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UNIVERSITAT DE BARCELONA

Abstract
Faculty of Physics

Electronics and Biomedical Engineering Department

Full-3D Printed Electronics Fabrication of Radiofrequency Circuits
and Passive Components

by Arnau SALAS BARENYS

This doctoral thesis raises the idea that 3D printing can change the paradigm of
radio-frequency electronics. A review on additive manufacturing and the different
existing technologies is reported. To focus on the concerning topic, several applica-
tions of 3D-printed electronics in the RF field are collected to elaborate the State-of-
the-Art.

Once the context is exposed, a manufacturing process for 3D-printed electronics
is developed, described and characterized. This technology consists of 3D print-
ing a polymer substrate by using either stereolithography or material jetting tech-
niques and, afterwards, partially metallizing the component or circuit through an
electrolytic process, such as electroless plating or electroplating. The characteriza-
tion includes the electromagnetic specifications of the dielectric substrates and the
quality of the metallization, which are found to be competitive compared to the SoA.

In order to demonstrate the possibilities of the developed technology, several de-
vices are designed and tested. The key factor is that they would be very difficult,
costly or impossible to manufacture using conventional technologies. To highlight,
a study on conical inductors is carried out showing the advantages of these com-
ponents for broadband applications with compact devices. They are used in the
manufacturing of 3D passive filters. Moreover, some 3D filters are designed as one
single-printed part, a new technique for 3D discrete component integration.

In addition to the lumped circuits, a whole chapter is dedicated to distributed-
element devices. A study on helical-microstrip transmission lines is carried out
showing an important enhancement for line segment miniaturization. Hereon, they
are implemented on the design of impedance transformers, which also benefit from
bandwidth broadening, power dividers, hybrid branch-line couplers and coupled-
line couplers.
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Chapter 1

Introduction: Additive
Manufacturing and 3D Printed
Electronics.

Additive Manufacturing (AM) or 3D Printing1 is a very innovative technology that
has existed for decades, which is now breaking into many scientific fields and indus-
tries, academia, art and even homes. There are several different types of AM tech-
nologies, though they all share the same principle: objects are fabricated by adding
material layer by layer, using the coordinates stated in a previously sliced 3D digital
model file.

Blossoming from the tenet that anything can potentially be manufactured, 3D
printers, with a high variety of prices, sizes and printable materials (plastics, metals,
organics...) are revolutionizing the world. Hereon, this thesis seeks to explore the
possibilities that AM could offer to Radio Frequency (RF) electronics engineering,
not intending to explain them all, but to take a look beyond the design and manu-
facturing boundaries imposed by traditional fabrication technologies.

The aim of this introductory chapter is to give an overview of 3D printing. Sec-
tion 1.1 defines AM, sets a historical sight on this brand-new concept, describes the
different existing AM technologies and discusses the benefits and limitations of 3D
printing. Section 1.2 focuses first on the generic State-of-the-Art (SoA) of 3D printed
electronics and then specifically on the RF field, the latter being the scope of this
thesis. The project objectives are stated in section 1.3.

1.1 What is Additive Manufacturing?

1.1.1 History of AM

AM involves any technology used to fabricate 3D parts by adding material layer
by layer following the coordinates of a digital file. The concept of adding appears

1Some authors find differences between 3D printing and AM, the second one being more related
to industry applications, although they are essentially the same. Thus, both terms will be indistinctly
used in this work.
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to contrast with conventional manufacturing technologies that are based on a ma-
terial’s subtractive machining of a block in order to produce the desired object. The
precursor to AM may be said to have started in the late 1960’s at Battelle Memorial
Institute, where for the first time a photopolymer resin, invented in the 1950’s by the
company, DuPont, was used to create solid objects. The idea was to control the po-
sition of the impact on the resin surface of an intense light source to draw (solidify)
the geometry of each layer. It was not until the 1970’s, that Formigraphic Engine Co.
commercialized a laser-prototyping project.

In the 1980’s, Hideo Kodama was among the first to invent the single-beam laser
curing approach for photopolymer resins, which was called Stereolithography Ap-
paratus (SLA). In the same decade, Alan Herbert of 3M Graphic Technologies Sec-
tor Laboratory published a paper titled "Solid Object Generation" in the Journal of
Applied Photographic Engineering, where he described a photopolymer solidification
system using an x-y plotter device. Charles Hull patented an Apparatus for Produc-
tion of Three-Dimensional Objects by Stereolithography. A few years later, 3DSystems
was founded by Hull. This company commercialized the first AM system based
on SLA and, together with Ciba-Geigy, started the development of different resins.
Furthermore in the 1980’s, Ross F. HouseHolder patented the metal powder binding
process, which melts metal particles layer by layer.

The 1990’s was a very important decade in AM development as well. Ely Sachs
and Michael Cima developed the binder jetting process at MIT. The extrusion tech-
nology arrived to the market as Fused Deposition Modelling (FDM), commercialized
by Stratasys, as well as the photopolymerization process called Solid Ground Curing
(SGC) by Cubital or the Laminated Object Manufacturing (LOM) technology from
Helysis. And yet in the 1990’s, the apparition of the Selective Laser Sintering (SLS)
technology permitted the fusion of polymer-like material powder in high resolution.

During the 2000’s, several introductions to this area were bound to be made,
though let only a few of them be pointed out. Objet Geometries presented Quadra,
a printer based on Material Jetting, and Precision Optical Manufacturing developed
a machine based on Direct Metal Deposition (DMD). The beginning of the new mil-
lennium also brought the first machine that used different materials to fabricate the
same part, which is known as multi-material printing, at the hands of Z Corp; the
ABS material for FDM printers was designed and SLA technology was improved to
print non-liquid photocurable materials such as ceramics, metals and composites.
Moreover, since then, enhancements in terms of maximum and minimum size, reso-
lution, manufacturing speed, and volume production have been developed. Mean-
while, more and more materials have been given the possibility of being 3D printed
or directly and specifically engineered for these technologies, offering a wide spec-
trum of mechanical, thermal or electrical properties.

However, the important advances in 3D printing are not only limited to the tech-
nical performance of the machines but also in finding innovative applications for
this new concept of manufacturing. Thereby, AM broke into several areas such as
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the metallurgic industry, aerospace engineering, education, medicine, biomedicine,
odontology, optics, art, self-management, food industry and, of course, electronics.
More information about AM history and applications can be found in the bibliogra-
phy [1]–[4].

1.1.2 AM Technologies

The subsection above notes the existence of several different technologies and pro-
cesses for AM, although they are ultimately based on the same idea: the material-
ization of a digital part by means of adding material layer by layer with optional
(or not) post-processing steps such as support removing, surface softening, polish-
ing or material curing to improve its performance qualities. These post-processing
steps may include subtractive machining, leading to a hybrid additive-subtractive
manufacturing process.

Many AM techniques have been developed up to now, most of which are in-
cluded in the groups that have been listed below in this opening subsection. How-
ever, some other technologies and categorizations can be found in the literature [1],
[2]. The chosen methodology types group different processes that share the same
technological concept. They are the following:

• Extrusion

• Photopolymerization

• Powder Bed Fusion (PBF)

• Material Jetting

• Binder Jetting

• Direct Energy Deposition (DED)

• Laminated Object Manufacturing (LOM)

Each functionality will be explained below, together with some characteristics
to ease the comparison among them. The different processes included in the same
technology may differ in some technical details related to the quality of the achieved
performance, the final cost of the equipment or the materials they are thought to
print, but they still consist of the same essential idea.

Extrusion

• Processes: Fused Filament Fabrication (FFF), FDM, Material Extrusion Based
on Additive Manufacturing (EAM).

• Description: In this technology, the material to be printed feeds from a fil-
ament form into a temperature-controlled extrusion head, where it is heated
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into a semi-liquid state. The head extrudes and deposits the material in thin
layers onto a fixtureless base [5]. Each layer is printed above the previous one
until the entire 3D object is completely finished. The schematic of an extrusion-
based machine is drawn in Fig. 1.1. It is the most common AM technology due
to its simplicity and low cost, making it the most suitable option for a desktop
3D printer. Nonetheless, there is a large variety of 3D printers, some of which
could raise the cost and use heavy and complex equipment. The addition of
supports during manufacturing is often necessary to enable the fabrication of
floating parts or inner cavities. The post-processing would include removing
these supports and, optionally, curing the part as well as softening the surface
[6], [7].

• Materials: Adding more than one extrusion head to the same machine gives
this technology multi-material printing features. The most common is to ex-
trude thermal polymers, such as acrylonitrile butadiene styrene (ABS), poly-
lactic acid (PLA), polycarbonate (PC) or polyetherimide (PEI). Moreover, sev-
eral other materials can be used such as metals, ceramics, composites or or-
ganic pastes [8]–[10].

• Performance: The quality of these machines may vary substantially. The res-
olution is limited by the extrusion head aperture and the capillarity of the
molten material. It is known to not be as good compared to other AM tech-
nologies that have typical tolerance values of about±0.178mm and a minimum
layer thickness of about 0.178mm [11]. Extrusion manufacturing has rough
ends for the same reason. Although it is faster than other processes.

FIGURE 1.1: Schematic of FDM technology.

Photopolymerization

• Processes: SLA, Continuous Liquid Interface Production (CLIP), Solid Ground
Curing (SGC).
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• Description: Photopolymerization is based on the fact that liquid photopoly-
mer materials solidify from the impact of an intense light source as shown in
Fig. 1.2. A laser or a LED projector prints the first layers onto the liquid surface
which lays on a bed. Then, the part is moved along the z-axis so that new liquid
again drops above the surface [12]. Support requirements and post-processing,
in this case, are much more similar to that of extrusion technologies.

• Materials: Since the feeding material is spared in the bed where the part is
printed, multi-material manufacturing is not possible. Nanoparticle based
polymers permit the use of this technology in order to fabricate composites,
metal or ceramic parts. However, this makes the manufacturing process more
complex [13], [14].

• Performance: This technology achieves higher resolution and softer surface
endings than extrusion manufacturing. Here, the quality is limited by the laser
beam width and the light dispersion characteristics of each resin. The typical
resolution and minimum layer thickness respectively are about ±0.15mm and
0.016mm [11]. The extraction of supports leads to rough areas or forces extra
post-processing.

FIGURE 1.2: Schematic of SL technology.

Powder Bed Fusion (PBF)

• Processes: SLS for polymer-like materials, Selective Laser Melting (SLM) for
metals.

• Description: This technique relies on selectively sintering or melting powder
materials from a container bed. The particle fusion is executed with an energy
source such as a laser or an electron beam as is depicted in Fig. 1.3. In SLS, no
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supports are required, reducing the post-processing stage. This is not the case
in SLM, where the heavy weight of the printed parts requires supports. SLM
has a difficult post-processing since the supports are bound from the same
material, apart from demanding a heat treatment to relieve residual stress [15].
These kinds of printers are also very expensive.

• Materials: Polymers, metals, composites [13], [14]. Multi-material printing is
not possible.

• Performance: Parts produced by PBF tend to be quite strong and relatively
anisotropic, but with a grainy surface finish that can be polished with machin-
ing work [16]. The typical resolution and minimum layer thickness respec-
tively are ±0.25mm and 0.1mm for SLS [11].

FIGURE 1.3: Schematic of a SLS printer, a particular case of Powder
Bed Fusion.

Material Jetting

• Processes: PolyJet, 3D Systems multi-jet process, wax material jetting.

• Description: This technology also uses the SLA method of solidifying liq-
uid photopolymers by projecting a laser UV beam. In this case the material
is dropped by several piezo nozzles in multiple heads [17] as in inkjet tech-
nology. This technique permits the use of a minimum geometric Computer-
Aided-Design (CAD) unit, voxel, named after its bidimensional homologous,
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the pixel. Henceforth this allows a high level of freedom for printing in 3D.
The corresponding schematic is shown in Fig. 1.4.

• Materials: Polymers, metals, ceramics, composites or biomaterials [13], [14].
There are constraints because of the viscosity and surface tension of each ma-
terial. These properties must be such that the resin can be properly dropped
out of the nozzle. This makes metals and thermal plastics difficult to be directly
printed. This is solved by using nanoparticles of these materials within a sol-
vent ink, although it is still quite an expensive process. Multi-material printing
is possible if nozzles are fed with different inks and the laser controller is prop-
erly configured.

• Performance: This is one of the best technologies for polymers in terms of res-
olution and manufacturing speed, although its machines are among the most
expensive 3D printers. The typical resolution and minimum layer thickness re-
spectively are±0.025mm and 0.013mm [11]. Since it can print in multi-material
mode, soluble polymers can be used to fabricate the supports. This results in a
much easier post-processing allowing softer surface finish.

FIGURE 1.4: Schematic of a MJ printer.
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Binder Jetting

• Description: Inkjet infrastructure is used to deposit drops of a liquid binder
onto a powder bed to hold the particles together as in Fig. 1.5 [15]. Supports
are not required. A post-processing curing treatment might be necessary to get
the expected mechanical properties.

• Materials: Polymers, metals, ceramics, composites. Multi-material manufac-
turing is possible with an epoxy-infiltration process during printing [19].

• Performance: The typical resolution and minimum layer thickness respec-
tively are ±0.13mm and 0.09mm. These machines have very fast build speed
[11].

FIGURE 1.5: Schematic of a BJ printer.

DED

• Processes: Electron Beam Melting (EBM), DED via arc welding, Cold Spray,
Direct Metal Deposition (DMD).
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• Description: A continuous flow of metal powder, or a feed of metal wire, is
layered with an intense energy source such as a laser as in Fig. 1.6. Some ge-
ometries might require supports, which are difficult to remove [2]. Enclosed
cavities are not possible. Objects should have vertical (or nearly-vertical) slope,
or use a five-axis CNC milling machine. It might require extra environmental
treatment with void or particular gases, complicating the final required infras-
tructure. Adjusting the temperature during the process enables the control
of microstructure for certain materials. Post-processing includes polishing to
obtain soft-end surfaces, which might also require five-axis CNC milling ma-
chining.

• Materials: This technology is designed for metal printing. Multi-material is
possible as well as simultaneous alloys by combining powder proportions
while jetting. This is an exclusive feature of DED.

• Performance: Layers are generated by consecutive track printing, that typi-
cally overlap among themselves in 25% of their total width. The typical layer
thickness is 0.25− 0.5mm [2].

FIGURE 1.6: Diagram of powder DED for a coaxial (left) and single
(right) nozzle configuration.

LOM

• Processes: Lamination Object Manufacturing (LOM), Selective Adhesive and
Hot Pressing (SAHP).
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• Description: Consecutive bonding and cutting of sheets, in such a way that
each cut is a layer of the printed part. The building steps in order are: sheet
feeding, deposition of bonding or antibonding agents between sheets, pressing
of the sheets, cutting of the sheets and optional colouring [2]. The schematic of
the structure is presented in 1.7.

• Materials: Paper, ceramics, polymers, composites, metals. Its capability to
print certain materials that are a challenge for other AM technologies is why it
is still used nowadays. Multi-material printing is possible layer by layer.

• Performance: This technology is very limited in geometries. The layer thick-
ness can be down to 30 microns [2].

FIGURE 1.7: Schematic of LOM technology.

1.1.3 Economical Aspects of AM

AM has been defined as one of the keys for the fourth industrial revolution [20]. Let
us have a look at what the benefits can offer compared to traditional manufacturing
technologies based on subtractive processes, in addition to the setbacks. This discus-
sion has been separated into four different components, although they are all related
and affected by one another:

• Efficiency and sustainability
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• 3D geometry innovation and Single 3D Printing (S3DP)

• Local prototyping and manufacturing

• Democratization, universalization, decentralization

Efficiency and Sustainability

Efficiency and sustainability are components that are narrowly connected. The more
efficient a technological process is, the more sustainable the project it is applied to
will probably be. Here, efficiency is thought of in terms of material, energy and time
consumption, while sustainability refers to the ecological and economical balances.
The benefits with which AM contributes to these issues are well known by the mar-
ket, whereas the investment in this area has grown considerably in the last years [4],
[21].

The material consumption reduction in AM is very direct, considering that the
basis of this technology comes from the idea of adding material where needed, in-
stead of subtracting it from where it is not, such as in conventional manufacturing
processes [22]. It must be mentioned that most of these new techniques produce
parts with rough surfaces or lower resolution than typical specifications require.
Machining post-processing is sometimes used because of this, leading to hybrid ad-
ditive/subtractive manufacturing processes.

In addition, 3D printing allows for innovation in very complex geometries with
inner cavities that may considerably reduce the required materials without detri-
ment either to the mechanical features of the part or to the manufacturing time costs,
which may even decrease with a higher geometrical complexity. Needless to say this
decreases the weight of the printed object, which could be another improvement de-
pending on the application.

Energy consumption is related to material consumption as well. Nevertheless,
the balance between AM and subtractive manufacturing is not trivial. For high vol-
ume production, conventional methods will often be less energy consuming than 3D
printing, which is more suitable for prototyping or lower volume production [23].
However, several factors have to be taken into account in order to evaluate which
machine has either lower cost or environmental impact, thus this discussion has not
been taken lightly [22], [24].

3D-Geometry Innovation and Single 3D Printing (S3DP)

3D printing opens a wide new world of prototype designing. Complex geometries
are bound to not be avoided anymore since they have become much cheaper and
easier to fabricate rather than with conventional manufacturing methods. 3D print-
ing even permits the materialization of shapes that were unthinkable before [25]. A
particular advantage of AM, which is a consequence of these novel-shape possibil-
ities, is the capacity to integrate parts that would have otherwise been separately
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fabricated using a conventional process. Avoiding the assembly stage with S3DP
reduces the manufacturing steps and thus production time and cost, while also de-
creasing possible errors related to manufacturing tolerances. Multi-material printing
can then be a tool for printing entire systems [26]. On the other hand, though the
variety is large, not all materials can be printed and some have manufacturing limi-
tations, as seen in the explanation of the different AM technologies.

Full-3D printing is a particularly attractive advantage for RF electronics. Con-
ventional circuitry is typically planar due to the Integrated Circuit (IC) and Printed
Circuit Board (PCB) manufacturing processes. Losing this axis of freedom is par-
ticularly limiting, considering how electromagnetic fields are affected by circuit ge-
ometry at high frequencies and system performance [27]. The main focus of this
work will be to develop some interesting innovations in conventional circuits that
improve their performance by rethinking them in 3-dimensional shapes.

Local Prototyping and Manufacturing

AM infrastructure is, in most cases, much smaller in size, cheaper and cleaner than
traditional manufacturing technologies. This makes it more affordable, allowing
for local prototyping and manufacturing. Local prototyping stands for getting a
desktop or laboratory 3D printer in order to self-fabricate the desired prototype.
This permits the designer to own the means of production, so that the whole design
flow (design -> prototype -> test -> redesign) is more open and transparent. Therefore,
with its pros and cons, the design constraints related to manufacturing technology
no longer depend on a third party, but on the designer itself [26].

Similarly, local manufacturing means eliminating dependence on third parties.
This can be translated into a reduction in economical and time costs, more control
over production schedule and elimination of transport-related costs and pollution.
AM is demonstrated to reduce the complexity of the supply chain while gaining in
efficiency [25], [26]. This breakthrough technology also facilitates the need for on-
demand local manufacturing for more customized production, directly focused on
the expectations of the end user [25], [28].

Universalization, Democratization, Decentralization

The emergence of 3D printing does not only result in individual benefits, but also
generates an impact on the socio-economic ecosystem [25]. The digital model files
that are used for 3D printing are compatible with most machines (the most common
being the .stl format file). This leads to the universalization of digital parts, making
it easier to share for a cooperative generation of knowledge as in free software and
open-source philosophy. Nevertheless, it is not yet clear if this capacity will be mas-
sively exploited in the future by end-users or, on the contrary, the AM benefits profit
will be capitalized on by few companies to enhance or reinvent their own businesses
[25], [28].
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The immaterial essence of digital models, also makes transportation cheaper and
more ecological [26]. In fact, it may no longer be understood in the traditional sense
of good transportation, but as knowledge communication. The reduction of the manu-
facturing infrastructure cost and the fact that AM considerably cheapens the cost of
low volume part production is good news for small and mid-size companies as well
as for academic and home users [25], [26], [28]. These issues open the door in favor
of democracy and decentralization of the means of production in detriment to the
hegemony of a few big companies.

1.2 State-of-the-Art of 3D Printed Electronics

Up to this point, a general definition of and discussion about 3D printing have been
conducted. The opening section details the SoA of 3D printed electronics, which in-
cludes those electronic devices, circuits or systems that have been fabricated using
AM techniques. The first step in this analysis lists and compares some of the dif-
ferent existing processes within academia and commercial areas, pointing out their
main characteristics. This includes a brief review of which application each process
is more suitable for. Most of the technological advances have been published dur-
ing the development of this thesis. Finally, a summary of interesting research lines
according to the SoA is highlighted.

1.2.1 Manufacturing Techniques

2D or 2.5D Inkjet-Based Techniques

There are several projects that have introduced AM technology for the fabrication of
electronic circuits, while still remaining in planar or 2.5D topologies, which stands
for multilayered structures. Some applications can be strain sensors or flexible elec-
tronics for wearable systems or other applications [29]–[32].

Full-3D Metal-Only Printing

AM processes such as SLM or EBM have been used to fabricate parts with metal
as the only material, thus, the devices are heavier but mechanically stronger than
if they were polymer-based. The principal benefit over other electronic 3D printing
processes is that no plating step is required since the printed part is already con-
ductive [33]. However, this conductivity could be considered too low depending
on the feed material, certain manufacturing parameters or the specific application,
hence an extra metallized layer is still required [34]. A particular benefit of this tech-
nique, in contrast with conventional manufacturing technologies, is that it allows for
the integration of RF functionalities in a single part, eliminating assembly costs and
spurious related effects [35].



14 Chapter 1. Introduction: Additive Manufacturing and 3D Printed Electronics.

On the other hand, metal AM usually has ends high in roughness, depending on
the technology and feed material [35]. This can be dealt with by machining post-
processing, which can hardly be applied in very complex geometries. Another limi-
tation is, of course, the fact that this process does not allow dielectric substrate inte-
gration, which is necessary for either embedded or transmission line based systems.

Considering that only full-metal parts can be built using these processes, they
are most commonly applied for waveguide and cavity components and antennas
[33]–[35].

Full-3D Dielectric-Only Printing

This technique consists of engineering the shape and electromagnetic functionali-
ties of polymer or ceramic dielectric parts to develop a part for RF and microwave
applications. The non-inclusion of any conductor has obvious limitations but some
examples can still be found within the SoA such as microwave filters, graded index
lens or antennas [36]–[38].

Full-3D Substrate with Metallization

This process involves 3D printing the dielectric substrate and then adding an extra
step for metal coating. Different AM processes can be used, such as extrusion, al-
though its rough surface ends are not quite proper for metallization, photopolymer-
ization or material jetting, the last one being more suitable, though more expensive.

Different plating methodologies can be implemented as well. This is a very in-
teresting issue since each technique will determine the limitations for the achievable
3D geometries. For example, there is research that uses a metallic adhesive film to
make cavity filters [39] and others that coat the substrate with a silver lacquer or
paint [40], [41].

In order to reduce manual labor of the metallization stage, a hybrid process com-
bining SLA substrate manufacturing with conductive ink extrusion deposition and
manual component placement was developed to fabricate 3D embedded systems.
Nevertheless, some of the steps are not yet automated [42]. In some cases, polymer-
based inks, which have been engineered with conductive silver or carbon nanopar-
ticles, are used in a single extrusion machine to deposit both the substrate and the
conductor. This is a very clean, easy and fast way to achieve full-3D printed electron-
ics. However, the surface roughness produced by extrusion manufacturing surfaces
and the low conductivity of these conductive inks, compared to other metallization
processes, are a setback to consider in some applications such as RF design [43], [44].
Therefore, studying engineering metal inks with very high conductivity can be key
for this kind of methodology [45], [46].

The methodologies most similar to the one used in this thesis cover the printed
part with a preliminary conductive layer to then apply a chemical process such as
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electroless [47] or electroplating for copper coating [48]–[50]. This technology is com-
monly used to make cavity resonators and filters or several waveguide components,
but cannot go further since the surfaces of the printed parts are always fully-covered
by the metal layer.

1.2.2 Interesting Points for Further Research

After a review of the SoA of 3D printed electronics some points could be highlighted
as being the most interesting to focus on according to current research. For example,
achieving a low resistivity compared to bulk copper, that is 1.68µΩcm, is an essential
goal for RF applications, since a low conductivity directly increases the losses in
detriment to the system performance. Tab. 1.1 compares the best found technologies
in the SoA in terms of resistivity but also looks at other performance issues. Those
that present the best results [45], [46], reach more than two times the bulk copper
resistivity, which is actually a very satisfactory achievement. Nevertheless, there
are some cons, such as implying intense manual labor [45] or demanding a rather
expensive budget [46].

There are two other interesting research items: to maximize the automation of
the whole process in order to suppress all the manual labor that might be involved
between start of printing until the part is finally manufactured and metallized. The
other item is more obvious: the required infrastructure and consumable material for
a developed process is expected to be as cheap as possible in order to reduce the
final cost.

Apart from that, it should be noted that some of the current works in the SoA
do not fulfill manufacturing of full-3D shapes and only print in 2D or 2.5D. More-
over, even those that have full-3D capabilities may present some limitations as a
consequence of the AM technique mostly because of the characteristics of the metal-
lization process they are based on. Therefore, solving these constraints will lead to a
real full-3D space freedom for manufacturing. This permits exploring these new ge-
ometries in order to materialize them in practical devices, circuits and systems that
prove the importance of this field.
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Reference Resistivity (µΩcm) Comments

[44] 50
Commercial 3D printing based on extrusion of both dielec-
tric and conductive ink. It costs 7,300 e and allows full-3D
printing.

[45] 4-80
Academic research. The metallization and component
placement implies manual work during the printing pro-
cess that must be paused. Full-3D is possible.

[46] 5
Commercial 3D printer based on dielectric material jetting
manufacturing integrated with an aerosol conductor inkjet.
It costs 400,000 e and allows full-3D printing.

[51] 18.5-19
Academic research. This aerosol method allows plating
curved and vertical faces, but not full-3D shapes.

TABLE 1.1: Comparison between some of the most interesting 3D
printed electronics methodologies found in the SoA.

1.3 Objectives

After reviewing the SoA and summarizing some of the most interesting points for
further research, the focus and the scope of the forthcoming work must be set. The
objectives of this thesis are a breakdown of the development of a full-3D electronics
printing process as well as the demonstration of its quality and innovative capabil-
ities. The objectives will be evaluated in Chapter 5 together with a summary of the
more relevant obtained results.

1. Develop a full-3D electronics manufacturing process based on AM. The tech-
nology proposed must fulfill the following requirements in order to be compet-
itive in regards to the existing SoA.

(a) Capable of providing full-3D geometries. This is one of the most impor-
tant goals in order to properly profit from the potential benefits of this
technology for RF electronics research. Therefore, any kind of shape and
surface is expected to be able to be printed and plated, such as vertical,
curved, with angles, different slopes and with holes.

(b) Involve simple and easy management. The technology should not require
very specialized, complex or laborious work apart from that related to the
design itself.

(c) Cheap and small. The required infrastructure and the required consum-
able materials must be as cheap as possible and the equipment total size
must fit common laboratory facilities. All of this has to be taken into ac-
count to make the technology affordable enough considering university
resources.
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(d) The metallization process used must provide high conductivity suitable
for RF applications. It has to offer similar or better results than the existing
SoA.

2. Define the technology. All the required steps of the design-to-part flow must
be detailed and the developed technology has to be characterized. This should
be carried out in the following terms:

(a) Explanation, step by step, of the procedure to follow to transform an idea
into an electronic 3D printed part.

(b) Description of the CAD software tools for 3D design, electromagnetic
simulation and AM equipment managing.

(c) Electromagnetic characterization of the dielectric properties of the print-
able substrate materials. Both the permittivity and the loss tangent of
the available polymers have to be characterized since it is necessary for a
proper RF design.

(d) Characterization of the metallization process. Similarly, this is required
of the design, but also to compare whether the conductivity achieved is
competitive according to the SoA.

.

3. Demonstration of the developed technology. The presented technology must
be demonstrated by applying it to the research of RF electronics. The full-3D
capabilities have to be shown by different electronics design, fabrication and
testing.

(a) Any kind of surface should be able to be printed and metallized, with
different slopes, curvatures and discontinuities. Via integration must also
be possible. Both through hole and Surface-Mount Device (SMD) compo-
nents, devices and connectors are expected to be soldered over the plated
surface.

(b) Research on 3D discrete passive components such as inductors or capac-
itors must be carried out showing any benefits of the presented technol-
ogy. In the same way, these components must be able to be implemented
in electronics circuits such as filters. 3D discrete component integration
must be demonstrated as well by fabricating circuits based on different
elements manufactured in a single printed part.

(c) Research on new topologies for RF distributed-element components has
to be made. The final goal is to prove and study the benefits of gaining a
third spatial axis of freedom in RF design by enhancing the performance
of transmission lines or other devices such as Z-transformers or couplers.
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Chapter 2

Technology Development and
Characterization

The development of a prototyping technology is a complex process, since it must de-
tail each step of the fabrication flow loop, from conceptualization to synthesis of the
final prototype. This loop is represented in the diagram of Fig. 2.1. The first step in
electronic prototyping is to set the specifications and then make the design according
to those specifications. A simulation of the electromagnetic behavior (concerning RF
or microwave design) for this first attempt allows for comparison between the ex-
pected (virtual) and the desired performance of the final device so that if they do not
match, the model can be properly redesigned. After that, the device is manufactured
and characterized to check again whether the actual performance of the prototype
matches the requirements or not, thus it can be adequately redesigned as well.

FIGURE 2.1: Prototyping design flow
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In this process, it is very important for the designer to understand and control
the simulation and the manufacturing steps as much as possible. This permits them
to fit their constraints and be aware of possible undesired results not related to the
design but to either the simulation algorithms’ artifacts or the manufacturing tech-
nology tolerances. The simulation software is usually in the hands of the designer,
though their algorithms are mostly not open-source, they are opaque. On the other
hand, the manufacturing process is more often directly delegated to a third party,
which is still more alienating for the designer. On the contrary, the technology pre-
sented in this work demonstrates an advantage of 3D printing: the manufacturing
localization that gives almost total performance knowledge and control to the de-
signer. This is crucial when simulations give good results but measurements do not,
since this likely implies that some assumptions either on the simulation algorithms
or the manufacturing process were wrong and should be rearranged.

In this chapter, an in-depth breakdown of this technology is presented with the
main steps for fabricating either a circuit or a passive component. Section 2.1 briefly
describes the overall manufacturing process as a general overview, before entering
into more detail. Then, the software-related stage is described, including the tech-
nical issues to take into account for the 3D-CAD environment, the electromagnetic
simulations and the 3D-printer configuration. After that the characteristics of the 3D
printing processes used in this work and the metallization procedure are explained.
In section 2.2, the characterization of this technology is presented. The dielectric
properties (i.e. permittivity and loss tangent) of different available base materials
for 3D printing are measured and the methodology to do so, as well as the obtained
results, are explained and discussed. Similarly, the performance of the metallization
process is analyzed in terms of layer thickness, conductivity and development con-
ditions (i.e. time and temperature). Finally, this section introduces an approximated
budget for this technology to ease the comparison against other current method-
ologies within the SoA considering cost and various performance issues. Some of
the research presented in this chapter has already been published in journals and
conference proceedings [52]–[55].
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2.1 The Manufacturing Process

This section gives a thorough explanation of the developed technology, which is
separated into three parts: design, 3D printing and conductor plating. A general
explanation of the methodology is described below.

1. The model design is carried out in a 3D-CAD environment. During this step, it
has to be considered that the entire area that is expected to be metallized must
be sunk about 300 microns with respect to the rest of the body surface. Then,
once the part is printed in a polymer-based material, like that in the diagram of
Fig. 2.2A and the picture of Fig. 2.3A, the future metal layer will be represented
by the trenches over the object surface.

2. The next phase consists of covering the printed body with metallic coating as
in Fig. 2.2B and 2.3B. This can be done by applying a conductive spray or
lacquer paint. The resultant conductivity does not need to be very high, since
it will only be used as a seed for further chemical plating.

3. Before the metal coating, the preliminary conductive layer must be selectively
removed from where it is undesired by manually using sand paper or any
other kind of polishing tool. The result can be seen in Fig. 2.2C and 2.3C. The
trenches prevent the conductive coating from being harmed during this stage.
It should be noted that this is a subtractive work, converting the technology
into a hybrid additive-subtractive manufacturing process.

4. Finally, the part is introduced into a chemical solution bath that produces a
reduction-oxidation process in order to deposit copper over the conductive
seed. Two different coating technologies have been used: electroless copper
plating and copper electroplating. Both will be described in this section for
further discussion and comparison. In this step, trenches show another useful
feature by allowing for better attachment of the copper layer over their walls
as depicted schematically in Fig. 2.2D. Fig. 2.3D shows the final prototype,
where the metal color has distinctly changed.
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(A) Clean substrate trench. (B) Substrate covered with a first conductive
seed layer.

(C) Substrate when the seed layer has already
been removed from the area out of the trench.

(D) Copper layer deposited over the substrate
trench.

FIGURE 2.2: Diagram of the different steps of the metallization pro-
cess.

(A) Printed sample before the
metallization process.

(B) Sample with a sprayed
nickel seed layer.

(C) Sample with nickel seed layer af-
ter polishing.

(D) Sample plated with a cop-
per layer

FIGURE 2.3: Different steps of the metallization process for coni-
cal inductor as demonstrator. The substrate has been manufactured
through photopolymerization technology as the base material and

metallized with an electroless copper plating process.
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2.1.1 The Design

For the three-dimensional digital model design, any 3D-CAD environment could be
used, nevertheless, it must be taken into account how the simulation will be done.
The EMPro 3D EM Simulation Software from Keysight Technologies Inc. has been
elected for this work. It has parametric 3D modeling capabilities that are useful for
geometric precision and to automate the design modification given a particular set of
dimensions. Moreover, the EMPro environment provides a Finite-Element Method
(FEM) tool for carrying out electromagnetic simulations at the frequency domain
within a 3D space [56]. This algorithm divides a whole structure in a mesh of finite
tetrahedral elements whose edges are used to explicitly store the corresponding elec-
tromagnetic field values and then compute them inside. There is a trade-off between
improving the simulation precision by reducing the element size, thus increasing the
number, which leads to more computational cost (time and memory storage size).
During the development of this project, some 3D-modeling limitations of this algo-
rithm have been found, since the triangular-faced meshing might not be the most
adequate for some 3D complex shapes such as those with intricate curved surfaces.
These limitations lead, in some cases, to mesh bugs that cause the simulation to
crash, though that can often be avoided by simplifying or adjusting the geometry.
An alternative simulation method provided by EMPro is the Finite Difference Time
Domain (FDTD) that, according to its name, runs simulations at the time domain.
This algorithm calculates the Maxwell expressions for a much more simple mesh, al-
though very large and heavy simulations might be required to get converging results
matching a theoretical FEM [57]. If needed, executing FDTD several times at differ-
ent wave frequencies can be done to get discrete values of the frequency spectrum
with more computational cost than the FEM method but reducing the possibility of
a meshing crash.

The models are digitally designed using two different materials: a dielectric for
the substrate and copper as the conductor, both of whose properties must be spec-
ified in the EMPro tool. Once the simulated results are satisfactory, a subtractive
Boolean operation is applied in order to remove the metal area from the base body.
This will produce the aforementioned trenches that will protect the conductive plat-
ing seed from harm during polishing in the metallization process.

The EMPro tool then permits exportation of the model to print in .stp or .step file
format, which stands for STandard for the Exchange of Product model data. This is
not compatible with the available slicer programs thus it has to be converted to a .stl
(stereolithography) file with another 3D-CAD software such as the Autodesk 123D
Design that has been used for this project. Next, all that remains is to slice the model
so that the digital part will be ready to be sent to the 3D printer.
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2.1.2 3D Printing

In Chapter 1, research on different AM technologies and their main features was
carried out. According to its conclusions, most of the work of this thesis has been
developed using SLA and particularly the XFAB 2500 machine from DWS Systems
shown in Fig. 2.4A, due to the cost and quality trade-off. Moreover, more funding
for the project was later received, which allowed for the purchase of the Objet 260
Connex1 from Stratasys, shown in Fig. 2.4B, which is a 3D printer based on Mate-
rial Jetting. This machine is much more expensive and requires more maintenance,
which is compensated for with better resolution and accuracy printing along with
an easier and cleaner post-processing work, as shown below.

(A) XFAB 3D printer
from DWS Systems.

(B) Objet 260 Connex1
3D printer from Strata-

sys.

FIGURE 2.4: 3D printers used in this thesis.

Before printing begins, the .stl file must be preprocessed by each printer slicing
software. DWS Systems developed Nauta Pro for this purpose and Fictor to finally
configure the SLA machine. In the case of Stratasys, both model slicing and printer
configuration are carried out through the Objet Studio work environment. The AM
process itself may take from about one to six hours for both machines depending on
the size, infill, shape and orientation of the part to print (i.e. the z-axis is more time
consuming than the xy plane, void infills require less time, etc.). Both 3D printers
output very soft surface ends. The resolution for the XFAB is 60-100 microns of layer
thickness depending on the material. The accuracy is expected to be ±100 µm [58]
and has been found to result in an offset oversize of about 200 µm in the xy plane.
In the case of the Objet, the resolution goes down to 16 microns of layer thickness
and the accuracy is still ±100 µm [59], although it has often resulted to be lower
during the experiments. The accuracy is always worse when printing parts with
larger dimensions for both technologies.

Each of the aforementioned companies offers their own catalog of engineered
materials, some of which have been characterized in terms of their electromagnetic
properties. For this reason, the methodologies used for the characterization are ex-
plained later in this chapter together with the results. The conclusion led to choosing
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one material per machine: Therma 289 for the XFAB and High Temp for the Objet.
They respectively have a permittivity of 3.2 and 2.9 and a loss tangent of 0.012 and
0.02, according to the measurement, these values being approximately constant from
DC to a few GHz. Both have been chosen because they are less lossy than others and
support relatively high temperatures, which is an interesting feature for both metal-
lization through electroless plating or soldering components.

Another remarkable feature is that the XFAB, since being SLA based, is not able
to print in multi-material while the Objet can. As explained in the previous chap-
ter, this implies that the machine from DWS Systems prints the supports using the
same base material as the part. The removal of these supports requires hard-working
manual labor and results in a rough surface, demanding extra polishing. The Ma-
terial Jetting printer, on the contrary, can use its multi-material feature to make the
part support in a soluble material that can be easily removed with pressurized water
equipment as shown in Fig. 2.5. Other post-processing work includes cleaning the
residual resin with ethanol in the case of the XFAB parts and possible machining
to accurize the printed object dimensions, this means correcting the tolerances. The
main characteristics of both printers are summarized in Tab. 2.1.

Feature XFAB 2500 Objet 260
Resolution (layer thick-
ness)

60− 100 µm 16µm

Accuracy ±100 µm (mostly found
to lead to an oversize
within the xy plane)

±100 µm (mostly found
to be much lower)

Printing time 1-6 hours 1-6 hours

Best material for RF pur-
pose

Therma 289:
εr = 3.2; tanδ = 0.012

High Temp:
εr = 2.9; tanδ = 0.02

Multi-material No Yes

Post-processing Hard support removal,
residual resin cleaning
with ethanol, possible
machining for tolerance
dimension correction

Easy support removal,
low possibility of ma-
chining for tolerance di-
mension correction

TABLE 2.1: Main features of the XFAB 2500 from DWS Systems and
the Objet 260 Connex1 from Stratasys.
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FIGURE 2.5: Pressurized water equipment for sample cleaning.

2.1.3 The Metallization Process

Once the part is printed, it has to be metallized. There are many different plating
methodologies, though only two have been chosen due to their positive results in
terms of conductivity and because they are cheap and easy to manage. These are
electroless plating and electroplating, which are explained below. They both require
a previous conductive seed layer, the application of which has already been detailed
and depicted in Fig. 2.2.

The basis for both technologies is a reduction-oxidation process between a metal
M and a solution with metal ions Mz+ that are in contact [60]. For this work, the
conductor chosen to be deposited is copper due to its high conductivity. The two
phases exchange ions at the vicinity of their interface like this

Mz+ + ze � M (2.1)

where z is the number of electrons e involved in the reaction. After the initial
time, the reaction reaches a dynamic equilibrium on the exchange of ions. The way
to force the flow of ions in the desired direction to get the deposition of copper parti-
cles over the seed layer (reduction) is what principally differs between both method-
ologies.

Electroless plating

One of the techniques used to grow a good conductor, such as copper, over a metallic
surface is electroless plating. This method [61], as stated before, consists in reduction-
oxidation reaction, where a catalytic surface (the metal seed) is immersed into a so-
lution containing copper and a reducing agent, formaldehyde in this case (HCHO).
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The overall reaction for electroless copper (Cu) plating is

Cu2+ + 2HCHO + 4OH− → Cu + 2HCOO− + 2H2O + H2 (2.2)

where the formic acid (HCOO−) is the oxidation product of the reducing agent.
The reaction also generates hydrogen gas that appears in the form of small bubbles
during the process. This is useful in order to see whether the deposition is taking
place or not. In this thesis, the M-Copper Omega solution has been used, which is
commercialized by MacDermid.

The copper deposit increases with time and is accelerated by increasing the tem-
perature, their optimum values being around hundreds of minutes and about 50ºC
[61], which will be demonstrated later in this chapter. Too low of a temperature
prevents the copper from reaching deposition. On the other hand, too high of a tem-
perature makes the metal grow too fast, thus it gets a non-uniform structure with a
remarkable granularity that increases the resistivity of the layer.

In Fig. 2.6, the required equipment is presented, including the LBX H03D digi-
tal magnetic stirrer with heating from Labbox and the Cruma 670 fume hood from
Cruma. A basic chemistry instrument set (beakers, pipettes, etc) is also necessary. It
is recommended to clean the part with ethanol before the bath, in order to remove
impurities, and after the bath to eliminate any residual drops from the solution that
may harm the copper layer.

FIGURE 2.6: Equipment for the electroless bath.

Electroplating

Similarly, this process of electrodeposition is based on a reduction-oxidation reac-
tion in the vicinity of the interface between a metal lattice and an ionized solution.
Nevertheless, in this case the direction of the reaction is forced by applying a charge
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current instead of a reducing agent [60]. The relationship between the deposition
layer thickness h and the time t to achieve it is as follows

h =
tZI
ad

(2.3)

where Z is the electrochemical equivalent and depends on the material of the metal
source and the solution, I is the current intensity, a is the plated surface and d is the
density of the deposit.

As in Fig. 2.7, the positive electrode of a current source is attached to a bulk-
copper sheet that will feed the solution of copper ions, while the negative one is
connected to the part to plate and both conductors are submerged in the solution.
Therefore, the potential difference oxidizes the sheet "moving" the copper particles
to the printed part, where a reducing reaction takes place depositing them over the
seed.

FIGURE 2.7: Equipment for the electroplating bath.

According to (2.3), this technique demands some considerations. The deposition
of the metal depends on the current intensity. On one hand, this implies that con-
ductor discontinuities, such as gaps or isolated areas where a continuous current
would not pass through, do not allow full metallization with a single bath but that
the electrodes need to be changed for separately plating each zone. On the other
hand, parts with complex geometries or large surface areas, compared to the current
path length, may lead to an important non-uniformity of the current distribution.
This produces a non-uniform deposition and thus a conductivity gradient, increas-
ing the difference between the maximum and minimum current intensity and thus
increasing the gradient again as well. To solve this last setback, the negative elec-
trode can also be moved along different points of the seed layer, the orientation of
the part can be changed and the part itself can be put relatively far from the copper
feed, enlarging the current path.
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As occurred with electroless plating and the bath heat, if the current is too low,
the deposition will not be achieved, while too high of a current will make a copper
layer of bad quality because of granular growth. Typical current intensities which
give good results go from 10 to 50mA, depending on the device or circuit to coat.
Parts with simple geometries can be close to the positive electrode and have a low
current passing through, while big parts, or those with complex geometries, require
more distance from the copper sheet and a higher current. The bath time tends to go
from 10 to 20 minutes in order to get a satisfactory deposition.

The copper electroplating kit shown in Fig. 2.7 consists of the Acidic Bright Cop-
per Solution from Tifoo, a bulk copper sheet, a current source and wires to fix the
sample to be metallized and to prevent the source electrodes from getting wet from
the acidic solution. The wires should be very thin so as not to harm the metal layer
during the process of attaching and detaching them from the part. Similar to the
case of electroless plating, it is recommended to clean the part before and after the
coating, but with distilled water instead of ethanol, which may harm the metal layer.

Comparison between electroless plating and electroplating

After several experiments, it has been found that electroplating is a better choice in
most cases for various reasons. It is cleaner and simpler since its reaction does not ex-
ude toxic fumes, the solution can be stored already prepared for metallization and is
not wasted with usage because the copper particles can be extracted from a feeding
source like the aforementioned sheet. Regarding the performance, electroplating has
presented better results in terms of both conductivity and time consumption (elec-
troplating takes minutes while electroless takes hours). A study on the resistivity has
been carried out and discussed in this chapter for the electroless process since it was
the first to be used for this work. An in-depth study has not been done on electro-
plating, although, the resistance measurement of several samples leads to conclude
that it produces an enhancement in terms of conductivity if compared to the electro-
less method. Moreover, the deposition is easier to control with a current source than
with a temperature heater. The only setback is that the current can not pass through
discontinuities, but, as explained, this can be solved by moving the negative elec-
trode or changing the orientation of the part. In terms of economical cost there is not
much difference, since the consumables are very cheap (less than one euro per plated
sample) for both techniques. The required equipment in the case of electroplating
procedure is not very specific so it can easily be found in many laboratory facilities.
Nevertheless, in the case of the electroless plating procedure, the equipment is more
expensive and heavier. An in-depth discussion on the budget will be given later in
this chapter. An overview of the comparison discussed above is summarized in Tab
2.2.
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Electroless Electroplating
Exudes toxic fumes. Does not exude toxic fumes.

The solution is wasted with usage. Copper is extracted from a sheet, sav-
ing the solution from being wasted.

Good conductivity. Very good conductivity.

Deposition time: few hours. Deposition time: 10-20 minutes.

Deposition controlled by temperature. Deposition controlled by charge cur-
rent.

Uniform deposition on any kind of ge-
ometry and size (not considering recipe
limitations).

Uniformity of deposition depending on
the current distribution. Discontinu-
ities block deposition.

Very cheap consumables. Fume hood
and a basic chemistry instrument set is
required.

Very cheap consumables. A current
controlled source is required.

TABLE 2.2: Summarized comparison between electroless copper plat-
ing and copper electroplating.
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2.2 Characterization of the Technology

The aim of this section is to provide a characterization of the presented technology
and a discussion of it, focusing on the electromagnetic properties of the available
dielectric materials for 3D printing, the performance of the metallization process
in terms of thickness, resistivity and granularity and the economical cost related to
equipment and consumables. The results have been compared with some in the
SoA.

2.2.1 Dielectric Characterization

In RF and microwave electronics, the behavior of any network is highly affected
by the dielectric properties of the surrounding environment, the substrate being the
most important agent in this role. Therefore, it is indispensable to have a good char-
acterization of the utilized materials in order for the electromagnetic simulations to
be as accurate as possible, thus ensuring the reliability of the design. Considering
that all available materials are non-magnetic1, the parameters to consider are the real
part of the relative permittivity ε′r and the loss tangent tan δ. In order to do that, the
following definitions must be stated:

ε = ε0εr = ε0(ε
′
r − jε′′r ), (2.4)

tan δ =
ε′′

ε′
. (2.5)

These expressions describe the permittivity ε as a complex parameter and the
loss tangent as the relation between the imaginary and the real part of ε. ε0 is the
permittivity of vacuum. In order to find these parameters, three different charac-
terizing methodologies are described: the Transversal Electric (TE) rectangular cav-
ity perturbation method, the Transversal Electromagnetic (TEM) coaxial waveguide
method and the microstrip Transmission Line (TL) method. Each technique has a
different frequency range of work, thus complementing each other. In the exper-
iments, all techniques are used to ensure the correct measurement of permittivity
and losses by checking their agreement. Finally, the results are compared to typical
substrate materials for RF electronics in PCB technology.

There are several printable materials offered by both DWS Systems and Stratasys,
but only a few of them have been characterized, especially those with thermal fea-
tures and those that offer more manufacturing precision according to the provider.
The chosen materials from DWS Systems are Precisa 779, Therma 2892 and Therma
294. In the case of Stratasys, the set includes High Temp, Vero Clear and Vero Black
Plus. Although some may have nano-ceramic structures or other characteristics,
they are all based on polymer photo-sensible resins, thus their dielectric properties

1The permeability of these materials is assumed to be equal to that in the vacuum (µ = µ0).
2This material is now obsolete.
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will not differ too much. The exact composition of the materials is not available since
they are not open-source products.

TE cavity perturbation

This method is based on measuring the resonant frequency fres and the Quality Fac-
tor Q of the excitable modes of an empty TE rectangular cavity and, then repeating
the measures after partially filling it with a sheet made of the Material Under Test
(MUT). Therefore, this technique will only give information for a few discrete val-
ues of frequency, according to these modes. The diagram of this configuration is
depicted in Fig. 2.8.
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FIGURE 2.8: Top-view diagram of the resonant cavity loaded with a
dielectric sample. d = 430.2 mm, a = 203.2 mm.

FIGURE 2.9: Coordinates for the cavity analysis.

In order to find the relationship between Q, f0 and ε′r, tan δ, one possibility is to
develop the energy analysis of the system. The cavity used is excited with a magnetic
field in x direction, therefore, since the dimension in y is too small for the frequencies
that pertain to this work, the chosen modes will only propagate along z, leaving y
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axis for the electric field. Then, the only excitable modes are the TEm0l
3. See Fig. 2.9

to understand the orientation of the cavity. The sample is located in the middle of
the cavity with its length along the x direction, thus the only desired modes will be
the TE10l , being l only odd numbers in order to have a maximum of E field at the
MUT location.

Once the modes to excite have been chosen, the first step is to describe total
energy We of the electric field E inside the volume V of the cavity, which can be done
as follows [62]:

We =
ε

4

∫
V

EyE∗ydv, (2.6)

where for TE10l , the electric field is

Ey = Ey0 cos
(

π

a
x
)

cos
(

πl
d + t

z
)

, (2.7)

where a and d respectively are the width and length of the cavity and t is the
sample thickness. The cavity height is b. Integrating (2.6) when there is no sample
gives the energy stored

W0
e =

1
2

ε0
a(d + t)

8b

∣∣∣bEy0

∣∣∣2 , (2.8)

where the absence of dielectric is represented by the superscript 0. Then, the
energy stored by the equivalent capacitance would be

W0
e ≈

1
2

CeqV2
eq, (2.9)

where the equivalent voltage is Veq ≈ Ey0 b thus the equivalent capacitance is

Ceq ≈ ε0
a(d + t)

8b
. (2.10)

At the resonant frequency fres, the energy of the electric and magnetic field are
equal, relating the equivalent capacitance and inductance Leq like

W0
e = W0

m =
1
2

Leq I2
eq (2.11)

and

2π f 0
res =

1√
CeqLeq

, (2.12)

where Ieq is the equivalent current. From there, the equivalent inductance results

Leq =
1

Ceq(2π f 0
res)

2 . (2.13)

3The subscripts m, n and l stand for the number of the mode at each direction, x, y and z.
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If a sample of width w and thickness t is introduced at the center of the slot of
length t, (2.6) becomes

Ws
e =

ε′r
4

ε0

∫
Vs

EyE∗ydv, (2.14)

where Ws
e is the energy stored within the sample volume Vs. Considering that,

the total energy stored within the cavity when the MUT sheet is present is

We = W0
e +

ε′r − 1
8

ε0bt

[
w +

a
π

sin
(

π

a
w
)]∣∣∣Ey0

∣∣∣2 . (2.15)

Arranging this expression and following the same steps done to find equivalent
capacitance in (2.10), the difference between the capacitance with and without the
MUT can be defined as

∆C = (ε′r − 1)ε0

t
[

w + a
π sin

(
π
a w
)]

4b
. (2.16)

The capacitance has changed due to the dielectric properties of the sample, but
the inductance remains the same since the material was assumed to be non-magnetic.
Then, the new resonant frequency will be

f ′res =
1

2π
√

Leq(Ceq + ∆C)
(2.17)

and replacing there (2.10), (2.13) and (2.16), the expression for the real part of the
relative MUT permittivity is found to be:

ε′r = 1 +
(d + t)

2t
(

w
a + 1

π sin
(

π w
a

))
( f 0

res
f ′res

)2

− 1

 (2.18)

In order to find the loss tangent, the Q factor must be measured, which is defined
[62] as

Q = 2π fres
We + Wm

Ploss
, (2.19)

where Ploss stands for the power losses and is defined as the losses at the walls of
the cavity plus those resulting from the imaginary part of the dielectric constant ε′′

[62], therefore

Ploss = Plosswalls +
1
2

ε′′
(
2π fres

) ∫
V

EyE∗ydv, (2.20)

that, over the sample volume, is

Ploss = Plosswalls +
1
4

ε′′
(
2π fres

)
bt

[
w +

a
π

sin
(

π

a
w
)]∣∣∣Ey0

∣∣∣2 . (2.21)



2.2. Characterization of the Technology 35

Now Qt can be defined as the total Q factor with the dielectric inside the cavity
and Qc without the sample. Combining (2.21) with (2.7) and (2.19) with (2.11) it is
given that

1
Qt

=
1

Qc
+ 2

ε′′

ε0

t
(d + t)

[
w
a
+

sin(πw/a)
π

]
(2.22)

and, remembering (2.5), the expression for the loss tangent can finally be found:

tan δ =
(d + t)

2ε′rt
[

w
a + sin(πw/a)

π

] [ 1
Qt
− 1

Qc

]
. (2.23)

TEM coaxial waveguide

This technique, also known as the Nicholson-Ross-Weir method, is commonly used
for characterizing low loss non-magnetic dielectrics [63]. Below, the required expres-
sions have been developed in order to properly implement them. They are based
on the relationship between the scattering parameters and ε′r, tan δ inside a coaxial
waveguide. As for the cavity, the results are found by calculating the differences be-
tween the measurements when a MUT sample is introduced and when it is not. Fig.
2.10 shows the schematic of this configuration, consisting of a coaxial MUT sample
in the center of the waveguide. However, the dielectric part will be manually intro-
duced, thus the position error will need to be corrected. Considering that the result
is found by analyzing the scattering parameters between the air (assumed as vac-
uum) and the dielectric, the waveguide is expected to be partially filled. Varying the
sample length will produce a resonance at one frequency or another with the conse-
quent distortion of the measurement, therefore samples with different lengths have
been manufactured for the experiment.
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FIGURE 2.10: Diagram of the coaxial waveguide partially filled with
a dielectric sample. The diameter is 7 mm, the total length of the
waveguide is 10 cm. The sample is intended to be centered as much

as possible for better measurements.

Considering port 1 of the Vector Network Analyzer (VNA) as the excitation port
in Fig. 2.10, there is a first reflection in the interface air-dielectric and a transmission
through it. Then an infinite succession of reflections occurs between both dielectric-
air interfaces. For each one of these reflections there is a succession of either trans-
missions, towards the right dielectric-air interface, or reflections, backwards to the
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left dielectric-air interface, respectively. In Fig. 2.11, the first five iterations are rep-
resented in terms of the reflection Γ and transmission coefficient T at each side of
both interfaces. The signal is excited from the left side (air) in the first row within a
characteristic impedance of Z0(ε0, µ0). Then, the wave goes through the interface to
the dielectric with characteristic impedance of Zc(ε, µ0), where ε is the MUT permit-
tivity, already defined in (2.4), and the permeability is the same as in a vacuum. The
signal is reflected by a coefficient Γ and transmitted to the dielectric by 1 + Γ at that
interface [62]. The testing sinusoid then travels to the end of the sample by an extra
coefficient T and finds the inverse interface (dielectric to air) where it is scattered
again. On one side the signal is reflected, changing its direction (thus descending
one row in the diagram of Fig. 2.10 to begin the following iteration) by a coefficient
−Γ. On the other side the wave is transmitted to the right end of the waveguide
where air is present as well as a new coefficient equal to 1 − Γ. Henceforth, the
sinusoid goes forward and backward decreasing its amplitude in infinite iterations.

FIGURE 2.11: Iterative scattering parameters effect at the interfaces
of a partially loaded coaxial waveguide. Vertical separation lines rep-
resent the interfaces between air (at both sides) and the MUT (in the
middle). Each new row represents a new iteration with the signal

wave traveling to the contrary side with respect to the row above.

In order to determine the resulting standing waves at the input and output of the
sample, the summation of all the series terms can be carried out using the following
definitions:

a0in = −Γ(1− Γ2)T2 (2.24)

is the first term of the series at the input, while at the output there is

a0out = (1− Γ2)T (2.25)

and, for both, any other term is

an = an−1r ; r = Γ2T2. (2.26)
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Thus, the following operations can be made to find the convergent result of the
series:

n

∑
i=0

air−
n

∑
i=0

ai = anr− a0 = a0(rn+1 − 1), (2.27)

that can be properly arranged to get

n

∑
i=0

ai =
rn+1 − 1

r− 1
a0. (2.28)

Neither Γ nor T will ever be higher than one by definition, then r < 1, that for
n→ ∞ goes to

n

∑
i=0

ai =
a0

1− r
. (2.29)

Therefore, the S21 parameter is directly this summation applied at the output of
the sample, while for the S11 the first coefficient Γ in Fig. 2.10 must be included since
it was not in the series resolution. Hence,

S21 =
(1− Γ2)T
1− Γ2T2 , (2.30)

S11 = Γ− Γ(1− Γ2)T2

1− Γ2T2 =
Γ(1− T2)

1− Γ2T2 . (2.31)

The next step to find the permittivity and the loss tangent is to define the follow-
ing variables:

V1 = S21 + S11 =
T + Γ

1 + ΓT
,

V2 = S21 − S11 =
T − Γ

1 + ΓT
.

(2.32)

Isolating T,

T =
V2 + Γ

1 + V2Γ
, (2.33)

that can be replaced in V1 of (2.32) and, with the proper arrangement, gives

Γ2 − 2ΓK + 1 = 0, (2.34)

where K is a new arbitrary variable defined as

K =
1−V1V2

V1 −V2
(2.35)

and the reflection coefficient can now be described as
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Γ = K±
√

K2 − 1, (2.36)

where the sign must be chosen in order to meet |Γ| < 1.
It is well-known [62] that the reflection coefficient is related to the characteristic

impedance of both mediums by

Γ =
Zc − Z0

Zc + Z0
=

Zc − 1
Zc + 1

, (2.37)

where Zc, Z0 and Zc respectively are the characteristic impedance of the dielec-
tric, the air and again of the dielectric but normalized by Z0. The characteristic
impedance can be found by dividing the wave impedance η by the waveguide cross-
section area.

Z0 =
η0

Across
=

η0

2π

∫ b

a

dr
r

=
η0

2π
ln
(

b
a

)
,

Zc =
η

Across
=

η

2π

∫ b

a

dr
r

=
η

2π
ln
(

b
a

)
,

(2.38)

where b and a are the outer and inner radius of the coaxial waveguide. The wave
impedance of the dielectric is

η =

√
µ

ε
=

η0√
εr

=
η0√

ε′r − jε′′r
, (2.39)

η0 being the air wave impedance and µ the permeability of the dielectric, which,
as said, has been assumed to be equal to that in the vacuum. From (2.37), it comes
that the normalized characteristic admittance is

Yc =
1− Γ
1 + Γ

=
√

ε′r − jε′′r (2.40)

and the real part of the relative permittivity can finally be defined as

ε′r = real
(

Y2
c

)
= real

[(
1− Γ
1 + Γ

)2
]

. (2.41)

The transmission coefficient can now be defined as the signal phase propagating
along the waveguide

T = e−jγd, (2.42)

where d is the waveguide length and γ is the propagation constant [62], defined
by

γ = 2π f
√

µε =
2π f
c0

√
ε′r − jε′′r , (2.43)
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where f is the frequency and c0 = 1√
µ0ε0

is the speed of light at vacuum. Then,
from (2.5), the transmission coefficient expression can be rearranged like

T = e−j 2π f
c0

ε′rd
√

1−j tan δ. (2.44)

Here, the square root element can be redefined as a complex number by the sub-
stitution

√
1− j tan δ = x− jy, (2.45)

giving

T = e−j 2π f
c0

ε′rxde−
2π f
c0

ε′ryd, (2.46)

where the first term refers to the phase and the second to the amplitude of the
transmission coefficient. Hereon, (2.45) can be developed as follows:

1− j tan δ = (x− jy)2 = x2 − y2 − j2xy, (2.47)

where imaginary and real parts can be separated giving a 2-variable equation
system: {

tan δ = 2xy

1 = x2 − y2
(2.48)

whose solutions are

x =

[
1 +

√
1 + tan2 δ− 1

2

]1/2

; y =

[√
1 + tan2 δ− 1

2

]1/2

. (2.49)

Finally, replacing y in the amplitude of T in (2.46), the loss tangent is found to be

tan δ =

√
(2τ + 1)2 − 1 ; τ =

 ln|T|
2π f
c0

dε′r

2

. (2.50)

From (2.41) and (2.50), ε′r and tan δ would have been determined if the scattering
parameters could be measured in the vicinity of the air-MUT interface. However,
there are some large gaps between the sample and the limits of the waveguide (see
Fig. 2.10). The substantial effect of these gaps is just a phase change due to the wave
path that can be easily corrected manually adding this difference to the measured
values. Considering l to be the waveguide length, the total gap length will be t =

d− l. The left-side gap is then defined as x = t
2 + ∆e, meaning that it is supposed to

be in the middle with some arbitrary error due to manual placing. Accordingly, the
right-side one as t− x. Therefore, being c0 the speed of light at vacuum, the phase
correction at the left and right side will respectively be
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φ1 =
2π f x

c0
,

φ2 =
2π f (t− x)

c0
.

(2.51)

Microstrip transmission lines

The basis of this method is the use of the expressions for designing a microstrip
Transmission Line (TL) in order to relate the measured transmission coefficient to
the permittivity and the loss tangent of its substrate. As for the other characteri-
zation techniques, 3D printing offers the possibility to self-manufacture full-custom
samples made up of the MUT.

FIGURE 2.12: Geometry of a planar microstrip TL.

In a microstrip TL like the one in Fig. 2.12, propagation of pure TEM waves is
physically not possible, since the phase velocity would be lower at the substrate than
in the air, leading to an inconsistent phase interface. Nevertheless, quite accurate
approximations can be made for electrically thin substrates (i.e. the thickness h <<

the wavelength λ) assuming quasi-TEM wave propagation. In this case, the phase
velocity in a microstrip TL is given by [62]

vp =
c0√
εe f f

= λ f =
2π f

β
, (2.52)

where c0 is the speed of light in a vacuum and εe f f is the effective permittivity
resultant of the combination of the presence of electromagnetic field lines within
the dielectric substrate and air, therefore, it will always have a value such that 1 <

εe f f < εr. β is the propagation constant and is related to the signal wavelength
as β = 2π/λ. More generally, the propagation constant can be described as the
phase shifting φ (electrical length) that occurs to the electromagnetic wave along a
particular physical length L.

β =
dφ

dL
. (2.53)

The effect of the SMA connectors attached to the manufactured lines can be mod-
eled as an increment of the phase γerr. Hereon, samples with different lengths can be
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manufactured and measured with a VNA to get a data cloud whose linear regression
will be in the form of

φ = βL + γerr. (2.54)

If θi is the actual phase measurement taken from a sample of length Li from a set
of n points, then, the least square method states that

β ≈
n

n
∑

i=1
Liθi −

(
n
∑

i=1
Li

)(
n
∑

i=1
θi

)

n
n
∑

i=1
L2

i −
(

n
∑

i=1
Li

)2 . (2.55)

An easy way to model the electromagnetic behavior of microstrip TLs is to imag-
ine them as two parallel plate capacitors filled with a material with the effective
dielectric constant. However, some field lines travel longer paths than others, as in
Fig. 2.13, which is called the fringing effect. There are several approaches in the
literature that consider the effect of fringing capacitance [64].

FIGURE 2.13: Cross view of a microstrip TL. The electric field lines
are depicted, showing the fringing effect.

In order to compensate for this effect, Wheeler proposed the approximation of
an effective track width in this form [65]

we f f = w +
2h
π

ln

[
2πe

(
w
2h

+ 0.92
)]

, (2.56)

where h is the substrate thickness and w the actual track width, as represented in
Fig. 2.12. Henceforth, the Hammerstad approach can be used to define the effective
permittivity [66]

εe f f =
εr + 1

2
+

εr − 1
2

(
1 +

10h
we f f

)−1/2

. (2.57)

Therefore, combining (2.52) with (2.57), the real relative permittivity will at last
be found by

εr =
2
(

βc0
2π f

)2
+ F− 1

F + 1
; F =

(
1 +

10h
we f f

)−1/2

. (2.58)
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In terms of the loss tangent, it can be found by measuring the amplitude of the
transmission coefficient, also known as the insertion loss IL. This information can be
used to calculate the attenuation per length α by the least square linear regression,
as in (2.55). The first-order function that describes the losses is

IL = αL + Losserr, (2.59)

where Losserr refers to the insertion loss produced by the connectors. The atten-
uation includes the losses due to the conductor and the dielectric α = αc + αd. Nev-
ertheless, the samples will not be chemically plated but covered with a bulk copper
adhesive sheet, hence the resistivity will be extremely low and αc negligible, leading
to α ≈ αd. Hereon, deriving the expression of the loss tangent for TEM waves [62]
will give the result for a theoretical stripline fully surrounded by a material with a
relative permittivity equal to εe f f . A simple conversion of the propagation constant
β from the effective permittivity to the εr found in (2.58) will finally result in the
actual tan δ of the MUT.

tan δ = 2
α

β

√
εe f f√
εr

(2.60)

Measurements

All the measurements have been carried out using a E5071C 4-port VNA from Keysight
Technologies Inc, which is the main measuring tool that has been used for the en-
tirety of this project and can be seen in Fig. 2.14. The MUT samples have been
fabricated with the corresponding 3D printer, see Fig. 2.15, 2.16 and 2.17. This
demonstrates a very interesting advantage of AM against other manufacturing tech-
nologies: the versatility of fabrication makes any kind of required sample easily and
quickly affordable, allowing for the easy development of different characterization
methodologies.
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FIGURE 2.14: E5071C 4-port VNA from Keysight Technologies Inc.

FIGURE 2.15: Resonant rectangular cavity. Thin sheet tester 08 from
Damaskos, Inc. The boards are the samples, the one inside the cavity
made with Precisa 779 and, the green one laying on the bottom right

corner, made with Therma 289.
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FIGURE 2.16: 85051-60007 Coaxial waveguide, 7 mm, 50 ohm, from
Keysight Technologies Inc. The upstanding cylinders are the samples,
made with the DWS Systems printable materials Invicta 915, Therma

289 and Precisa 779, from left to right.

FIGURE 2.17: Microstrip TL samples for dielectric characterization.
The substrate material is High Temp from Stratasys. The substrate
height is 1.5 mm, the track width is 3 mm and the lengths of each

sample are 40 to 120 mm in steps of 20 mm from right to left.

As previously mentioned, only the values at resonant frequencies could be ex-
tracted from the cavity perturbation method, while the coaxial waveguide technique
permitted a continuous spectrum. However, some significant peaks appeared in the
measurements of the latter due to resonances, which have been omitted for proper
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visualization of the results. Despite that, a good estimation of the required pa-
rameters has been successfully given and verified by the agreement between both
methods. These two techniques give reliable information from several hundreds of
MHz (near 1 GHz) to higher frequencies, thus the results were extrapolated to lower
bands. This extrapolation resulted in the expected behavior with the demonstrators
discussed in Chapter 3. However, the design of more complex devices presented in
Chapter 4 called for verification of the frequency dependence on the complex per-
mittivity at lower bands since it can perform significant variations due to different
relaxation mechanisms or resonance absorption bands of the dielectric [67].

The measurements presented here are from only those materials that were uti-
lized for the demonstrators, they are Therma 289 from DWS Systems for SLA and
High Temp from Stratasys for Material Jetting. The complete measurement set of
the electromagnetic behavior of these and other materials can be found in Appendix
A. The real part of the permittivity of Therma 289 is depicted in Fig. 2.18, where
it shows a dielectric constant of approximately 2.9, which is a common value for
polymer-like materials [68]. From Fig. 2.18 the agreement between two different
characterization methodologies: the cavity perturbation and the coaxial waveguide
techniques, can also be verified. The equipment used was the Thin Sheet Tester 08
from Damaskos, Inc. (the rectangular resonant cavity) shown in Fig. 2.15 and the
85051-60007 Coaxial Waveguide, from Keysight in Fig. 2.16.

FIGURE 2.18: Real part of the permittivity of Therma 289 from DWS
Systems. Experimental measurements using the cavity perturbation
and the coaxial waveguide methods. The sample sheet used for the
Cavity perturbation method has a width of 60.3 mm and a thickness of
1.83 mm. Three different coaxial samples have been used with lengths

of 10, 20 and 30 mm assuming the same radius as the waveguide.

The material High Temp from Stratasys was characterized using a combination
of the cavity perturbation method in Fig. 2.19B for high frequencies ( f > 800 MHz)
and the microstrip TL method in Fig. 2.19A for lower frequencies ( f < 1 GHz).
More materials from Stratasys are also presented in Appendix A. The results ob-
tained by the microstrip TL method were verified by carrying out the simulation
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of the same microstrip samples using the EMPro environment from Keysight, giv-
ing the expected response. Fig. 2.19 shows that the High Temp has a very similar
permittivity to Therma 289, with approximate values of 2.9− 3.1. The microstrip TL
method demonstrates that this material has a dielectric spectrum which is practically
constant with slightly higher values at lower frequencies.

(A) Microstrip TL. (B) Cavity perturbation.

FIGURE 2.19: Real part of the permittivity of High Temp from Strata-
sys. Experimental measurements using the cavity perturbation and
the microstrip TL methods. The sample sheet used for the Cav-
ity perturbation method has a width of 70.1 mm and a thickness of
1.1 mm. The microstrip dimensions were h = 1.5 mm, w = 3 mm and

L = 40, 60, ..., 120 mm.

In the case of the loss tangent, Therma 289 presents values around 0.04 at low fre-
quencies that quickly decrease until stabilizing around 0.012 after several hundreds
of MHz. This behavior is depicted in Fig. 2.20, demonstrating again, an agreement
between both the cavity perturbation and the coaxial waveguide methods. The re-
sults have been extracted from the measurement of the same samples used for the
dielectric constant. High Temp also presents approximate values of 0.04 at low fre-
quencies that decrease down to 0.02 around 1 GHz as seen in Fig. 2.21A. From there
to higher frequencies, the loss tangent stablilizes according to the cavity perturba-
tion method shown in Fig. 2.21B. As in the previous case, the direct results extracted
from (2.60) have been verified as well by simulating the samples with the EMPro
software.
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FIGURE 2.20: Loss tangent of Therma 289 from DWS Systems. Exper-
imental measurements using the cavity perturbation and the coaxial
waveguide methods. The sample sheet used for the Cavity perturba-
tion method has a width of 60.3 mm and a thickness of 1.83 mm. Three
different coaxial samples have been used with lengths of 10, 20 and

30 mm assuming the same radius as the waveguide.

(A) Microstrip TL. (B) Cavity perturbation.

FIGURE 2.21: Loss tangent of High Temp from Stratasys. Experi-
mental measurements using the cavity perturbation and the TL meth-
ods. The sample sheet used for the Cavity perturbation method has
a width of 70.1 mm and a thickness of 1.1 mm. The microstrip dimen-

sions were h = 1.5 mm, w = 3 mm and L = 40, 60, ..., 120 mm.

In order to compare the electromagnetic characteristics of some of the available
photoresins against typical substrate materials, Tab. 2.3 is introduced. As expected,
the plastic inks do not differ much from other polymer-like substrates in terms of the
real permittivity. Nevertheless, it can be seen that although having similar losses to
FR4, they are far from engineered materials specifically designed for RF applications
such as Roger RO3203 or RT Duroid 6002, which are much less lossy. The values are
approximated and have been taken at frequencies around 1 GHz, since the data is
more stable there. Therma 289 and High Temp are the less lossy among the available
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materials that offer more manufacturing precision, thus they have been the preferred
choice for the development of the demonstrators in the following chapters.

Material ε′r tan δ

FR4 [69] 4.7 0.014

ROGER RO3203 [70] 3.02 0.0016

RT Duroid 6002 [71] 2.94 0.0012

Precisa 779 (D) 3.0 0.022

Therma 289 (D) 2.9 0.012

Therma 294 (D) 3.1 0.025

Vero Clear (S) 2.2 0.029

Vero Black (S) 2.0 0.025

High Temp (S) 2.8 0.021

TABLE 2.3: Comparison between some typical substrate materials
used for PCB or antenna manufacturing. Materials with (D) are of-

fered by DWS Systems and those with (S), by Stratasys.

2.2.2 Conductivity Characterization

There are different issues concerning the quality of the metallization stage. The most
important in this case likely being the achieved conductivity, since conductor losses
can be significant in comparison to the ones related to the dielectric at high frequen-
cies. In fact, as explained in Chapter 1, a cheap metallization of high quality is a
pending subject for the 3D printed electronics SoA. Henceforth, it was considered
important to ascertain the reached performance with the presented methodology.
This characterization was made during the beginning stages of this thesis, and the
electroless plating technique was the only one used at that time, thus the exper-
iments have been made using this process. As stated before, the analysis of the
demonstrators in the following chapters point out an improvement of the resistance
measurements when using the electroplating method instead. The same character-
ization methodology could be perfectly applied to validate and quantify this en-
hancement.

A good approach to the measurement of the resistivity achieved is by measuring
first the sheet resistance of a metallized sample and then its copper layer thickness.

The sheet resistance is defined as

Rs = ρ/t (2.61)

where ρ is the resistivity and t the metal layer thickness. The Van der Pauw
method [72] allows for calculation of the sheet resistance of any sample by taking a
few measurements from the four probes at its edge. A current is injected into two of
them while the other two sense the tension drop. This method avoids errors in the
measured resistance produced by either the non-uniform current distribution or the



2.2. Characterization of the Technology 49

effect of the point contact resistance, which could be significant if measuring high
conductivities. Considering a theoretical sample of an arbitrary shape, like the one
in Fig. 2.22, with its dimensions being finite, this technique states that

Rs = ρ/t =
π

ln 2
RMN,OP + RNO,PM

2
f (2.62)

FIGURE 2.22: Example of 4-measure-point electrode placement on
an arbitrary shape for sheet resistance measures using Van der Pauw

method.

where RMN,OP is the resistance calculated by measuring the voltage from O to
P while injecting a current from M to N, and consequently for RNO,PM. f is here a
factor depending on the symmetry of the shape and probe location, being f = 1 and
RMN,OP = RNO,PM for perfect symmetry [72]. Accordingly, (2.62) simplifies as

Rs =
π

ln2
RMN,OP (2.63)

Although the shape is assumed to be independent of the symmetry simplifica-
tion, it can actually be used to minimize the errors related to probe misplacement
or sample fabrication deviations. Among some of the shapes proposed by Van der
Pauw, some have been found to perform better [73]. Therefore, the geometry from
Fig. 2.23 has been implemented.
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(A) Van der Pauw
geometry chosen.

(B) One of the metallized
Van der Pauw samples
used in the experiments.

FIGURE 2.23: Example of the Van der Pauw geometry.

The resistance measurement has been carried out using a B1500 Semiconduc-
tor Device Parameter Analyzer from Keysight, with four probes. This equipment
is depicted in Fig. 2.24. The values have been calculated using the EasyEXPERT
Application Test for Van der Pauw measurements installed in the same equipment.

FIGURE 2.24: B1500 Semiconductor Device Parameter Analyzer from
Keysight.

The precision of the experiment depends on the current and the resistance to
measurement. For small values of Rs, high currents are necessary to produce a sig-
nificant voltage decay. The captured data depicted in Fig. 2.25 is seen to start with
considerable instability until the samples converge within a smaller range, in this
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case corresponding to achieve a typical deviation of about ±500µΩ. The value is
taken from then on.

FIGURE 2.25: Example of the sheet resistance measurement stability
as a function of the number of samples.

In order to characterize the effect of time and temperature on the electroless plat-
ing process, three different sets of samples have been used, plating them with baths
at 40ºC, 50ºC and 60ºC. For each one, a time sweep from 100 to 500 minutes in steps
of 100 minutes have been considered. Different samples have been measured and
averaged for each of the manufacturing conditions. The results are depicted in Fig.
2.26. Here, it can be seen that the sheet resistance decreases with time, due to the in-
crements of deposition. Nevertheless, the curves begin to saturate around 400 or 500
minutes. According to this, a trade-off between time and optimal resistance should
be established. As expected, the resistance is reduced while increasing either time or
temperature, getting down to a best result of about Rs ≈ 1mΩ.
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FIGURE 2.26: Sheet resistance measurements against the time the
samples were inside the electroless solution. Three sets of samples

are shown for different bath temperatures.

The other lacking parameter required to find the resistivity is the thickness of the
conductive layer. In order to make the measurement, the samples have been cut in
half and their cross section polished before utilizing a ultra-high resolution TM3000
TableTop Scanning Electron Microscope (SEM) from Hitachi.

In Fig. 2.27, the dependence between the thickness of the samples and time or
temperature is shown without a clear strong correlation. It must be highlighted
that typical deviation in the measurements was sometimes around 10%, which is
in the range of the expected difference between time or temperature steps. These
deviations have not been included in Fig. 2.27 to ease the visual, though the images
shot by the TM3000 TableTop SEM from Hitachi are presented in the appendix B.
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FIGURE 2.27: Thickness of the metal layer depending on the time the
samples were inside the electroless solution and the bath tempera-

ture.

Finally, expression (2.61) can be used to find the resistivity, which is shown in
Fig. 2.28. In this case, the dependence on time and temperature is better defined
than from the thickness measurements. The temperature is seen to be crucial at the
beginning, while in the last values the difference is drastically reduced. In fact, over
time, not much resistivity variance is observed in the samples at 60°C.

FIGURE 2.28: Resistivity achieved depending on the time the samples
were inside the electroless solution and the temperature it was at.

From data retrieved at 60°C and 50°C and from the 300-minute mark and on-
ward, it can be stated that the resistivity is about 9− 20µΩcm. These are good results,
among the best in the SoA, as discussed in Chapter 1. The former SoA summary has
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now been updated in Tab. 2.4 with the values of this work in order to ease the com-
parison.

Reference Resistivity (µΩcm) Comments

[44] 50
Commercial 3D printing based on extrusion of both dielec-
tric and conductive ink. It costs 7,300 e and allows full-3D
printing.

[45] 4-80
The metallization and component placement implies signif-
icant manual labor while pausing during the printing pro-
cess. Full-3D is possible.

[46] 5
Commercial 3D printing based on dielectric material jetting
manufacturing integrated with an aerosol conductor inkjet.
It costs 400,000 e and allows full-3D printing.

[51] 18.5-19
This aerosol method allows plating curved and vertical sur-
faces, but not full-3D shapes.

Presented work 9-20
Full-3D printing technology. Low cost. Requires post-
processing manual work.

TABLE 2.4: Technology comparison of the presented work and the
SoA.

The discrepancies with bulk copper resistivity, which is 1.68 µΩcm, are produced
by the micro-gaps within the copper deposits. Electroless plating proceeds with the
coalescence of the metal particles, forming granular layers. The slower the deposi-
tion is, the more uniform the layers will be, thus the temperature (or current, in the
case of electroplating) has to be considered in this trade-off. An example of non-
uniformity in the copper layer in terms of gap density, is shown in Fig. 2.29A. The
figure is a SEM image and shows that the hole density is not very high in this case.
That is because the picture was taken from one of the best samples, where the cop-
per was deposited for 500 minutes at 50°C. The biggest holes can reach diameters of
about 50µm (Fig. 2.29B).
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(A) Zoom = x500.

(B) Zoom = x1800.

FIGURE 2.29: SEM picture of the surface of a Van der Pauw sample.
Time and temperature of the electroless bath equal to 500 minutes and

50°C.
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2.2.3 Budget

The objectives of this project, as stated in Chapter 1, asked for the development of a
technology which demanded an affordable budget. Below, a study of the economi-
cal cost of the required equipment and consumables for the manufacturing process
is disaggregated. Two different tables for each 3D printer have been separately pre-
sented referring to the equipment cost in Tab. 2.5 and the consumable cost in Tab.
2.6. In addition, also shown are the costs of the XFAB 2500 and the Objet 260 Con-
nex1 equipment and consumables in order to compare. Two final summations are
presented, one which is complete and the other without considering the electroless
plating instruments. This is because they are more expensive and can be eliminated
taking into account the later conclusions in this chapter about the plating process
comparison.

Equipement Price (e)
3D Printer (XFAB / Objet)4 6000/ 70000

Cruma 670 fume hood (electroless) 3500

H03D heating stirrer with accessories (electroless) 400

Current controlled source (electroplating) 200

Electroplating solution 15

Other laboratory equipment 200

Total (without electroless plating equipment) ∼ 6400 / ∼ 70400

Total ∼ 10300 / ∼ 74300

TABLE 2.5: Price of the equipment used for the whole 3D fabrication
process, including the substrate and metallization stage. Some values
have been approximated to ease the visualization. 3D printer cost

includes post-processing equipment.

This manufacturing methodology could clearly be applied to many other 3D
printers with different prices, but the current discussion gives an idea of the or-
der of magnitude. The budget difference between printing technologies must be
highlighted . The Material Jetting technology improvement in resolution, surface
finish and post-processing requirements demand a higher investment in infrastruc-
ture with respect to SLA, although it is still a good choice for prototyping. On the
other hand, electroless plating implies a considerable additional cost, another reason
to dispose of it, only opting for electroplating metallization.

4The price includes the cost of the machine, the specific software and other post-processing equip-
ment such as the pressurized water box for the Objet.
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Product Price per sample (e/sample)
Printer ink (XFAB/Objet5) 3-5 / 6-9

Nickel spray bottle <1

Silver spray bottle <1

Silver lacquer6 1-3

Electroless plating solution <1

TABLE 2.6: Price of the consumables used for the whole 3D fabri-
cation process, including the substrate and metallization stage. The
number of samples that can be produced by an amount of material
is only an approximation to give an idea of the order of magnitude,
since the exact number strongly depends on the size of the substrate
or the total area to be coated. For this evaluation they have been
assumed to be similar to the demonstrators developed in this work

(samples about 20-30 grams of weight).

From Tabs. 2.5 and 2.6 it is seen that most of the cost goes to the equipment,
assuming the production is not massive. Moreover, and especially in the case of the
first table, the exact cost might be reduced assuming that some of the equipment is
not very specific, therefore it may already be available in any research-related facility.

It must be taken into account that this 3D electronics printing methodology is
not fully automated thus involves manual labor that would raise the final produc-
tion cost. Therefore, it might not be the perfect choice for large stock manufacturing
in industrial areas quite yet, but it is still a good technology for slow prototyping in
research activities. A possible solution to this problem could be investing in a high-
conductive ink to be printed in the same AM machine together with the dielectric
base material. This is currently found in the SoA Optomec 3D printer [46] and ap-
pears to be a very expensive technology compared to this one, ranging in price up
to 400,000 e for one of their machines.

5In the case of the Objet 260, the base, the support and the wasted material are all included in the
final price. This has been calculated with an average, since the consumption is not the same for each
resin.

6The price has been calculated for samples fully plated with lacquer. In the case of using this paint
only for arranging conductive spray deficiencies, the price would be much cheaper.
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Chapter 3

Demonstrators I: Lumped Circuits

The best way to demonstrate the ultimate features of this technology is to manu-
facture and test actual RF devices and circuits. Furthermore, the novelty of our
approach is to produce non-standard 3D electronic components in order to show
what innovations can be achieved using this methodology. According to this idea
the following chapters will show several 3D prototypes. The aim of fabricating these
devices is not only to prove the capabilities of the process, but to develop studies in
certain 3D-shaped devices, which are not a common focus of the SoA due to the
difficulties of conventional electronics to make non-planar structures.

The demonstrators of the thesis are divided into two different chapters. The be-
ginning of Chapter 3 is introductory and proves that full-3D electronics are possible.
Thereupon, it focuses on passive components, mostly conical inductors, and lumped
circuits, specifically filters. The topic of chapter 4 is about distributed-element de-
vices based on helical-microstrip TLs.

This chapter begins with a Hello World! section where two simple LED-circuit
devices validate the capabilities of this AM technology in terms of connectivity, full-
3D shaping and component soldering. Section 3.2 develops a study on conical in-
ductors, evaluating the improvement in bandwidth and compactness in comparison
with traditional inductor topologies like: cylindrical solenoids or planar spirals. In
section 3.3, these conical inductors are used together with 3D shaped capacitors in
the implementation of passive filters of different orders with separately fabricated
elements. Finally, Single 3D Printing (S3DP) methodology is presented to enhance
the performance, compactness and manufacturing process of 3D electronic circuits
(particularly, Low-Pass (LP) and High-Pass (HP) filters) with the integration of all
its elements in a single printed part. Most of the work presented in this chapter has
been published in [52]–[55], [74], [75].
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3.1 Hello World!

The circuits shown in this section (Fig. 3.1) were the first to be built using this 3D
printing method. The objective was to prove the full-3D capabilities of the process
and ensure that soldering was possible. The first circuit (Fig. 3.1A) consists of a
3-mm-side cube made of the material Precisa 779 with the XFAB printer from DWS
Systems. The metallization has been carried out using electroless copper plating
over a nickel seed. The circuit is simply a through-hole LED and resistive load,
fed by the source voltage of an Arduino Uno through a wire. The second prototype
presents the same circuitry (figure 3.1B) while the substrate is a 2mm-diameter semi-
sphere with an integrated USB port that sources the LED. The material used in this
case is Therma 289 from the same printer and the plating process has been the same.
Both 3D layouts have been conceived with “dumb” paths to fulfill the purpose of
this section.

(A) Dice LED circuit
made with Precisa 779.
The edges are 3 mm long.

(B) USB semi-sphere
LED circuit.

FIGURE 3.1: Hello world! demonstrators. LED-resistor circuit.

From each prototype, there are some qualitative characteristics or features of the
technology that can be demonstrated. In both cases, the circuit is non-planar or full-
3D shaped since the tracks can go in any direction of the third-dimensional space
instead of being constrained to a singular plane by one or multiple parallel layers.
Particularly, the dice shows both vertical and horizontal tracks that can go straight or
turn around. The coating of a curved surface has been successful for the semi-sphere
and both devices present perfect continuity in inner or outer edge conductivity. An-
other interesting feature is the plating of straight or oblique vias through the same
process that can be seen in both prototypes. Furthermore, both the substrate and
the metallic layer have been found to be strong enough to withstand thermal stress
so that the soldering through-hole and SMD components are possible. Resistance to
mechanical stress has also proved to be sufficient for mechanical attachments such
as the USB connector of the semi-sphere, which is also another example of the ver-
satility of this technology, the connector being integrated into the same printed part
of the circuit. A summary of the features is listed below:
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• Full-3D shaped circuitry.

• Metallization of tracks with any orientation.

• Metallization of curved surfaces.

• Sharp edge metallization.

• Straight and oblique via metallization.

• Through-hole and SMD discrete components soldering.

• Mechanical attachment possible.

• Integration of different elements.
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3.2 Conical Inductors

Inductors are a basic element in RF electronics design and are commonly used,
among other applications, for impedance matching, as bias chokes, or as elements
in passive filters, in baluns or in couplers. The most common types of this com-
ponent are the solenoids as lumped elements and the planar and multilayer spiral
inductors for integrated circuit applications. However, they both present important
limitations, particularly concerning the bandwidth in the first case and the available
inductance range for small-sized components in the second one. Conical inductors
signify a very interesting enhancement due to their broadband operation for a wide
inductance range and very compact structures, hence being useful components for
multi-band, multi-standard RF system design [76]–[78]. The basic equivalent circuit
model of any inductor, as the one shown in Fig. 3.2, consists of the inductance L,
the resistor Rl , referring to the losses due to the conductor, and the parasitic parallel
capacitance C f . This capacitance resonates with L at the Self-Resonance Frequency
(SRF) appearing as the first bandwidth limitation, thus beyond that frequency, the
reactance of the component can not be treated as a pure inductance anymore. The
effect of C f is mostly produced by the electric coupling between the conductor sur-
face of adjacent turns, which can be decreased by reducing its radius. This is the
theory used for planar spiral inductors, in which one spire is smaller than the previ-
ous one, although, the spire area (and so the magnetic flux) suffers such a reduction
that only low self-inductance values can be achieved without considerably increas-
ing the component size [76], [78]. Henceforth, conical inductors represent a trade-off
between these two options. In fact, solenoids and spirals are the extreme cases for
the general case of the conical inductors when the cone angles are respectively equal
to 0° and 180°.

L Rl

C f

FIGURE 3.2: Inductor equivalent circuit model.

Usually, cone-shaped inductors are found as lumped components fabricated by
rolling up a copper wire into a cone [76], [77]. However, these structures are less
robust and are quite expensive to manufacture. In order to integrate these compo-
nents some attempts have been made to implement pseudo-conical inductors using
multilayered technologies [79] which leads to a more robust product and lessens the
fabrication cost. Nevertheless, this is still a planar topology and to take advantage
of the whole potential of these devices a full-3D implementation is required. Due to
its versatility, relative low cost and availability, AM is a very attractive technology
to implement high quality conical inductors, as part of a RF system.
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High quality conical inductors have been fabricated using the manufacturing
process described in this work. Below, their electromagnetic characterization is pre-
sented with focus on doing an in-depth study of the bandwidth enhancement for
broadband applications and its dependence on the cone angle. The results have been
extracted from experimental measurements as well as electromagnetic simulation
using full-wave 3D solvers. As previously mentioned, the design was carried out
with the EMPro from Keysight Technologies Inc. In order to manufacture these pro-
totypes, the XFAB SLA printer from DWS was used. The base material was Therma
289. The metallization was made using the electroless copper plating process.

The basic geometry of the conical inductor shown in Fig. 3.3 is determined by
the aperture angle α, the number of turns of the spiral N, the pitch between turns
p, the metal width w, the top radius r and the bottom radius R. Other physical
characteristics that may affect the geometry of the coil depend on the desired elec-
trical connection (i.e series or parallel), the placement and the orientation. In the
current case, in regards to the conical inductor study, one node of the component
corresponds to the end of the spiral that touches the bottom perimeter of the cone.
The other node is at the center of the cone bottom and connects to the top through a
via that goes along the cone axis. This topology permits the attachment of the pro-
totypes on a PCB, as in Fig. 3.5, which is useful for their characterization. Different
ways to connect these inductors will be presented in further sections depending on
the application.

FIGURE 3.3: Basic CAD model of a conical inductor.
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Simulations have been carried out in the same CAD environment, providing the
reflection coefficient of the conical inductor as a function of frequency. From the rela-
tion between the simulated reflection coefficient Γ and the impedance of the inductor
ZL in (2.37), the last can be isolated as

ZL = Z0
1 + Γ
1− Γ

, (3.1)

where Z0 was told to be the characteristic impedance of the medium. Then, con-
sidering the inductor model of Fig. 3.2 and assuming that at low frequencies the
parasitic capacitance has minimum effect, the impedance of the inductor can be de-
scribed by

ZL = R + j2π f L (3.2)

and, hence, the equivalent inductance Leq can be obtained evaluating the imagi-
nary part of the impedance at low frequencies:

Leq =
imag(ZL)

2π f
. (3.3)

Another important parameter of inductors is the quality factor which is defined
as the ratio between the energy stored and the power losses in a period of the signal.
Since the capacitance is assumed negligible at low frequencies, the energy stored is
directly that which is produced by the magnetic fields and can be calculated with
(2.11). A period of the signal is given by the inverse of the angular frequency 1/2π f .
The power losses can now be defined by

Ploss =
1
2

Rl I2. (3.4)

Therefore the quality factor can be extracted from

Q = 2π f
Wm

Ploss
= 2π f

1
2 LI2

1
2 RI2

=
2π f L

R
=

imag(Zc)

real(Zc)
. (3.5)

The experimental measurement of the scattering parameters has been carried out
using the E5071C 4 port VNA from Keysight Technologies Inc. The conical inductors
are mounted onto a sample holder as shown in Fig. 3.5. Then, two-port scattering
parameters are measured. The connector and pad effects have been deembedded
by properly calibrating the analyzer with short, open, load and through standards1,
which have been specifically designed for this particular PCB-mounted SubMinia-
ture version A (SMA) connectors. The circuit model of Fig. 3.5, which is represented
in Fig. 3.4, shows that the resulting two port scattering matrix must be converted

1The manual calibration of a VNA is performed by giving the reference measurements of some
standards whose simplicity reduces the amount of error. The most common are the open, short and
load terminations and the through connector for 2-port networks. For more information refer to [80].
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Leq

Port 1→ ← Port 2

FIGURE 3.4: Schematic model of the inductor circuit mounted for
characterization.

into one port reflection coefficient by applying differential mode excitation condi-
tions. At this point, the equivalent inductance and the Quality Factor are obtained
in the same way as for the simulation.

FIGURE 3.5: Example of conical inductor mounted onto the PCB sam-
ple holder for experimental characterization. In this case the geom-
etry of the inductor corresponds to α = 60°, N = 3, p = 5 mm and

w = 2.5 mm.

The results in Fig. 3.6 show a comparison between the experimental measure-
ments of a particular sample and a discrete set of simulated values carried out with
FDTD. The agreement between the measurements and simulations of the equiva-
lent inductance must be noted. On the contrary, some discrepancies are observed in
the case of the Quality Factor. This is due to the fact that the equivalent inductance
mainly depends on the geometry of the metal spiral and it is only slightly affected
by changes on the conductivity and thickness of the metal strip. This is absolutely
not the case when the Quality Factor is considered, since it is quite dependent on
the conductivity and thickness of the metal strip. However, simulations are carried
out assuming a metal conductivity as that of bulk copper as well as full and uniform
metal coverage of the trenches. In practice, the actual metal structure and thick-
ness depend on the electrolyte bath temperature, time of electroless plating process,
surface morphology and composition of the seed [61].
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FIGURE 3.6: Equivalent Inductance and Quality Factor of a conical
inductor with the following geometrical parameters: α = 60°, N = 5,
p = 3 mm and w = 1.5 mm. Continuous lines correspond to experi-

mental measurements and symbols to FDTD simulation results.

A more in-depth study has been carried out in order to evaluate the geometry
dependency of the electromagnetic performance. The frequency response of more
than 140 different conical inductors have been simulated using the FEM method,
while the cone angle, α, has been varied from 0° to 180° and the number of turns,
N, from 3 to 8. The top radius is set to 3 mm and the bottom radius is constrained
by the rest of parameters. From the obtained S-parameters and using (3.1),(3.3) and
(3.5), the quasi-static equivalent inductance and the SRF of every inductor have been
calculated as a function of the cone angle and the number of turns. To minimize
the inductor size and the dimension of the simulation space, for all the cases under
study, the metal width and pitch are kept at their minimal values (i.e., 1 and 2 mm,
respectively).
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FIGURE 3.7: Contour plot of constant quasi-static Inductance of 3D
conical inductors. The simulated curves are plotted on the plane
formed by the cone angle and the number of turns. Curves corre-
sponding to inductance values from 50 to 200 nH, with 25-nH step,

are shown.

FIGURE 3.8: Contour plot of constant SRF of air-filled 3D conical in-
ductors. The simulated curves are plotted on the plane formed by the
cone angle and the number of turns. Curves corresponding to SRF

values from 0.5 to 1.5 GHz, with 0.1-GHz step, are shown.

Fig. 3.7 shows the contour plot of constant quasi-static inductance on the plane
formed by the cone angle and the number of turns. Curves corresponding to induc-
tance values from 50 to 200 nH, with a step of 25 nH, are plotted. Fig. 3.8 shows
the contour plot of the SRF on the same plane. In these cases, the inner dielectric
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material is air for all the inductors in order to simplify the simulation computation.
Curves corresponding to SRF values from 0.5 to 1.5 GHz, with a step of 0.1 GHz, are
plotted.

By selecting a curve of Fig. 3.7 and using the corresponding pair values of (α, N)
on the plot of Fig. 3.8, we can obtain the SRF as a function of the cone angle for the
inductors having the same value of the quasi-static inductance. An example of the
result is shown in Fig. 3.9. On the plot, we can see the behaviour of the SRF for 3D
conical inductors with the quasi-static inductance values of 100, 125, and 150 nH. We
can observe that for the three cases most of the increase of the SRF due to the conical
geometry occurs for cone angles up to 50°–60°. For higher values of the cone angle,
no relevant improvements are observed.

FIGURE 3.9: SRF as a function of the cone angle for three values of
the quasi-static inductance of 3D conical inductors.

In addition to achieving the maximum SRF, it is also of great importance to keep
the component as compact as possible. In order to quantify the compactness of the
inductors a Figure of Merit (FoM) is proposed. It is made up of the volume of the
smallest sphere containing the component. Fig. 3.10 shows the FoM as a function of
the cone angle for a set of inductors with the same target inductance value. There-
fore, according to this figure, a conical inductor of 31.8 nH of inductance is four times
bigger with a planar structure than with a conical shape. In other words, this verifies
that for a constrained sphere volume, smaller cone angles permit the achievement
of higher inductance values.
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FIGURE 3.10: Plot of the compactness FoM as a function of the cone
angle for a set of inductors having the inductance target value of 31.8

nH.

A new set of samples has been fabricated to validate the previous study. The
whole set consists of 12 3D-printed conical inductors with a metal width and pitch of
1 and 2 mm, respectively. The cone angle ranges from 0° to 180°, so that the transition
from the classical solenoid (i.e., α = 0°) to the planar spiral inductor (i.e., α = 180°)
can be studied. Some of the fabricated inductors are shown in Fig. 3.11. Table 3.1
shows the quasi-static inductance, LDC, the maximum quality factor, QMAX, and the
SRF for the whole set of samples. The design target was to keep the quasi-static
inductance constant and equal to 140 nH. According to the experimental results (i.e.,
second column in Table 3.1), the average value of the quasi-static inductance is 140.3
nH, and the standard deviation is equal to 1.9 nH.
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FIGURE 3.11: View of 3D printed conical inductor samples corre-
sponding to different cone angles.

α(◦) LDC(nH) QMAX SRF (MHz)

0 143.1 51.3 355.45

5 139.9 38.4 411.52

10 140.8 28.2 445.53

20 142.5 24.2 456.51

40 138.8 46.1 472.55

60 139.6 27.1 475.08

80 138.3 28.8 464.55

100 137.7 25.5 460.07

120 139.9 49.9 454.53

140 142.9 28.4 449.00

160 142.5 24.8 464.17

180 138.5 39.1 523.67

TABLE 3.1: Electromagnetic properties of 3D conical inductors.

The dielectric used to perform the base geometry is again Therma 289 from DWS
systems Inc. Fig. 3.12 shows the results of the SRF obtained from experimental
measurements (i.e., fourth column in Table 3.1) and FEM simulations. Symbols cor-
respond to experimental values of the “therma” base inductors. Continuous lines
correspond to simulation results with and without base material which are labeled
“therma” and “air,” respectively. Note that there is quite an agreement between the
experimental and simulation data, particularly for cone angles in the range from 20°
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to 60°, and 180°. For intermediate values of the cone angle, the observed discrepan-
cies could be a consequence of different printing resolutions in the z-direction and
the xy plane. Using test structures, the observed printing oversize in the z-direction
is equal to 60 µm, and in the x- and y-directions, it is 200 µm. For vertical and pla-
nar structures, simple oversize corrections can be applied, but it is not so easy to
apply an oversize correction for arbitrary 3D structures. In this case, this oversize
correction mismatch results in an increase of the metal width for intermediate cone
angles with a corresponding increase in the turn-to-turn capacitance or, accordingly,
a decrease of the SRF.

FIGURE 3.12: SRF as a function of the cone angle for the set of 140-
nH 3D conical inductors. Symbols: experimental results. Continuous

lines: simulation data.

In conclusion, the feasibility of high-quality conical inductors fabricated by means
of stereolithographic 3D printing in combination with electroless copper plating has
been demonstrated. The proposed methodology leads to high conductivity metal
traces suitable for RF applications. An in-depth analysis of the 3D conical inductor
geometry and its influence on the maximum achievable bandwidth is also reported.
The transition, in terms of SRF, from the classical solenoid (i.e., α = 0°) to the planar
spiral inductor (i.e., α = 180°) reveals that most of the bandwidth improvement takes
place for relatively small cone angles, up to 50°–60°. For cone angles with higher
values, no relevant improvements are observed. Moreover, a compact FoM has been
used to validate the fact that conical inductors are a good choice for miniaturization
compared to planar spirals. It is worth pointing out that complex algorithms could
compensate for oversize due to printing resolution of arbitrary 3D-printed parts.
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Further research could focus on metallizing the samples with copper electroplat-
ing to evaluate what the quality factor improvements are. An enhancement of the
simulation accuracy could also be reached by replacing, in the 3D models, bulk cop-
per conductivity for the expected one after real coating. Another interesting subject
would be looking into the effect of magnetic cores filling the conical coils.

In addition, the results of this study will be used in the next section to fabricate
some passive frequency filters in full-3D geometry. Therefore, the implementation
of conical inductors in the prototypes will improve of the bandwidth range. This
application of conical inductors will imply a new challenge in designing circuits
fully based on 3D elements.
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3.3 Passive Filters and S3DP

Filtering is a basic function in circuit design that permits the rejection or selection of
frequency bands of an incoming signal. Filters become crucial devices for many ap-
plications at intermediate frequencies, such as filtering after down-conversion mix-
ers whose spectrum might range from a few kHz to hundreds of MHz. They require
the use of high performance components in the RF and microwave ranges and their
main requirements are related to the compactness to reduce dimensions, the Q-factor
to decrease losses, bandwidth enhancement and cost reduction. 3D-printing tech-
nologies have erupted in electronic engineering with solutions and alternatives to
satisfy these requirements through coaxial filters with resonant cavities [81], waveg-
uides [82], transmission lines [83] or stepped impedance resonators [84]. However,
these options demand a very large area for High Frequency (HF), Very-High Fre-
quency (VHF) or Ultra-High Frequency (UHF) bands, considering that the device
dimensions directly depend on the signal wavelength. At these ranges of frequency,
lumped-element circuits are a better choice for passive filters; they consist of a com-
bination of passive elements, mostly inductors and capacitors.

As previously discussed, one of the main limiting factors of an inductor is the
maximum achievable quality factor Q, that is bound by the ohmic and magnetic
losses [85], [86], and directly affects the insertion loss of the filter. Another limitation
is produced by the aforementioned SRF, also known as the first resonance frequency
of the inductor, beyond which the coil cannot be treated as a pure inductive element
and thus it sets the bandwidth at which the filter behaves as desired. Hereon, conical
inductors appear as a very interesting option to enhance the filter performance by
enlarging the bandwidth while ensuring a compact design.

The use of 3D geometries allows for improvement of the performance of capac-
itors as well. This topic has already been discussed in the literature by way of
techniques for IC capacitor implementation, such as Metal-Insulator-Metal (MIM)
capacitors embedded in silicon substrates as stand-alone, or in combination with
Through-Substrate Vias (TSV) [87]–[89]. In this section, the design of full-3D capac-
itors will demonstrate the space-saving feature of the technology developed in this
work by adjusting to the inductor dimensions. Moreover, the capacitors will ap-
pear as a crucial interconnection for the presented 3D topologies to enhance the final
compactness.

The design of 3D passive filters based on conical inductors will also be presented.
The verification of the designs is carried out by simulations of the 3D models and
tests of the manufactured prototypes. The section is divided into two main parts:
the beginning shows the first attempt at 3D-filter fabrication where each discrete el-
ement is manufactured separately. In the second part, the filters are fabricated in
S3DP as an implementation of 3D-printed electronics integration. The later proposal
cuts the dependency of the number of parts per filter with the order of the network.



74 Chapter 3. Demonstrators I: Lumped Circuits

This leads to a reduction of printed parts and hence solves different drawbacks re-
lated to assembly, such as manufacture time or parasitic effects between components
due to bad or asymmetric interconnections and placement.

All the filter prototypes have been designed as 2-port in a medium of 50 Ω. They
have also all been chosen to be in Butterworth topology at a cutoff frequency of
250 MHz. This implies that the structure will consist of a chain of alternated series
inductors and parallel capacitors for Low-Pass (LP) filters and vice versa for High-
Pass (HP) filters. The sequence of the elements (whether beginning with a capacitor
or an inductor) has been chosen to ensure the filter geometric symmetry, taking into
account the conical shape of the coils and properly designing the capacitor model.
The order of the filter, that will be equal to the number of elements, is always cho-
sen to be odd for the same symmetrical reason. Moreover, each circuit is contained
inside a shielded rectangular box that makes ground function, and is where SMA
connectors are attached.

For normalized Butterworth LP filters [90] of order n with a source resistor R′s = 1 Ω
and a cutoff frequency ω′c = 1 rad/s, the reactances and susceptances gk are given
by the expression

gk = 2 sin

(
(2k− 1)π

2n

)
. (3.6)

A series of these values up to order 5 have been listed in Tab. 3.2, where the
subscript k is the component index. A passive LP filter can be made up by alternating
inductors in series and capacitors in parallel, whose values can be found by applying
the proper transformation and frequency scaling

Lk =
Z0gk

ωc
(3.7)

Ck =
gk

Z0ωc
(3.8)

where Z0 = 50 Ω is the characteristic impedance and ωc the desired cutoff
frequency in rad/sec. For HP filters the capacitors must be in series and the induc-
tors in parallel. Moreover, another transformation to the normalized reactances and
susceptances must be applied as in [90]

gkhp =
1
gk

(3.9)

Then, the scaling and transformation in (3.7) and (3.8) can be applied as well to
find the element values.
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Order g1 g2 g3 g4 g5

1 2.0000
2 1.4142 1.4142
3 1.0000 2.0000 1.0000
4 0.7654 1.8478 1.8478 0.7654
5 0.6180 1.6180 2.0000 1.6180 0.6180

TABLE 3.2: Normalized Butterworth elements for filter design.

3.3.1 Filters with Separated Elements

The first attempt to apply conical inductors in the fabrication of full-3D printed fil-
ters is described below. The prototypes have been designed as third-order and fifth-
order non-planar passive LP filters, whose circuit schematics are depicted in Fig.
3.13. As it is the first attempt at fabricating a RF network using said technology,
the different elements have been separately designed and manufactured. According
to (3.7), (3.8) and Tab. 3.2, the element values are the following for the third-order
system:

• L1 = L2 = 31.8 nH

• C = 25.5 pF

And these for the fifth-order filter:

• C1 = C3 = 7.9 pF

• L1 = L2 = 51.5 nH

• C2 = 25.5 pF

L1 L2

C

(A) Third-order

L1 L2

C1 C2 C3

(B) fifth-order

FIGURE 3.13: Circuit schematics for the presented passive ladder LP
filters.

Due to their complexity, inductors are the first elements to be designed. Then,
the final filter response and physical structure is adjusted by modifying the capaci-
tors. The CAD model of the coil is depicted in Fig. 3.14. The design methodology is
exactly the same as detailed in the last section, although the final parameter values
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may vary since the geometry is not identical. In the current topology, a small hole
is introduced on the top of the third-order filter inductor for better attachment of
the connector pin, that is, this point represents one node. No via is included in the
cone and the bottom is fully plated to ensure proper connection with homogeneous
current distribution, since it represents the other node. The only design parameters
that are not fixed to the same values as the section above are the cone angle and the
number of turns. Assuming bulk copper as the conductor and Therma 289 as the
base material, those parameters are α = 54° and N = 2.5 to get an inductance of
L = 31.8 nH and α = 57.5° and N = 3 to get an inductance of L = 51.5 nH.

(A) (B)

FIGURE 3.14: Filter inductor example. 1. Coil. 2. Mask to make a
hole for the pin contact. 3. Top node. 4, 5. Leads to the bottom. 6.

Bottom node.

Concerning the capacitors, two different models have been developed for these
filter prototypes. The first approach (named here model A) is depicted in Fig. 3.15
and consists of a coaxial segment that terminates in a circular parallel plate structure,
where the inner conductor of the coaxial is connected to the external plate and the
outer one to the internal plate, which is actually a ring. In the case of a capacitor that
has to be in the middle of two inductors, two pairs of parallel plates are set, each
one being on its own side of the coaxial segment. This ensures better connection
to the bottom of the inductor and increases the capacitive surface. The coupling
within the coaxial segment will then be insignificant, although the use of this part
is to ensure proper connectivity to the ground, which would then cover the custom
container cases, when 3D printed as well. Henceforth, the design parameters are
the inner and outer radii (a and b) of the coaxial segment, the length of the segment
∆x, the radius of the circular plate R and the distance between plates d. Radii a
and b are respectively set to 1.25 and 3 mm, which are minimum values for proper
manufacturing, considering that inner plating will be required. This stands for a
characteristic impedance of Z0 = 30.83 Ω, and an inductance and capacitance per
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unit length equal to l = 175 nH/m and c = 184 pF/m considering that Therma
289 has been used as the base dielectric for all the filter prototypes. The length of the
segment is set to ∆x = 2.5 mm for proper connection to the ground. To maximize
the capacitance density, the distance between plates has been fixed to the minimum
feasible value according to the AM constraints of the 3D printer. This is d = 0.5 mm.
Finally, the radius R represents the only degree of freedom to design the capacitor in
order to have the desired capacitance. In schematic terms, the full structure in Fig.
3.15B is the same as two of the half capacitors like that in Fig. 3.15A connected in
parallel.

(A) Half structure. (B) Full structure.

FIGURE 3.15: First approach (model A) of the capacitor for the non-
planar LP filter prototypes with separately manufactured elements.

Nevertheless, a drawback of this topology concerns a compactness limitation.
If the capacitance required is too high, the plate would oversize the bottom of the
conical inductor, which could be expected to be the actual and only compactness
limitation. This issue has been solved by proposing a second approach to the capac-
itor design, which is depicted in Fig. 3.16 and is named model B. It is based on the
same geometry with a ring appended to the perimeter of the parallel plates which
will constitute a wider extra coaxial segment, parallel to the thinner one. The thick-
ness of this new coaxial segment is set to a minimum value of th = 0.5 mm in order
to maximize the capacitance density and hence achieve a more compact design. The
radius of the circular plates is now fixed to fit the bottom of the conical inductor,
which will be the same on both sides since both inductors must be equal, keeping
in mind the expected inductance. This again leaves only a free parameter, which in
this case is the length of the wide coaxial segment ∆x′.
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(A) Half structure. (B) Full structure.

FIGURE 3.16: Second approach (model B) of the capacitor for the non-
planar LP filter prototypes with separately manufactured elements.
The names of the other design parameters are the same as in model

A.

The third-order filter has been simulated and manufactured with both types of
the capacitor. The T structure from Fig 3.13A is based on two conical inductors
with the top facing outside and a complete capacitor in the middle. Then, the fifth-
order prototype has been developed by using the improved capacitor and consists
of the same T topology with two extra half-capacitors, one on each side, following
the schematic of Fig. 3.13B. The half-structure capacitor has been chosen to be on
the sides of the filter to ease the attachment to the connector pin and increase the
compactness.

The simulations have been carried out in the EMPro environment, assuming the
conductor to be bulk copper and the dielectric to be Therma 289, a capacitance of
25.5 pF has been found by a radius R = 8.8 mm for the full-structure of the precursor
model while the improved one gets the same capacitance with a radius R = 7 mm,
fixed by the bottom of the inductor, and a coaxial segment length ∆x′ = 2.2 mm.
In the case of the fifth-order filter, the capacitor radii are set to R = 6.75 mm. The
half capacitors with a length of 1.1 mm give a capacitance of 7.89 pF while the full
capacitor with a length of 3.15 mm gives a capacitance of 25.31 pF.

The simulated characterization of the designed components has been exported
to the ADS software from Keysight Technologies Inc. The simulated transmission
response of the third-order prototypes are depicted together in Fig. 3.17 because they
are practically the same. The expected response of the fifth-order filter is presented
in Fig. 3.18. Both have been compared with the response of an ideal filter of the same
order and topology in order to check the agreement of the design with the desired
performance. Looking at the graphs, it can be seen that this agreement works for
all prototypes. The 3-dB frequency deviation is smaller than 2% with respect to the
ideal response and the insertion loss is less than 0.2 dB. Some discrepancies appear
beyond 400 MHz for the third-order prototypes and 300 MHz for the fifth-order
filter. They represent an increment of the losses at the rejection band, leading to an
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increment of the selectivity. Slopes of about −100 dB/dec for the third-order filters
and about −150 dB/dec for the fifth-order prototypes are reached. This is produced
by the parasitic resonances of the passive elements. Moreover, and considering the
rejection band, a −30-dB bandwidth can be ensured beyond 2 GHz in the rejection
band for all prototypes.

FIGURE 3.17: Simulated transmission response of the non-planar
third-order LP filters based on conical inductors. Continuous line cor-
responds to the response of an ideal filter, dashed line to the model A

prototype and dotted line to model B.

FIGURE 3.18: Simulated transmission response of the non-planar
fifth-order LP filter based on conical inductors and model B capaci-
tors. Continuous line corresponds to the response of an ideal filter

and dashed line to the simulated model.

All the prototypes have been manufactured using the aforementioned technol-
ogy with a XFAB printer and Therma 289 as the base material. The metallization
has been carried out by the electroless plating process. The assembly stage consists
of mounting the elements inside the container case and attaching the SMA connec-
tors. The results are shown in Fig. 3.19 for third-order devices and in Fig. 3.20 for
the fifth-order prototype. The case is designed in two halves so the components
can be put inside after manufacturing and has two main features, the first being
to hold the whole structure together, and the second to act as ground, connecting
the corresponding node of the capacitors with the connector shielding. Soldering
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the different parts is not necessary since the mechanical stress produced by the con-
nector screws is enough to ensure proper connectivity. The final dimensions of the
fabricated devices are 2.3× 2.3× 3.2 cm and 1.9× 1.9× 3.2 cm for the third-order
filters with model A and B capacitors, respectively. The compactness enhancement
achieved by the second class can be seen. The dimensions of the fifth-order filter
are 1.9× 1.9× 4.0 cm, it is obviously larger because of the increase in the number of
elements.

FIGURE 3.19: Third-order filter prototypes manufactured with the
XFAB printer in Therma 289 material and metallized using electro-
less copper plating. The filter with model A capacitors is on the right
side and model B on the left. The case is open to allow an interior

view.

FIGURE 3.20: Fifth-order filter prototype manufactured with the
XFAB printer in Therma 289 material and metallized using electro-

less copper plating. The case is open to allow an interior view.
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The prototypes have been characterized by using an E5071C 4-port VNA from
Keysight ranging from 1 MHz to 2.5 GHz. The measurements of the filter transmis-
sion are displayed in Fig. 3.21 for the third-order filter model A, in Fig. 3.22 for the
third-order filter model B and in Fig. 3.23 for the fifth-order prototype. Agreement
with the simulations for all cases can be seen. The third-order filter model A has
a cutoff frequency deviation of 4.8%, in respect to a target frequency of 250 MHz,
while both filters with model B capacitors have a deviation of less than 2%. Dis-
crepancies with simulations are related to the tolerances of the AM process. Taking
a look at the pass band, the insertion loss is less than 0.15dB at low frequencies for
all the devices. The maximum difference of the measured transmission with the
ideal response is 0.32 dB and occurs at 106 MHz for the third-order filter model A,
0.30 dB at 108 MHz for the third-order filter model B and 0.85 dB at 197 MHz for
the fifth-order prototype. This increment of the insertion loss at higher frequencies
was not present during the simulations because bulk copper was assumed, while the
conductivity achieved by the utilized plating process is lower. Moreover, the mea-
sured selectivity is lower than in the simulations, with slopes of −66.4 dB/dec for
the third-order filter model A, −68.4 dB/dec for the third-order filter model B and
−98.75 dB/dec for fifth-order filter, the last being very close to the ideal response. In
terms of the rejection band, the −30-dB bandwidth can still be ensured up to 2 GHz
for all the prototypes, achieving minimums of transmission of −52 dB, −69 dB and
−67 dB, respectively.

FIGURE 3.21: Measured transmission response of the non-planar
third-order LP filter based on conical inductors and model A capac-
itors. Continuous line corresponds to the response of an ideal filter,
dotted line to the model simulation and dashed line to the measure-

ments taken from the actual prototype.
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FIGURE 3.22: Measured transmission response of the non-planar
third-order LP filter based on conical inductors and model B capac-
itors. Continuous line corresponds to the response of an ideal filter,
dotted line to the model simulation and dashed line to the measure-

ments taken from the actual prototype.

FIGURE 3.23: Measured transmission response of the non-planar
fifth-order LP filter based on conical inductors and model B capaci-
tors. Continuous line corresponds to the response of an ideal filter,
dotted line to the model simulation and dashed line to the measure-

ments taken from the actual prototype.

3.3.2 Single 3D-Printing Structure Filters

Component assembly is a manufacturing stage that implies time consumption and
thus is significant within the production cost. The use of lumped-element filters,
such as those shown above, can particularly be seen as a drawback, especially when
increasing the order n of the system since the number of parts Nparts that will require
assembly is directly proportional to it. Taking into account the case pieces, it follows
the expression below.

Nparts = n + 2 (3.10)

Moreover, separate fabrication and posterior assembly of the different parts con-
siderably increases the probability of errors due to component mismatching and
misplacement which are due to the inherent tolerances of the different processes in-
volved. In addition, the interconnection of separate components, whether soldered
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or not, will introduce extra parasitic effects due to discontinuities in the metalliza-
tion, hence dropping the bandwidth.

All these issues can be fully or partially solved by integrating all the parts into
a single piece by Single 3D Printing (S3DP). In the case at hand, which includes the
lumped-element passive filters, the number of parts will no longer be dependent on
the system order but will be fixed to Nparts = 3 from the two pieces of the case and
the single part of the element network. This means a reduction in assembly time that
also reduces production cost and related errors, thus leading to an increment of the
reliability. The possibility of achieving more compact structures is another benefit of
this technique, as will be later demonstrated.

To verify this methodology and check its benefits, a third-order LP filter has been
designed and manufactured for proper comparison with the previous prototype. In
addition, the same concept has been applied to a third-order HP filter. Both have also
been developed in Butterworth topology at the cutoff frequency of 250 MHz. Both
networks are LCL sorted again to keep the geometric symmetry while considering
the inductor shape. Henceforth, the resultant circuit schematic is a T-type for the LP
filter as in Fig. 3.24A and a Π-type for the HP filter as in Fig. 3.24B. According to
Butterworth formulae, the corresponding element values of the LP filter are again
L1 = L2 = 31.8 nH and C = 25.5 pF. Considering (3.9), the values for the HP filter
are L1 = L2 = 31.83 nH and C = 6.37 pF. These prototypes have been designed and
manufactured using the XFAB 3D printer with Therma 289 material as well, while
copper electroplating has been chosen for the metallization process.

L1 L2

C

(A) LP filter.

C

L1 L2

(B) HP filter

FIGURE 3.24: Circuit schematics for the S3DP ladder filters.

The conical inductors are very similar to those presented up to now and they
have been modeled separately from the final structure in order to ensure the perfor-
mance of the expected equivalent inductance value. The CAD models are depicted
in Fig. 3.25. They present the same conical spiral structure with a few differences.
The inductor designed for the LP filter in Fig. 3.25A is thought to be connected in
series, thus its nodes are set one at the top of the cone and the other at the perimeter
of its bottom, forming a ring. The parallel configuration of the HP-filter inductor
in Fig. 3.25B, requires the node at the top to be short-circuited to the center of the
bottom by means of a via along the cone axis. Hence it makes the connection of this
node with both the SMA pin and the series capacitor, while isolated from the ring at
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the bottom, which is in contact with the case ground. The design parameters remain
the same and their values have been found to be α = 60.0°, N = 2.85 for the LP
filter inductors and α = 60.0°, N = 2.90 for the HP filter ones.

(A) LP (B) HP

FIGURE 3.25: CAD models of the conical inductors for the S3DP fil-
ters. The dielectric is hidden in the picture on the right to see the

interior via.

The capacitors, besides their electrical role, are a key component in ensuring the
consolidation of a compact final part. The CAD model used for the LP filter is shown
in Fig. 3.26A. It consists of a coaxial capacitor whose external face is to be connected
to ground and the internal face to the node that is common to both inductors, thus it
is in parallel configuration. In order to make the full structure consistent, a circular
support holds the capacitor to the rest of the body. Since this support would isolate
both inductors, a few small vias must be equidistantly set to make the metallization
continuous. The radius R of the capacitor will be fixed to the minimum for compact-
ness while keeping in mind that there must be enough space left for proper plating.
The distance d between capacitor plates has been minimized to increase the capac-
itance density. The only parameter left free is the length L of the coaxial segment.
Simulations show that these parameter values are R = 6.85 mm, d = 0.55 mm and
L = 7.5 mm to get the expected capacitance. The inductors are oriented with the
thinner sides facing out as in Fig. 3.26B to ease the posterior metallization.
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(A) Capacitor (B) Full-structure

FIGURE 3.26: CAD models of the S3DP LP filter and its capacitor.

Although the design methodology of the HP filter is the same as in the LP pro-
totypes, a new circuit topology forces the interconnection structure to be completely
different. This reveals that the capacitor does not only have an electromagnetic func-
tion but also a mechanical one. In this case, the capacitor is conceptualized as two
parallel circular plates as in Fig. 3.27A. The component must be in series configu-
ration, thus each plate is connected by supports to the top of the inductors, giving
the final structure depicted in Fig. 3.27B. The inductors are not directly attached to
the plates so as not not to lose capacitive area. The capacitor has only two design
parameters: the distance between plates d, which is fixed at the minimum possi-
ble to increase the capacitance density as well, and the radius R, which is left free.
Simulations show that these parameter values are R = 5.5 mm, d = 0.5 mm. It
must be highlighted that the minimum thickness allowed does not only depend on
a direct constraint of the AM machine, but also on the geometry of the part and the
required post-processing, which could harm it. The conical inductors are oriented in
the opposite way than in the last case to ease proper plating as well.
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(A) Capacitor (B) Full-structure

FIGURE 3.27: CAD models of the S3DP HP filter and its capacitor.

In this case, the electromagnetic simulation of the fully-integrated structure has
been directly done in the EMPro environment. The models in Figs. 3.26 and 3.27
have been virtually excited to find the expected filter response. The results of the LP
filter are depicted in Fig. 3.28 in comparison with the ideal response which shows
agreement until 1.33 GHz. At this frequency the parasitic resonances affect the rejec-
tion. The HP filter transmission response is depicted in Fig. 3.29 showing agreement
but higher discrepancies than the LP filter. In this second device, the rejection band
is expected to work better although the inductor SRF is now occurring at the pass-
band, resulting in undesired losses.

FIGURE 3.28: Simulated transmission coefficient of the third-order
S3DP LP filter represented by the dotted line. The continuous line

represents the ideal response.
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FIGURE 3.29: Simulated transmission coefficient of the third-order
S3DP HP filter represented by the dotted line. The continuous line

represents the ideal response.

As mentioned, the final prototypes have been printed using the XFAB machine
with Therma 289 as base material. The metallization stage is carried out by using the
copper electroplating process. The cases serve the role of both ground and substrate
for the SMA connector attachment, as was the case for previous filters. The final
prototypes can be seen in Fig. 3.30 for the LP filter and in Fig. 3.31 for the HP filter,
with their full-custom cases open to ease the interior view. Again, no soldering is
required, since the connection is ensured by the mechanical stress of the connector
screws. Their final dimensions respectively are 1.9 × 1.9 × 2.1 cm and 1.9 × 1.9 ×
2.6 cm, which results in very compact structures. Particularly, comparing the LP
filter to the model B prototype manufactured with separate parts, 34.4% in volume
reduction is achieved.

FIGURE 3.30: S3DP LP filter prototype. The case is open to see the
filter 3D network inside. SMA connectors are expected to be attached

to each side, connecting the pins with the tops of the cones.
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FIGURE 3.31: S3DP HP filter prototype. The case is open to see the
filter 3D network inside.

The transmission coefficient of the prototypes has been measured in the range
of 1 MHz to 3 GHz with the E5071C 4-port Vector Network Analyser (VNA) from
Keysight Technologies Inc. The response of the LP filter is depicted in Fig. 3.32,
where it can be seen that the agreement with the ideal response is still quite good,
even better than with the simulation along the rejection band. Discrepancies be-
tween measurement and simulation data are mainly related to AM machine toler-
ances. The cutoff frequency is 257.8 MHz, which means a relative deviation of 3.2%.
Looking at the pass-band, the insertion loss is 0.1 dB at low frequencies and with
a maximum difference of 0.29 dB at 144.4 MHz if compared to the ideal response.
As in the case of non-S3DP filters, the increment of the insertion loss with respect to
the simulation is because bulk copper was assumed. The slopes are practically the
same. The −30-dB bandwidth is wider than in the simulation, reaching a range of
DC to 2.65 GHz, with a minimum at the rejection band of −55.7 dB.

With the HP filter prototype, agreement of the measurement with the ideal and
simulated response can also be seen, as shown in Fig. 3.32. Despite that, it can be
noted again how the SRF affects the pass-band instead of the rejection band. The
rejection is about −60 dB at low frequencies and reaches a minimum of −71.2 dB
at 16 MHz. The dB/dec slope is practically the same as the ideal response. The
cutoff frequency is 262.0 MHz, which means a relative deviation of 4.8%. In terms of
insertion loss at the pass band, it has a minimum of 1.15 dB at 616.4 MHz. A −3-dB
bandwidth can be ensured up to 2.53 GHz, though the insertion loss is lower than
3.3 dB beyond the 3 GHz.
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FIGURE 3.32: Measured transmission coefficient of the third-order
S3DP LP filter prototype represented by the dashed line. The contin-
uous line represents the ideal response and the dotted line the simu-

lation.

FIGURE 3.33: Measured transmission coefficient of the third-order
S3DP HP filter prototype represented by the dashed line. The contin-
uous line represents the ideal response and the dotted line the simu-

lation.

Back to the LP filter prototype, apart from the more than 1/3 miniaturization,
a comparison with the device manufactured with non-integrated parts shows that
the bandwidth has improved by 42.5%. The insertion loss is slightly better but the
difference is not significant since it could be related to metallization process toler-
ances. The cutoff frequency relative deviation has suffered a small increment (from
1.2% to 3.2%), though a set of samples of each prototype should be tested to check
whether this additional error is related to the structure design or comes from the
expected tolerance range of the manufacturing process. Such a study could also
contribute data to produce an average of the bandwidth increment related to this
3D-integration methodology. This study could also verify and quantify the reduc-
tion of assembly time consumption and the increment of the reliability. Concerning
the assembly enhancement, it has been demonstrated that the S3DP structure num-
ber of parts to assembly presents no dependence on the filter order but is fixed to
Nparts = 3, proving this enhancement with respect to the latter approach.
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Chapter 4

Demonstrators II: Distributed
Element Circuits

The last chapter demonstrated the potential of the proposed technology by manu-
facturing 3D discrete components and lumped circuits and testing them at ranges
from the HF to the UHF bands. A drawback of this methodology is that discrete
component circuits present several geometrical discontinuities, leading to undesired
effects such as bandwidth reduction. Another way to design a circuit at these fre-
quency bands is by using the distributed-element technique. It consists of the use of
Transmission Line (TL) segments, which present less geometrical discontinuities, to
replace lumped components. A proper sizing of the TL allows the reproduction of
any value of reactive impedance (i.e. inductance or capacitance). Accordingly, the
inductance L and capacitance C expected values will determine the dimensions of
the final device, which is very useful for frequencies above a few GHz, since it di-
rectly results in very compact structures. The relation between the wavelength λ, the
radian frequency ω and the LC product shows the inverse proportionality between
frequency and dimensions [62]:

λ =
2π

ω
√

LC
. (4.1)

Nevertheless, for frequency bands below the GHz, the related wavelength im-
plies very large dimensions, thus some miniaturization techniques are required.

This chapter focuses on these distributed-element structures and how AM can
improve the design of TLs and other related devices such as impedance transform-
ers, splitters or couplers. The main benefits for all the presented devices are in terms
of compactness, but some present other advantages such as bandwidth enhance-
ment. The first section of the chapter develops a study on helical-microstrip TLs,
which is an interesting miniaturization technique. The subsequent sections apply
this concept to other transmission-line-based devices together with other innova-
tions. Most of the work presented in this chapter has been published in [91]–[94].
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4.1 Helical-Microstrip Transmission Lines

TL segments are widely used in microwave and RF design as the basic unit for sev-
eral distributed-element devices, such as phase shifters, power dividers, couplers
or impedance transformers. Of particular concern in this work are microstrip TLs,
whose electromagnetic parameters were discussed in Chapter 2. Considering the
conventional geometry, depicted before in Fig. 2.12, the circuit model can be ex-
pressed as in Fig. 4.1, which is a combination of n distributed series inductors and
parallel capacitors. An increment of the line length implies appending more of these
unit reactance elements and thus an increment of the equivalent LC product. This
confirms the fact that, for a given wavelength, a reduction of the frequency requires
enlarging the segment dimensions.

L1 L2

C1 C2

. . .

. . .

FIGURE 4.1: Circuit model of microstrip TL.

4.1.1 The Theoretical Model

This enlargement becomes a problem at frequencies from the UHF band and be-
low, since the required lengths start from several centimeters to longer dimensions.
In order to achieve more compact designs, the most common solution applied to
these planar structures is to bend the tracks in meanders. However, a sudden di-
rection change in the electrical path produces some discontinuities in the equivalent
inductance and capacitance and consequently of the characteristic impedance [95].
Therefore, some undesired wave reflections appear in detriment of the line behavior
when this methodology is used.

At this point, helical TLs appear as an alternative structure that ensures more
compactness without losing performance quality. The geometrical transformation
of a planar microstrip line into a helical shape consists of two steps that are rep-
resented in Fig. 4.2. The first one bends down both planar substrate edges until
they reach each other by forming a cylindrical-microstrip TL with a straight track
along the external surface and a coaxial ground plane inside the dielectric. Hence-
forth, the cylinder is twisted so that the straight track begins to turn around. With
this methodology, the physical length of the line is compacted while the electromag-
netic fields remain continuous along the electrical path. An in-depth analysis of
the electromagnetic behavior of helical TLs can be found in the literature [96]–[98].
Helical-microstrip TLs have not been widely used due to the incompatibility of 3D
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structures with conventional manufacturing processes, although practical applica-
tions can be found in the literature where they are used to increase the duration of
rectangular pulses in pulsed power generation [99], [100].

This section presents the CAD model design of a helical-microstrip TL together
with simple modeling expressions that relate the geometrical parameters and ma-
terial properties with the characteristic impedance and the electrical length. Com-
pactness limitations are also considered. FEM simulations have been carried out
and compared to the theoretical expressions. Finally, the experimental part presents
a set of manufactured helical-microstrip TL segments and a discussion about the
measurement data.

FIGURE 4.2: Steps in the transformation of a standard microstrip
TL into a helical-microstrip TL. (a) Standard microstrip TL. (b)
Cylindrical-microstrip TL obtained by bending the board down-
ward. (c) Helical-microstrip TL obtained by twisting the cylindrical-

microstrip TL.

The transformation performed in Fig. 4.2 can also be done by doing the first
step reversely, that is bending the plane upward instead of downward. After an
unchanged second step, this would lead to a helical-microstrip TL with the spiral in-
side the cylinder and the ground outside, covering the entire surface. This structure
could have extra shielding features, but has been discarded considering the manu-
facturing process limitations (polishing inside a very thin hole). The CAD model of
the helical-microstrip TL segments under study with its main parameters is shown
in Fig. 4.3. The cylinder consists of a dielectric body of relative permittivity εr with
an inner and outer radius ri, ro and a length l. The spiral has N turns spaced a pitch
distance p made of a conductor track of width w.
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FIGURE 4.3: CAD model of a helical-microstrip TL segment.

The model analysis on helical-microstrip TL that has been carried out is based on
the analysis of conventional planar structures and the proper geometric transforma-
tions. After simulations and measurements, it will be seen that this approach offers
a close approximation to the TL behavior.

Assuming quasi-TEM propagation on a TL [62], the characteristic impedance for
these helical segments can be expressed as

Z0 =

√
Lh

Ch
, (4.2)

where Lh and Ch are the inductance and capacitance per unit length of the helical-
microstrip TL, respectively. Consequently, the phase velocity can be expressed as
[62]

vp =
1√

LhCh
=

1
√

µε
=

c0

εr
, (4.3)

ε, µ and εr being the permittivity, the permeability and the relative permittivity
of the dielectric substrate, respectively. It must be remembered that the materials of
concern are non-magnetic, making the last equivalence in (4.3) possible. Parameter
c0 stands for the speed of light in vacuum.

Henceforth, the combination of these two expressions permits the calculation of
the characteristic impedance of the helical-microstrip by finding the capacitance per
unit length. In order to do that, a planar structure can be assumed, considering it
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is the origin of the final 3D shape as seen in Fig. 4.2. This will result in an oblique
strip of width w and length ∆l that has been rotated at an angle α with respect to the
vertical axis. The geometrical transformations in Fig. 4.4 show the steps in order to
find the equivalent conventional microstrip TL. First, a triangle is moved from the
top to the bottom of the oblique rectangle in order to get a trapezoid whose base is
defined by

wt =
w

cos α
. (4.4)

Then, the angles of this parallelogram can be forced to be at 90º without changing
the total surface. The result is a conventional rectangular strip segment with a width
wt and a length ∆lt that is equal to

∆lt = ∆l cos α. (4.5)

FIGURE 4.4: Schematic of the geometrical transformations used to
calculate the capacitance per unit length of a helical-microstrip TL.

(a) Initial stage (b) Cut and move (c) Straighten (d) Final stage.

According to the transformations used in Fig. 4.2, the TL segment can now be
treated as a cylindrical microstrip line parallel to the cylinder axis and of width wt,
length ∆lt, external radius ro and internal radius ri. This model is depicted in Fig.
4.5. These transformations allow attainment of a simple geometry based on a curved
patch along the cylinder. The number of turns (or the angle α) does not change the
shape of this final model but only the value of the dimensions wt and ∆lt. Thus a
general expression can be used to calculate the expected capacitance between both
conductors:

Cp =
∆lt2πε

ln
(

ro
ri

) wt

2πro
. (4.6)
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FIGURE 4.5: Perspective view of the bent patch shown in the final
step of Fig. 4.4.

The first term on the right side of 4.6 corresponds to the integration of a coaxial
segment capacitor and the second one to the proportion of the arc of the circle of
radius ro represented by wt. Since the transformations above do not modify the final
capacitive surface, the capacitance per unit length of a helical-microstrip TL can be
found by substituting (4.4) and (4.5) in (4.6) and dividing by ∆l.

Ch =
Cp

∆l
= ε

w

ro ln
(

ro
ri

) . (4.7)

The characteristic impedance of a helical-microstrip TL segment can now be de-
fined in terms of the design parameters. Combining (4.2), (4.3) and (4.7) gives

Z0 = η
ro

w
ln
(

ro

ri

)
, (4.8)

where η =
√

µ/ε = 120π is the wave impedance of the medium for non-
magnetic materials. From (4.8), an effective substrate thickness can be defined as

he f f = ro ln
(

ro

ri

)
(4.9)

that together with the wave impedance of the medium leads to

Z0 =
120π√

εr

he f f

w
. (4.10)

It is interesting to note the similarity of expression (4.10) for a helical-microstrip
TL to that of a conventional microstrip line, which in this case would be represented
by a planar dielectric substrate of thickness he f f and relative permittivity εr and a
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track of width w. Likewise, a couple of considerations must be made for helical lines
in order to enhance the approximation models as had been done in section 2.2.1.
First is the effect of the fringing effects and second is the effect of the presence of air
surrounding the substrate medium.

As previously explained the fringing effect results in larger and curved electric
field paths going from the track edges to the ground. Conversely, the field lines
within the center of the track are equal in length, parallel and perpendicular to both
conductors. In the case of helical-microstrip TL, the approximation proposed by
Wheeler [65] would imply a wider effective width

we f f = w +
2he f f

π
ln

2πe

(
w

2he f f
+ 0.92

) , (4.11)

where e is the Euler number. Henceforth, the presence of field lines within the
surrounding medium is taken into consideration by using the approximation of the
effective permittivity proposed by Hammerstad [66]

εe f f =
εr + 1

2
+

εr − 1
2

(
1 +

10he f f

we f f

)−1/2

. (4.12)

Replacing these effective parameters in (4.10), the final expression of the charac-
teristic impedance of helical-microstrip TL is found to be

Z0 =
120π
√

εe f f

he f f

we f f
. (4.13)

From expressions (4.9), (4.11), (4.12) and (4.13) it can be seen that the character-
istic impedance of helical lines is only dependent on ro, ri, w and εr. There is no
significant effect produced by the number of turns N or the pitch p of the spiral.
This statement actually has some design limitations that will be later discussed.

4.1.2 Simulation Study

The presented model of the characteristic impedance of a helical-microstrip TL was
validated by carrying out a set of FEM simulations. For all the simulations, the
thickness of the metallization was set at t = 0.3 mm, the length of the cylinder at
l = 40 mm and the pitch of the spiral at p = 7 mm, which means almost 5 turns.
The simulation space is defined by coordinates, w, ri , ro , and εr . The simulation
domain is a hyper-cube defined by values of w ranging from 1.7 to 2.4 mm; ri from
1.9 to 2.5 mm; ro from 2.7 to 3.3 mm; and εr from 2.9 to 3.2. One hundred points inside
this domain, corresponding to particular implementations of the helical-microstrip
TL, were simulated. The S-parameters were obtained in the frequency range from
10 MHz to 1 GHz. In order to determine the precise characteristic impedance Z0

of each line, the impedance of the input and output ports was swept to find the
lower S11 coefficient. Fig. 4.6 shows an example of this procedure. The reflection
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coefficient of a particular transmission line (w = 1.8 mm, ri = 2.2 mm, ro = 3 mm,
and εr = 2.9) is represented for two different port impedances (50 and 55.3 Ω).
This graph states that, in this case, the characteristic impedance of the simulated
transmission line is close to 55.3 Ω. In accordance with this, for a line impedance ZL,

S11 = −40 dB = 20 log

(
ZL − Zp

ZL + Zp

)
, (4.14)

where port impedance can now be defined as the characteristic impedance of the
medium Z0 and the line impedance as the desired Z0 plus and error ∆Z, thus

10−2 =
∆Z

2Z0 + ∆Z
≈ ∆Z

2Z0
→ ∆Z

Z0
≈ 2%, (4.15)

which is true considering that an error of−40 dB is very small and hence ∆Z <<

2Z0. Therefore, the presented aforementioned procedure for determining the line
impedance has a maximum error of about 2%.

FIGURE 4.6: FEM simulation results for the magnitude of the S11 pa-
rameter as a function of frequency for a helical-microstrip TL with:
w = 1.8 mm, ri = 2.2 mm, ro = 3 mm, and εr = 2.9. The dotted
line corresponds to a port impedance of Zp = 50 Ω. The continuous

line corresponds to a port impedance of Zp = 55.3 Ω.

The characteristic impedance values from the complete set of FEM simulations
cover the range from 30 Ω to 80 Ω. They have been depicted in Fig. 4.7 against the
corresponding expected values of the model represented by (4.13). As a visual aid,
the bisecting line of the first quadrant has been added. The relative standard devia-
tion or average relative error is equal to 2.5%, which is consistent with a maximum
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error of 2% in the determination of the characteristic impedance from FEM simula-
tions. The agreement between the semi-empirical model and the simulated data is
remarkable, considering the fact that there are four degrees of freedom.

FIGURE 4.7: Plot of the characteristic impedance Z0 obtained from
FEM simulations versus the value predicted by the semi-empirical

model of the characteristic impedance using (4.13).

However, this model does not take into consideration electromagnetic coupling
effects between turns. When the proximity between spires is not significant, these
effects can be neglected without any detriment to the accuracy, as seen above. In
order to determine how this could be a limitation of the model, another set of 35
FEM simulations was carried out sweeping the pitch p. The geometric limitations
define the range of pitch values, the lowest one being p = w, since p < w would lead
to overlapping, and the upper pitch value is the one that corresponds to a cylindrical
microstrip TL, (i.e., N = 0, α = 0, p = 2πro). The other design parameters have
been set to l = 40 mm, w = 2.1 mm, ro = 3 mm, ri = 2.2 mm and εr = 3.2.

The results have been depicted in Fig. 4.8. The x-axis spans from the lower to
the upper limit of p (in this case, from 2.1 to 18.85 mm). As a visual aid, the plot
also includes a red strip corresponding to the value predicted by the semi-empirical
model of the characteristic impedance, given by (4.13), ±2 times the standard devi-
ation. The target value of Z0 was 50Ω for all the samples. According to Fig. 4.8, the
simulated values exponentially stray from the predicted area for p < 5 mm thus they
cannot be explained by statistical errors. As a general rule, to avoid this undesired
effect, the pitch distance between turns has to comply.
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p > 2.4w. (4.16)

FIGURE 4.8: Plot of the characteristic impedance Z0 obtained from
FEM simulations as a function of the pitch between turns p.

In order to model the electrical length of a helical-microstrip TL, the strip can be
treated again as an unfolded planar TL following the schematic of Fig. 4.9.

FIGURE 4.9: Schematic view of a helical-microstrip TL segment. (a)
Folded. (b) Unfolded.
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When the spiral is unfolded in this way, a planar track appears as the diagonal of
a rectangular substrate. From the schematic, the physical length of the line is easily
calculated as

l′ =
√
(2πro N)2 + (l − we)2 + we. (4.17)

Other important relationships are

N = l−we
pe

we = w sin α

p = pe sin α

p = 2πro cos α

. (4.18)

Substituting (4.18) into (4.17) and rearranging the expressions, the physical length
can be expressed as follows

l′ =
2πro

p
l + w


√

1−
(

p
2πro

)2

−

√√√√(2πro

p

)2

− 1

 . (4.19)

If p was substituted by its maximum value, which is that for the cylindrical mi-
crostrip TL (p = 2πro), the length becomes l′ = l, as expected. The electrical length
can be directly extracted from the physical one by

le = l′
√

εe f f . (4.20)

Considering (4.9), (4.11) and (4.12) it can be noted that the electrical length also
only slightly depends on the inner radius ri through the effective dielectric constant
εe f f .

In order to find the maximum achievable compactness by helical-microstrip TL,
the minimum pitch has to be fixed. Thus, substituting p = 2.4w in (4.19) and (4.20)
would reach the electrical length limit. A simplified expression of this parameter can
be obtained by the common assumptions w << l and w << 2πro, leading to

lelimit ≈
√

εe f f 2πro

(
5l

12w
− 1
)

. (4.21)

It should be noted that this is not the true maximum, which would involve p =

w instead, but the recommended limit if coupling between turns is expected to be
avoided.

The proposed model of the electrical length for a helical-microstrip TL has been
verified using the same simulation set of 35 samples used to study the influence of
the pitch on the characteristic impedance. In this case, a study of the transmission
was carried out for all the segments. As an example, Fig. 4.10 shows the phase of the
transmission coefficient as a function of the frequency for a particular sample with
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parameters l = 40 mm,w = 2.1 mm, ro = 3 mm, ri = 2.2 mm, p = 7 mm and
εr = 3.2.

FIGURE 4.10: FEM simulation results of the phase of the S21 pa-
rameter as a function of frequency for a helical-microstrip TL with:
l = 40 mm,w = 2.1 mm, ro = 3 mm, ri = 2.2 mm, p = 7 mm and

εr = 3.2.

The electrical length of a segment can be obtained from its relation with the phase
of the S21 parameter φ21 and the frequency as well.

le = −
c0

2π

φ21

f
. (4.22)

For non-dispersive materials, le is independent of the frequency thus the ratio
φ21/ f can be replaced by the slope of the phase line against the frequency. Hence-
forth, the slope in Fig. 4.10 can be substituted in (4.22) to find the electrical length.
This procedure was done for all the samples, and the proportion le/l was calculated.
The obtained results as a function of the pitch are shown in Fig. 4.11. In the same
graph, the semi-empirical model of (4.20) is plotted as a continuous line that shows
agreement with the simulations.
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FIGURE 4.11: Plot of the electrical length over the physical length ra-
tio le/l as a function of the pitch between turns p, obtained from FEM
simulations for a set of 35 helical-microstrip TL segments. Symbols
correspond to FEM simulation data. The continuous line corresponds

to the semi-empirical model

There is only a slight discrepancy between the semi-empirical model and the
simulations for small values of the pitch. In this case, electrical length is shortened
in the FEM results because of the electromagnetic coupling, which is not taken into
account in (4.20). This effect can be understood as a by-pass between turns, short-
ening the electrical path. The area highlighted in red in Fig. 4.11 corresponds to
the pitch values to be avoided in order to assume a neglected degradation due to
electromagnetic coupling. Thus, for this set of samples, the maximum ratio le/l is
approximately 6.

4.1.3 Experimental Results

In order to verify the previous study, a set of six new helical-microstrip TL segments
was fabricated using the apropos AM technology. More precisely, the stereolithog-
raphy XFAB machine from DWS was used for the substrate 3D printing; and the
copper electroplating process for the metallization stage. The picture in Fig. 4.12
shows the aforementioned samples, consisting of six helical-microstrip TLs with a
different number of turns, going from 0, signifying the cylindrical microstrip line, to
10. For all the prototypes, the rest of the parameters are l = 60 mm, ro = 3 mm,
ri = 2.2 mm and w = 2.1 mm. The material used for the substrate is, again,
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Therma289 thus the relative permittivity is εr = 3.2. According to (4.13), these
parameters correspond to a line characteristic impedance of Z0 = 50.6 Ω and a rel-
ative effective permittivity of εe f f = 2.7. The ratio le/l would then go from 1.64 to
5.45 for the different sample, which is always below the maximum recommended.
The actual results may differ due to printing tolerances and the error margin on the
measurement of the dielectric constant. In order to make the TL characterization,
SMA connectors have been mechanically attached to each port of every line with
screws.

FIGURE 4.12: Top: set of helical-microstrip TL segments used in this
study. From left to right: n = 0, 2, 4, 6, 8, and 10. Bottom: custom
calibration kit used to deembed the effects of SMA connectors and

pads. From left to right: open, short, load, and thru.

The experiment setup was configured to cover the range of frequencies from
1 MHz to 2 GHz. The S-parameters of the samples were measured using a E5071C
Vector Network Analyzer, from Keysight Technologies, Inc. In order to deembed the
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effects of the SMA connectors and pads, a custom calibration kit was fabricated, con-
sisting of open, short, load, and thru standards, which were 3D printed and metal-
lized using the same procedure as for the sample prototypes. A view of the elements
in the custom calibration kit is shown in Fig. 4.12.

An example of the impedance matching to 50Ω is depicted in Fig. 4.13 for the
segments corresponding to n = 2, n = 4 and n = 6. The magnitude of the S11

parameter is below −15dB for all the samples and for the entire frequency range of
interest. The maximum value of the magnitude of S11 occurs in the upper part of
the frequency range. In the lower part of the frequency range, it can be seen that
the impedance matching is better than −20dB. By changing the port impedance, the
best matchings were obtained for Zp = 51.1Ω in the case of N = 2, Zp = 54.5Ω for
N = 4, and Zp = 52.5Ω for N = 6. The deviations are related to the tolerances of the
manufacturing process. As previously explained, the tolerances of the XFAB printer
correspond to an oversize on the xy-plane of about 100µm, while the layer thickness,
in regards to the z-axis, is about 60µm. The prototypes have been manufactured ori-
enting the cylinder parallel to the z-axis. Accordingly, the most affected parameters
are the radii. If these tolerances are applied to the corresponding affected parame-
ters and then translated to the characteristic impedance model, the expected range
of values becomes 50.6 to 55.4 Ω.

FIGURE 4.13: Magnitude of the S11 parameter as a function of fre-
quency for three of the samples under study corresponding to N = 2,

4, and 6.

Referring to the insertion losses, an example is presented in Fig. 4.14 for the same
samples and frequency range as before. The S21 parameter shows, as expected, that
the losses increase with frequency, although the transmission does not go below
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−3 dB over the entire frequency range for any sample. Insertion losses are mostly
related to the metallization stage, which could be improved by either optimizing the
copper electroplating process or inducing artificial porosity in the substrate. Never-
theless, these kinds of enhancements are out of the scope of this work.

FIGURE 4.14: Magnitude of the S21 parameter as a function of fre-
quency for three of the samples under study corresponding to N = 2,

4, and 6.

The same example showing the phase of the S21 parameter is depicted in Fig.
4.15 as a function of the frequency. As expected, the absolute value of the phase
slope increases with the number of turns, signifying a higher electrical length.
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FIGURE 4.15: Magnitude of the S21 parameter as a function of fre-
quency for three of the samples under study corresponding to N = 2,

4, and 6.

A summary of the experimental results for all the samples is listed in Tab. 4.1,
comparing the measurement data with the expected values according to the pro-
posed model. The first and second columns correspond to the number of turns, n,
and the pitch between turns, p. The columns with Z0t and Z0m correspond to the ex-
pected theoretical values and the experimental data of the characteristic impedance,
respectively. It can be noted that all the measured values stay within the expected
range of 50.6 to 55.4 Ω. The last two columns show the predicted and final values of
the ratio le/l, respectively. The average relative error is, in this case, 1.7%, demon-
strating an agreement between theory and measurements.

n p (mm) Z0t(Ω) Z0m(Ω) le/l (theory) le/l (meas.)
0 18.85 50.6 51.0 1.65 1.69

2 15.86 50.6 51.0 1.97 1.95

4 11.55 50.6 54.5 2.69 2.59

6 8.61 50.6 52.5 3.60 3.60

8 6.77 50.6 54.0 4.47 4.37

10 5.54 50.6 53.0 5.57 5.60

TABLE 4.1: Summary of the experimental results for the samples in
comparison with the predictions of the proposed model

In conclusion, in this section, the proposed manufacturing process for 3D-printed
electronics has been proved to be useful for the fabrication of helical-microstrip TL
segments.
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A study on these components has been carried out and a simple theoretical
model has been developed in order to predict the characteristic impedance and the
electrical length of the segments given their design parameters. The model considers
the fringing capacitance as well as effects of the effective medium permittivity. The
model has been verified by more than 100 electromagnetic simulation data points,
demonstrating agreement with the theoretical model. In particular, the relative error
for the characteristic impedance calculations was about 2.5% and 1.7% in the case
of the electrical length. Moreover, the compactness limitations have been defined.
These are related to the electromagnetic coupling between turns of the spiral.

In addition, a set of six prototypes has been printed and plated, confirming again
the developed model. Some discrepancies appear in the measurements, which are a
result of the manufacturing process tolerances.

TL segments can be conceived as the minimum unit for designing any kind of
distributed-element components. Henceforth, this study can be used for the im-
plementation of helical-microstrip TLs on other devices, such as power dividers or
couplers. In fact, this is done in the following sections.
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4.2 Impedance Transformers

Impedance matching is a basic function in RF design and consists of introducing
an interface network between two circuits with different impedance values in or-
der to reduce mismatching reflections. Impedance transformers are basic two-port
TL-based devices used for this purpose. They can be conceived in different topolo-
gies, such as the quarter-wave or the multi-section, although the concern here is the
tapered line structure, since it provides a bandwidth enhancement. The tapering
gradation can be developed with different functions (e.g. exponential, triangular)
but they share a property: the longer the length of the structure, the wider the fi-
nal bandwidth [62]. This feature is of particular interest when considering that the
studies of helical shapes presented in the section above allow the design of a very
compact TL with long electrical lengths.

As stated, for the tapering gradation, different functions can be used. Optimized
profiles can be found within the literature to minimize return losses [101], [102], al-
though linear and exponential are more commonly used due to their simple design
implementation. Regardless of the specific profile, the objective is to always imple-
ment a smooth transition from the medium characteristic impedance Z0 to the load
impedance Zl . A long wavelength, compared to the transformer length, will see the
strip width variation as a sharp step and thus an increment of the return loss, while
a short wavelength will notice a smooth impedance transition. Therefore, a TL in
this configuration performs as a HP filter to which a long electrical length reduces
the ripple and the cutoff frequency, which leads to an increment of the bandwidth
and a reduction of the losses. This feature makes the implementation of impedance
transformers through the use of helical-microstrip TL very interesting, due to their
high capability of physically compacting the electrical length, as was demonstrated
in the last section.

4.2.1 Broadband Impedance Transformer Design and Simulation

According to the aforementioned definition of impedance transformers, Fig. 4.16
presents two different ways to implement a tapered helical-microstrip TL. The model
in Fig. 4.16A shows the standard geometry, a tapered profile of the helical track
width is implemented in Fig. 4.16B, thus the tapering is applied to the exterior con-
ductor. On the other hand, Fig. 4.16C shows a conical ground instead of having a
cylindrical shape. In this case the tapering is applied to the interior conductor, which
implies that the impedance transformation is related to the substrate thickness vari-
ation. This is a particular feature of non-planar manufacturing processes, since most
conventional technologies do not have this degree of freedom.
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(A)

(B)

(C)

FIGURE 4.16: Tapered lines in helical-microstrip technology: (A)
Standard helical-microstrip TL, (B) Tapered helical-microstrip TL
with variable strip width, and (C) Tapered helical-microstrip TL with

variable radius of the interior conductor.

In the current study, the expression of the characteristic impedance of a helical-
microstrip TL described in (4.13) is now simplified. The substrate thickness can be
approximated to the difference between both radii he f f ≈ h = ro − ri if they are very
close ro ≈ ri. Also, the fringe effects can be neglected if w/h >> 1. Therefore, the
impedance of the line can be defined as

Z0 ≈
120π
√

εe f f

h
w

(4.23)

In order to complete the design, a base material with a relative dielectric con-
stant of εr = 2.9 and a loss tangent of tan δ = 0.012 has been considered. In both
topologies, the outer radius has been fixed to ro = 3 mm, the number of turns of
the helical spiral to N = 10 and the length of the base cylinder to L = 60 mm. For
the variable width transformer, the interior conductor is a cylinder whose radius is:
ri = 1.75mm. The width of the helical spiral, w, varies linearly from 4 mm on one
side to 0.76 mm on the opposite side, corresponding to characteristic impedances of
50 Ωand 100 Ω, respectively. In the case of the transformer with a conical interior
conductor, the width of the helical spiral is: w = 2.1 mm. The radius of the conical
interior conductor, ri , varies linearly from 2.2 mm on one side to 1.01 mm on the
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opposite side, which also corresponds to the characteristic impedances of 50 Ω and
100 Ω, respectively.

The models have been designed and simulated using the EMPro environment,
from Keysight. These are depicted in Fig. 4.17. The return loss of the prototypes has
been simulated by using a FEM solver and can be seen in Fig. 4.18. The response of
an ideal exponential transformer has been plotted as well to make the comparison.
This ideal behavior needs to be achieved by a 310−mm-length structure if proceed-
ing with the traditional technology and assuming air as dielectric. This corresponds
to a compactness factor of 5.16, which is directly related to the helical-microstrip
geometry.

FIGURE 4.17: CAD model of the helical-microstrip impedance trans-
former prototypes. Left: variable width transformer. Right: conical

interior conductor transformer.

It can be seen in Fig. 4.18 that for frequencies of up to 1.2 GHz there is an agree-
ment between the simulation results of both transformer topologies and the response
of the ideal transformer. For higher frequencies both models show an increase in re-
turn losses. This should be related to changes in the phase velocity as the frequency
increases, and to the coupling between turns of the helical spiral. In the case of
the variable width transformer the operating frequency band starts at 331 MHz and
spans up to 1.7 GHz. Return losses are below -19 dB in this frequency range. For
the transformer with the conical interior conductor the operating frequency range
is from 430 MHz up to 1.85 GHz and return losses are below −21 dB in the entire
range. In both cases insertion losses are better than 1 dB in the operating frequency
band.
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FIGURE 4.18: Return losses obtained by FEM simulations of the
helical-microstrip impedance transformer prototypes: (···) variable
width transformer, and (—) conical interior conductor transformer.
The continuous line corresponds to the response of an ideal exponen-

tial tapered transformer.

4.2.2 Impedance Transformer Experimental Results

Both prototypes have been manufactured using the Therma 289 material for the
XFAB 3D printer (ε′r = 2.9 and tan δ = 0.012). The metallization stage has been
done with a combination of electroless copper plating and copper electroplating pro-
cesses. The result is shown at the top of Fig. 4.19. The variable-width transformer
sample is on the left and the sample with a conical interior conductor on the right.
Both devices have a 100-Ω SMD resistor load soldered at the opposite side of the
SMA connectors between the strip and the ground. In order to deembed the effect
of the SMA connectors, a full-custom calibration kit (including short, open and load
standards) are manufactured using the same printing process. All the standards of
the calibration kit are depicted below the prototypes in Fig. 4.19.
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FIGURE 4.19: Helical-microstrip impedance transformer prototypes:
(top-left) Variable width transformer, (top-right) Conical interior con-
ductor transformer. Custom calibration kit (bottom) used for de-

embedding purposes (from left to right: open, short and load).

The reflection coefficient of the impedance transformer prototypes was measured
in the range of 1 MHz to 2 GHz, using nn E5071C VNA, from Keysight Technologies,
Inc. The resulting data is plotted in Fig. 4.20 together with the response of an ideal
impedance transformer of exponential profile. The operating band with a return
loss lower than −20 dB is seen to begin around 400 MHz for both prototypes, which
means a relative deviation of 8% and 18% with respect to the simulation for the
conical interior conductor and the variable width transformers. These errors are
probably related to the aforementioned printing tolerances, which are greater for
narrow strips, hence that could also explain the poor results of the variable width
transformer. The operating range is seen to terminate at 1.86 GHz for the variable
width transformer, while the bandwidth of the conical interior conductor spans up
to 2 GHz, as far as the measurements show. Hereon, the experimental results agree
with the simulation data and state that the conical interior conductor transformer
performs slightly better than the variable width device.
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FIGURE 4.20: Return losses obtained from the measurements of the
helical-microstrip impedance transformer prototypes: (···) variable
width transformer, and (—) conical interior conductor transformer.
The continuous line corresponds to the response of an ideal exponen-

tial tapered transformer.
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4.3 Hybrid Branch-Line Coupler

Hybrid couplers are crucial devices for some HF, VHF and UHF applications such
as quadrature combining or power division. Fig. 4.21 shows the topology of a tra-
ditional branch-line hybrid coupler, which is based on a square with two parallel
transmission lines of a characteristic impedance Z0 that are perpendicular to the
two other transmission lines of Z0/

√
2 [62]. The dimensions of these devices are

constrained by the signal wavelength, which implies a considerable size problem
for this range of frequencies that can go from a few kHz to hundreds of MHz. For
that reason, there are many contributions to the topic with different miniaturization
techniques, using (e.g) lumped elements [103], discontinuous microstrip lines [104],
metamaterials [105] or shunt capacitors [106], [107].

FIGURE 4.21: Conventional topology of a quadrature hybrid coupler.

AM appears, once more, as an alternative solution for the miniaturization of
these kinds of devices with the use of full 3D-space design. In particular, three dif-
ferent techniques will be applied to the conventional structure in order to improve
the compactness of the device. The first one consists of the implementation of heli-
cal shape for the microstrip TL segments, as was the case study in section 4.1. The
second transformation folds the planar structure by the square diagonals. The final
enhancement benefits from the existing surfaces to load the TLs with capacitances
in order to enlarge their electrical path, as in [106], [107].

Hereon, this section will explain and present the implementation of these three
transformations of the conventional hybrid. The research is focused on two differ-
ent 3D prototypes: the first one as a folded branch-line coupler based on helical-
microstrip TLs, while the second one will include an extra step involving the load
capacitors. Both devices were tested by electromagnetic simulations and actual mea-
surements. The study also compares the results with those of a conventional hybrid.
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4.3.1 3D Folded Hybrid Coupler

The design of helical-microstrip TLs is already detailed in section 4.1. The transfor-
mation consists of folding the square structure following the sequence in Fig. 4.22.
During the first step, in Fig. 4.22A, the square is folded on the first diagonal, moving
port 3 towards port 1. The result and the next step are depicted in Fig. 4.22B, where
the structure is folded again on the other diagonal of the original square, moving
port 2 towards port 4. The final topology is shown in Fig. 4.22C and the four TL
segments are all placed in parallel.

(A) (B)

(C)

FIGURE 4.22: Design steps for the global structure of the proposed
hybrid coupler.

According to the schematic in Fig. 4.22, the lines could be as close to each other as
desired. This is not true in practice for two main reasons. The first being the require-
ments of the manufacturing process, particularly the metallization stage, since it is
not possible without enough free space to deposit and polish the conductive seed
layer. The other is related to the electromagnetic coupling between lines, although,
that will not be of concern, considering the plating stage requires enough space to
solve any coupling issues.

The connection between lines and ports is represented in Fig.4.22 by wires. The
first prototype (the unloaded) uses planar microstrip TLs to perform this function.
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This is illustrated in the CAD model in Fig. 4.23, where the helical lines are placed in
circular symmetry. They are held by a thin disk on each side that also play the role
of substrate for the planar TLs. This model is labeled HYBF in order to differentiate
it from the traditional model, labeled HYBt, and an improved 3D model that will be
presented later under the label HYBFL.

FIGURE 4.23: Model of the HYBF folded hybrid branch-line coupler
with helical-microstrip lines.

The disk (or port) thickness is set to the minimum permitted by the manufac-
turing process. The desired characteristic impedance of the planar segments is then
found by changing the track width. In the case of the helical lines, the width, the
outer radius and the pitch have been fixed, thus the characteristic impedance is
found by changing the inner radius. The length of the electrical path is adjusted
by the cylinder length. The rings on each side of the cylinders are used to ensure a
proper connection between helical and planar TLs. Ports are surrounded by holes to
hold the screws for the attachment of the SMA connectors.

4.3.2 Loaded TLs

FIGURE 4.24: Model of the equivalent of a pure transmission line
with a loaded transmission line.

Loading transmission lines with capacitors is a common method for size reduc-
tion [107]. This is based on the theory that any transmission line of characteristic
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impedance Zi and phase Θi might be decomposed in a shorter line of Zs and Θs

loaded with capacitors of capacitance Cs on both sides. This equivalence is depicted
in Fig. 4.24.

Taking a look at Fig. 4.23, it can be seen that these extra capacitors can be eas-
ily added by plating the interior face of the disk. In this way, the new component
is integrated without requiring either more surface or more volume, but profiting
from what already exists. In order to simplify the design, this disk will now be a
square. Therefore, the resultant loaded helical-microstrip TL will be like that in Fig.
4.25, where the external faces of the squares are connected to the interior conductor.
Hence, the load capacitance value can be calculated as that between two squared
parallel planes with edge a after subtracting the area of a circle of radius ro.

Cs = ε
(a2 − πr2

o)

t
, (4.24)

where t is the thickness of the planar substrate or the distance between plates. It
is worth noting that this is an ideal approximation which does not take into account
the fringing effects, although it will still be useful as a first approach.

FIGURE 4.25: CAD model of a loaded helical-microstrip TL

The equivalence in Fig. 4.24 can be expressed by means of the ABCD parameters
[107] as

cos Θi jZi sin Θi

j sin Θi
Zi

cos Θi

 =

 1 0
jBs 1

cos Θs jZs sin Θs

j sin Θs
Zs

cos Θs

 1 0
jBs 1

 =

=

 cos Θs − BsZs sin Θs jZs sin Θs

j sin Θs
Zs

(1− S2
z B2

s + 2ZsBs cot Θs) cos Θs − BsZs sin Θs

 ,

(4.25)
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where the matrix on the left side of the equation represents the original TL seg-
ment. The second part of the equation is the cascade product of three matrices: a
capacitor load, the compacted TL segment and the other capacitor load, respectively.
The last array in (4.25) is nothing more than the result of cascading these three ma-
trices. Regarding the terms inside, the load susceptance is expressed as Bs = 2π f0Cs

and f0 is the center frequency at which the coupler is designed. From (4.25), the
following expression is obtained:

2π f0Cs =
cos Θs − cos Θi

Zi sin Θi
. (4.26)

The loaded transmission line must be sized to have a quarter-wavelength phase
while the actual line should be shorter, thus it can be assumed that 0 ≤ Θs ≤ Θi =

π/2. The phase of any of the lines can now be considered as

Θ =
2πle

λ0
, (4.27)

λ0 being the wavelength related to the work frequency. Thus, considering that
Θi = π/2

lei =
λ0

4
=

c0

4 f0
. (4.28)

Then, combining (4.26), (4.27) and (4.28) and rearranging gives

lei =
π

2
ZiCsc0

cos Θs
. (4.29)

According to (4.27) and (4.28), the phase shift of the loaded segment can be de-
scribed by

Θs =
π

2
les

lei

, (4.30)

Henceforth, the cosine in (4.29) can be simplified by

cos Θs = cos

(
π

2
les

lei

)
= cos

(
π

2
− α

)
= sin α ≈ α =

π

2

(
1− les

lei

)
, (4.31)

where the sine approximation is valid for small values of the angle α. That can
be assumed for high values of the ratio les

lei
, which is always less than 1, since les < lei .

Substituting, now, the cosine approximation in (4.29) gives that

lei ≈ ZiCsc0 + les . (4.32)

The approach of (4.32) can be improved taking into account the fringing fields of
the load capacitors. Fig. 4.26 shows all the different electric coupling fields concern-
ing the load capacitor. Using (4.24) to calculate Cs only considers the standard fields,
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which are those uniform and perpendicular to the capacitor electrodes.

FIGURE 4.26: Vertical cross section of the loaded helical-TL segment
with dimensions (left) and with the load standard and fringing fields

representation (right).

In Fig. 4.26, the fringing fields are also represented. They have been divided
into two types: the external ones, whose lines travel across the air (ε0-medium),
and the internal ones, whose lines travel across the dielectric substrate (εr-medium).
The effect of the concerning phenomenon can be approached by an increment of
the resultant capacitance compared to the standard capacitor. This increment can
be found by a conformal mapping transformation and then by integrating the elec-
trostatic fields, where the results will be different depending on the approximations
applied [108]–[111]. The approximation chosen is the one that has provided better
accuracy compared to the simulations, which is the one proposed by Sloggett [111].
Then, the effect of the external fringing fields can be modeled by an extra capacitor
with air as dielectric medium such as

C f ≈
Cs

εr

2t
πR

ln
eπR

t
, (4.33)

where e is the Euler’s number and R is the radius of a circular parallel plate
capacitor. According to the principle of equal area [108], R can be approximated to

R ≈
√

a2

π
. (4.34)

Finally, the achieved electrical length as a function of the load capacitor, and
taking into account the effect of the external fringing, can be described by

lei ≈ Zi(Cs + C f )c0 + les . (4.35)

This expression permits predicting in a first approach the expected compactness
of loaded TLs lei /l, using (4.20) to calculate les . In order to verify this model, a set
of ten loaded helical-microstrip TL samples has been designed with a sweep over
the capacitor edge a and its electromagnetic behavior has been simulated within the
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EMPro environment. Each sample has been forced to have an approximate charac-
teristic impedance of Zi = 50Ω at the same frequency where the phase shift is π/2.
To ensure this, ri and w have been modified accordingly, while the parameters l, ro

and p have been respectively fixed to 25, 3 and 5 mm. The thickness of the load
capacitor is minimized to t = 1 mm in order to increase the capacitance density.
The experimental electrical length is then extracted by using (4.22). The comparison
between the theoretical results and the data obtained by simulation, which present
considerable agreement, is depicted in Fig. 4.27. As expected, the compactness is
incremented if considering the external fringing fields, since the total capacitance is
higher than when only taking into account the conventional one. Nevertheless, it
can be seen that the computed simulations give an even higher level of the ratio lei /l
because of the effect of the internal fringing fields. This discrepancy is reduced for
larger capacitors, since the internal fringing fields become less significant in compar-
ison with the parallel plate perpendicular coupling.

FIGURE 4.27: Compactness of loaded helical-microstrip TL segments
as a function of the capacitor edge size. Comparison between the sim-
ulations and the theoretical prediction with and without considering

the fringing effect.

The major setback of loaded transmission lines is probably the reduction of the
available bandwidth. Nevertheless, this limitation is not particularly relevant in this
study, since a branch-line hybrid coupler already has a narrow response. This will
be demonstrated in the simulations and measurements of the prototype with loaded
helical-microstrip TL segments. Moreover, a FoM relating the relative bandwidth
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and the compactness will be presented below in comparison with the traditional
topology and other works found within the SoA.

The model proposed for the folded hybrid branch-line coupler with loaded he-
lical microstrip transmission lines is labeled HYBFL and represented in Fig. 4.28. It
can be seen that it is essentially based on the unloaded prototype, making use of
the already existing support surface to implement plane-parallel plate capacitors as
Cs. Capacitors from contiguous lines are joined along one edge, ensuring a better
connection between them and also between adjacent lines.

FIGURE 4.28: Model of the HYBFL folded hybrid branch-line coupler
with loaded helical microstrip transmission lines.

4.3.3 Simulation Data

The CAD models have been designed for proper electromagnetic simulation, includ-
ing a coupler with the traditional topology like that in Fig. 4.21 and labeled HYBt.
In the case of the conventional coupler, this has been carried out using the Momen-
tum tool from the ADS environment software, from Keysight. The EMPro software
has been used for the 3D prototypes. The chosen substrate material for the different
devices are the following:

• HYBt: FR4 (εr = 4.7, tan δ = 0.014)

• HYBF: Therma 294 (εr = 3.1, tan δ = 0.025)
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• HYBFL: High Temp (εr = 2.8, tan δ = 0.021)

The reason for choosing a material with lower permittivity for the loaded pro-
totype comes after considering the manufacturing process and particularly that the
printer using High Temp (Objet 260 Connex 1, from Stratasys) is more precise than
the one using Therma 294 (XFAB, from DWSystems).

After integrating the four segments for the design of a coupler, the dimensions
have to be adjusted to find the parameters that best fit the desired specifications. The
final values for all the branch-line couplers, centered at 350 MHz, are listed in Tab.
4.2.

Dimension (mm) /Prototype HYBt HYBF HYBFL

Length (50Ω-line) 117.5 30 20

Length (35.36Ω-line) 114.6 30 20

Planar substrate thickness 1.57 1.5 1

Pitch (50Ω-line) — 6.1 6

Pitch (35.36Ω-line) — 6.2 6

External cylinder radius — 4 4

Interior cylinder radius (50Ω-line) — 2.4 2.05

Interior cylinder radius (35.36Ω-line) — 3 2.92

Planar track width (50Ω-line) 3.1 3.3 —

Planar track width (35.36Ω-line) 5.1 5.7 —

Helical track width — 3 3

Loading capacitor edge — — 8

Board length 134.6 — —

Board width 142.3 — —

Supporting board diameter/length — 24 16

3D coupler total length — 33 22

TABLE 4.2: Dimensions in mm of the coupler prototypes that have
been designed and fabricated.

Both 3D prototypes have been compared to the traditional coupler with respect
to the scattering parameters. The reflection coefficient is represented in Fig. 4.29
where it can be seen that it goes below −30 dB at resonance, for all the models.
HYBFL has a minimum of −35 dB and a very small discrepancy in the frequency of
work, less than 3% of relative deviation. In the zoomed window it can be seen that
the reduction of the bandwidth in loading the transmission lines with capacitors is
small, going from 10.9% to 8.9%.

Looking at the other parameters, such as the Through (S21) in Fig. 4.30, the Cou-
pling (S31) in Fig. 4.31 and the Isolation (S41) in Fig. 4.32, it can be seen that both
miniaturized prototype models agree with the response of the conventional coupler.
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FIGURE 4.29: Simulation results of the reflection coefficient, which
corresponds to the S11 parameter, for the traditional (···), the unloaded

(- - -) and the loaded(—) prototypes.
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FIGURE 4.30: Simulation results of the through coefficient, which cor-
responds to the S21 parameter, for the traditional (···), the unloaded (-

- -) and the loaded(—) prototypes.
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FIGURE 4.31: Simulation results of the coupling coefficient, which
corresponds to the S31 parameter, for the traditional (···), the unloaded

(- - -) and the loaded(—) prototypes.
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FIGURE 4.32: Simulation results of the isolation coefficient, which
corresponds to the S41 parameter, for the traditional (···), the unloaded

(- - -) and the loaded(—) prototypes.

4.3.4 Experimental Measurements

As mentioned, the three types of couplers have been manufactured using different
technologies to work at the same frequency of 350 MHz. The HYBt with the use
of a standard-PCB technique on a FR4 substrate. The HYBF has been printed with
the XFAB machine from DWS Systems using Therma 294 as dielectric base material
and copper electroplating for the metallization stage. On the other hand, the HYBFL

has been printed with the Objet 260 Connex 1 using High Temp as dielectric base
material and copper electroplating for the metallization stage.

A picture of the final prototypes is presented in Fig. 4.34, where the miniatur-
ization enhancement of both 3D couplers against the conventional one appears very
clear. Since the devices have different shapes, the cross-section that is perpendicular
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to the SMA connector direction is taken as a size reference. This final section S f is
shown in Fig. 4.33 and can be calculated using the parameters in Tab. 4.2. In the case
of HYBt, S f is obtained by multiplying the board length by the board width. On the
other hand the HYBF prototype S f comes from multiplying the coupler total length
by the supporting board diameter, while in the case of the HYBFL it comes from the
product of the total length and the supporting board length. The results are listed in
Tab. 4.3.

FIGURE 4.33: Definition of the section used to determine the final
surface of the HYBt (left), the HYBF (lower right) and HYBFL (upper

right) prototypes. The models are not to scale.

Prototype S f (cm2)

HYBt 191.54

HYBF 7.68

HYBFL 3.52

TABLE 4.3: Occupied surface by the 3D-printed hybrid coupler pro-
totypes.

Hereon, let the relative compactness be defined as the ratio between the S f of
the traditional coupler and the S f of the evaluated device. Therefore, the more the
section of the 3D prototype is miniaturized, the higher the level of compactness be-
comes.

Compactness =
S f2D

S f3D

(4.36)

According to this definition, the HYBF and the HYBFL compactness respectively
corresponds to 24.9 and 54.4. It can be noted that the dielectric constant of FR4 is
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higher than that of Therma 294 used for the HYBF, which is still higher than the one
of High Temp used for HYBFL. A high permittivity implies a slower phase velocity
and thus a longer electrical length, thus the final relative miniaturization would be
even more if the same substrate material is used for all the samples.

(A) Conventional (B) Folded unloaded (C) Folded loaded

(D)

FIGURE 4.34: Hybrid branch-line coupler prototypes.

The characterization of the manufactured prototypes has been carried out with a
4-port E5071C VNA from Keysight Technologies Inc. Figs. 4.35, 4.36, 4.37 and 4.38
show the measured reflection (S11), through (S21), coupling (S31) and isolation (S41)
coefficient responses of the manufactured prototypes, respectively. In comparison to
Figs. 4.29, 4.30, 4.31 and 4.32, it can be seen that the measured scattering parameters
are in agreement with the simulation data.

Looking at the reflection coefficient of the resonance frequency in Fig. 4.35, the
HYBF prototype goes down to −25 dB while the HYBFL to less than −28 dB, that
is very close to the −29 dB of the planar structure. On the other hand the work fre-
quency relative deviation from the ideal response is higher for the HYBFL prototype,
at 5.7%, than for the HYBF, which is 0.3%. Therefore, the 3D manufacturing process
used gives satisfactory results even in comparison with the HYBt PCB technology,
which led to a frequency relative deviation of 2.9%. In Fig. 4.35, the bandwidth
can also be observed, and, as expected, the decrement of the 3D models is not very
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significant, since the conventional design already performs a narrow response. The
measured relative bandwidth related to −20 dB of return loss has been found to
be 10.9%, 8.9% and 7.7% of the center frequency for the HYBt, HYBF and HYBFL

prototypes, respectively.

FIGURE 4.35: Measurement data of the reflection coefficient, which
corresponds to the S11 parameter, for the traditional (···), the unloaded

(- - -) and the loaded(—) prototypes.

Fig. 4.36 shows the through coefficient. Considering that the ideal output is
−3 dB, the measured insertion loss is −0.28, −0.81 and −1.32 dB for the planar,
unloaded and loaded prototypes, respectively. The 3D models are more lossy due
to the discrepancies between the metallization results and bulk copper conductivity.
This is also supported when comparing the total normalized scattered power on
each device given by the expression
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PowerS = S2
11 + S2

21 + S2
31 + S2

41. (4.37)

The use of the normalized parameters, with respect to the power of the exciting
signal, forces the power to go from 0 to 1 in passive networks. This information is
depicted in Fig. 4.39. The difference between 1 and the summation in (4.37) means
either dissipated or radiated power.

Figs. 4.37 and 4.38 show the coupling and isolation coefficients. The results are
very similar to the through and reflection coefficients, respectively.

FIGURE 4.36: Measurement data of the through coefficient, which
corresponds to the S21 parameter, for the traditional (···), the unloaded

(- - -) and the loaded(—) prototypes.
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FIGURE 4.37: Measurement data of the coupling coefficient, which
corresponds to the S31 parameter, for the traditional (···), the unloaded

(- - -) and the loaded(—) prototypes.
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FIGURE 4.38: Measurement data of the isolation coefficient, which
corresponds to the S41 parameter, for the traditional (···), the unloaded

(- - -) and the loaded(—) prototypes.
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FIGURE 4.39: Measurement data of the scattered power for the tra-
ditional (···), the unloaded (- - -) and the loaded(—) prototypes. The
power in the y axis is normalized by the power of the exciting signal.

Fig. 4.40 shows the phase shift at the through and coupled ports. Agreement
can be seen between the different prototypes. When it comes to the shift, for some
hybrid coupler applications it is important to ensure the quadrature (±90 degrees
shift) between both output ports at the work frequency. The phase difference is
depicted in Fig. 4.41, where the quadrature occurs close to the working frequency
for all the devices. The higher discrepancy is 6.4° from the expected response and is
observed for the HYBFL. Considering that the working frequency of this prototype
is shifted down to 330 MHz, the error is reduced to 3.6°.
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(A) Through port

(B) Coupled port

FIGURE 4.40: Measurement data of the phase shift at the through
and coupled ports for the traditional (···), the unloaded (- - -) and the

loaded(—) prototypes.
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FIGURE 4.41: Difference between the measured phase shift of the
through and coupled ports for the traditional (···), the unloaded (- - -)

and the loaded(—) prototypes.

Another way to compare the prototypes is by using a FoM that combines the
aforementioned compactness, defined in (4.36), and the relative bandwidth. This is
represented in Fig. 4.42. The bandwidth is relative to the working frequency of the
corresponding device. Hereon, the best expected performance of a coupler would
be in the upper-right corner of the plot, which would mean a high level of compact-
ness and a large bandwidth. According to this figure, the proposed 3D models are
quite interesting, since they achieve a high level of compactness without losing sig-
nificant bandwidth spectrum. Other works have been included in Fig. 4.42 in order
to compare the obtained results with the SoA [104], [106], [107]. Some of the other
authors’ information related to the bandwidth is approximated, since not all the data
is explicitly given. It can be seen that [107] provides a compelling enhancement re-
garding the bandwidth but none of them achieves the level of compactness reached
by the proposed models.
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FIGURE 4.42: FoM that correlates the compactness defined in (4.36)
to relative bandwidth of the presented prototypes, the conventional
structure and some research found on the SoA. The bandwidth is rel-
ative to the work frequency of each device. The works from other

authors are Sun [104], Tsai [106] and Chun [107].

In this section two new designs of 3D branch-line couplers have been presented.
The first one (HYBF) consists of the application of helical-microstrip TL segments
and a folded structure for miniaturization. The second one (HYBFL) improves the
final compactness by including capacitor loads on both sides of the TL segments. A
study on loaded helical-microstrip TL segments has been carried out, showing that
the compactness achieved goes in detriment to the available bandwidth. The simula-
tions and the experimental measures present a positive agreement. The prototypes
have been compared to a conventional planar hybrid coupler (HYBt), showing a
very high level of compactness, while the bandwidth limitation is not of much con-
cern since the planar structure already has a narrow spectrum.

Even though the bandwidth reduction of the proposed models in comparison to
the conventional structure is not very significant, it is still an important limitation.
Some solutions can be found in the literature, such as cascading different couplers or
using high impedance lines [107]. Future research would include the development
of other designs that enhance this feature and what the particular possibilities the
three-dimensional design can offer.
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4.4 Coupled-Line Directional Coupler

Coupled-line couplers are very common RF and microwave 4-port devices that, in
their simplest version, consist of two transmission lines so close that the signal is
electromagnetically coupled from one to the other. The corresponding schematic
of the conventional topology is depicted in Fig. 4.43 . Ideally, the primary line is
perfectly matched, thus the signal passes through without being affected. On the
other hand, the secondary line has a coupled port with relatively low directivity such
that the power loss in the primary line can be considered negligible. The other port
is expected to be perfectly isolated. The characteristics of these kinds of couplers
make them interesting for signal probing in frequency and power control. They
also have the feature of analyzing independently and simultaneously forward and
backward waves [64]. Their properties make coupled-line couplers themselves very
suitable for several applications such as VNAs, spectrum analyzers, radars, QPSK
generators, power level sensors, differentiators [112] or permittivity sensors [113]
among others.

FIGURE 4.43: Schematic of a conventional coupled-line directional
coupler.

Similar to other distributed-element based devices, the size of coupled-line cou-
plers is determined by the frequency of interest. In particular, the length of the con-
ventional structure must be a quarter of the associated wavelength. This results in
two main drawbacks, concerning the bandwidth, which is limited around the work-
ing frequency, and the compactness, especially for low bands such as HF, VHF or
UHF, where the related wavelength is too long. In order to improve both com-
pactness and bandwidth of these couplers, several techniques can be found in the
literature, such as the use of periodic shunt stub loads [114], meta-materials [115]
or different geometric transformations on multi-section based coupled-line couplers
[116], [117].

4.4.1 The Helical-Microstrip Coupled Line Model

The model of the helical-microstrip coupled line coupler has been developed fol-
lowing the same procedure as for the helical-microstrip TL. This is, implementing
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the steps in Fig. 4.2 of circularly bending the planar structure and obtaining a cylin-
drical microstrip topology that is then twisted in order to make the track become a
helix. The result for the current coupler is depicted in Fig. 4.44 together with most of
the geometrical dimensions. The full dimension list contains the length of the cylin-
der l, the pitch between turns p, the width of the strip w, the thickness of the strip
t, the spacing between lines sp and the inner and outer radii ri, ro. On both sides of
the cylinder there are square-shaped bases of edge width We that form the ports and
hold the SMA connectors.

FIGURE 4.44: CAD model of the helical-microstrip coupled line cou-
pler.

According to this topology, the compactness limit stated in (4.16) for helical-
microstrip TL segments has to now consider the coupling between both lines through
the unexpected side. This implies the addition of an extra width w and the spacing
sp to this limit, leading to a minimum pitch equal to

pmin = 3.4w + sp (4.38)

The most common way to describe electromagnetic behavior for planar coupled
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lines is to make use of its network symmetry [62]. The equivalent circuit is then
excited in even and odd modes as in Fig. 4.45. The even mode excitation in Fig.
4.45A implies that both segments have equipotential voltage levels, there is no elec-
trical coupling between them. On the other hand, the odd mode excitation in Fig.
4.45B does involve electrical coupling, since there is voltage potential antisymmetry
between both segments. These differences on the electromagnetic structure, depend-
ing on the exciting mode, mean that there will be a distinct effective permittivity and
characteristic impedance for each excitation.

(A) Even mode. (B) Odd mode.

FIGURE 4.45: Circuit schematic of a 4-port coupled line network with
even and odd mode excitation.

According to the studies in previous sections, the model of helical-microstrip
TL is expected to be similar to the approximation for planar structures. In the lat-
ter case, the characteristic impedance and the scattering parameters of two coupled
lines are dependent on a few parameters: the width of the strip w, the thickness of
the substrate h, the separation between tracks sp and the relative permittivity of the
dielectric εr [64]. The geometry is shown in Fig. 4.46 over the cross-section of two
planar microstrip coupled lines.

FIGURE 4.46: Schematic cross-section of planar microstrip coupled
lines.

For a similar approach, some geometrical transformations should be applied to
take into account the helical characteristics. For instance, the effective substrate
thickness he f f should be considered as in (4.9) for a cylindrical substrate. Likewise,
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the implementation of other transformations would give the expressions for the ef-
fective values of w and sp. Using these parameters, the expressions reported by
Hammerstad and Jensen [118] could be adjusted in order to define the effective di-
electric constant and the characteristic impedance for each, the odd and the even
excitation modes.

4.4.2 Simulation Results

Two different models have been designed and manufactured in order to have−10 dB
of coupling factor (which is the S31 parameter for the current port definition) at the
working frequency of 350 MHz. These prototypes will be labeled as CLA and CLB
and their dimensions are listed in Tab. 4.4. The first prototype has a shorter outer ra-
dius than the second one, thus the second one is more compact in terms of length. In
addition, a traditional coupled line coupler, labeled CLt has been designed and man-
ufactured to verify the expected enhancement of the 3D models. The CLt prototype
has been designed in a planar standard PCB structure with FR4 dielectric substrate.

Parameter (mm) CLt CLA CLB
t 0.035 0.2 0.2

l 118.4 23 16.5

w 2.4 2 2.1

sp 0.25 0.4 0.5

ri — 6 8.9

ro — 7 10

We — 24 30

Port thickness — 1.5 1.5

board width 19.45 — —

board length 143.8 — —

TABLE 4.4: Dimensions of the CLA and CLB coupled line coupler 3D
models. The dimensions of the traditional CLt model are also listed

for comparison purposes. Values are in millimeters.

The electromagnetic response of the designed models has been simulated within
the range of 1 MHz up to 1 GHz using the EMPro environment from Keysight. The
chosen dielectric properties were those from the High Temp material from Stratasys.
The return loss is plotted in Fig. 4.47, where all the prototypes give a bandwidth
referred to −20 dB higher than 1 GHz. At the working frequency, the CLB gives
much better results, this is −40.0 dB of return loss against the −28.7 dB of the CLA
and −26.0 dB of the CLt. The response of the through coefficient (parameter S21)
is depicted in Fig. 4.48, where both 3D prototypes present an agreement with each
other and with CLt up to the working frequency. Moreover, an insertion loss smaller
than 0.8 dB can be ensured within all computed frequency ranges for all models. The
coupling factor is represented in Fig. 4.49 again, showing agreement between all the
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devices. They also both perform a coupling value very close to the expected one at
the working frequency, −10.1 dB for the CLt, −9.7 dB for the CLA and −10.4 dB for
the CLB. Finally, there is also agreement between the 3D couplers when comparing
the isolated port response, which is plotted in Fig. 4.50. Similar to return loss, an
isolation of −20 dB can be ensured within the entire bandwidth. Although, in this
last case, the performance of the CLt is worse and this level of isolation can only
be ensured up to 530.5 MHz. Particularly, the values at 350 MHz are −23.2 dB,
−29.2 dB and −30.5 for the CLt, the CLA and the CLB, respectively.

FIGURE 4.47: Simulated return loss of the designed helical-microstrip
coupled line couplers CLt (—), CLA (...) and CLB (- - -).
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FIGURE 4.48: Simulated insertion loss of the designed helical-
microstrip coupled line couplers CLt (—), CLA (...) and CLB (- - -).

FIGURE 4.49: Simulated coupling factor of the designed helical-
microstrip coupled line couplers CLt (—), CLA (...) and CLB (- - -).
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FIGURE 4.50: Simulated isolation factor of the designed helical-
microstrip coupled line couplers CLt (—), CLA (...) and CLB (- - -).

In order to do a study of the n design parameter influence on the device behav-
ior within a 50−Ω medium, a hypercube of n dimensions should be defined. These
parameters are the pitch between turns p, the track width w, the spacing between
strips sp, the cylinder length l and the inner and outer radii ri, ro. For simplification
purposes, p has been set to the aforementioned minimum value according to (4.38).
Moreover, the electrical length has been fixed to ensure that the π/2 phase shift al-
ways occurs at the same working frequency (i.e. 350 MHz). Besides, if the effective
substrate height he f f is set as a design parameter, one of the radii can be fixed as well
and let the other be defined by (4.9). These boundary conditions reduce the space
to three-dimensions, which are w, sp and he f f . Nevertheless, while this should be
enough for a planar microstrip topology, the effect varying he f f by fixing either ri or
ro is not giving obvious equal results in the helical case. From a quick observation
it can be seen that changing the outer radius affects the curvature of the helical sur-
face, while this does not happen with the inner radius. From this gradient on the
curvature, some effects on the effective track width and spacing between lines could
be expected. In order to verify this conjecture, two separate hypercubes have been
defined with the same dynamic ranges of w , sp and he f f but fixing a different radius
at each.

Hereon, a set of 64 samples has been designed and simulated. As a reference,
the design values of CLB have been chosen because this model offers a better perfor-
mance than CLA. Each point of the aforementioned hypercube stands for a coupler
adjusted to have the minimum return loss at the working frequency, thus the de-
picted space is discrete. To ease the visualization of the three-dimensional surface,
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only particular cuts along a constant he f f have been plotted within the plane w, sp
in Fig. 4.51. The he f f values are 0.5, 1.17 (related to CLB), 2 and 5 mm. The spacing
between lines has been swept from 0.2 mm to 0.9 mm by steps of 0.1 mm. This leaves
w as the only free parameter. In the first hypercube, ro is fixed to 10 mm relaxing ri

and the points are represented as squares while ri is fixed to 8.9 mm relaxing ro in the
second and the points are represented as circles. The radial fixed values have been
set according to CLB.

When the spacing between lines is increased, the coupling capacitance decreases,
thus it has to be compensated for by increasing the track width (i.e. the capacitance
to the ground). This conjecture is verified by the positive slopes in Fig. 4.51. These
slopes have higher values either when the lines are closer, since the coupling is more
significant, or when the values of he f f are higher, since a higher increment of the
track width is required to achieve the same capacitance. The return loss is also rep-
resented in Fig. 4.51 with a color map, defined in the right vertical axis. It can be seen
that the return losses are higher when the lines are closer. In terms of the substrate
effective thickness, the optimal response of the reflection coefficient appears around
he f f = 1.17mm which corresponds to CLB. Another interesting fact is that there is
no relevant difference when changing the inner or the outer radius, hence the cur-
vature of the cylinder has no significant effect on the device performance. This is
probably because the pitch has been set to the minimum value, making the tracks
almost parallel to the cross-section, as in Fig. 4.44.

Henceforth, theoretical samples of a planar coupled line coupler have also been
plotted in Fig. 4.51 as black crosses. These samples have been calculated using the
verified models developed by Hammerstad and Jensen [64], [118]. The required
expressions can be found in Appendix C. They have been used to find the character-
istic impedance of coupled lines according to the design parameters. An algorithm
has been developed to find the optimal value of w that matches the characteristic
impedance within the 50-Ω medium. It can be seen that the planar coupler follows
a similar curve as that of 3D topology, though a higher value of w is required for
the same sp than in the 3D case. To ensure that this discrepancy is not related to the
curvature, eight of the 3D samples have been manufactured setting ro = 20 mm and
he f f = 1.17 mm, which have been labeled as triangles in Fig. 4.51. Therefore, the cur-
vature of these samples is much closer to the planar case than for the other samples,
whose outer radii are 9.39, 10, 10.72 or 13.05 mm. Nonetheless, no differences can
be observed from the other corresponding 3D samples within the (w, sp, he f f ) map.
On the other hand, the expressions used for the representation of the planar samples
involve several correction parameters, thus a further study could be used to readjust
them and find proper expressions for helical-microstrip coupled line couplers.
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FIGURE 4.51: Simulation study of the coupled line coupler return loss
optimization dependence on its design parameters. The graph plots
the required w for a given sp when the rest of the design parame-
ters are fixed. Different values of substrate thickness are represented,
where squares represent those samples with ro fixed to 10 mm, the
circles those with ri fixed to 8.9 mm and the triangles those with both
parameters fixed (ro = 20 mm and he f f = 1.17 mm). The crosses rep-
resent the mathematical model of planar couplers within the same
conditions. The right axis is the color scale used to designate the cor-

responding return loss.

Hereon, the function w(sp, he f f ) says that w can be assumed to be determined by
sp and he f f . This allows keeping w out of the plot and proposes a FoM relating the
coupling factor and sp in the parametric analysis for different values of he f f . This is
depicted in Fig. 4.52 for the same set of samples together with the color map of the
return loss. This FoM is quite interesting for design purposes since the dimensions
can be estimated given the performance requirements. As expected, the coupling
factor decreases when spacing between the lines increases. It can also be observed
that the absolute value of slope is higher when the substrate is thinner. This fact
implies that for these particular samples, the dimension errors due to the fabrication
process tolerances are more significant than for thicker substrates.
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FIGURE 4.52: Simulation study of the coupling factor dependence
on the spacing between lines of a 3D coupled line coupler. Different
values of substrate thickness are represented, where squares repre-
sent those samples with ro fixed to 10 mm, the circles those with ri
fixed to 8.9 mm and the triangles those with both parameters fixed
(ro = 20 mm and he f f = 1.17 mm). The right axis is the color scale

used to designate the corresponding return loss.

As in section 4.1, it has been considered that conventional and 3D models have
different shapes, hence the size has been quantitatively compared by using the final
area of the cross-section S f which is perpendicular to the connector direction. There-
fore, S f is obtained by multiplying the width by the length of the board in the case of
the CLt while in the case of the CLA and CLB it is by the product of We and the sum-
mation of the length l plus twice the thickness of the port (see Fig. 4.44 for the CAD
model dimensions). The values of S f for each device are listed in Tab 4.5 together
with the factor of compactness defined in (4.36) for the hybrid coupler in section 4.3.
This factor says that CLA and CLB respectively are 4.5 and 4.7 times smaller than
the CLt. These factor values are much lower than in the case of the hybrid coupler
because the conventional structure of the coupled line coupler is already smaller in
comparison.

Prototype S f (cm2) Compactness
CLt 28.0 1

CLA 6.2 4.5

CLB 5.9 4.7

TABLE 4.5: Occupied surface by the 3D-printed coupled line coupler
prototypes and corresponding compactness factor.

Hereon, another figure of merit has been proposed to show the compactness as
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a function of sp for different values of he f f . The return loss is represented as well.
The same set of simulated samples has been used for this purpose in Fig. 4.53. It
can be observed that compactness grows more quickly when decreasing either sp,
he f f or both. Nonetheless, low sp values imply high values of return loss. This is
not the case of he f f , which offers better adaptation when thinner. This could be a
reason to choose he f f = 0.5 mm (or similar) as the best option. However, checking
Fig. 4.52 it can be seen that this substrate thickness demands sp = 0.3 mm to reach
the coupling requirement of −10 dB, which is a line spacing that produces a high
reflection coefficient in comparison with other values of sp. Then, the choice is about
the compromise between compactness and return loss.

FIGURE 4.53: Simulation study of the compactness dependence on
the spacing between lines of a 3D coupled line coupler. Different
values of substrate thickness are represented, where squares repre-
sent those samples with ro fixed to 10 mm, the circles those with ri
fixed to 8.9 mm and the triangles those with both parameters fixed
(ro = 20 mm and he f f = 1.17 mm). The right axis is the color scale

used to designate the corresponding return loss.

4.4.3 Experimental Results

All the samples have been manufactured using the High Temp substrate of the mate-
rial jetting based Objet 260 Connex 1 printer from Stratasys. The metallization stage
has been developed by using copper electroplating for both 3D devices as well, the
seed layer of CLA is made with silver spray and that of CLB with silver lacquer.
The final prototypes are shown in Fig. 4.54, the CLA, CLB and CLt are Figs. 4.54A,
4.54B and 4.54C, respectively. The samples are already plated and the SMA connec-
tors correspondingly attached. In addition, Fig. 4.55 contains the image of all three
devices in order to ease the size comparison.
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(A) (B)

(C)

FIGURE 4.54: Coupled line coupler prototypes. Top left, the CLA, top
right, the CLB, bottom, the CLt.

FIGURE 4.55: Coupled line coupler prototypes. The picture has been
taken with the three devices next to each other to ease the compact-

ness comparison.

The VNA measurements are presented below. They have been taken in the fre-
quency range of 1 MHz to 1 GHz in accordance with the simulation conditions. Fig.
4.56 contains the plot of the reflection coefficient. A different performance can be
seen when comparing the three prototypes. The bandwidth related to −20 dB of
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return loss can be ensured for more than 1 GHz by CLt and CLA, while the band-
width of CLB spans up to 670 MHz. The return loss at the working frequency is
−28.4 dB, −27.0 dB and −25.4 dB for the CLt, CLA and CLB, respectively, thus they
give very similar results. Fig. 4.57 shows the response at the through port. There
is agreement between devices with a discrepancy always lower than half a decibel.
The CLt coupler presents a slightly better response in terms of insertion loss, due
to the imperfections of the electroplating process in terms of conductivity. At the
working frequency, the measured insertion loss is −0.63 dB, −0.77 and −0.78 for
the CLt, CLA and CLB prototypes, respectively. The coupling factor is depicted in
Fig. 4.58, where a value of −10 dB should be expected at 350 MHz according to the
simulations. Nevertheless, the actual measurements show that the S31 coefficient is
−11.3 dB, −13.4 dB and −12.3 dB for the CLt, CLA and CLB, respectively. This level
of discrepancy is later discussed in more detail. Finally, the isolation port, shown
in Fig. 4.59 presents agreement between both 3D couplers. They can both ensure a
bandwidth larger than 1 GHz within which the isolation is better than−20 dB, while
the conventional structure only arrives up to 441 MHz. Particularly, at the working
frequency, the isolation has been found to be −21.4 dB, −29.8 dB and −27.2 dB for
the CLt, CLA and CLB, respectively. Data for all the samples are plotted in Appendix
D.

FIGURE 4.56: Measured return loss of the designed helical-microstrip
coupled line couplers CLt (—), CLA (· · · ) and CLB (- - -).
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FIGURE 4.57: Measured insertion loss of the designed helical-
microstrip coupled line couplers CLt (—), CLA (· · · ) and CLB (- - -).

FIGURE 4.58: Measured coupling factor of the designed helical-
microstrip coupled line couplers CLt (—), CLA (· · · ) and CLB (- -

-).
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FIGURE 4.59: Measured isolation factor of the designed helical-
microstrip coupled line couplers CLt (—), CLA (· · · ) and CLB (- -

-).

It can been seen from the measurements, that the performance of the 3D pro-
totypes is generally in agreement with the response of the conventional topology.
Although, there is a particular issue of concern, which is related to the coupling fac-
tor. The discrepancy between simulations and actual results of the S31 parameter are
1.9 dB for the CLB and up to 3.7 dB for CLA, meaning that for the latter more than
half the expected power is lost. A small set has been manufactured for statistical
purposes. From a number of five samples of the CLA prototype, the mean coupling
error was found to be −4.2 dB with a standard deviation of 0.97 dB. Therefore, the
error could be theoretically corrected or, at the least, compensated for.

These errors are produced due to imperfections in the manufacturing process.
Simulations of the CAD model with a higher resistivity than bulk copper did not
present significant changes on the coupling factor. Thus, it was assumed that the
problems depend on dimension tolerances, which could have three different origins:

• Irregular conductor layer. The non-homogeneous copper deposition process
and the imprecision of hand-polishing

• Tolerances related to the printing process.

• Low conductivity of the electroplated layer in comparison with bulk copper
assumed in the CAD model.

The first issue considers that if the substrate trenches that bind the tracks are not
deep enough, the polishing process can harm the seed conductive layer, shortening
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the strip width. In addition, an over deposition of the copper particles can be pro-
duced during the electroplating process, leading to an increment of the track width.
These events are depicted in the left schematic of Fig. 4.60 as the cross section of the
space between strips. Since the spurious dimensions are expected to be stochastic,
an average track width could be assumed though it cannot be ensured to be the same
as the original one. In the same way, the modification of the track width implies the
spacing between lines sp, which the coupling factor is very sensible to. Moreover,
as can be seen from the top view shown in the right schematic of Fig. 4.60, this
results in a coupling perimeter longer than the desired one. Although this last prob-
lem, would increase the coupling factor instead, thus it is unlikely to be the main
concern.

As a possible solution, a new model labeled CLB.2 has been designed with the
same topology but the depth of the trenches has been increased from 200 µm to
500 µm. The schematic cross-section is depicted in Fig. 4.61, where it can be seen
that the electric coupling is no longer produced by a planar perimeter, but by par-
allel walls. This increases the coupling factor, thus the rest of the parameters have
been accordingly adjusted to give better performance at the same frequency. This
modification should better protect the strip during the polishing process. Moreover,
the spacing between lines should be more stable. The only problem here is that over
or under deposition of copper could lead to unequal walls, as represented in Fig.
4.61. This can be approximated by an average reduction of the coupling surface,
since full-plating of the walls was assumed in the CAD models.

FIGURE 4.60: Qualitative schematic of the plated surface of proto-
types CLA and CLB. Cross section (left) and top view (right). The
original substrate is represented by a dashed line (- - -) and the sur-
face after the polishing process by a continuous line (—). The electric

field (
−→
E ) lines are also depicted.
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FIGURE 4.61: Qualitative cross-section schematic of the plated sur-
face of prototype CLB.2. The original substrate is represented by a
dashed line (- - -) and the surface after the polishing process by a con-

tinuous line (—). The electric field (
−→
E ) lines are also depicted.

Two samples of the CLB.2 model were manufactured and tested. The results are
presented in Appendix D. The performance is very similar to measurements of CLA
and CLB, including over 3 dB of coupling loss compared to simulations. From this
information, it can be concluded that:

• The possible extra coupling due to track perimeter lengthening is negligible.

• The non-controlled margin of the copper deposition has little effect on the re-
sulting coupling factor.

Therefore, the other two possible issues that could be a detriment to the cou-
pling were considered: printing tolerances and low conductivity. Hereon, several
simulations were done on the CLB prototype by changing different parameters that
could directly affect the coupling in order to check what errors could produce the
measured response:

• Decreasing the conductivity of the metal layer down to the values presented
in Chapter 2. This is according to the characterized conductivity achieved by
the electroless plating process, though electroplating gives higher values.

• Reducing the metal layer thickness to the values presented in Chapter 2, when
measuring the growth of the copper deposition.

• Increasing the spacing between lines and adjusting other dimensions within
the range of the printing tolerances, mentioned in Chapter 2 as well. In partic-
ular, the coupling factor of the coupler is highly sensible to sp, thus it would
be the main parameter to focus on.

Following the principal CAD model modifications, other dimensions had to be
adjusted within the printer tolerances range, because the rest of the scattering pa-
rameters are also dependent on the coupling. It has to be considered that the errors
related to this material jetting process mostly oversize solids (i.e. ro, sp or l) and thus
undersize the holes (i.e. ri or w). After several simulations, where the aforemen-
tioned parameters have been changed within the expected ranges, it has been found
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that the coupling factor cannot be decreased to levels of about−13 dB without detri-
ment to the other scattering parameters. This probably occurs because the printing
tolerances are produced in Cartesian coordinates and have different values depend-
ing on the axis. If this is combined with a helical topology, the dimensions are not
equally affected at different points of the prototype. Henceforth, compensating for
the actual errors would require very complex expressions.

Hereon, the fact that the drop of the coupling factor is approximately constant
along the sample population (around −3 dB) can be considered. Thus, the simplest
solution to obtain−10 dB of coupling has been found by designing a new prototype,
labeled CLB.3, appropriately targeting a higher coupling level. Consequently, the
performance should match the desired outcomes. The measured response of the
coupling factor of prototype CLB.3 is depicted in Fig. 4.62. For comparison purposes
it has been plotted together with the measured coupling factor responses of the other
prototypes. It can be seen that CLA and CLB.2 offer values of around −13.4 dB of
coupling, while CLB gives a slight improvement, achieving a S31 parameter equal
to −12.3 dB. Only the CLB.3 response is very close to the conventional prototype,
growing up to values of around −11.3 dB of coupling factor.

FIGURE 4.62: Comparison of the coupling factor performed by the
different designed coupled line coupler prototypes. Each line style
corresponds to: CLt (—), CLA (· · · ), CLB (thick -·-·), CLB.2 (- - -) and

CLB.3 (thin -·-·).

The error in the coupling factor of CLt is likely related to manufacturing toler-
ances as well. The milling minimum width is 100 microns and has an error of 10-15
microns for the equipment used. The expected deviation is slightly better than that
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of the Objet 260 3D printer but in the same order. Due to the nature of this subtrac-
tive technology, these limitations directly affect the spacing between lines. It can be
noted that the discrepancy between the CLt measured results and the expected val-
ues is the same as CLB.3 and not very far from those of CLA, CLB and CLB.2. The
relation of this error to the printing tolerances appears probable, although it is not
demonstrated. Moreover, the fact could be highlighted that for coupled line couplers
the target coupling factor is very low in order to minimize the effect on the signal
passing through the device. Therefore, the drop from −10 to −11.3 or −13 dB can
be considered to not be of significant detriment to the coupler performance.
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Chapter 5

Conclusions

The main goal of the presented thesis was to define a new 3D-printed electronics
manufacturing process for non-planar components and circuits and demonstrate its
functionality by showing its features and innovative possibilities. It has been ful-
filled by successfully achieving all the proposed objectives. Moreover, before begin-
ning with the development of the work itself, Chapter 1 gives an introduction to the
AM world by describing and comparing the different existing technologies. The re-
ported information led to the conclusion that the best technology options for the cur-
rent case are stereolithography and material jetting. The former is cheaper, while the
latter has more manufacturing precision and permits multiple material printing, in-
cluding soluble materials for part supports, resulting in still better surface ends. For
this reason, material jetting has been chosen as the best option. Extrusion technolo-
gies could also be considered as it was in several of the reported SoA research works,
although it was discarded due to its low resolution. Chapter 1 then proceeds with an
in-depth report about the 3D-printed electronics SoA, where different technologies
and applications have been found. Reaching a high conductive metallization, espe-
cially if RF applications are considered, and the possibility of manufacturing full-3D
shapes, meaning that any or almost any geometry could be fabricated, resulted in
being one of the most interesting and mostly unresolved challenges within this SoA.
Moreover, it has been found that it would be of interest for current research to focus
on the automation or semi-automation of the manufacturing process and develop
all the aforementioned features at the lowest possible economical cost. Regarding
the existing SoA, all these issues have been well resolved except for the automation,
since the manufacturing process involves some manual labor. These achievements
are detailed in the subsequent chapters.

The whole manufacturing process is defined in Chapter 2 and consists of two
different stages: the 3D substrate printing and the metallization. The printed part
is designed delimiting the area to be plated with trenches. The EMPro environment
from Keysight Technologies Inc. has been chosen as a CAD software modeler due
to its parametric features. The metallization includes three steps: covering the entire
surface area with a conductive layer by using aerosol or lacquer; polishing away this
metal layer from the undesired areas, (here the trenches protect the covering where
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required) and finally, putting the object in a copper electroless plating or electroplat-
ing bath so that the original conductive layer acts as a seed for the deposition of
the new metal particles. Hence, the presented technology is not fully additive but
a hybrid manufacturing process. The metallization stage involves some manual la-
bor (mostly due to either the lacquer painting or aerosol polishing). This could be
solved by automating the process using 5-axis CNC machining, although it would
increase the price of prototyping. Another option found within the SoA was the use
of printable conductive inks, thus the process would be purely additive. However,
these kinds of inks have been found to be either too expensive or have too much
resistivity.

Throughout this research, two different printers have been used: the XFAB from
DWS Systems, based on stereolithography, and the Objet 260 Connex 1 from Strata-
sys, based on material jetting. In Chapter 2, three different methodologies are de-
scribed to characterize the electromagnetic properties (i.e the permittivity and the
loss tangent) of the available printing materials: the resonant rectangular cavity, the
coaxial waveguide and the transmission line techniques. These methodologies cover
different frequency ranges and verify one another, since they show agreement. As
expected for polymer-like materials, the tested samples gave values of the relative
dielectric constant from 2.0 to 3.1 and loss tangents from 0.012 to 0.029. These num-
bers are similar to standard substrates but are far from those based on engineered
materials with high values of permittivity (useful for miniaturization purposes) or
very low losses. The evaluation of the metallization process has been carried out
using the Van de Pauw method in order to measure the resistivity achieved on
electroless-plated samples. The minimum reached resistivity using electroless cop-
per plating has been found to be 9 µΩcm which is a rather positive result considering
the SoA. Moreover, a comparison between electroless plating and electroplating is
discussed. Electroplating performs better, since it gives higher values of conductiv-
ity, requires much less deposition time and does not imply either heat or toxic fumes.
A SEM analysis of metallized sample surface shows that the discrepancy with bulk
copper is probably due to the material granularity of this kind of electrolytic depo-
sition for copper. It could be expected that an optimization of the chemical process
would improve the conductor quality. Finally, a quick overview of the economic
cost of the proposed technology is given. The final cost of the equipment is about
70,400 e if using the Objet printer and electroplating metallization. This is still quite
a difference from the 400,000 e budget of a fully automated 3D electronics printer
such as the one offered by Optomec.

The demonstration of the proposed technology’s capabilities begins in Chapter
3. Two different Hello-world circuits have been manufactured to prove that full-3D
prototypes are possible as well as soldering them. This chapter also presents the
implementation of this technology for discrete component applications such as in-
ductors or capacitors.

A study on conical inductors is carried out, where AM has been shown to be an
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interesting option to fabricate these inductors due to the robustness of the printed
parts. Conical inductors are a trade-off between planar spiral inductors and solenoids.
Spirals offer a larger bandwidth and solenoids are more compact. When the cone
angle is larger than 50-60° the bandwidth stops increasing significantly, thus conical
inductors with these dimensions are the best option to get a robust, compact and
broadband structure. These components have been used for developing 3D broad-
band passive filters with a cutoff frequency of 250 MHz. Third and fifth order filters
have been designed and manufactured by individual components showing good re-
sults. As a structural enhancement, S3DP passive filters have also been developed.
They, too, are based on conical inductors, but in this case the whole 3D circuit is
printed as a single part. This simplifies and reduces the production process, avoid-
ing related costs. S3DP structures also perform better since they do not have discon-
tinuities along the conductive layer. Low-pass and high-pass filter prototypes have
been designed to work at 250 MHz as well, manufactured and tested verifying this
technology and showing agreement with the ideal response. The bandwidth of the
LP filter was found to be 2.65 GHz to ensure a rejection up to −30 dB. In the case
of the HP, the bandwidth has been found to be 2.53 GHz to ensure an insertion loss
lower than −3 dB.

Another research field for innovating applications of 3D printing is the study of
possible geometrical improvement for distributed-element devices. A study is de-
veloped in Chapter 4 on the implementation of a helical shape to microstrip trans-
mission lines. This topology permits the miniaturization of the lines while avoiding
discontinuities in the electromagnetic field as happens when using the meandered-
line technique. It has been found that the theoretical model for planar microstrip TL
can also be applied to the helical ones with a few adjustments. A limit to compact-
ness due to coupling between turns of the helix was also found.

Different applications of helical-microstrip TLs are developed in Chapter 4 as
well. First of all, the benefits of this element are demonstrated in the implemen-
tation of a tapered impedance transformer. For this kind of device, the longer the
electrical length is, the wider the reached bandwidth will be. Hereon, helical seg-
ments permit the design of broadband and compact impedance transformers. The
resulting structure has been used to design and manufacture a 2-way power divider
with an operating band from 312 MHz up to 2 GHz with an upper limit of return
losses of approximately −20 dB and insertion losses below −3 dB in the entire fre-
quency band of interest.

The helical-microstrip TLs were also implemented as segments of a hybrid-branch-
line coupler. An additional improvement to this device was to fold the squared
structure to get a more compact topology. Moreover, a study on the compactness
of capacitively loaded helical-microstrip TL was carried out modeling the expected
miniaturization. Henceforth, a trade-off between compactness and bandwidth should
be considered. A folded hybrid coupler and a 3D folded with loaded lines were de-
signed (both with helical microstrip lines) at 350 MHz, manufactured and tested.
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They were compared with the traditional topology and other works within the SoA
showing that the 3D couplers were 24.9 and 54.4 times smaller than the planar struc-
ture according to the defined compactness concept. These achievements do not
present significant detriment to the bandwidth.

The last proposed device is a helical coupled line coupler working at the fre-
quency of 350 MHz. The design follows the same idea of helical-microstrip TLs
but twists two coupled lines around the ground. A simulation study was made to
find a qualitative relationship between the design parameters and the coupler per-
formance, similar to the traditional topology though with some discrepancies that
could be corrected. Further work could include this correction in order to find ac-
curate prediction equations. Some prototypes with different dimensions were man-
ufactured whose responses showed agreement with the simulations and the tradi-
tional one except for an average coupling factor of 3dB. This error was also present
in the planar devices and is probably caused by manufacturing tolerances which are
very complex to correct in the case of the 3D geometry. The coupling factor is more
sensitive to tolerances in this case than, for example, in the hybrid coupler because
of the strong dependence on the spacing between lines.

As stated, 3D geometries are sometimes very complex for tolerance compensa-
tion, thus further work of interest would include an accurate study of these toler-
ances for correction purposes. Other technology enhancements would involve the
optimization of the electroplating process in order to get a higher conductivity and
the design of engineered printable materials with high values of permittivity and
low losses. Moreover, the simplification of the manual labor during the metallization
pre-processing or its automation would be an interesting goal to reduce fabrication
time and labor costs.

When it comes to new fields of innovation in terms of RF and microwave elec-
tronics, there is still a lot of research that can be done, for example, exploring other
microstrip topologies or single-piece printed cavities. The concept of S3DP could
also be extended to develop a 3D System-on-Chip technology with single-printed
parts combining distributed-element, discrete and integrated components. Research
regarding this idea is already published on the topic of radio-frequency identifica-
tion (RFID) tags [119], [120].
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Appendix A

Complete Electromagnetic
Characterization for Printable
Dielectric Materials

Non-masked measurements from all the characterized dielectric materials.

A.1 Permittivity Measurements

FIGURE A.1: Loss tangent of the permittivity of Therma 289 from
DWS Systems. Experimental measurements using the cavity pertur-
bation and the coaxial waveguide methods. The sheet used as sample
for the Cavity perturbation method has a width of 60.30 mm and a
thickness of 1.83 mm. Three different coaxial samples have been used
with lengths of 10, 20 and 30 mm assuming the same radius as the

waveguide.
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Materials

FIGURE A.2: Real part of the permittivity of Therma 294 from DWS
Systems. Experimental measurements using the cavity perturbation
and the coaxial waveguide methods. The sheet used as sample for
the Cavity perturbation method has a width of 60.15 mm and a thick-
ness of 2.00 mm. Three different coaxial samples have been used with
lengths of 10, 20 and 30 mm assuming the same radius as the waveg-

uide.

FIGURE A.3: Real part of the permittivity of Precisa 779 from DWS
Systems. Experimental measurements using the cavity perturbation
and the coaxial waveguide methods. The sheet used as sample for
the Cavity perturbation method has a width of 60.20 mm and a thick-
ness of 1.54 mm. Three different coaxial samples have been used with
lengths of 10, 20 and 30 mm assuming the same radius as the waveg-

uide.
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(A) Microstrip transmis-
sion lines.

(B) Cavity perturbation.

FIGURE A.4: Real part of the permittivity of High Temp from Strata-
sys. Experimental measurements using the cavity perturbation and
the transmission line methods. The sheet used as sample for the Cav-
ity perturbation method has a width of 70.1 mm and a thickness of
1.1 mm. The microstrip dimensions were h = 1.5 mm, w = 3 mm and

L = 40, 60, ..., 120 mm.

FIGURE A.5: Real part of the permittivity of Vero Black Plus from
Stratasys. Experimental measurements using the cavity perturba-
tion method. The sheet used as sample for the Cavity perturbation

method has a width of 70.00 mm and a thickness of 0.95 mm.
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FIGURE A.6: Real part of the permittivity of Vero Clear from
Stratasys. Experimental measurements using the cavity perturba-
tion method. The sheet used as sample for the Cavity perturbation

method has a width of 70.00 mm and a thickness of 1.00 mm.

A.2 Loss Tangent Measurements

FIGURE A.7: Loss tangent of Therma 289 from DWS Systems. Exper-
imental measurements using the cavity perturbation and the coaxial
waveguide methods. The sheet used as sample for the Cavity pertur-
bation method has a width of 60.30 mm and a thickness of 1.83 mm.
Three different coaxial samples have been used with lengths of 10, 20

and 30 mm assuming the same radius as the waveguide.
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FIGURE A.8: Loss tangent of Therma 294 from DWS Systems. Exper-
imental measurements using the cavity perturbation and the coaxial
waveguide methods. The sheet used as sample for the Cavity pertur-
bation method has a width of 60.15 mm and a thickness of 2.00 mm.
Three different coaxial samples have been used with lengths of 10, 20

and 30 mm assuming the same radius as the waveguide.

FIGURE A.9: Loss tangent of Precisa 779 from DWS Systems. Exper-
imental measurements using the cavity perturbation and the coaxial
waveguide methods. The sheet used as sample for the Cavity pertur-
bation method has a width of 60.20 mm and a thickness of 1.54 mm.
Three different coaxial samples have been used with lengths of 10, 20

and 30 mm assuming the same radius as the waveguide.
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(A) Microstrip transmis-
sion lines.

(B) Cavity perturbation.

FIGURE A.10: Loss tangent of High Temp from Stratasys. Experi-
mental measurements using the cavity perturbation and the trans-
mission line methods. The sheet used as sample for the Cavity per-
turbation method has a width of 70.1 mm and a thickness of 1.1 mm.
The microstrip dimensions were h = 1.5 mm, w = 3 mm and

L = 40, 60, ..., 120 mm.

FIGURE A.11: Loss tangent of Vero Black Plus from Stratasys. Ex-
perimental measurements using the cavity perturbation method. The
sheet used as sample for the Cavity perturbation method has a width

of 70.00 mm and a thickness of 0.95 mm.
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FIGURE A.12: Real part of the permittivity of Vero Clear from
Stratasys. Experimental measurements using the cavity perturba-
tion method. The sheet used as sample for the Cavity perturbation

method has a width of 70.00 mm and a thickness of 1.00 mm.
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Appendix B

Thickness Measurements for
Electroless Copper Plating

Thickness of the metal layer for the set of samples coated using electroless copper
plating for different bath temperature and time duration. Images have been taken
using the ultra-high resolution TM3000 TableTop SEM from Hitachi.

B.1 Samples at 40ºC

FIGURE B.1: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 40°C, 100 minutes. Image taken with an

electron microscope.
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FIGURE B.2: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 40°C, 200 minutes. Image taken with an

electron microscope.

FIGURE B.3: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 40°C, 300 minutes. Image taken with an

electron microscope.
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FIGURE B.4: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 40°C, 400 minutes. Image taken with an

electron microscope.

FIGURE B.5: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 40°C, 500 minutes. Image taken with an

electron microscope.
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B.2 Samples at 50ºC

FIGURE B.6: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 50°C, 100 minutes. Image taken with an

electron microscope.

FIGURE B.7: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 50°C, 200 minutes. Image taken with an

electron microscope.
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FIGURE B.8: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 50°C, 300 minutes. Image taken with an

electron microscope.

FIGURE B.9: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 50°C, 400 minutes. Image taken with an

electron microscope.
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FIGURE B.10: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 50°C, 500 minutes. Image taken with an

electron microscope.

B.3 Samples at 60ºC

FIGURE B.11: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 60°C, 100 minutes. Image taken with an

electron microscope.
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FIGURE B.12: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 60°C, 200 minutes. Image taken with an

electron microscope.

FIGURE B.13: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 60°C, 300 minutes. Image taken with an

electron microscope.
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FIGURE B.14: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 60°C, 400 minutes. Image taken with an

electron microscope.

FIGURE B.15: Copper layer thickness achieved with electroless plat-
ing. Sample bath conditions: 60°C, 500 minutes. Image taken with an

electron microscope.
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Appendix C

Theoretical Model of a
Planar-Microstrip Coupled Line
Coupler

The following verified model was developed by Hammerstad and Jensen [64], [118]
and corresponds to microstrip coupled lines in a planar topology. The required de-
sign parameters are the relative permittivity of the substrate εr, the track width w,
the spacing between lines sp and the substrate thickness h.

The effective dielectric constant is defined for each m mode, which are the even
e and the odd o. Each parameter related to a particular mode will be labeled by the
subscript. Hereon the effective dielectric constant is

εe f fm(u, g, εr) =
εr + 1

2
+

εr − 1
2

Fm(u, g, εr), (C.1)

where Fe,o are described by

Fe(u, g, εr) =

[
1 +

10
µ(u, g)

]−a(µ)b(εr)

, (C.2)

Fo(u, g, εr) = fo(u, g, εr)

(
1 +

10
u

)−a(u)b(εr)

, (C.3)

where

µ(u, g) = g exp−g + u
20 + g2

10 + g2 (C.4)

fo(u, g, εr) = fo1(g, εr) exp

[
p(g) ln u + q(g) sin

(
π

ln u
ln 10

)]
(C.5)

p(g) = exp(−0.745g0.295)/ cosh(g0.68) (C.6)

q(g) = exp(−1.366− g) (C.7)
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u = w/h, g = sp/h (C.8)

f01(g, εr) = 1− 0.15

{
−0.179g0.15 − 0.328gr(g,εr)

ln[exp(1) + (g/7)2.8]

}
(C.9)

r(g, εr) = 1 + 0.15

{
1− exp[1− (εr − 1)2/8.2]

1 + g−6

}
(C.10)

a(u) = 1 +
1
49

ln

[
u4 + (u/52)2

u4 + 0.432

]
+

1
18.7

ln

[
1 +

(
u

18.1

)3
]

(C.11)

b(εr) = 0.564
(

εr − 0.9
εr + 3.0

)0.053

. (C.12)

The characteristic impedance is described by

Z0m(εr, u, g) =
1

√
εe f fm

Z0(εr = 1, u)
1− Z0(εr = 1, u)Φm(u, g)/η0

, (C.13)

where the caracteristic impedance of the vacuum η0 = 120π and

Φe(u, g) = φ(u)/
{

ψ(g)
{

α(g)um(g) + [1− α(g)]u−m(g)
}}

(C.14)

φ(u) = 0.864u0.172 (C.15)

ψ(g) = 1 +
g

1.45
+

g2.09

3.95
(C.16)

α(g) = 0.5 exp(−g) (C.17)

m(g) = 0.2175 +

4.113 +

(
20.36

g

)6
−0.251

+
1

323
ln

g10

1 +
(

g
13.8

)10 (C.18)

Φo(u, g) = Φe(u, g)− θ(g)
ψ(g)

exp
[

β(g)u−n(g) ln u
]

(C.19)

θ(g) = 1.729 + 1.175 ln

(
1 +

0.627
g + 0.327g2.17

)
(C.20)

β(g) = 0.2306 +
1

301.8
ln

g10

1 +
(

g
3.73

)10 +
1

5.3
ln(1 + 0.646g1.175) (C.21)
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n(g) =

 1
17.7

+ exp

[
−6.424− 0.76 ln g−

(
g

0.23

)5
] ln

10 + 68.3g2

1 + 32.5g3.093 (C.22)

Z0(εr = 1, u) = η0/(u + 1.98u0.172) (C.23)
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Appendix D

Scattering Parameter
Measurements of 3D Coupled Line
Coupler Samples

FIGURE D.1: Schematic of a conventional coupled-line directional
coupler.

D.1 CLA

Number of samples: 4.
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Samples

FIGURE D.2: Return loss (S11 parameter) measurements of CLA. Each
stroke style represents the data of a different sample.

FIGURE D.3: Insertion loss (S21 parameter) measurements of CLA.
Each stroke style represents the data of a different sample.
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FIGURE D.4: Coupling factor (S31 parameter) measurements of CLA.
Each stroke style represents the data of a different sample.

FIGURE D.5: Isolation (S41 parameter) measurements of CLA. Each
stroke style represents the data of a different sample.
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D.2 CLB

FIGURE D.6: Return loss (S11 parameter) measurements of CLB. Each
stroke style represents the data of a different sample.

FIGURE D.7: Insertion loss measurements of CLB. Each stroke style
represents the data of a different sample.
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FIGURE D.8: Coupling factor (S31 parameter) measurements of CLB.
Each stroke style represents the data of a different sample.

FIGURE D.9: Isolation (S41 parameter) measurements of CLB. Each
stroke style represents the data of a different sample.

D.3 Coupled Line Coupler CLB.2

Number of samples: 2.
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Samples

FIGURE D.10: Return loss (S11 parameter) measurements of CLB.2.
Each stroke style represents the data of a different sample.

FIGURE D.11: Insertion loss (S21 parameter) measurements of CLB.2.
Each stroke style represents the data of a different sample.
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FIGURE D.12: Coupling factor (S31 parameter) measurements of
CLB.2. Each stroke style represents the data of a different sample.

FIGURE D.13: Isolation (S41 parameter) measurements of CLB.2.
Each stroke style represents the data of a different sample.
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[73] D. W. Koon, M. Heřmanová, and J. Náhlík, “Electrical conductance sensitiv-
ity functions for square and circular cloverleaf van der Pauw geometries”,
Measurement Science and Technology, vol. 26, no. 11, 2015, ISSN: 13616501. DOI:
10.1088/0957-0233/26/11/115004.

[74] J. M. Lopez Villegas, A. Salas, N. Vidal, and J. Sieiro, “3d-printed low-pass fil-
ter with conical inductors for broadband rf applications”, Sep. 2018, pp. 292–
295. DOI: 10.23919/EuMC.2018.8541713.

[75] A. Salas-Barenys, N. Vidal, and J. M. Lopez Villegas, “3d printed 5-order but-
terworth passive filter with conical inductors for rf broadband applications”,
Nov. 2019, pp. 1–5. DOI: 10.1109/DCIS201949030.2019.8959818.

[76] T. A. Winslow, “Conical inductors for broadband applications”, IEEE Mi-
crowave Magazine, vol. 6, no. 1, pp. 68–72, 2005.

[77] H. Patel, H. Morales, L. Dunleavy, and B. Goodhue, “Conical inductor mod-
eling using equivalent circuit technique”, in 2015 IEEE 16th Annual Wireless
and Microwave Technology Conference (WAMICON), 2015, pp. 1–5.

[78] A. Eshkoli, S. Shapira, and Y. Nemirovsky, “Lumped circuit model of conical-
shaped inductors for broad-bandwidth applications”, IEEE Transactions on
Industrial Electronics, vol. 63, no. 8, pp. 5087–5090, 2016.

[79] V. Vanukuru, “Millimeter-wave bandpass filter using high-q conical induc-
tors and mom capacitors”, May 2016, pp. 39–42. DOI: 10.1109/RFIC.2016.
7508245.

[80] K. T. Inc., “Specifying calibration standards and kits for keysight vector net-
work analyzers application note”, 2016. [Online]. Available: http://literature.
cdn.keysight.com/litweb/pdf/5989-4840EN.pdf.

https://doi.org/10.5772/50638
http://arxiv.org/abs/0803973233
http://www.intechopen.com/books/{\%}0Adielectric-material/polymer-dielectric-materials
http://www.intechopen.com/books/{\%}0Adielectric-material/polymer-dielectric-materials
https://doi.org/537.723.1:53.081.7+538.632:083.9
http://arxiv.org/abs/arXiv:1011.1669v3
http://www.mendeley.com/research/method-measuring-resistivity-hall-coefficient-lamellae-arbitrary-shape/
http://www.mendeley.com/research/method-measuring-resistivity-hall-coefficient-lamellae-arbitrary-shape/
http://www.mendeley.com/research/method-measuring-resistivity-hall-coefficient-lamellae-arbitrary-shape/
https://doi.org/10.1088/0957-0233/26/11/115004
https://doi.org/10.23919/EuMC.2018.8541713
https://doi.org/10.1109/DCIS201949030.2019.8959818
https://doi.org/10.1109/RFIC.2016.7508245
https://doi.org/10.1109/RFIC.2016.7508245
http://literature.cdn.keysight.com/litweb/pdf/5989-4840EN.pdf
http://literature.cdn.keysight.com/litweb/pdf/5989-4840EN.pdf


Bibliography 197

[81] M. Salek, X. Shang, and M. J. Lancaster, “Compact s -band coaxial cavity
resonator filter fabricated by 3-d printing”, IEEE Microw. Wirel. Compon. Lett.,
vol. 29, no. 6, pp. 382–384, 2019, ISSN: 1531-1309. DOI: 10.1109/LMWC.2019.
2913155.

[82] E. Massoni, M. Guareschi, M. Bozzi, L. Perregrini, U. A. Tamburini, G. Alaimo,
S. Marconi, F. Auricchio, and C. Tomassoni, “3d printing and metalization
methodology for high dielectric resonator waveguide microwave filters”, in
2017 IEEE MTT-S International Microwave Workshop Series on Advanced Materi-
als and Processes for RF and THz Applications (IMWS-AMP), 2017, pp. 1–3. DOI:
10.1109/IMWS-AMP.2017.8247417.

[83] K. Y. Park, M. I. M. Ghazali, N. Wiwatcharagoses, and P. Chahal, “Thick 3d
printed rf components: Transmission lines and bandpass filters”, in 2018 IEEE
68th Electronic Components and Technology Conference (ECTC), 2018, pp. 2186–
2191. DOI: 10.1109/ECTC.2018.00328.

[84] L. Hernandez, Y. He, A. Kaur, J. Papapolymerou, and P. Chahal, “Low-loss
rf filter through a combination of additive manufacturing and thin-film pro-
cess”, in IEEE Radio Wireless, 2017, pp. 114–116. DOI: 10.1109/RWS.2017.
7885961.

[85] J. M. Lopez-Villegas, J. Samitier, C. Cane, P. Losantos, and J. Bausells, “Im-
provement of the quality factor of rf integrated inductors by layout opti-
mization”, IEEE Transactions on Microwave Theory and Techniques, vol. 48, no. 1,
pp. 76–83, 2000.

[86] J. Sieiro, J. M. Lopez-Villegas, J. Cabanillas, J. A. Osorio, and J. Samitier, “A
physical frequency-dependent compact model for rf integrated inductors”,
IEEE Transactions on Microwave Theory and Techniques, vol. 50, no. 1, pp. 384–
392, 2002.

[87] C. Roda Neve, M. Detalle, P. Nolmans, Y. Li, J. De Vos, G. Van der Plas, G.
Beyer, and E. Beyne, “High-density and low-leakage novel embedded 3d
mim capacitor on si interposer”, in 2016 IEEE International 3D Systems Inte-
gration Conference (3DIC), 2016, pp. 1–4.

[88] Y. Lin and C. S. Tan, “Physical and electrical characterization of 3d embedded
capacitor: A high-density mim capacitor embedded in tsv”, in 2017 IEEE 67th
Electronic Components and Technology Conference (ECTC), 2017, pp. 1956–1961.

[89] J. Li, S. Ma, H. Liu, Y. Guan, J. Chen, Y. Jin, W. Wang, L. Hu, and S. He, “De-
sign, fabrication and characterization of tsv interposer integrated 3d capaci-
tor for sip applications”, in 2018 IEEE 68th Electronic Components and Technol-
ogy Conference (ECTC), 2018, pp. 1974–1980.

[90] L. D. Paarmann, Design and Analysis of Analog Filters, pp. 1–756, ISBN: 978-0-
7923-7373-5. DOI: 10.1007/b100752.

https://doi.org/10.1109/LMWC.2019.2913155
https://doi.org/10.1109/LMWC.2019.2913155
https://doi.org/10.1109/IMWS-AMP.2017.8247417
https://doi.org/10.1109/ECTC.2018.00328
https://doi.org/10.1109/RWS.2017.7885961
https://doi.org/10.1109/RWS.2017.7885961
https://doi.org/10.1007/b100752


198 Bibliography

[91] J. M. Lopez-Villegas, A. Salas, N. Vidal, and J. Sieiro, “Study of 3d-printed
helical-microstrip transmission lines”, in 2019 IEEE MTT-S International Mi-
crowave Symposium (IMS), 2019, pp. 1221–1224. DOI: 10.1109/MWSYM.2019.
8700775.

[92] J. M. Lopez-Villegas, A. Salas, and N. Vidal, “Modeling of 3-d-printed helical-
microstrip transmission lines for rf applications”, IEEE Transactions on Mi-
crowave Theory and Techniques, vol. 67, no. 12, pp. 4914–4921, 2019. DOI: 10.
1109/TMTT.2019.2949312.

[93] ——, “3d-printed broadband impedance transformers using helical-microstrip
transmission line segments”, in 2020 IEEE/MTT-S International Microwave Sym-
posium (IMS), 2020, pp. 892–895. DOI: 10.1109/IMS30576.2020.9223901.

[94] A. Salas-Barenys, N. Vidal, and J. M. López-Villegas, “Compact 3d-printed
folded branch-line hybrid coupler based on helical-microstrip transmission
lines”, in 2020 XXXV Conference on Design of Circuits and Integrated Systems
(DCIS), 2020, pp. 1–5. DOI: 10.1109/DCIS51330.2020.9268661.

[95] R. Garg, I. Bahl, and M. Bozzi, Microstrip Lines and Slotlines. 2013, ISBN: 978-1-
60807-535-5.

[96] V. Fowler, “Analysis of helical transmission lines by means of the complete
circuit equations”, Transactions of the IRE Professional Group on Antennas and
Propagation, vol. 2, no. 4, pp. 132–143, 1954.

[97] W. Sichak, “Coaxial line with helical inner conductor”, Proceedings of the IRE,
vol. 42, no. 8, pp. 1315–1319, 1954.

[98] H. S. Kirschbaum, “The characteristic impedance and phase velocity of a
shielded helical transmission line”, Transactions of the American Institute of
Electrical Engineers, Part I: Communication and Electronics, vol. 78, no. 4, pp. 444–
450, 1959.

[99] S. K. Sharma, P. Deb, A. Sharma, R. Shukla, T. Prabaharan, B. Adhikary, and
A. Shyam, “Note: Compact helical pulse forming line for the generation of
longer duration rectangular pulse”, Review of Scientific Instruments, vol. 83,
no. 6, 066103-066103-3, pp. 066 103–066103–3, Jun. 2012. DOI: 10.1063/1.
4728206.

[100] E. L. Ruden, “Helical pulse-forming transmission line stack for compact pulsed
power applications — design and simulation”, in 2017 IEEE 21st International
Conference on Pulsed Power (PPC), 2017, pp. 1–6.

[101] R. E. Collin, “The optimum tapered transmission line matching section”, Pro-
ceedings of the IRE, vol. 44, no. 4, pp. 539–548, 1956.

[102] R. W. Klopfenstein, “A transmission line taper of improved design”, Proceed-
ings of the IRE, vol. 44, no. 1, pp. 31–35, 1956.

https://doi.org/10.1109/MWSYM.2019.8700775
https://doi.org/10.1109/MWSYM.2019.8700775
https://doi.org/10.1109/TMTT.2019.2949312
https://doi.org/10.1109/TMTT.2019.2949312
https://doi.org/10.1109/IMS30576.2020.9223901
https://doi.org/10.1109/DCIS51330.2020.9268661
https://doi.org/10.1063/1.4728206
https://doi.org/10.1063/1.4728206


Bibliography 199

[103] Z. J. Hou, L. Chiu, and Q. Xue, “A class of quadrature couplers based on
transformer”, IEEE Transactions on Microwave Theory and Techniques, vol. 64,
no. 3, pp. 785–797, 2016. DOI: 10.1109/TMTT.2016.2519019.

[104] Kae-Oh Sun, Sung-Jin Ho, Chih-Chuan Yen, and D. van der Weide, “A com-
pact branch-line coupler using discontinuous microstrip lines”, IEEE Microwave
and Wireless Components Letters, vol. 15, no. 8, pp. 519–520, 2005. DOI: 10.
1109/LMWC.2005.852789.

[105] J. Bonache, G. Siso, M. Gil, A. Iniesta, J. Garcia-Rincon, and F. Martin, “Appli-
cation of composite right/left handed (crlh) transmission lines based on com-
plementary split ring resonators (csrrs) to the design of dual-band microwave
components”, IEEE Microwave and Wireless Components Letters, vol. 18, no. 8,
pp. 524–526, 2008.

[106] K. Tsai, H. Yang, J. Chen, and Y. E. Chen, “A miniaturized 3 db branch-line
hybrid coupler with harmonics suppression”, IEEE Microwave and Wireless
Components Letters, vol. 21, no. 10, pp. 537–539, 2011. DOI: 10.1109/LMWC.
2011.2164901.

[107] Young-Hoon Chun and Jia-Sheng Hong, “Compact wide-band branch-line
hybrids”, IEEE Transactions on Microwave Theory and Techniques, vol. 54, no. 2,
pp. 704–709, 2006. DOI: 10.1109/TMTT.2005.862657.

[108] X. Chen, Z. Zhang, S. Yu, and T. Zsurzsan, “Fringing effect analysis of parallel
plate capacitors for capacitive power transfer application”, in 2019 IEEE 4th
International Future Energy Electronics Conference (IFEEC), 2019, pp. 1–5.

[109] B. Luo, R. Mai, Y. Chen, Y. Zhang, and Z. He, “A voltage stress optimization
method of capacitive power transfer charging system”, in 2017 IEEE Applied
Power Electronics Conference and Exposition (APEC), 2017, pp. 1456–1461.

[110] V. Hutson, “The circular plate condenser at small separations”, Mathematical
Proceedings of the Cambridge Philosophical Society, vol. 59, no. 1, 211–224, 1963.
DOI: 10.1017/S0305004100002152.

[111] G. J. Sloggett, N. G. Barton, and S. J. Spencer, “Fringing fields in disc capaci-
tors”, Journal of Physics A: Mathematical and General, vol. 19, no. 14, pp. 2725–
2736, 1986. DOI: 10.1088/0305-4470/19/14/012. [Online]. Available: https:
//doi.org/10.1088%2F0305-4470%2F19%2F14%2F012.

[112] H. V. Nguyen and C. Caloz, “First- and second-order differentiators based on
coupled-line directional couplers”, IEEE Microwave and Wireless Components
Letters, vol. 18, no. 12, pp. 791–793, 2008.

[113] I. Piekarz, J. Sorocki, K. Wincza, and S. Gruszczynski, “Coupled-line sensor
setup with liquids and solids permittivity sensing capability developed with
the use of 3d printing technology”, in 2018 22nd International Microwave and
Radar Conference (MIKON), 2018, pp. 19–23.

https://doi.org/10.1109/TMTT.2016.2519019
https://doi.org/10.1109/LMWC.2005.852789
https://doi.org/10.1109/LMWC.2005.852789
https://doi.org/10.1109/LMWC.2011.2164901
https://doi.org/10.1109/LMWC.2011.2164901
https://doi.org/10.1109/TMTT.2005.862657
https://doi.org/10.1017/S0305004100002152
https://doi.org/10.1088/0305-4470/19/14/012
https://doi.org/10.1088%2F0305-4470%2F19%2F14%2F012
https://doi.org/10.1088%2F0305-4470%2F19%2F14%2F012


200 Bibliography

[114] R. Keshavarz, M. Movahhedi, and A. Hakimi, “A compact 0-db coupled-line
forward coupler by loading with shunt periodic stubs”, in 2010 Asia-Pacific
Microwave Conference, 2010, pp. 1248–1251.

[115] A. Hirota, Y. Tahara, and N. Yoneda, “A compact coupled-line forward cou-
pler using composite right-/left-handed transmission lines”, in 2009 IEEE
MTT-S International Microwave Symposium Digest, 2009, pp. 617–620.

[116] K. Staszek, P. Kaminski, K. Wincza, and S. Gruszczynski, “Reduced-length
two-section directional couplers designed as coupled-line sections connected
with the use of uncoupled lines”, IEEE Microwave and Wireless Components
Letters, vol. 24, no. 6, pp. 376–378, 2014.

[117] K. Janisz, I. Piekarz, A. Rydosz, K. Wincza, and S. Gruszczynski, “Three-
section asymmetric differentially-fed broadband coupled-line directional cou-
pler”, in 2018 International Conference on Electromagnetics in Advanced Applica-
tions (ICEAA), 2018, pp. 19–21.

[118] E. Hammerstad and O. Jensen, “Accurate models for microstrip computer-
aided design”, in 1980 IEEE MTT-S International Microwave symposium Digest,
1980, pp. 407–409.

[119] N. Vidal, J. M. Lopez-Villegas, J. Romeu, A. S. Barenys, A. Garcia-Miquel, G.
González-López, and L. Jofre, “3d-printed uhf-rfid tag for embedded appli-
cations”, IEEE Access, vol. 8, pp. 146 640–146 647, 2020. DOI: 10.1109/ACCESS.
2020.3015335.

[120] N. Vidal, A. Salas-Barenys, A. Garcia, J. Romeu, G. González, L. Jofre, and
J. M. Lopez-Villegas, “Design and characterization of non-planar 3d-printed
passive uhf-rfid tag”, in 2020 XXXV Conference on Design of Circuits and Inte-
grated Systems (DCIS), 2020, pp. 1–4. DOI: 10.1109/DCIS51330.2020.9268666.

https://doi.org/10.1109/ACCESS.2020.3015335
https://doi.org/10.1109/ACCESS.2020.3015335
https://doi.org/10.1109/DCIS51330.2020.9268666

	Acknowledgements
	Introduction: Additive Manufacturing and 3D Printed Electronics.
	What is Additive Manufacturing?
	History of AM
	AM Technologies
	Economical Aspects of AM

	State-of-the-Art of 3D Printed Electronics
	Manufacturing Techniques
	Interesting Points for Further Research

	Objectives

	Technology Development and Characterization
	The Manufacturing Process
	The Design
	3D Printing
	The Metallization Process

	Characterization of the Technology
	Dielectric Characterization
	Conductivity Characterization
	Budget


	Demonstrators I: Lumped Circuits
	Hello World!
	Conical Inductors
	Passive Filters and s3dp
	Filters with Separated Elements
	Single 3D-Printing Structure Filters


	Demonstrators II: Distributed Element Circuits
	Helical-Microstrip Transmission Lines
	The Theoretical Model
	Simulation Study
	Experimental Results

	Impedance Transformers
	Broadband Impedance Transformer Design and Simulation
	Impedance Transformer Experimental Results

	Hybrid Branch-Line Coupler
	3D Folded Hybrid Coupler
	Loaded tls
	Simulation Data
	Experimental Measurements

	Coupled-Line Directional Coupler
	The Helical-Microstrip Coupled Line Model
	Simulation Results
	Experimental Results


	Conclusions
	Complete Electromagnetic Characterization for Printable Dielectric Materials
	Permittivity Measurements
	Loss Tangent Measurements

	Thickness Measurements for Electroless Copper Plating
	Samples at 40ºC
	Samples at 50ºC
	Samples at 60ºC

	Theoretical Model of a Planar-Microstrip Coupled Line Coupler
	Scattering Parameter Measurements of 3D Coupled Line Coupler Samples
	CLA
	CLB
	Coupled Line Coupler CLB.2

	Bibliography

