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INTRODUCTION

Ceramics are widely used as “hard” substrates for
high power and high performance RF applications
from high power sub-1 GHz applications, space-
grade assemblies, thin-/thick-film passives, to
experimental research at extreme temperatures
and frequencies. Given the relatively high
thermal conductivity and high/low operating
temperatures of RF ceramics, this class of
materials is generally used in applications where
high temperatures and forces are involved in

the manufacturing process, such as wirebonding.
There are also planar circuit processes that use
ceramics as a circuit substrate, such as low-
temperature co-fired ceramics (LTCC) and
high-temperature co-fired ceramics (HTCC).
Ceramics are also widely used for constructing
RF components and dielectric portions of
components, such as filter resonators.

Lapped/polished sheets and machined ceramic
stock have historically been the only viable
methods of manufacturing technical ceramics

to necessary tolerances and shapes useful for
RF applications. Recent developments in 3D
printable technical ceramics have opened the
doors to RF ceramic fabrication with greater
degrees of freedom than previous manufacturing
methods. Moreover, advancements in selective
metallization paired with these 3D printed

RF ceramic parts enable the complete
manufacturing of 3D RF passives and even more
complex structures, such as passive integrated RF
assembly housings.

3D PRINTED RF CERAMICS WHITEPAPER

This whitepaper aims to educate readers on how
ceramics are used in RF applications, a primer
on 3D printed technical ceramic fabrication
processes, selective metallization and how it
pertains to 3D printed ceramics. Furthermore,
this whitepaper includes application examples
of how 3D printed technical ceramics can
benefit RF manufacturing.




TYPICAL RF CERAMICS MATERIALS,
MANUFACTURING, AND USES

Technical, or engineering, ceramics are used
throughout the RF industry as dielectric
substrates and structures. Technical ceramics,
namely high purity alumina (HPA), Magnesium
Calcium Titanate (MCT), Aluminum Nitride
(AIN), and Beryllium Oxide (BeQ), are generally
produced as sheets, tapes, or as stock material
that is later machined to a desired shape using
conventional machining technologies, such as
computer numerical control (CNC) milling/
lathing. Given the wide tolerances of as-fired
ceramic sheets, these sheets are commonly
lapped and/or polished to a desired specification
for the end application. Sheet ceramics are very
common substrates for thin-film and thick-

film discrete electronic components, including
resistors, capacitors, inductors, resonators,

and even complete surface mount technology

(SMT) filters.

Another use of ceramics for RF applications is
Co-fired ceramic components and circuits, either
low-temperature co-fired ceramic (LTCC) or
high-temperature co-fired ceramics (HTCC).
These processes involve using green tapes made
of ceramic particles and polymer binders. These
tapes can readily be machined while green via
traditional machining methods, and metals can be
filled in the voids or screen printed to fabricate
circuit features. Layers of laminated co-fired
ceramics can then be sintered with embedded
components and even active components,
realizing hybrid integrated circuits in a single
process. In general, co-fired ceramic technology
is used to fabricate rugged RF circuits with a
substrate that is relatively low dielectric loss and
decent thermal conductivity, with the potential
to have mixed substrates of varying dielectric
constant (Dk), with high levels of integration and
dense interconnect potential.
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In terms of dielectric performance, technical
ceramics used for RF applications tend to have

a wide range of relative dielectric permittivity
from roughly 4 to 30, though an individual
ceramic type has a fixed dielectric constant.
Having an available range of dielectric constant
is useful in many applications depending on the
frequencies and type of components fabricated
with the ceramic dielectrics. For instance, the Q
factor of a filter resonator is dependent on the
dielectric constant of the material, and a higher
Q factor can be obtained in the same geometry
using a higher Dk material. Moreover, a higher
Dk material may also allow for smaller physical
dimensions of RF circuits and transmission lines
than lower Dk materials at the same frequency.
Conversely, lower Dk materials can allow for
higher frequency RF circuits and transmission
lines to be designed to dimensions and tolerances
that result in reasonable yields.

Mechanically, RF ceramics are brittle, but

have relatively high compressive strength. A
main advantage of technical ceramics is a high
operating temperature and relatively good
thermal conductivity compared to other RF
substrates, including semiconductors. This is why
applications that use high RF power or are in
extreme environments, such as military/defense,
aerospace, and space, often employ RF ceramics
as substrates. This includes high power amplifier
pallets, ceramic waveguide filters, and for high
performance thin-film/thick-film components.

As technical ceramics are brittle, care while
machining is required, and some methods

that create high impulse stresses, such as laser
cutting, require additional methods to prevent
cracking or shattering of ceramic parts during
machining. If the process allows, ceramics can
often be more easily machined while green,
though effects, such as shrinkage during
sintering, must be taken into account to ensure
final dimensions and tolerances.




ADDITIVE MANUFACTURING (AM) CERAMICS

Given the ability for ceramics to be sintered

in post-processing, there are a variety of AM
methods that use binders to fabricate 2D and

3D structures. The general ceramic AM process
is to use ceramic particles, usually in the form

of powders, mixed with a binder that will later

be baked-off during sintering. The binder allows
for the green ceramic part to be handled and
possibly machined prior to sintering. Due to the
removal of the binder during sintering, all AM
ceramic methods result in some level of shrinking
depending on the volume of the binder in the
green part compared to ceramic. In general, a
greater amount of shrinkage during sintering is
not desirable as tolerances are wider and there
are other manufacturing considerations to ensure
that the sinter part is as designed.

The main methods of AM manufacturing of 3D
ceramic parts are fused deposition modelin
(FDM) and photopolymerization methods, such
as stereolithography (SLA)/digital light projection
(DLP), material jetting, and some forms of binder
jetting [1]-[4]. Of the above, SLA/DLP methods
of AM can likely result in the highest resolution
and best-as-printed green ceramic parts with

the lowest shrinkage rates. DLP processes with
technical ceramic photoresins in particular can

be both relatively rapid, high resolution, highly
repeatable, and with very low shrinkage rates. The
advantages of DLP printing of technical ceramics
enables the fabrication of relatively large parts
with thick cross-sections while still retaining

tight tolerances [5], [6]. With this approach less
post-processing is needed prior to sintering, and
in many cases, no additional post-processing is
needed after firing.
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FIGURE 1.

Sintered alumina
parts fabricated
using Fortify’s DCM
technology.

Top to bottom: impeller,
high Dk GRIN lens,
Isogrid REinforced
Rocket Nozzle, Steam
cooling heat transfer
device, high temperature
heat sink.




AM technologies enable very complex and

high resolution 3D ceramic structures in

latices, with internal voids, more refined curves,
better green surface finish, and often greater
repeatability than traditional manufacturing
methods. Moreover, AM DLP 3D-printing with
photo resin slurries eliminates the dust and
debris of subtractive manufacturing, which for
some ceramics Is hazardous to human health.
Moreover, given the complexity and resolutions
made possible by DLP 3D-printing ceramics,
quantities of intricate and small feature size parts
can be manufactured in batches that ensure
uniformity of the parts. AM ceramics may allow
for the elimination of processing steps and allow
for batch manufacturing which may reduce the
manufacturing cycle time. AM technologies
and material suppliers that can produce the
materials and systems for RF ceramics are

also available within the United States, which
makes outsourcing these materials and systems
unnecessary. This regional availability also
significantly reduces manufacturing logistics and
fulfillment cycles.
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CERAMIC METALLIZATION INCLUDING SELECTIVE
METALLIZATION OF RF CERAMICS

RF Ceramics are robust and high performing
dielectric materials, which is why ceramic
dielectrics are a main dielectric component

of many critical and high power RF systems.
Many RF components are dielectric structures
combined with metallic structures to realize
complete RF passive components. This includes
traditional RF passives, such as inductors,
capacitors, resonators, couplers, transmission
lines, waveguides, dividers/combiners, and even
newer technologies like metamaterial structures.

To be able to fabricate these structures, precision
metallization is needed with tight tolerances and

high repeatability.

This could mean tight control of the overall metal
thickness and surface finish for fully metallized
parts, but also selective metallization, which can
result in structures that would be impractical

to manufacture traditionally. With selective
metallization and AM RF ceramics, full 3D

RF circuits with integrated RF passives can be
fabricated, including the assembly housing. Such
an approach presents a scalable and reproducible
single-process for manufacturing volumes of high
resolution RF ceramics, passives, and housing/
shielding with previously impractical degrees of
freedom for RF designs. It may also be possible
to replace traditionally machined RF metallic
structures, in some cases, depending on the cost
and complexity of the structures, as a metallized
ceramic structure may be lower weight and

may also potentially be fabricated with greater
degrees of freedom.
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There are several potential processes for
metallizing ceramic structures from completely
plating structures to using methods to selectively
plate. Electroless plating can be used to plate
virtually any structure with certain processes
that can plate selectively using laser activation

of seed material or other selective methods of
depositing seed layers (i.e. sputtering, chemical
vapor deposition, etc.) [7]-[9]. Electroless plating
is a preferred method for high performance

RF applications, as electroless methods enable
plating on non metallic surfaces and tend to
provide a more uniform base layer that can then
be electrolytic plated to reach desired plated
metal thicknesses.

FIGURE 2.
Example of a Metallized 2” Microstrip




3D PRINTED RF CERAMIC

APPLICATION DISCUSSIONS

Though AM of technical ceramics has been
possible for some time, much of the focus of
research and development of these technologies
and systems has been focused on non-RF
applications. Recent capabilities in AM of RF
technical ceramics has opened the door to a wide
range of potential use cases for this technology
that may bring many advantages and possibly
even enable new use cases previously unviable
with traditional ceramics manufacturing. The
following sections of this whitepaper highlights
several example applications where some
research/development or exploration has been
done, with discussions of how the latest methods
of AM RF ceramics may bring advantages to

these use cases and similar applications.
CERAMIC RF WINDOWS

RF windows, often used as pressure barriers

or gas barriers, are critical components of
klystrons, gyrotrons, and more recently,

particle accelerators. RF windows are also

often integrated into waveguide interconnects
(waveguide pressure windows) to prevent certain
gas mixtures from escaping the waveguide
internal cavity or otherwise being contaminated
by the outside environment. In general, RF
windows are used in high power applications,
where the heating from high power RF and
potentially high differential pressure across the
window are possible. RF ceramics have often
been used for this application due to their general
ruggedness, relatively low dielectric loss (loss
tangent), and ability to be bonded to surrounding
metal frame/supports [10].

Typical RF windows are monolithic flat structures
fabricated from ceramic sheets bonded to
metallic flange material. Care must be taken

in the design of the flange and how the flange

is bonded to the ceramic window material. It

is possible, however, with an AM of ceramic
material, that some of these design constraints
could be reduced or greater RF transparency
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could be achieved using small scale but still
rugged lattice structures instead of a monolithic
window. It is also possible that an AM ceramic
RF window could be designed that moves the
ceramic/metal bonding region further outside of
the window area, which could potentially result in
higher pressure capability or otherwise ease the
design/fabrication of RF windows. Furthermore,
such a process should allow for the integration of
a RF lens with an RF window, which can lead to
more desirable beam characteristics or to negate
the effects of an RF window.

An AM RF ceramic process could be used to
completely fabricate a ceramic window without
the need for a metal flange, though this would
introduce additional considerations given the
difference in brittleness between common

RF window flange materials and AM technical
ceramics.

CERAMIC RF LENSES

There have been substantial R&D efforts and
even fielded products that take advantage of AM
RF lenses for a wide range of applications
[11]-[14]. The majority of these discussions have
been about photopolymer lenses, includin
recent advancements in low-Dk and low-loss
materials that require sophisticated mixing
technologies. Though these processes can
achieve very high resolution lenses that operate
well to w-band frequencies, they are made

of photopolymer resins that have operating
temperatures in the hundreds of celsius and
relatively low thermal conductivity. Hence,

RF lenses fabricated with photopolymer are
suitable for a wide range of applications, with
the exception of high power RF use cases
where the lenses may exceed typical operating
temperatures and cannot be adequately cooled.




Compared to advanced RF photopolymer resins,
RF ceramics have higher Dk, lower loss tangent,
significantly higher operating temperature, higher
thermal conductlwty, and superior abrasion/
chemical corrosion resistance. Therefore, for high
power, high temperature, or otherwise extreme
environmental applications, an AM RF ceramic
lens can be used in place of an AM photopolymer
lens with many of the same benefits. Given the
higher Dk of RF ceramics, RF lenses made with
these materials would also be somewhat smaller
for the same frequencies and performance

or exhibit enhanced focusing performance in

the same footprint. This also limits the high
frequency extreme of this material, as at higher
frequencies the internal structures of AM lenses
become smaller and eventually approach the
resolution limits of the manufacturing process.

FIGURE 3.

A hemisphere GRIN/luneburg style RF lens fabricated
using high purity alumina resin and Fortify’s DLP 3D
printing technology.
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FULL-3D PRINTED RF PASSIVES
COMPONENTS AND CIRCUITS USING
3D PRINTED CERAMIC WITH SELECTIVE/
NON-SELECTIVE METALLIZATION

As previously discussed, a Full-AM RF ceramic
with metallization process can enable the
fabrication of RF passives, circuits, and housing/
shielding with greater degrees of Freedom

than was previously practical with traditional
approaches to machining ceramics[15]-[23].
Limitations of traditional machining methods
have often resulted in the forms that certain RF
components take. RF assemblies and circuits
have historically been restricted to layered

2D approaches, such as with LTCC and HTCC
technology. With greater degrees of freedom,
RF components and circuits could be designed
fully in three dimensions instead of layered 2D.
With this technology it is possible to 3D print
and metalize a complex RF structure, such as a
hollow or voided spiral, that would be impractical
or impossible to machine traditionally.

Full-AM RF ceramic structures with selective
metallization could even be used to fabricate RF
circuits with integrated passives and potentially
realize entirely different form factors, such as
folding or alternative methods of coupling or
shielding. An example of these concepts is a 3D
folded branch line coupler featured in [17]. This
new process may enable more compact or more
geometrically optimized RF structures that fit
more eFFiciently in space constrained structures.
An additional example is a full-3D RF assembly/
circuit nestled efficiently between structural
members of a small unmanned-aerial vehicle
(UAV), which have extensive cost, weight, and
space constraints.

A simple example of an RF component that is
typically planar and may have a more desirable
footprint if fabricated as a fully 3D part, is the
folded hybrid coupler design from [17] (see Figure
4). Hybrid couplers are conventionally fabricated
using planar laminates with etched surface
metallization, often using high frequency PCB
manufacturing methods (see Figure 5). Another
example is leveraging 3D-printed ceramics to
enable compact and high performance folded




branchline couplers with helical microstrip
transmission line segments that result in a
component footprint that is a small fraction of a
planar counterpart.

Supporting board

-Planar track

FIGURE 4:
Model of the HYBF folded hybrid branch-line coupler
with helical-microstrip lines. [17]

DIELECTRIC RESONATOR ANTENNAS
AND INTEGRATED LENSES

Dielectric resonator antennas (DRAs), due

to the nature of their dielectric structural

design, are widely considered an enhanced
alternative to patch antennas for microwave and
millimeter-wave antenna arrays for the latest
communications technology and sensing (radar)
applications. DRAs can be designed to provide
|mproved |mpedance bandwidth, efficiency,

less sensitivity to manufacturmg tolerances, a
flexible feed arrangement, and potentially a more
compact size than conventional patch antenna
arrays[18], [24]-[29]. Moreover, the 3D structure
of DRAs allows for greater degrees of freedom
with the design to enhance overall antenna and
array performance, including a wide range of

possible DRA shapes (see Figure 6).

One of the most significant advantages of
DRAs over other antenna types is that the size
of a DRAis proportional to the wavelength at
resonance divided by the square root of the
relative permittivity of the dielectric material.
Hence, a DRA operating at the same frequency
as a microstrip antenna, and with the same
dielectric, would be substantially smaller. There
are also additional techniques available to further
reduce the size of a given DRA. Another key
aspect of DRAs is that if low-loss dielectrics are
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FIGURE 5:
Hybrid branch-line coupler prototypes. [17]

used with a high breakdown voltage and good
thermal conductivity, DRAs can be designed

to operate at high power levels. The conduction
losses at millimeter-wave frequencies significantly
limit the power handling capability of metallic
antenna types and result in lower radiated

efficiency compared to DRAs.

Therefore, a DRA made with a rugged material
with desirable dielectric constant and low-loss
tangent and a fabrication process capable of
high resolution 3D structures could exhibit
desirable characteristics for use in the latest
high performance communication and sensing
applications. With selective metallization

and the ability to integrate RF lenses in the
same structure, such a DRA array could be

AM with a suitable ceramic and embedded
feed/probe structure. This suggested method

in essence enables a single-process DRA
fabrication that, due to the nature of AM,

could be rapidly iterated to allow for extensive
experimentation and optimization with a reduced
design cycle[28]—[38]. Ceramic materials are
typically desirable for DRAs, as RF ceramics
tend to present lower loss at higher relative
permittivities than polymers. Given the challenge
of conventional machining of ceramics, AM
technologies can be used to realize more complex
and potentially higher performing DRAs with
greater degrees of freedom of critical features

(See Figure 6 and 7).
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FIGURE 6:
Example DR geometries using conventional
manufacturing techniques and stock ceramic materials. [24]

FIGURE 7:

SsDRA prototypes: (a) Clear V04 resin SsDRA (DRA1);
(b) Grey V04 resin SsDRA (DRA2); (c) Tough blue

V05 resin SsDRA (DRA3); (d) Coaxial cable, SMA
connector, and pins on the ground plane; (e) Top view of
the assembled SsDRA prototype; (f) Detailed view of the
SsDRA’s origin with feed guides. [38]

WAVEGUIDE ASSEMBLIES &
COMPONENTS

AM waveguide components and assemblies have
been of interest to military/defense, aerospace,
and space organizations for several years [31],
[39]-[45]. Many of these efforts have focused

on processes that result in completely metallic
components. Though the AM of metals does
enhance the degrees of freedom when fabricating
waveguide parts compared to conventional
waveguide manufacturing methods where

3D PRINTED RF CERAMICS WHITEPAPER

waveguide interconnect, components, and
assemblies must be made in several machinable
parts and later assembled and tuned, the available
metal AM methods do have some drawbacks.
One of the most significant is that these methods
often result in metallic surface finish that results
in degraded waveguide performance at higher
frequencies compared to surface finish achievable
with traditional machining. This tradeoff can
sometimes be overcome with additional post
processing steps, but the post-processing
methods come with their own drawbacks and
limitations.

Another option that is being explored is the AM
fabrication of dielectric structures that are then
either fully plated or selectively plated to realize
waveguide parts. Plating/coating polymers or
ceramics with metal can result in much lower
weight and improved surface finish parts than full
metal AM parts, as well as potentially offering
lower production times and lower manufacturing
costs. Metal plated/coated AM waveguide parts
present some advantages for aerospace and space
applications where weight and space constraints
are significant. An example of this is a conformal
array antenna manufactured using an SLA
process with spray metalization (See Figure 8).

Slotted cylindrical-
waveguide

Metallic /
short-circuit

(@)

(b} [

FIGURE 8:
Photographs of the conformal array antenna
manufactured by SLA + spray metallization: (a) whole

antenna prototype; (b) slotted cylindrical waveguide
detail; and (c) dual-mode feeder. [45]




For some higher power applications or for use

in environments that have wider temperature
extremes, it may be desirable to use plated/
coated ceramics as the base material as opposed
to polymers. AM technical ceramics are available
with operating temperatures exceeding 1000
degrees Celsius, well beyond that achievable
with polymers resins. It is also possible that the
sintering process could be optimized for surface
finish which may result in improved surface finish
for AM ceramics compared to polymers. This
could allow for plated/coated ceramic waveguide
parts that operate to higher frequencies or with
better performance than polymer counterparts.
In the case where precious metals, such as
platinum, or expensive manufacturing processes
are involved, a metallized ceramic waveguide
structure could be made more economically while
avoiding CTE mismatches between parts in the
assembly.
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VI.

CONCLUSION

The recent availability of technical ceramics with
good RF performance features and selective/
non-selective metal coating technologies has
opened the door for a wide range of potential
applications of AM ceramics. These use cases
range from rapidly prototyping high performance
RF parts to manufacturlng assemblies with
integrated RF passnves ina smgle process. As
this technology is just emerglng, the near future
may bring more ceramic options, metal coating/
plating systems, and demonstrations of these
technologies to inspire research and product
development efforts.

For more information on ceramics 3D printing
capabilities get in touch with Fortify’s additive

ceramic experts.

ABOUT FORTIFY:

Fortify is transforming the 3D printing industry
with its patented DCM (Digital Composite
Manufacturing) platform. DCM delivers

new levels of additively manufactured part
performance by introducing functional additives
to photopolymers. By combining a deep
understanding of material science with high
performance mixing, magnetics, and polymer
physms Fortify is able to produce custom
microstructures in hlgh resolution 3D printed
parts. The company is currently focused on
applications ranging from injection mold tooling
to high performance end-use parts with unique
mechanical and electromagnetic properties.
Founded in 2016 and based in Boston, Fortify
technology enables material properties and
components unattainable using other additive or
traditional manufacturing processes. For more
information, visit www.3dfortify.com.

3D PRINTED RF CERAMICS WHITEPAPER



http://www.3dfortify.com
https://3dfortify.com/ceramics-inquiry/

VILI.

REFERENCES

[1] Z. Chen et al., “3D printing of ceramics: A review,” J. Eur. Ceram. Soc., vol. 39, no. 4, pp. 661-687, Apr. 2019,
doi: 10.1016/}.jeurceramsoc.2018.11.013.

[2] E.S. Rosker, R. Sandhu, J. Hester, M. S. Goorsky, and J. Tice, “Printable Materials for the Realization of High
Performance RF Components: Challenges and Opportunities,” Int. J. Antennas Propag., vol. 2018, p. 9359528, Jan.
2018, doi: 10.1155/2018/9359528.

[3] A.J. Allen, I. Levin, and S. E. Witt, “Materials Research & Measurement Needs for Ceramics Additive
Manufacturing,” J. Am. Ceram. Soc. Am. Ceram. Soc., vol. 103, no. 11, p. 10.1111/jace.17369, 2020, doi: 10.1111/
Jjace.17369.

[4] Y.-G. Park, I. Yun, W. G. Chung, W. Park, D. H. Lee, and J.-U. Park, “High-Resolution 3D Printing for
Electronics,” Adv. Sci., vol. 9, no. 8, p. 2104623, 2022, doi: 10.1002/advs.202104623.

[5] “Ceramic Additive Manufacturing | Technical Ceramics,” Fortify. https://3dfortify.com/3d-printed-technical-
ceramics/ (accessed Aug. 03, 2022).

(6] “Ceramics-ONE-PAGER.pdf.” Accessed: Aug. 03, 2022. [Online]. Available: https://3dfortify.com/wp-
content/uploads/2021/11/Ceramics-ONE-PAGER.pdf

[7] P. Ninz et al., “Doping of Alumina Substrates for Laser Induced Selective Metallization,” Procedia CIRP, vol.
68, pp. 772-777, Jan. 2018, doi: 10.1016/j.procir.2017.12.037.

[8] J.-J. Lin, C.-I. Lin, T.-H. Kao, and M.-C. Huang, “Low-Temperature Metallization and Laser Trimming Process
for Microwave Dielectric Ceramic Filters,” Materials, vol. 14, no. 24, p. 7519, Dec. 2021, doi: 10.3390/ma14247519.

[9] K. Ratautas, A. Jagminieng, |. Stankeviciené, M. Sadauskas, E. Norkus, and G. Raciukaitis, “Evaluation and
optimisation of the SSAIL method for laser-assisted selective electroless copper deposition on dielectrics,” Results

Phys., vol. 16, p. 102943, Mar. 2020, doi: 10.1016/).rinp.2020.102943.

[10] M. Neubauer, R. Johnson, R. Rimmer, T. Elliot, and M. Stirbet, “Rugged Ceramic Window for RF
Applications,” Jan. 2009.

[1] “Applications Guide to 3D Printed Low-Loss Dielectric Structures Addressing Microwave/mmWave
Challenges,” Fortify. https://3dfortify.com/white_papers/applications-guide-to-3d-printed-low-loss-dielectric-
structures-addressing-microwave-mmwave-challenges/ (accessed Aug. 03, 2022).

[12] “Fortify_3D-Printed-Dielectric-Lenses-White-Paper_RevB.pdf.” Accessed: Aug. 03, 2022. [Online].
Available: https://3dfortify.com/wp-content/uploads/2021/07/Fortify_3D-Printed-Dielectric-Lenses-White-Paper_
RevB.pdf

3D PRINTED RF CERAMICS WHITEPAPER




VILI.

[13] “Additively Manufactured eBand Dielectric Lenses is Changing Automotive Sensing,” Fortify.
https://3dfortify.com/case_studies/additively-manufactured-eband-dielectric-lenses-is-changing-automotive-sensing/

(accessed Aug. 03, 2022).

[14] “Ku-band/Ka-band Simulation & Testing of a 3D Printed Dielectric Lens Fabricated from Low-loss and Los-dk

Resin,” Fortify. https://3dfortify.com/case_studies/ku-band-ka-band-simulation-testing-of-a-3d-printed-dielectric-
lens-fabricated-from-low-loss-and-los-dk-resin/ (accessed Aug. 03, 2022).

[15] A. Salas, N. Vidal, J. Sieiro, J. M. Lopez Villegas, B. Medina-Rodriguez, and F. Ramos, Fabrication of Full-3D
Printed Electronics RF Passive Components and Circuits. 2018, p. 268. doi: 10.1109/PRIME.2018.8430356.

[16] X. Shang, C. Guo, and M. J. Lancaster, “3-D Printed Circuits for RF and Microwave Applications,” p. 9.

[17] A. Salas Barenys, “Full-3D Printed Electronics Fabrication of Radiofrequency Circuits and Passive
Components,” Ph.D. Thesis, Universitat de Barcelona, 2021. Accessed: Jul. 19, 2022. [Online]. Available: http://www.
tdx.cat/handle/10803/673257

[18] A. Goulas et al., Additive Manufacturing of Metal/Ceramic Metamaterial Structures for RF Applications.
2018.

[19] D. Miek et al., “Ceramic Additive Manufactured Monolithic X-Shaped TM Dual-Mode Filter,” IEEE J.
Microw., vol. 2, no. 3, pp. 496-506, Jul. 2022, doi: 10.1109/JMW.2022.3167250.

[20] D. J. Gumpinger et al., “European Microwave Week 2016 and 46th European Microwave Conference 2016
Additive Manufacturing Segment,” p. 174.

[21] J. A. Byford, M. |. M. Ghazali, S. Karuppuswami, B. L. Wright, and P. Chahal, “Demonstration of RF and
Microwave Passive Circuits Through 3-D Printing and Selective Metalization,” IEEE Trans. Compon. Packag. Manuf.
Technol., vol. 7, no. 3, pp. 463-471, Mar. 2017, doi: 10.1109/TCPMT.2017.2651645.

[22] P. Wang et al., “Selectively Metalizable Low-Temperature Cofired Ceramic for Three-Dimensional Electronics
via Hybrid Additive Manufacturing,” ACS Appl. Mater. Interfaces, vol. 14, no. 24, pp. 28060-28073, Jun. 2022, doi:
10.1021/acsami.2c03208.

[23] Y. Shi, Y. Chai, and S. Hu, “Preparation and Characterization of Printed LTCC Substrates for Microwave
Devices,” Act. Passive Electron. Compon., vol. 2019, p. e6473587, Apr. 2019, doi: 10.1155/2019/6473587.

[24] D. R. Antenna, “Dielectric Resonator Antenna -theory and Fabrication 3.1 Dielectric Resonator Antennas,”
2012. https://www.semanticscholar.org/paper/Dielectric-Resonator-Antenna-theory-and-Fabrication-Antenna/60a6e
040f1309030e4677a791fdd5f26ce1546ae (accessed Aug. 05, 2022).

[25] R. Mongia and P. Bhartia, “Dielectric resonator antennas—a review and general design relations for resonant

frequency and bandwidth,” 1994, doi: 10.1002/MMCE.4570040304.

[26] A. Mehmood, “Dielectric Resonator Antenna and Array Concepts based on Glass, Ceramics and Glass-
ceramics,” undefined, 2018, Accessed: Aug. 05, 2022. [Online]. Available: https://www.semanticscholar.org/paper/
Dielectric-Resonator-Antenna-and-Array-Concepts-on-Mehmood/408bea757bb27ad906eba06d4cdaalb8f883adlc

3D PRINTED RF CERAMICS WHITEPAPER




VILI.

[27] F-F.Wu et al., “Design of a Sub-6 GHz Dielectric Resonator Antenna with Novel Temperature-Stabilized
(Sm1-xBix)NbO4 (x = 0-0.15) Microwave Dielectric Ceramics,” ACS Appl. Mater. Interfaces, vol. 14, no. 5, pp.
7030-7038, Feb. 2022, doi: 10.1021/acsami.1c24307.

[28] C. D. Morales Pefa, C. Morlaas, A. Chabory, R. Pascaud, M. Grzeskowiak, and G. Mazingue, “3D-printed
ceramics with engineered anisotropy for dielectric resonator antenna applications,” Electron. Lett., May 2021,

Accessed: Feb. 24, 2022. [Online]. Available: https://hal.archives-ouvertes.fr/hal-03231596

[29] S. Keyrouz and D. Caratelli, “Dielectric Resonator Antennas: Basic Concepts, Design Guidelines, and Recent
Developments at Millimeter-Wave Frequencies,” Int. J. Antennas Propag., vol. 2016, p. ¢6075680, Oct. 2016, doi:
10.1155/2016/6075680.

[30] Z.-X. Xia, K. W. Leung, and K. Lu, “3-D-Printed Wideband Multi-Ring Dielectric Resonator Antenna,” IEEE
Antennas Wirel. Propag. Lett., vol. 18, no. 10, pp. 2110-2114, Oct. 2019, doi: 10.1109/LAWP.2019.2938009.

[31] E. Massoni et al., “3D printing and metalization methodology for high dielectric resonator waveguide
microwave filters,” in 2017 IEEE MTT-S International Microwave Workshop Series on Advanced Materials
and Processes for RF and THz Applications IMWS-AMP), Pavia, Sep. 2017, pp. 1-3. doi: 10.1109/IMWS-
AMP.2017.8247417.

[32] Q. Wu, “Design of a broadband blade and DRA hybrid antenna with hemi-spherical coverage for wireless
communications of UAV swarms,” AEU - Int. J. Electron. Commun., vol. 140, p. 153930, Oct. 2021, doi: 10.1016/j.
aeue.2021.153930.

[33] F. P. Chietera, R. Colella, and L. Catarinucci, “Dielectric Resonators Antennas Potential Unleashed by 3D

Printing Technology: A Practical Application in the loT Framework,” Electronics, vol. 11, no. 1, Art. no. 1, Jan. 2022, doi:
10.3390/electronics11010064.

[34] G. Varshney, V. S. Pandey, and R. S. Yaduvanshi, “Dual-band fan-blade-shaped circularly polarised
dielectric resonator antenna,” IET Microw. Antennas Propag,, vol. 11, no. 13, pp. 1868-1871, 2017, doi: 10.1049/iet-
map.2017.0244.

[35] K. Pance and G. Taraschi, “Ultra-Efficient Wideband Multi-Layer Dielectric Resonator Antennas and Arrays.”
https://www.microwavejournal.com/articles/37585-kristi-pance-and-gianni-taraschi-rogers-corporation (accessed Mar.

17,2022).

[36] P. Nayeri and G. Brennecka, “Wideband 3D-Printed Dielectric Resonator Antennas,” in 2018 IEEE
International Symposium on Antennas and Propagation USNC/URSI National Radio Science Meeting, Jul. 2018, pp.
2081-2082. doi: 10.1109/APUSNCURSINRSM.2018.8608331.

[37] M. Cuevas, F. Pizarro, A. Leiva, G. Hermosilla, and D. Yunge, “Parametric Study of a Fully 3D-Printed
Dielectric Resonator Antenna Loaded With a Metallic Cap,” IEEE Access, vol. 9, pp. 73771-73779, 2021, doi: 10.1109/
ACCESS.2021.3081068.

[38] V. Marrocco et al., “Rapid Prototyping of Bio-Inspired Dielectric Resonator Antennas for Sub-6 GHz
Applications,” Micromachines, vol. 12, no. 9, Sep. 2021, doi: 10.3390/mi12091046.

[39] M. Lumia, G. Addamo, O. A. Peverini, F. Calignano, G. Virone, and D. Manfredi, Additive Manufacturing of
RF Waveguide Components. IntechOpen, 2022. doi: 10.5772/intechopen.104106.

3D PRINTED RF CERAMICS WHITEPAPER




VILI.

[40] A.Bal, D. g. Carey, F. a. Espinal, and G. h. Huff, “Electroless silver plating of 3D printed waveguide
components by peristaltic pump driven system,” Electron. Lett., vol. 55, no. 2, pp. 100-102, 2019, doi: 10.1049/
el.2018.7288.

[41] L. Polo-Lopez et al., “Waveguide Manufacturing Technologies for Next-Generation Millimeter-Wave
Antennas,” Micromachines, vol. 12, no. 12, Art. no. 12, Dec. 2021, doi: 10.3390/mi12121565.

[42] C. Tomassoni, R. Bahr, M. Tentzeris, M. Bozzi, and L. Perregrini, “3D printed substrate integrated waveguide
filters with locally controlled dielectric permittivity,” in 2016 46th European Microwave Conference (EuMC), London,
United Kingdom, Oct. 2016, pp. 253-256. doi: 10.1109/EuMC.2016.7824326.

[43] K.Y. Chan, R. Ramer, and R. Sorrentino, “Low-Cost Ku-Band Waveguide Devices Using 3-D Printing and
Liquid Metal Filling,” IEEE Trans. Microw. Theory Tech., vol. 66, no. 9, pp. 3993-4001, Sep. 2018, doi: 10.1109/
TMTT.2018.2851573.

[44] V. Kesari, Metal- and Dielectric-Loaded Waveguide: An Artificial Material for Tailoring the Waveguide
Propagation Characteristics. IntechOpen, 2019. doi: 10.5772/intechopen.82124.

[45] P. Sanchez-Olivares, J. L. Masa-Campos, E. Garcia-Marin, and D. Escalona-Moreno, “High-Gain Conical-
Beam Traveling-Wave Array Antenna Based on a Slotted Circular Waveguide at $Ku$ -Band,” IEEE Trans. Antennas
Propag., vol. 68, no. 8, pp. 6435-6440, Aug. 2020, doi: 10.1109/TAP.2020.2970031.

3D PRINTED RF CERAMICS WHITEPAPER




WWW.3DFORTIFY.COM
SALES@3DFORTIFY.COM
75 HOOD PARK DRIVE, BLDG 510, BOSTON, MA 02129



