidth to
202 MHz. The unloaded Q-factor is estimated to be Qu ≈ 840
while a temperature drift of 0.22% between room temperature
and 65◦ C can be measured.
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