ADDITIVE MANUFACTURING FOR ELECTRONIC SYSTEMS (AMES)
By

Mohd Ifwat Mohd Ghazali

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

Electrical Engineering — Doctor of Philosophy

2019



ABSTRACT
ADDITIVE MANUFACTURING FOR ELECTRONIC SYSTEMS (AMES)
By

Mohd Ifwat Mohd Ghazali

Over the last few decades, a significant interest towards the manufacturing of complex
three-dimensional (3D) structures for conceptual models have led to an incredible amount
of research and development. 3D structures have been an integral part of physical models
or functional end-products and are widely adapted as a miniaturizing technique in manu-
facturing industries, and in particular, the electronics industry. Advancement in electronics
technology has lead to the need for fabricating consumable electronics within a smaller lattice
space. To meet the challenge of high functional density integration, Additive Manufacturing
(AM) techniques by 3D printing is a promising solution for satisfying the ever-increasing
demand for a higher quality product with the ability to customize based on an individual
customer needs. AM techniques allows the possibility of developing low cost, multifunc-
tional, compact, lightweight, and miniaturized electronics that can be easily integrated with
conventional systems or platforms.

In this dissertation, approaches towards utilizing existing AM techniques for fabricat-
ing structures that are compatible to carry electrical functionality for RF applications is
proposed. The end goal is to develop processes using AM technique as an alternate manu-
facturing approach to achieve a fully functional electronics system. Specifically, AM holds
significant potential in realizing low-loss, high-performance, and light-weight RF components
such as transmission lines, waveguides, resonators, filters, and antennas. In order to realize a

complete RF system by AM, multiple processes are developed. First, to establish connection



for allowing electrical functionality, conductive traces must be patterned on the substrate.
Two different metal patterning techniques for selectively patterning conductive traces on the
3D printed substrate is developed. Next, to realize a compact system, a smaller form factor
is a necessity and this can be achieved by utilizing the flexibility in the third dimension
(z-axis) in designing non-planar RF structures. A number of non-planar RF structures are
demonstrated showcasing the advantages of AM in fabricating compact designs. Moreover,
for fabricating efficient RF circuits, the losses associated with the printed plastics should be
minimized. The currently available printing polymers have high dielectric loss and hence
an alternative process that utilizes air as a substrate is developed by using a LEGO-like
self-alignment procedure in which the structure is printed in multiple parts and snapped
together face to face to integrate the complete structure. Furthermore, a number of active
and passive components must be integrated into the printed plastic to achieve a RF system.
For this purpose, three different solder-free embedding processes are developed to embedded
active devices such as diodes into the 3D printed plastics. Finally, a combination of the
above-mentioned processes is utilized to achieve a fully 3D printed electronics system and
a potential application of such multi-functional system is demonstrated. Overall, this work
demonstrates that 3D printing can be adopted in the fabrication of microwave and millimeter

wave high functional density circuits and systems.
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Chapter 1

Introduction

Throughout human civilization, manufacturing ingenuity has transformed drastically in
terms of technology with advent of multiple economical methods for manufacturing three-
dimensional (3D) structures. During the primitive days, the importance of 3D structures is
vital towards survival of human race for creating different tools for hunting and other day to
day activities. The initial manufacturing is performed using bare hands to develop products
such as knives, clothing, hunting equipment, and basic utensils. A typical example of hand
made tools is a hammerstone that is used to shape different 3D structures from stones or
bones as shown in Figure 1.1 [1]. The hand-made manufacturing technique involves chipping
and percussion of the core material using hammerstone in which the unwanted part is sub-
tracted off to realize the desired shape. There are a number of limitations associated with
such a technique such as lower probability to reproduce in large scale and achieve precision,
chipping the material is inefficient and can only be done in small pieces at a time leading to
a time consuming process and it may cause danger to the person due to the flying debris.
Furthermore, the finished product is dependent on the individual skill set of the craftsman
and repeatability is a concern although the desired 3D structure is hand-made by the same
individual as there is a higher probability for human error. As days progressed, more refined
tools such as chisels are invented to replace traditional hammer stone providing more finer
control on the subtractive hand-made manufacturing process called sculpturing as it allows

realizing much complex 3D designs. However, this manufacturing technology is still limited



in terms of scaling and mass production.

hammerstone

flake scar

Figure 1.1: Schematic illustration of the use of hammerstone for manufacturing 3D structure
[1].

The technological evolution took a huge step forward with the invention of wheels as well
as the discovery of metals such as iron, and steel. The ability to transport shaped the eco-
nomic landscape in which products from different areas can be transported to distant places
allowing a possibility to learn and merge different manufacturing technologies. The next
step in the evolution of manufacturing technique is to overcome the difficulty of hand-based
manufacturing in particular to the shape metals to the desired shape. For this purpose, new
techniques using animal power are developed to operate specific manufacturing machines
for smelting, and metal casting [2]. The animal movement and strength acts as a power
converter which provides mechanical energy to the rotational gear which then powers the
casting machines. A combination of animal power based manufacturing for softening the
metal and hand-based method to percussion the metal to desired shape allowed large-scale
production. Furthermore, more complex structures with mixture of different materials can
be realized showcasing the evolution of manufacturing techniques. In spite of the advance-
ment, manufacturing technology in those days is largely reliant on human labor, human

supervision, and requires a highly specific skill set. A reduced dependability on human and



animal involvement in the manufacturing process allows increased precision, repeatability
and decreases the overall time for production.

In the late eighteenth (18'") century and the early nineteenth (19*") century, a predom-
inant shift took place from the hand-based and animal-powered manufacturing technique
to a more a machine-based manufacturing technique. Instead of hand-based manufactur-
ing of 3D structures, machines are designed to manufacture based on specific needs of the
product. Invention of steam powered engines allowed replacing the animal-based power gen-
eration. Furthermore, various chemical and biological process that involves a combination
of natural and formulated materials to fabricate the 3D structure came into effect triggered
the Industrial Revolution around the globe. Such technological advancements allowed the
manufacturer to increase the speed of production as well as the volume of the manufactured
products within a shorter time frame thereby reducing the dependance on human labor ex-
cept for maintaining the machines. In late 19t and early 20th century, the manufacturing
became heavily dependent on machinery, and hence more advanced machines with the inte-
gration of computers and robotics system came into existence to deliver high-quality finished
product.

A manufacturing industry uses conventional mass production techniques for producing a
large number of products with improved repeatability and precision. However, the produc-
tion is only catered to standardized products and cannot cater to individual customization.
Nowadays, the demand is more towards developing manufacturing processes that allow cus-
tomization according to the individual user needs and at the same time provide a multifunc-
tional system with high-quality. To meet such demands, a shift towards 3D manufacturing
approach from the conventional approach is required for catering to a plurality of applications

in multiple fields. To date, most rapid prototyping designs are used to provide structural



stability, mechanical supports, initial prototype or as a packaging enclosure of the end prod-
uct. Additive manufacturing (AM) is one such rapid prototyping approach to manufacture

a complex 3D structure with ease.



1.1 Overview

1.1.1 Additive Manufacturing Technology

The manufacturing industry has shown significant interest in the development of new man-
ufacturing techniques for realizing 3D structures over the past decade. A few considerations
must be taken into account while designing a new 3D manufacturing process such as the
availability of tools, the different fabrication procedures that allows the structure to be
manufactured according to the desired design, availability and properties of process spe-
cific materials, production cost, and complexity of the geometry. There are three different
methods of manufacturing 3D structure up to current date:

(i) Subtraction process (conventional),

(ii) Formative process (conventional), and

(iii) Additive Manufacturing.

Subtraction process is considered the most commonly used manufacturing technique to
design a 3D structure by using a computer-aided machinery that allows the material to be cut
(subtracting the unwanted material) to form the desired shape. The most popular tool for
subtraction method is the computer numerical control (CNC) machine [3] that uses lathes for
milling, cutting, and grinding to transform a plastic-based or a metal-based material to the
desired customized end-product. The CNC machine uses a cutting tool to move in X, Y and
Z-axis to cut away the bulk unwanted material as shown in Figure 1.2. Usually, the structure
is built in separate pieces and combined using welding to realize the end product. However,
these techniques face several disadvantages such as expensive CNC machine, labor-intensive
as the process requires specialty in using the machine, and the accumulation of wastes during

the subtraction process.
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Figure 1.2: Illustration of fabrication by subtraction process (CNC).

The formative process is another conventional method for fabricating 3D structures.
Usually, the formative process is related to transforming liquid-based material (e.g. metal
or plastic) into the desired shape through several steps such as compression, tension, stress,
and consolidation [4]. An example of a technique that uses the formative principle is the
injection molding. The basic principle of injection molding is by flowing a plastic-based
material which is in the glass transition state to the assigned closed mold structure to fill
the void in a pressurized environment. The plastic-based material will then harden to form
the desired structure. After the structure has reached certain hardness, the mold can be
opened, and the final product is realized in illustration Figure 1.3. This manufacturing
process requires large amount of energy due to the fact that it uses a high temperature and
a high-pressure processes. Economically, the drawback of such process is that the tooling is
expensive if the number of the product that needs to be manufactured is low. In addition,
only a few available materials can be used to design the structures using injection molding
method to produce high-quality results. This technique is also limited to realizing complex

3D structures.
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Figure 1.3: The schematic of the injection molding process.

The subtractive and formative processes are the most commonly used manufacturing
processes in industries. However, further improvement in technology is necessary to reduce or
eliminate the drawbacks of the conventional 3D processes. Furthermore, the competitiveness
to manufacture products at a rapid speed is very important with the ever-changing need of
the consumers. Such improvements allow the manufacturing to increase the productivity as
well as the quality of the product to cater to individual customers.

A new paradigm shift is currently occurring in the manufacturing process where products
are being manufactured at rapid speed having complex geometries as well as having mul-
tifunctional capabilities in a single packaging 3D structure. This manufacturing process is
called additive manufacturing (also known as rapid prototyping, 3D printing, direct digital
manufacturing, and freedom fabrication). Additive manufacturing was first introduced in
the 1980s for manufacturing 3D structure as a test of concept for a fast and cost-effective
prototyping of products. A formal definition by the American Society for Testing Materials
(ASTM) for additive manufacturing is a process of joining materials to make objects from
3D model data, usually, layer upon layer [5]. This manufacturing process is similar to the

conventional paper printer in every office desk and it allows rapid prototyping a 3D structure



with a limitless design. The process has the ability to control the design and manufacture
the product depending on the individual user needs thereby providing an alternative man-
ufacturing technique eliminating the need for excessive and expensive machinery. The next

section will highlight the applications of additive manufacturing in different fields.



1.1.2 Applications of Additive Manufacturing Technology

Additive manufacturing has transformed from its humble beginning for manufacturing sup-
port materials to a well-known process to manufacture high-quality products. The initial
purpose of additive manufacturing is to print a visual representation of finished products or
samples. As time progressed, additive manufacturing has developed new tools and materials

that are capable of manufacturing a variety of applications in different fields as shown in

Figure 1.4.
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Figure 1.4: Applications of Additive Manufacturing.

One of the earliest industry to use additive manufacturing is the automotive industry. In
the beginning, small parts are manufactured for prototyping purposes to do initial testing
or just the overall model. Individual parts of the car are manufactured and then assembled
together in the production line. As the advancement was made in additive manufacturing, the
automotive industry has utilized AM to manufacture lighter weight automobile or automotive
parts with complex design in a low-cost manner. These improvements lead to the upgrading

the performance as well as the quality of the parts. Among those that benefits from such



improvements are the Formula One (F1) teams. For example, F1 races are organized around
the world and adjustment or repair must be done on the spot. Usually, the parts are
transferred from the F1 team factory but now it can be printed or manufactured where ever
the races are conducted. A fully printed car has been manufactured by Local Motors which

became the first ever 3D printed electric car and it took less than forty-four hours to print

the entire car structure Figure 1.5 [6].

Figure 1.5: First four wheeler made using additive manufacturing by Local Motors Strati

[6].
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The medical fields has advanced employing additive manufacturing from printing pros-
thetic limbs to bones. In the preliminary stages, additive manufacturing was used to cus-
tomize parts that are used on the exterior of the patients such as hearing aid or prosthetic
limbs. As materials and tools for additive manufacturing advanced, the printer was used to
replicate bone structures as well as tissue and organs as shown in Figure 1.6 [7,8]. How-
ever, there are still challenges to integrate the 3D structure with the body. In literature,
the construction of an aortic valve is presented using additive manufacturing by using a
polymer-based material called polyethylene glycol-diacrylate with hydrogel supplement with
alginate. The printed structure resembles the aortic valve and functions as required similar
to a real aortic valve. A number of different bio compatible materials exists that are tested

for safe integrated with the cells as it is placed inside the body in [9].

Implant bearing skull. (b) Two

Figure 1.6: 3D printed for biomedical applications (a)
[7-9].

dimensional tissue (skin) and (c) solid organs (kidney)
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Aerospace and space exploration are among the other fields that utilize additive manu-
facturing in designing spacecrafts and satellites. As known, the cost of launching rockets or
satellites requires spending a substantial amount of money. To reduce cost, AM is used at a
validation stage as well as at the pre-production stage. Currently, AM has been made as an
integral part of spacecraft manufacturing process due to the ability to print light weight space
compatible materials. With future space exploration, additive manufacturing will become
an important tool since it can be used to manufacture products or equipments real-time in
space.

Manufacturing complex structures is one of the advantages of additive manufacturing.
One unique example is the utilization of such advantage in fashion and textiles industry in
which creative fashion designers have proposed unique and complex designs that are realized
using 3D printing. For example, one of the first designers, Michael Schmidt has designed
futuristic style of clothing as shown in on model Dita Von Teese. Other than clothing,
accessories such as jewelry can be easily manufactured. For example, the basic structure of
the jewelry is made from plastic and is coated with a metal such as silver or gold or platinum
to obtain a finished product. This reduces the cost of the jewelry making but also maintains
the overall look of the jewelry.

Most materials used in the earlier applications are either using polymers or a metal-based
material. One of the most interesting materials used in additive manufacturing is edible food
substances. The conventional method of doing 3D structure in food for example chocolate is
using a casting technique similar to injection molding methods where the chocolates in the
liquid form are poured into the cast and cooled to solidify. However, additive manufacturing
allows the creation of 3D chocolate structure in a simpler way and unique designs can be

made. In addition, the customizable structures can be realized using such processes as shown
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by University of Exeter to create a face shaped chocolate structure. Other types of food that
are created using 3D printing are cookies, waffles, and pizzas. This method does not just
apply for food industry but also can be adapted by the aerospace industry for providing food
in space.

The development of additive manufacturing has attracted significant interest from the
electronic industry. An in-depth discussion on the use of additive manufacturing for different

electronics applications will be presented in the next section.
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1.1.3 Additive Manufacturing Technology in Electronics Applica-
tions

The main focus of this section is to show the capabilities of additive manufacturing in order
to fabricate electronic components, in particular, RF-based components. 3D components
in the past decades have gained significant interest in the electronics industry due to the
ability to condense multifunctional components by integration into a dense structure. The
current needs for electronic devices are ultra-compact, miniaturized, light-weight, and ability
to perform multiple functions often integrated into a single system. The typical manufactur-
ing process for an electronic system requires the components to be manufactured separately
and assembled together after which the cast or housing is placed to enclose the systems.
To fabricate such small-size devices, a technique called microfabrication technology is com-
monly used by the electronics industry in realizing components such as an integrated circuit,
microfluidics, microsensors, and microelectromechanical (MEMs) [10-13]. This technology
allows devices to be manufactured in the millimeter (mm) or sometimes in the nanometer
(nm) scale. In microfabrication technology, there are several steps involved in using pho-
tolithography such as deposition of resist, patterning using a mask, and wet etching as shown
in Figure 1.7. Alternate to lithography, another fabrication process usually used in MEMS
is a technique called micromachining as shown in Figure 1.8 (surface micromachining). Both
these techniques have a number of limitations such as the requirement of skilled labor for
achieving precision and repeatability, a longer time is required to fabricate devices, and re-
quires a cleanroom environment. In addition, these processes are not compatible to fabricate

the complete product as the enclosures are often manufactured separately.
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Figure 1.7: Illustration of photolithography process.
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Figure 1.8: Illustration of surface micromachining process.

From the weight perspective, a number of materials have been synthesized to allow the
components to achieve a lightweight feature. One of most popular material currently used in
the light-weight devices is Graphene. The benefit of using graphene is due to its properties
such as its strength, durability, and the lightweight aspect [14,15]. These properties allow
easy integration of such material to enhance the performance and efficiency of the fabricated
device. In addition to that, it can also be used as an enclosure or shielding from electro-
magnetic waves but a fundamental limitation of utilizing Graphene is the cost making it less

affordable.
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A few works exist in literature for designing multifunctional electronic devices that has
the ability to incorporate multiple functionality into a single package. The conventional
manufacturing technology requires the devices to be manufactured separately and assem-
bled leading to a longer production time and consumes more space. The main goal of
multifunctional devices is to provide a more affordable pricing, short manufacturing time,
simplification in the manufacturing process (reduction in the number of steps), compactness,
multiple functionalities, and higher efficiency. Such demand has made the electronic industry
to adapt a modern technology called 3D integration.

3D integration is a process that allows layer by layer integration of active devices in a
stacked manner in which the layers are connected using an interconnect [16]. 3D integration
has the ability to minimize the workspace area by stacking the components using vias in
the z-axis direction (vertical). Tremendous research has been carried out advancing 3D
integration such as 3D packaging technology, monolithic 3D integrated circuits, and wafer to
wafer circuit integration. Although this technology provides a solution for multifunctional
compact devices, it is limited by the accuracy in the alignment process, the complexity in
the design, as well as the overall cost of manufacturing.

As an alternative, the electronic industry has geared the manufacturing process towards
AM as it simplifies the fabrication process, allows rapid prototyping, and provides the abil-
ity to print multiple materials at a lower temperature on a host substrate. It also allows
printing the enclosures or shields for the different circuitry directly in various shapes and
sizes depending on the needs of the consumer. Another advantage of AM is for integrat-
ing circuits designs onto packaging components such as a substrate or any form of surface
that can be easily printed on. This allows additive manufacturing as an alternative method

where the structure can be printed directly on the circuit board or other suitable substrates
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as illustrated in Figure 1.9 [17].

Figure 1.9: 3D printed signal conditioning circuit and Electronic circuit mechanically de-
signed into substrate [17].

In this dissertation, AM is adopted as an alternative method to replace conventional fab-
rication processes (lithography and micromachining) for manufacturing RF components such
as transmission lines, resonators, power dividers, waveguides, and antennas. AM have sev-
eral approaches such as Vat Photopolymerization, Material Jetting, Binder Jetting, Material
Extrusion, Powder Bed Fusion, Directed Energy Deposition, and Sheet Lamination [18-22]
as shown in Figure 1.10 . In this dissertation, the focus is on using two different AM pro-
cesses, (i) Photopolymer Jetting (which fall in to the categories of Material Jetting [23], and
(ii) stereolithography (SLA) which belong to the family of vat photopolymerization [24] for

manufacturing different RF and microwave components.
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Figure 1.10: Seven categories of Additive Manufacturing (Standard Terminology for Additive
Manufacturing Technologies F92792-12a).
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Photopolymer jetting is also known as polyjet and multijet modeling. In Figure 1.11,
shows the schematic of the overall printer for the photopolymer jetting process that uses
an inkjet printhead containing a material (liquid photopolymer) for printing and is located
above the build platform. The material is deposited onto the surface of the build platform
followed by curing using the ultraviolet (UV) curing lamp which solidifies the liquid. This
allows the material to be printed layer by layer to form a 3D structure. The supporting
material, on the other hand, allows a steady support during the printing process and can be
removed after the 3D structure is completed. The advantage of photopolymer jetting is that
it can create a very precise model of the 3D structure as well as give a smooth layer on the
surface. This is very beneficial towards fabricating RF components that require the surface

to be smooth in order for the metal to adhere onto the structure.
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Figure 1.11: The schematic of photopolymer jetting 3D printer.
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SLA is the other additive manufacturing process whose schematic is illustrated in Figure
1.12. In this printer, the build platform is immersed in a tank (transparent) which is filled
with photosensitive resin. The movable UV laser beam (X-Y direction) selectively cures the
photosensitive resin into a solid form. After each layer of curing, sweeper blade sweeps across
the tank to create a smooth flat surface for the next resin layer. The build platform moves
in the z-axis direction and the process is repeats until the desired 3D structure is completed.
Finally, the finished 3D structure hangs upside down on the build platform so that the excess

uncured resin drips back into the tank.

z-axis platform

Building platform
Printed structure

Resin .
Resin tank

Laser beam

UV laser

Figure 1.12: The schematic of SLA systems.

20



AM provides a clear advantage in term of manufacturing electronics due to the capability
of printing non-flat or no-planar structures, allowing the structure to be printed in a 3D form
in comparison to conventional manufacturing, which are usually in 2D form. Furthermore,
mass customization can be achieved where individual needs of consumer can be catered to.
Additionally, compared to the conventional manufacturing techniques such as subtractive
or formative methods, AM generates lesser wastage in term of materials as well as energy
consumption. AM also aids in avoiding hazardous wet etching chemicals during the man-
ufacturing process. However, it still requires the use of isopropyl alcohol (IPA) in order to
clean the supporting structure. One of the key advantages of AM is that structures can
be printed in several pieces which simplifies the assembly process and avoids misalignment
during the final assembly.

The goal of this dissertation is to advance the AM technology to fabricate a complete
electronic system as shown in Figure 6.1 . The envisioned system consists of a number
of integrated RF and microwave components such as antennas, interconnects, MEMS based
chips, shielding caps, flip chips, active and passive elements, etc. The ability of the 3D printer
to print conductive and dielectric inks are used to realize a fully printed system. A number
of new processes towards achieving the envisoned system is developed in this dissertation
work such as selective metal patterning, embedding process for actives and passives, LEGO-
like assembly of non-planar components with reduced form factor, and using loss less air
as a substrate. The next section will summarize chapter by chapter contribution for the

advancement of AM in fabricating RF and microwave components and systems.

21



Print Heads
Nanocomposites
Conductive Ink

Shielding
/./Chlp in Cavity Flip Chip

Passives
]

Antenna |

\

RE

Thermal Cooling Printed Interconnects

Figure 1.13: Envisioned fully 3D printed RF systems.
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1.2 Summary of Dissertation Contributions

The main contributions of this dissertation are summarized below.

In Chapter 2, two different metal patterning process using AM were developed. To meet
the challenge of patterning the conductive layers on a complex or a non-planar printed struc-
tures, two novel self-aligning patterning processes are demonstrated. First is a damascene-
like mechanical polishing process, and the second is a lift-off process using a 3D printed
lift-off mask layer. RF circuits such as microstrip transmission line, t-line resonator, circular
ring resonator, and a patch antenna are designed and demonstrated. The developed pro-
cesses allows the possibility of metal patterning on the plastic substrate similar to that of a
conventional photolithography.

In Chapter 3, the advantage of AM to control printing along the third dimension (z-axis)
18 exploited to demonstrate non-planar RF structures with complexr geometries. Various out-
of-plane microwave structures such as transmission line, resonator, vertical mount microstrip
patch antenna, elevated patch antenna, air-lifted antenna, and monopole based antenna are
demonstrated. These antennas can be integrated directly on packaged chips or mounted
vertically on high density electrical boards.

In Chapter 4, a LEGO-like assembly process is developed to allow air as a substrate mate-
rial in order to limit loss of performance due to substrate losses. The air substrate is realized
by printing the RF structures in two separate pieces and snapped together in a face to face
manner using a LEGO-like process. Various RF structures such as low dispersion transmis-
sion line, T-line resonator, high-gain patch antenna, slot antenna, and cavity resonator are
demonstrated.

In Chapter 5, fully 3D printed waveguides are realized using the LEGO-like assembly
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process. The waveguide subsections are printed seperately and assembled using a LEGO-
like process is after coating with metal. Complex geometry structure such as filters, slotted
waveguide (leaky wave antenna), and multi-layer structure cavity-backed slotted array an-
tenna are demonstrated. This process allowed manufacturing light weight waveguides for
microwave applications.

In Chapter 6, three new AM approaches for embedding passive and active components for
high-density RF packaging are developed. The approaches are: (i) face-up, (ii) face-down, and
(iii) side-mount. The printer is stopped at pre-defined steps to embed the active components
and the electrical connection is established by fabricating vias. An embedded diode based
tunable t-line resonator, metamaterial-inspired tunable phase shifter, and a tunable patch
antenna is demonstrated. This technique provides a heterogeneous integration with low
parasitics associated at the interconnections.

In Chapter 7, two fully 3D printed harmonic RF systems utilizing the key features develop
in the previous chapters is presented. The first system consists of two transceiver 3D printed
Vivaldi antennas assembled together using the LEGO-like technique and a harmonic sensor
tag. The sensor tag utilizes damascene-like mechanical polishing for metal patterning and
a face-up embedding process for embedding the diode. The system is demonstrated as
markers for buried pipe detection. The second system consists of an amplifier integrated with
an air substrate based patch antenna using damascene-like metal patterning and LEGO-
like assembly for demonstrating a RF front end system for compact 5G communication

applications.
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Chapter 2

Selective patterning process

2.1 Introduction

Increasingly, additive manufacturing (AM) is being explored as a means to simplify and
decrease the cost of manufacturing electrical circuits and systems [17,25,26]. The cost of
3D printers and the materials used in them are continuing to decrease as the technology
gains in popularity and utility. The possibility of avoiding complex machining or cleanroom
fabrication is especially appealing to those working with radio frequency (RF) circuits and
systems.

For realizing a RF circuit, pattering of conductive traces is necessary on the 3D printed
substrate. In literature, much work has been done to explore AM techniques to produce
2D antenna structures by using conductive inks on paper [27,28] and dielectrics [29, 30].
Unfortunately, there are limitations for the conductive inks commonly used, as silver-based
conductive inks have a resistance roughly five to ten times greater than that of copper
[31]. Silver paste also has a relatively poor conductivity and is therefore unsuitable for
high-frequency applications. Also, silver paste is brittle, and cracks are formed over time,
resulting in an increase in resistance. Additionally, much of the work demonstrating complex
structures in general is done using silver-based inks and pastes for metallization, which is
not well suited for high-frequency applications.

In this chapter, two novel metal pattering processes building upon AM for RF and mi-
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crowave circuit applications incorporating metal patterning using copper on dielectric sub-
strates is demonstrated. In the first proposed approach, a sacrificial shadow mask can be
created similar to the work found in [32], where an SU-8 sacrificial mask is used for metal-
lization of a polydimethylsiloxane surface. Here, a 3D printed sacrificial shadow mask layer
is printed for direct metallization of the 3D printed dielectric substrate. After metallization,
the mask layer is simply lifted off, leaving only the patterned area on the substrate.

In the second approach, a damascene-like process is proposed, where a trench or via is
filled with copper, or some other metal similar to [33]. The process is realized for AM by 3D
printing the designs slightly indented into its substrate, blanket metalizing the entire top,
and then mechanically removing the copper from the raised layer. This leaves behind only
the desired patterned structure. Unlike traditional damascene processing, the entire trench
is not filled with copper; only a thin layer of copper is present in the trench floor and walls.

This chapter evaluates two different metal patterning processes for 3D printed RF cir-
cuits, the lift-off process and the damascene-like process for patterning copper. Using these

techniques, traditional as well as geometrically complex RF passive circuits are demonstrated.
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2.2 Fabrication

Two metal patterning processes are explored: a damascene-like process whereby the material
outside of the trench region is mechanically removed, and a lift-off process with in situ
deposition of a lift-off layer is done using 3D printing. The outline of both processes to
fabricate a microstrip can be seen in Figure 2.1 and 2.2, where the damascene-like process
and the lift-off process, respectively. As can be seen in the process outline, the processes
are nearly identical. The key difference between them is the mechanism in which the excess
metal from the metallization step is removed and how that final excess removal is accounted

for in the initial design of the 3D printed structure.
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Figure 2.1: Process flow diagram illustrating the fabrication of a microstrip using the
damascene-like process. (a) 3D printed structure, (b) Sputter 60 nm Titanium, (c¢) Sputter
0.5 um Copper and (d) removal of the supporting material.
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Figure 2.2: Process flow diagram illustrating the fabrication of a microstrip using in situ
lift-off process. (a) 3D printed structure, (b) Sputter 60 nm Titanium, (c¢) Sputter 0.5 um
Copper and (d) removal of the supporting material.
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2.2.1 Damascene-like Process

The step-by-step illustration of the damascene-like process, to fabricate a microstrip with
an air gap substrate is shown on in Figure 2.1. To create the trenched areas where met-
allization is desired, and account for the later need to mechanically remove excess copper,
additional substrate material is added in the areas that are not to be patterned. This
substrate height difference between where copper is desired and undesired allows for easy
removal of the undesired copper by a chemical or mechanical process such as polishing using
a fine-grit sandpaper. For this process, an additional substrate height of 200 pym was used
that protrudes on the side of the patterned metallization region.

After printing the substrate for the desired structure, with the additional substrate height
where metal patterning is not desired, the entire structure is metalized using a Denton
Vacuum Desktop Pro sputtering system. A 60 nm thick layer of Titanium (Ti) is deposited,
which promotes adhesion between the dielectric material and the copper. Then, a 0.5 pm
layer of copper (Cu) is deposited.

After metallization, the unwanted copper is removed using mechanical polishing. Al-
though a mechanical process was used here to remove the excess copper, a chemical process
could also be employed. In the next step, the support material in the air gap layer is removed
to create the final structure. Support material can be reliably removed by hand by either
mechanically pushing it out with a thin pick or scraper or using pressurized water spray
and can be further cleaned using a solution of 2% ~ 3% sodium hydroxide to soften the
support material followed by an ultrasonic bath. In Figure 2.3, a close-up cross-sectional
photograph of a cleaned sample is shown. A sample structure through this process can be

seen in Figure 2.4, where a transmission line (T-line) resonator is shown directly after 3D
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printing, metallization, and the mechanical removal of excess copper.

Figure 2.4: Sample structure after (a) 3D printing, (b) metallization, and (¢) mechanical
removal of the excess copper through the damascene-like process.
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2.2.2 In Situ Lift-off Process

In addition to the damascene-like process, an in situ lift-off process for patterning metal
to a 3D printed substrate is proposed. The step-by-step illustration of the in situ lift-off
process, to fabricate a microstrip with an air gap substrate, is shown on in Figure 2.2.
During the creation of the file representing the structure geometry to be sent to the 3D
printer, a thin layer of VeroWhitePlus, a commercially available material from Stratasys, is
added just above the substrate for the design. For the process used here, a 200 pum-thick
layer of VeroWhitePlus was added 200 pm above the substrate. This added layer, similar
to the damascene-like process, is only added where metallization is not desired. The added
layer acts as a lift-off mask where, after metallization, the excess metal is removed by simply
lifting the mask layer off the substrate as can be seen in Figure 2.5.

Similar to the damascene-like process, this approach includes printing of the initial struc-
ture, followed by sputtering a thin layer of Ti for adhesion with the following layer of Cu,
and finally the desired metal patterning is realized by lifting off the in-situ mask layer. This
lift-off process eliminates the need for alignment of the mask layer since the mask layer is

deposited directly and in-situ. The layer is held in place by the thin layer of deposited

support material, which is readily removed by chemical or mechanical cleaning.

Figure 2.5: In situ lift-off process is shown where a sacrificial layer is removed.
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2.3 Process Demonstration

To demonstrate the capabilities of the damascene-like and in situ lift-off processes, various
sample structures were designed, simulated, fabricated, and measured. All the designs are
microstrip-based, including a microstrip line, resonators, patch antenna, and a cavity.

All designs were fabricated using both the damascene-like and in situ lift-off processes.
The difference in performance of the devices made using both processes was negligible, and
therefore only one set of measured results is shown for each device. The devices are coupled
into using standard edge-mount SMA connectors that were adhered using silver paste. Silver
paste was also used to provide a seal for the cavity around where the cavity bottom meets
the lid on the top.

Measurements for the reflection and transmission coefficients were done using an Agilent
N5227A PNA network analyzer, and the radiation pattern for the patch antenna was mea-
sured using a SATIMO StarLab near-field measurement system. The PNA was calibrated
using a standard 3.5 mm calibration kit, and the StarLab with a manufacturer provided

calibration horn antenna.

2.3.1 Microstrip Transmission Line

Microstrip lines are one of the most common types of interconnect for integrated circuit
designs. To provide the most straightforward demonstration of the proposed process, a
10 mm-long 50 €2 line was fabricated, and its reflection and transmission coefficients were
measured. As can be seen in Figure 2.6, low reflection and high transmission was observed
in both the simulated and measured data. Simulation results for a 50 €2 line on a 1.5 mm

substrate only composed of VeroWhitePlus were also included to show that reflection and
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transmission coefficient performance is similar when the air gap substrate is not used.

Units (mm
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Figure 2.6: Microstrip T-line. (a) Final fabricated sample with dimensions and (b) Simulated
and measured results.
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2.3.2 T-Line and Circular Ring Resonator

Resonators are commonly used microwave elements in many active and passive circuits, such
as filters, oscillators, amplifiers, and antennas. Resonator-based substrate characterization
methods are most commonly employed to evaluate fabrication processes. The resonance
frequency can be used to extract the dielectric properties of the substrate, and the Q-factor
can be used to extract the loss tangent [34,35]. In this section, a few examples of resonators
fabricated using the in-situ lift-off process are analyzed for their performance.

The microstrip-based T-line resonator is designed using an open circuited stub. The Q-
factor of this T-line resonator is very low when compared to the circular or cavity resonator.
This structure is chosen to demonstrate the fabrication of low-(Q) resonators using the lift-off
technique. Figure 2.7, shows the schematic and dimensions of the simulated T-line resonator,
the image of the fabricated T-line resonator, and the simulated and measured results. Overall
good agreement is shown between simulation and measurement results.

Circular ring resonators are commonly used in the design of metamaterial-based circuits.
To enhance the Q-factor, the circular ring resonator is designed to be edge coupled to the
feeding microstrip line. The ring has a diameter of one wavelength, which determines the
resonance frequency of the ring. The Q-factor of the ring resonator is tailored by changing
the capacitive gap between the ring and the microstrip feed line. The structure is also
fabricated using the lift-off process. Figure 2.8 shows the schematic and dimensions of the
circular ring resonator, the image of the fabricated circular resonator, and the simulated and
measured results. Overall, the simulation and measurement results agree on the resonators

performance.
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Figure 2.7: T-line resonator. (a) Final fabricated sample with dimensions, and (b) Simulated
and measured results.
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The circular ring resonator can also be used to extract the effective permittivity of the
air gap substrate. Using the method from [34], which is outlined in the following, the
permittivity of the proposed layered substrate was found to be 1.68. In the method used, ¢
is the speed of light in a vacuum, and e, s is a function of the ring radius, denoted by ry,
at the n'" resonant frequency, denoted by fy. Here, the first resonant frequency was used,
which was observed at 3.03 GHz. The measured thickness of the substrate, h, was 1.25 mm,
and the conductor thickness, t, was 0.5 um. Additionally, the strip width of the ring, w, was

1.23 mm.

- n xc 2
e6ff—(27r><rm><f0 - 3)

QXGeff—i—M—l
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Using HFSS, the effective permittivity for air gap substrate at 3.03 GHz was found to
be 1.75 using a 50-{) microstrip as the simulated model. This matches well with what
was calculated from measurement. Additionally, the measured effective loss tangent can be
estimated using the Q-factor by using the relationship that the loss tangent is the reciprocal
of the Q-factor, the Q-factor being defined as the resonant frequency over the full width

at half maximum. For this, the T-line resonator will be used instead of the circular ring
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resonator as the circular ring resonator is strongly coupled and the wider bandwidth obscures
the true loss tangent. Through simulation, the contributions from conductor and radiation
losses can be estimated in order to calculate an estimate of only the dielectric loss tangent
by simulating the same model and setting the dielectric loss tangent of VeroWhitePlus to
zero. After removing the estimated contributions from conductor and radiation losses, the
estimated dielectric loss tangent from the measured results is found to be 0.015. Using (1)

for the substrate used in this chapter, one with 33% air, a dielectric loss tangent of 0.017
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Figure 2.8: Circular ring resonator. (a) Final fabricated sample with dimensions, and (b)
Simulated and measured results.
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can be estimated, which matches well with the measured results. Although the amount of
air in the substrate was limited due to practical reasons, it is indicated that a much lower

effective loss tangent could be achieved if the amount of air in the substrate is increased.
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2.3.3 Patch Antenna

The microstrip patch antenna has become one of the most used antennas in the field of
communications. This is due to the simplicity in the design, light weight, low cost, low profile,
and its ability to be easily integrated into different electronic devices. A simple rectangular
patch antenna is designed, fabricated, and measured with an operational frequency near 4.72
GHz. The dimensions of the patch antenna, its final fabricated sample from the damascene-

like process, and its simulated and measured results can be seen in Figure 2.9.

Phi = 90°
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Figure 2.9: Patch antenna. (a) Final fabricated sample with dimensions and the simulated

and measured results for the antennas, (b) Radiation pattern in the E-plane (dBi) and (c)
Reflection coefficient.
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The reflection coefficient matches well with the simulated result. The radiation patterns
show a lower gain than expected by about 12 dB. As discussed in the previous section,
around 12 dB can be attributed to surface roughness, although there were probably other
factors contributing to the loss such as added resistance from the silver paste used for the

connectors and a slightly thinner air gap than what was expected.
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2.4 Discussion of Limitation and Possibilities

There are some limitations to the proposed processes when considering surface roughness,
feature size limitations, minimum substrate thickness, and limitations regarding the support
posts for the air gap substrate. The 3D printed structure inherently has 510 um of surface
roughness depending on the final finish, which contributes to loss. Using this process and
specific 3D printer, a minimum substrate thickness of 100 ym was found due not to the
minimum resolution of the printer, but to effects from mechanical handling of the parts. It
was found that VeroWhitePlus layers of 0.5 mm in thickness were optimal for being thin
while maintaining sufficient structural integrity to not bow or deform during the sputtering
process. Finally, using this process, the support material is not perfectly removed and
typically leaves behind around 50 pm of residue. This does affect the effective dielectric
constant, but is such a small percentage of the total substrate (around 4% for the designs
presented here) that it has been considered negligible.

For the damascene-like process, the trench is not completely filled with metal, but rather
is coated with a thin layer. To investigate any effects from this, HF'SS was used to simulate
a H0-2 microstrip line on a 1.5 mm thick VeroWhitePlus substrate with the height of the
additional sidewalls that create the trench varied. The sidewall height was simulated for
values of 0 (no sidewall) to 300 pm in 100 pm increments. The metal was simulated as
a finite conductivity boundary using copper as the material and a thickness of 0.5 pm to
realistically represent the devices made in this chapter.

In simulation, little to no difference was seen with respect to the reflection coefficient and
the propagation loss or phase constant. Since the trench is not filled, the metalized sidewall

acts as an extension of the microstrip line, thereby making it electrically wider and lowering
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the impedance. The results show that as the sidewall increases, it lowers the impedance.
These results indicate that to reproduce designs accurately using the damascene-like process,
this additional trace width should be accounted for by slightly shrinking the actual patterned
designs.

There are fabrication possibilities present with this process that would be difficult, if not
impossible, using traditional methods. One such example is of a non-planar microstrip, as
seen in Figure 2.3. To create a non-planar substrate through methods like micromachining
would be very difficult, and to pattern a non-planar substrate using traditional photolithogra-
phy would be impossible. The proposed damascene-like and in-situ lift-off using 3D printing
proposed here offer not just an alternative fabrication method, but a method to create struc-
tures that would otherwise be unrealizable. Using the proposed process, a raised microstrip
such as the one shown could theoretically have no limit to the raised height. In reality, the

height is limited by the capabilities of the 3D printer and metallization process used.
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2.5 Conclusion

In this chapter, two metal patterning processes are demonstrated using 3D printing that
allows patterning of metal layers on complex 3D structures, which would be difficult, if
not impossible, using conventional lithography techniques. Sample devices including a mi-
crostrip, resonators, cavity, and patch antenna matched were designed, fabricated, metalized

and measured with the results matching well with simulation.
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Chapter 3

3D printed non-planar components

3.1 Introduction

In the previous chapter, two different metal patterning techniques were presented. In this
chapter, utilizing the freedom on the third dimension (z-axis), 3D printing is employed for
fabricating non-planar RF structures with smaller form factors. 3D printing has begun to
play an important role, especially, in the development of custom packaging structures, com-
ponents and interconnects. Increase in growth of small hand-held multifunctional wireless
devices has limited the real estate available for system assembly. The need for high func-
tional density in a small lattice space has been a motivation for researchers to provide an
intelligent system in package (SiP) and system on package (SoP) solutions. These technolo-
gies integrate multiple electronics on the same and different layers in smaller lattice space.
The evolution of integrated systems to 3D integrated systems with shrinking geometries and
reduced footprint poses a significant challenge in multi-layer integration. The most com-
mon multi-level fabrication technique employs micromachining in which different levels are
aligned using supporting structures [36,37]. The electrical continuity between different lay-
ers is established using interconnects or metal vias [38,39]. These multi-layer techniques are
attractive since they offer a third degree of special freedom along the z-axis (out-of-plane),
but have common limitations such as high misalignment error between the different layers,

lower process compatibility between the layers and the support structures, complexity of
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vias or interconnects and thermal instability of the supporting structures [40,41].

3D printing is a boon for this technology as it reduces complexity in the integration of
multilayers of electronics, in particular, high-gain antennas, such as patch or slot antennas
which occupy a large area. The third degree of freedom along the vertical axis (z-axis) is
particularly useful in confining structures within a small lattice space. The out-of-plane
microwave structure is printed as a single piece eliminating the need for supports and hence
reduces the errors due to misalignment. 3D printing also allows custom shaping of the
fabricated components as per the needs of mounting an antenna in confined space. Figure
3.1 presents the application of 3D printing in designing a complex high-density packaging

solution for a microwave system with an integrated out-of-plane patch antenna.

Figure 3.1: Packaging concept with 3D printed out-of-plane patch antenna

In this chapter, several out-of-plane microwave antennas are presented such as an ele-
vated patch antenna (horizontal and vertical mount patch), air-gap patch antenna (regular
patch and E-patch), monopole antenna (with and without a corner reflector) and Yagi-Uda
antenna. A simple raised microstrip transmission line and a T-line resonator are also pre-

sented.
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3.2 Design and Fabrication

All the devices are printed using a professional-grade commercially available 3D printer, an
Object Connex350 utilizing the photopolymer resin VeroWhitePlus with dielectric constant
er of 2.8 and a loss tangent (tan ) of 0.04 [42]. It uses a poly-jetting process for printing
where the polymer is cured immediately by a UV lamp after being extruded at precise
locations. The 3D printed plastic structures were metalized using sputtering followed by
an electroplating process. All the designs and simulations presented in this chapter were
performed using a commercial FEM solver, ANSYS HFSS®.

The 3D printed structures were first cleaned using iso-propyl alcohol (IPA) and then
cured under UV light, enabling smoother surface and better adhesion of the conductor layer
to the plastic parts. The design of the structure is such that the regions where metal is
required are trenched by 0.2 mm as shown in Figure 2.1. The added thickness of the non-
metallized regions allows mechanically polishing off deposited blanket copper, similar to a
simple damascene-like process [43]. Patterning of metal is a three-step process. First, a
thin layer (60 nm) of titanium (Ti) followed by (500 nm) copper (Cu) is sputtered on the
3D printed structure. The Ti layer helps to enhance adhesion between Cu and the plastic.
Second, a mechanical polishing process is used to remove the deposited copper from regions
where metallization was not required. Finally, the sputtered metal layer is electroplated to

approximately 5 pm of Cu thickness.

46



3.3 Simulation and Measurement Results

3.3.1 Non-Planar Microstrip Line

Conventionally, microstrip lines are fabricated on a planar substrate. Non-planar microstrip
lines are required for feeding out-of-plane antennas and hence presented first. The microstrip
line has two bends, each with a bend angle of 45°. After metallization, standard SMA
connectors are mounted on each side using conductive silver epoxy for probing. Figure 3.2
(a) shows the schematic of the non-planar microstrip line along with its dimensions. The
fabricated microstrip line is shown in 3.2(b). The measured and simulated S-parameters are
shown in Figure 3.3. It can be inferred from the graph that the measured and simulated
result match closely and have lower transmission losses across 1-4 GHz. The measured data
shows slightly higher transmission loss than simulated data beyond 4 GHz due to the higher
resistance of the conductive silver epoxy (~ 0.0174 Q.cm). Another possible contribution to

the loss is surface roughness at the gradient sections.

1271 mm

Figure 3.2: Non-planar microstrip transmission line: Schematic (top and side view) and
fabricated structure.
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Figure 3.3: The simulated and measured reflection and transmission coefficient (S-

parameters) of the non-planar microstrip line.
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3.3.2 T-Line Resonator

Both planar and out-of-plane T-Line resonators are fabricated and characterized for perfor-
mance comparison. The bend angle for the non-planar T-line is 45°. The T-line resonators
are designed using an open circuited stub, and the dimensions used for both the T-lines are
kept the same. Figure 3.4 (a) and (b) shows the dimensions and the image of the fabricated
T-line resonator, planar and elevated, respectively. For these resonators, the simulated and
measured results are in good agreement, see Figure 3.5 (a) and (b). The planar T-line
resonator shows a resonance at 2.95 GHz with a maximum return loss of 29.5 dB and the
out-of-plane design shows resonance at 2.92 GHz with a maximum return loss of 31 dB. It

is clear from the results that the bend has a very minimal effect on the performance of the

resonator over the measured frequency range.

(2)

_¥
'Tl mm

2.5 mm

Figure 3.4: The simulated and measured reflection and transmission coefficient (S-
parameters) of the non-planar microstrip line.
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Figure 3.5: The simulated and measured reflection and transmission coefficient (S-
parameters) of the non-planar microstrip line.

The effective dielectric constant of the substrate can be determined from the resonant
frequency of the T-Line resonator by considering the length and width of the open-ended
stub and a correction factor for the T-junction. An effective dielectric constant of 2.7 was
determined using an approximate formula given in [44]. This value is close to the dielectric

constant (2.8) of VeroWhitePlus (3D printed plastic) reported in the open literature.
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3.3.3 Elevated Patch Antenna

Out-of-plane patch antennas are of special interest for inter- and intra-chip wireless inter-
connects for short-range communication [41]. They can be used to replace wire bonding or
flip-chip type bonding used to connect the RF circuit and off-chip antenna in the millimeter-
wave system. Performance of the on-chip planar antennas is limited due to poor excitation,
and substrate losses. In this section, 3D printed out-of-plane patch antennas (elevated patch
antenna) in two different configurations, horizontal mount and vertical mount are presented.
Figure 3.6(a) shows the schematic and dimensions for horizontal mount elevated patch
antenna. The patch antenna is fed by a 50-(2 microstrip line. The shape of the antenna
was chosen to mimic the shape of a PCB compatible antenna that can be placed above a
surface mount chip. The bend angle for the microstrip line feeding the antenna is designed
to be 45°. Figure 3.6(b) shows the image of the fabricated antenna. The simulated and
measured S1q results of the antenna is shown in Figure 3.7(a). The operational frequency
of the patch is 5.38 GHz with a 10 dB bandwidth of 0.17 GHz. The slight mismatch in the
measured and simulated results is due to design and fabrication tolerances. Figure 3.7(Db)
shows the simulated and measured radiation pattern for this antenna. The radiation pattern
was measured using a SATIMO Starlab near-field measurement system. The measured gain
of the horizontal mount elevated patch antenna at the resonance frequency is 2.82 dBi.
The second design configuration is the vertical mount elevated patch antenna. The
antenna is fed out-of-plane with a 90° bend. Figure 3.8(a) shows the structure and its
dimensions, and Figure 3.8(b) shows the fabricated structure after metallization. The simu-
lated and measured reflection coefficients and radiation patterns are shown in Figure 3.9(a)

and (b), respectively. The operating frequency of the antenna is centered at 5.39 GHz with
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maximum return loss of 25 dB and a 10 dB bandwidth of 0.19 GHz. The measured gain of

the vertical mount patch is 3.62 dBi at the center frequency. The measured and simulated

reflection coefficient and radiation pattern are in good agreement with each other.

(a) (b)

Figure 3.6: Horizontal mount elevated patch antenna (a) Schematic and the dimensions (b)
3D printed elevated patch antenna after metallization.
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Figure 3.7: Simulated and measured results (a) S-parameters and (b) radiation pattern (dBi)
in the E-plane of the horizontal mount elevated patch antenna.
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(b)

Figure 3.8: Vertical mount microstrip patch antenna (a) Schematic with dimensions, (b)
image of the fabricated antenna with the SMA connector.

S, (@B)

20- —Simulated -

---- Measured “—Simulated .

~Measured

I
5 Yol 54 5.6 5.8 6
Frequency (GHz)

Figure 3.9: Vertical mount microstrip patch antenna, simulated and measured (a) reflection

coefficient, and (b) radiation pattern.
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3.3.4 Air Gap Patch Antenna

The use of an air cavity between the antenna and the ground plane improves bandwidth and
radiation efficiency of the antenna. Two air-gap patch antenna designs are demonstrated
using 3D printing and a LEGO- like assembly. First, a simple patch antenna is designed and
characterized followed by a wide-band E-patch antenna with improved gain and bandwidth.
In these designs, air gap is formed by printing the ground plane and the RF structure
separately and assembled using a LEGO-like process using four support pillars. Supports
and their complementing holes are printed on opposite sides and these two pieces are snapped
together forming the final structure with the patch (metal) facing the ground plane. The
schematic and the dimensions used in the design of a regular air-gap patch antenna are
shown in Figure 3.10 (a) and the fabricated antenna is shown in Figure 3.10 (b). Also, the
3D printed structure can be integrated with conventional PCB designs as illustrated in Figure
3.10(c). In this design, the patch antenna is excited by a grounded coplanar waveguide and
3D printed feed pin. Figure 3.11 (a) and (b) shows the simulated and measured reflection
coefficient and radiation pattern respectively. The measured results show that the resonance
frequency is at 5.55 GHz with a maximum return loss (S11) of 29.5 dB and 10 dB bandwidth
of approximately 0.34 GHz. The mismatch between measured and simulated results is due to
warping of the supporting material due to inherent substrate heating during the sputtering
process. The warping leads to a change in the air gap of the antenna that in turn shifts the

resonance frequency. The antenna shows a maximum measured gain of 4.19 dBi at 5.5 GHz.
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Figure 3.10: Air-gap patch antenna (a) Schematic of the patch antenna with dimensions,
(b) Image of the fabricated patch and (c) illustration of the integration between 3D printed
substrate structure and PCB.
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Figure 3.11: Air-gap patch antenna, simulated and measured (a) reflection coefficient and
(b) radiation pattern.
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3.3.5 E-Patch Antenna

E-patch antennas are commonly used for wideband applications. The resonance frequency
and bandwidth of an E-patch antenna can be tailored by changing the length, width, and
position of the slots [45,46]. The slots dimensions, the substrate height, and the position
of the excitation point position are optimized to achieve the desired characteristics. Two
parallel slots are incorporated into the patch to enhance the bandwidth. The antenna is ex-
cited by a grounded coplanar waveguide and 3D printed feed pin and the slots are positioned
symmetrically with respect to the feed point. Figure 3.12(a) shows the dimensions of the
E-patch antenna and the image of the fabricated structure before and after metallization is
shown in Figure 3.12(b). The simulated and measured reflection co-efficient and radiation

pattern are shown in Figure 3.13(a) and (b) respectively.

(a)

Figure 3.12: Air-gap E-patch antenna (a) Design and schematic with dimensions, (b) fabri-
cated E- patch antenna (before and after metallization).
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Figure 3.13: Air-gap E-patch antenna, simulated and measured (a) reflection coefficient, and
(b) radiation pattern.

The E-shaped patch antenna has a 10 dB bandwidth of 4.9 GHz with a gain of 6 dBi.

Mismatch in the simulated and measured results is due to similar reasons discussed earlier.
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3.3.6 Monopole Based Antennas

In this section, a 3D printed monopole and Yagi-Uda antenna are demonstrated. A simple
monopole antenna is designed and studied along with a corner reflector monopole. The
design of the monopole antenna and its dimensions are shown in Figure 3.14(a). A vertical
wire like structure of length 15 mm is used to achieve resonance at 4.8 GHz. The antenna
is fed using a grounded coplanar line. Figure 3.14(b) shows the fabricated structure. The
simulated and measured results for reflection coefficient and radiation pattern are shown in
Figure 3.14 (c) and (d), respectively. The monopole operates at 4.8 GHz with a bandwidth
of 1 GHz for a return loss of 10 dB or better. The antenna shows a maximum gain of 0.9
dBi at the resonance frequency. The drop in the gain and the uneven radiation pattern can
be due to the surface roughness of the 3D printed substrate leading to an uneven deposition
of metal around the monopole. Also, there are several pin holes along the metal coating of
the pole leading to non-uniform current distribution on the surface of antenna which in turn
affects the radiation pattern.

Next, a monopole antenna with corner cube reflector is presented. The gain of omnidi-
rectional antennas (monopole and dipole) can be enhanced by reducing its radiation in other
directions with the help of metal reflectors. Here, the performance of a vertical monopole
antenna operating at 6 GHz is enhanced by using a corner reflector. Figure 3.15(a) shows
the schematic of corner reflector monopole antenna and Figure 3.15(b) shows the fabricated

antenna.
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Figure 3.14: Monopole antenna (a) Design and schematic with dimensions, (b) fabricated
monopole antenna, (c) simulated and measured reflection coefficient, and (d) measured ra-
diation pattern.

(b)

Figure 3.15: Monopole antenna with a reflector (a) Design and schematic with dimensions,
(b) fabricated vertical monopole antenna with a reflector.
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The simulated and measured results for the reflection coefficient and radiation pattern
matches well as shown in Figure 3.16 (a) and (b), respectively. The resonance frequency of
the antenna is at 6 GHz with 10 dB bandwidth of 0.61 GHz and it has a gain of 7.3 dBi. The
monopole antenna with a corner reflector shows higher gain than a simple monopole antenna
as expected. The radiation pattern confirms that the proposed antenna structure can be used
as a directional radiator for direct communication between boards. In the future, using 3D
printing, more complex design such as frequency dependent reflectors can be fabricated and
can be used to achieve additional functionalities such as multiple frequency bands for better

impedance matching and smaller front-to-back ratio [47].
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Figure 3.16: Monopole antenna with a reflector , simulated and measured (a) reflection
coefficient and (b) radiation pattern in the E-plane direction.
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Next, a 3D printed vertical Yagi-Uda antenna is presented. This antenna is one of the
most popular end-fire antennas which can be used to achieve a medium gain with relatively
low cross-polarization levels. A Yagi-Uda antenna consists of a driver element, a reflector
and several directors as shown in Figure 3.17 (a). The driver element is directly fed by source
while the other elements are parasitically coupled. Traditional Yagi-Uda antennas are built
using several metal rods and are not well suited for integration. The major advantage
of using 3D printing for fabricating Yagi-Uda antennas is that the directors of different
height can readily be fabricated in comparison to a traditional micromachining process [40].
The antenna performances depend on individual elements heights and the spacing between
adjacent elements, the design guidelines can be found in [40]. The coplanar waveguide (CPW)
feed is connected to the driver element. The Yagi-Uda structure along with its dimensions
and the image of the fabricated structure is shown in Figure 3.17 (a) and (b), respectively.
The simulated and measured reflection coefficient and radiation pattern match well as shown
in Figure 3.18 (a) and (b), respectively. The results show a gain of 6 dBi at 5 GHz which is

comparable to Yagi-Uda presented in the literature using surface micromachining [36,40].
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Figure 3.17: Vertical Yagi-Uda antenna (a) design and dimensions (b) image of the fabricated
antenna.
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Figure 3.18: Vertical Yagi-Uda antenna, simulated and measured (a) reflection coefficient
and, (b) radiation pattern (dBi).
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3.4 Discussion

In this chapter, 3D printing is utilized to fabricate different out-of-plane antennas that offer
environmental, cost and design benefits. However, there are still significant challenges for
the use of these techniques at much higher frequencies. First and foremost, is the scarcity of
availability of low loss dielectric materials for 3D printing. Dielectric loss plays a vital role in
the performance of the microwave devices when used as a substrate. One way of eliminating
loss is by using air as a substrate for fabricating microwave passive devices such as non-
planar E-patch or air-lifted patch demonstrated here, where the 3D printed polymer is used
as the supporting structure. Another challenge for 3D printing high frequency components
is the dimensional tolerance and surface roughness. Surface roughness is of major concern
in 3D printing as it leads to rough deposition of the metal called the scallop effect leading
to higher losses. Techniques such as mechanical polishing, chemical polishing, can be used
to improve surface quality of 3D printed structures. Here, IPA dipped wipes were used to
smoothen the surface down to <5 pum. The particle size of the polymer determines the
dimensional tolerance and surface roughness of the printed product and with advancements
in developing better polymers for printing, the printed structures with higher dimensional
tolerance and improved surface roughness can be expected in future. Also, with further
advances in surface treatment film technologies quality of 3D printed structures will further
improve from tolerance, surface roughness, and metal adhesion. Overall, 3D printing can be
effectively be utilized in designing complex multi-level designs such as SiP or SoP with ease

and good structural integrity.
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3.5 Conclusion

The out-of-plane technique enables overcoming challenges of incorporating RF components in
limited real-estate on a packaging substrate. The design, fabrication, and characterization of
several non-planar antenna designs such as an elevated patch antenna (horizontal and vertical
mount patch antenna, broadband air-gap (air cavity) patch antenna, monopole antenna (with
and without corner cube reflector), and a Yagi-Uda antenna are presented. In the future,
these antennas can be utilized to provide inter and intra-chip wireless interconnects for short-
range communication that is compatible with SiP and SoP or other high density packaging
technologies. Overall, 3D printing provides a new paradigm shift in the integration of RF

components in high density packaging environments.
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Chapter 4

3D printed low loss air substrates

4.1 Introduction

The previous chapter demonstrated the capability of fabricating non-planar structures using
3D printing. A major limiting factor in 3D printing of high-frequency circuits fabrication is
the scarcity of lowloss dielectric materials for printing. This chapter address in eliminating
the drawback through the use of air as the substrate material [48] for fabricating different
RF components. In general, an air substrate is an ideal candidate and is desired for many
applications such as high-gain and high-bandwidth antennas and low-loss high-performance
transmission lines. It is impossible to fabricate metal layer directly on air, hence a number
of methods have been proposed in the literature to emulate air substrate. One such method
is to print the device directly on materials with very low dielectric constant () such as
foam; another method is to use a lower €, substrate with air gaps (hollow) to reduce the
effective €,. Over the last two decades, various p-wave circuits such as microstrip transmis-
sion lines [49-51] patch antennas [52-57] and filters [58,59] are implemented on partial and
complete hollow substrates using complex micromachining and microassembly techniques.
Micromachining technologies can include bulk or surface machining of silicon (Si), dielectrics,
and photosensitive polymers. The most commonly used Si micromachining involves various
technological challenges such as realization of holes or vias (hundreds of micrometer deep)

and the removal of Si for air-filled cavity by wet or dry etching. Another alternative for
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fabricating such complex structures is the use of micromolding technique (injection mold-
ing and hot embossing), followed by metallization [60]. However, the cost of the mold can
be expensive and there are practical limitations on achieving the required geometry of the
3D structure. 3D printing can be adopted as an alternate technique to fabricate hollow
structures or substrates with air gaps.

Several key RF components such as low-dispersion microstrip transmission line, T-line
resonator, patch antenna, slot antenna, and cavity resonator are demonstrated in this chap-
ter. The structures are printed on separate layers (top layer and ground plane) along with
spacers and snapped together using a LEGO-like process. The metal layers are designed
to face each other with an air gap between them. Here, the 3D printed plastic layers are
only used for mechanical support. The effect of the thickness of the support material on
RF performance was also investigated. The key advantages of the fabrication process of this
chapter include: 1) use of low loss air substrate; 2) ability to fabricate multilayer structure;

3) easy fabrication of complex non-planar geometries; and 4) low-temperature process.
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4.2 Analysis

To demonstrate the advantage of using air substrate for RF circuit design, simulations were
carried out for a 50 {2 microstrip transmission line and a patch antenna. The first set of
simulations was carried out to demonstrate that air is an ideal substrate for the design of low-
loss transmission lines. All the simulations presented here were performed using a commercial
finite element method solver, ANSYS High Frequency Structural Simulator (HFSS). Figure
4.1 shows the simulated propagation loss as a function of dielectric loss (loss tangent, tan
d) for a microstrip line (50 €2) designed for substrates with different €, values and at a fixed
frequency of 5 GHz. In these simulations, the substrate height was fixed at 2 mm while
the width was adjusted to maintain 50 €2 impedance for different ¢, values. The desired
performance was optimized for maximum transmitted signal in order to get the best possible
results. It can be seen from Figure 4.1 that materials having lower dielectric constant and
lower loss tangent provide the desired low propagation loss for fixed substrate height. From
these results, it can be seen that air (¢, = 1) is an ideal substrate for low-loss transmission
line design.

The height of air gap also affects the performance of microstrip-based circuits. Figure 4.2
shows the simulated propagation loss for a 50 {2 transmission line as a function of frequency
for lossless air substrate (¢, = 1 and tan § = 0) with different substrate thickness (h). Results
clearly show that propagation loss decreases as the substrate thickness increases. However,
above a thickness of 3 mm, the drop in propagation loss is not significant. In addition, the
loss increases with frequency as expected.

Simulations were also carried out to demonstrate the advantage of using air substrate

for the design of a patch antenna. The gain of the antenna was analyzed at 5 GHz as a
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Figure 4.1: Propagation loss of a 50 €2 transmission line as a function of loss tangent (tan ¢)
for substrates with different dielectric constant (e,) values.

function of substrate with different €, values (¢, = 110), fixed thickness (h = 2 mm), and
loss tangent (tan 6 = 0). The dimensions of the patch were optimized, using HFSS, to
achieve maximum possible gain for each ¢, value. Figure 4.3 shows the antenna gain as a
function of the dielectric constant (e). The results clearly show that gain can be improved
by lowering ¢, for a fixed thickness. Hence, an air substrate is an ideal solution for high-gain
antenna designs. The gain of an antenna also depends on the thickness of the substrate, and
thicker air gap substrate can be used to achieve ever higher gain.

The next set of simulations was carried out to study the effect of 3D printed support
material on the performance of RF circuits. Here, 3D printed VeroWhitePlus is utilized
as the support material to fabricate different RF structures. It has a dielectric constant

of 2.8 and loss tangent of 0.04 [61]. Prior to assembly, the structures are 3D printed and

68



0.05

1 2 3 4 ) 6 7 8 9 10
Frequency(GHz)

Figure 4.2: Propagation loss of a 50 () transmission line as a function of frequency for
different heights (h) and fixed €, = 1 and tan 6 = 0 of the air substrate.

metalized as separate layers [see Figure 4.4 (a) and (b)]. To achieve self-alignment and
assembly, holes and supporting pillars (spacers) are built along the edges of the top and
bottom layers, respectively. These two layers are snapped together with copper-coated sides
facing each other as shown in Figure 4.4(c). The pillars help to maintain air spacing between
the two layers and also to interlock the pieces. During operation, for microstrip structures,
the propagating signal is largely concentrated between the two metal layers in the air region,
and a small fraction of signal may propagate in the 3D printed mechanical support region.
In order to study the effect of support material on RF performance, simulations were
carried out for a 50 2 microstrip transmission line deposited on support structure with
different thicknesses. Figure 4.5 shows the propagation loss («) for different thickness of
the 3D printed support material (VeroWhitePlus) over a frequency range of 110 GHz. The

air substrate thickness (air gap) was fixed at 2 mm, while width of the microstrip line was
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Figure 4.3: Simulation results for gain of a patch antenna as a function of substrate dielectric
constant (e, ) for fixed substrate height (2mm) and loss tangent (tan 6=0).

modified to maintain 50 €2 characteristic impedance. The result clearly shows that thin
support material has negligible effect on the propagation loss of the microstrip transmission
line. However, the support layer must be mechanically sturdy, and hence a support layer
with thickness of 2 mm is selected for all structures of this chapter. As a comparison, 2-mm-
thick support material having tand of 0.01 provides approximately 10xless propagation loss
(Np/m) as compared to VeroWhitePlus (tand = 0.04). 3D print compatible lowloss material
may be available in the future, and thus the loss can further be reduced using such materials

for the support region.
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Figure 4.4: Schematic of the cross-sectional view of proposed fabrication and LEGO-like
assembly technique (a) top layer (b) bottom layer along with support pillars and (c) assembly

of the two layers to achieve an air substrate.
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Figure 4.5: Propagation loss of a 50 ) transmission line as a function of frequency for

different thickness of the 3D printed support material.
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4.3 Fabrication

A step-by-step fabrication process for RF structures on air substrate is outlined in Figure
4.6. The Left side of the figure shows the fabrication steps for the top layer, and the right
side shows the steps for the bottom ground layer. These two layers are snapped together
as shown in Figure 4.6(d). All of the RF components are printed using a professional-
grade commercially available 3D printer (Objet Connex350) utilizing a photopolymer resin
called VeroWhitePlus. Figure 4.6 also shows example of 3D printed patch antenna structure.
The structures were metallized using sputtering followed by electroplating. For patterning
of conductive layers on non-planar printed structures, a simple damascene-like process is
used [43].

After printing, the structures were first cleaned using isopropyl alcohol and completely
cured under blanket UV light. Longer exposure under UV light ensures that the material
is completely cured, which helps minimize warpage during metal sputter deposition. In the
printed parts, trenches are designed where metal pattern is needed. Trenches with 0.2 mm
depth are formed as shown in Figure 4.6(a). Titanium/copper (Ti/Cu) with thickness of
60/500 nm is sputter deposited. Here, Ti layer is used to enhance adhesion between Cu
and VeroWhitePlus. After metallization, the structures are mechanically polished to remove
excess metal film outside the trench regions similar to a damascene process. The thickness of
the metal is further increased (to 56 pm) using Cu electroplating. SMA connectors [Figure
4.6(c)| are then attached using silver paste (resistivity 0.017 Q.cm) between the microstrip
line and the 3D printed edge holder. This edge holder is coated with metal on all sides, and
this directly connects to the ground plane on the second piece when assembled. Assembly

of the two pieces is shown in Figure 4.6(d). Silver epoxy is layered on the edge holder before
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assembly. Air spacing of 2 mm is present between the metal layers. This thickness was

chosen based on the geometry of the edge-mount SMA connectors.
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(a) 3D printed top and bottom structure
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(b) Metalizing (sputtering and electroplating)
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T

(d) Assemble top and bottom layers via LEGO-like
assembly

Figure 4.6: Damascene-like fabrication process and LEGO-like assembly for air-based sub-
strate microwave devices using 3D printing.
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4.4 Microstrip Line and T-Line Resonator

A 50 © microstrip line was fabricated using the process outlined in Figure 4.6. Figure 4.7(a)
shows the fabricated structure (top layer and ground plane) before assembly. Figure 4.7(b)
shows a good match between simulated and measured S-parameters over a frequency range
of 15 GHz. Overall, low reflection and high transmission are seen in both the simulated
and measured data. The microstrip line shows measured loss of 0.17 dB/cm at 4 GHz, and
it is slightly higher than the simulated loss. This deviation is due to resistive losses from
the silver paste used to attach the SMA connectors. Further difference can be attributed to
reduction in air gap due to slight warping of the VeroWhitePlus layers that occurred during

metal sputter deposition. These differences are not included in the simulation.
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Figure 4.7: Microstrip transmission line: (a) Fabricated structure before assembly with
dimensions (in mm) and (b) simulated and measured S-parameters.
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Next, a T-line resonator is designed, fabricated, and characterized. The microstrip-based
T-Line resonator is designed using an opened stub. Figure 4.8(a) shows the fabricated
structure before assembly. The simulated and measured results are in good agreement as
shown in Figure 4.8(b). It shows a resonance at 5.25 GHz with a maximum return loss of
20 dB. The measured results of the T-line are also used to demonstrate that the effective
dielectric constant of the substrate is approximate~ 1. The effective dielectric constant can
be determined from the resonant frequency of the T-line resonator by taking into account
the length and width of the open-ended stub and a correction factor for the T-junction.
Ignoring the open-end effects, an approximate formula for calculating the effective dielectric

constant is given as follows and can be found in [31]:

n xc 2

.. (5)

eff = (4fr(l + 5 —tesy

where n is the order of resonance, c is the speed of light, f_r is the resonance frequency, 1 is
the length of the open stub, w is the width of the feedlines, and t, s s is the correction factor
for the T-junction. The correction factor can be calculated using the following formula:

topp = x (05— (0.05+0.7¢ 16 4+ 025(1%)2)) . (6)

J1

where f;, is the nth-order resonance frequency and w is the width of the microstrip line.
Using (5), (6), and the dimensions of stub as given in Fig. 8(a), the effective dielectric
constant for the air gap is estimated to be 1.01. This value is close to the dielectric constant
of air. This is slightly above the air dielectric constant and is due to field penetrating the

support material.
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Figure 4.8: T-line resonator: (a) Fabricated structure before assembly with dimensions (in

mm) and (b) simulated and measured transmission coefficient.
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4.5 Patch Antenna

Antennas with two different RF feed techniques, microstrip transmission line inset feed and
direct coaxial feed, are designed and fabricated. The air gap (air substrate height) is fixed at
2 mm for the patch antenna design to accommodate SMA connector. Figure 4.9 shows the
schematic of the patch antenna with inset feed, final assembled structure, and its simulated
and measured results. The RF characterization of the antennas was carried out using a net-
work analyzer and SATIMO Starlab near-field radiation pattern measurement system. The
measurement setup was calibrated using manufacturer-provided standard antennas before
measuring the radiation pattern of the fabricated device. The measured reflection coefficient
(S11 [Figure 4.9(c)] matches well with the simulated results. Measured results show a reso-
nance at 4.89 GHz with maximum return loss of 13 dB. The antenna shows wider bandwidth
as a result of air substrate. The 10 dB return-loss bandwidth of the patch was determined
to be 0.12 GHz from the measured results. The peak gain of the antenna is approximately
6 dBi seen in Fig. 4.9(d).

The difference between the measured return loss and simulated results can be attributed
to the surface roughness, added series resistance from the silver paste, and a slightly thinner
air gap due to warping as a result of exposure to heat during the metallization process and
due to stress in plated copper.

Next, the patch antenna with coaxial feed is simulated, fabricated, and measured. Fig-
ure 4.10 shows the fabricated patch antenna on air substrate with coaxial feed with the
dimensions used for design, and its simulated and measured results. Measured results show
resonance at 4.49 GHz with maximum return loss of 20 dB. The measured 10-dB bandwidth

and the gain are 0.20 GHz and 7.25 dBi, respectively.
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Figure 4.9: Patch antenna with SMA feed: (a) Dimension of patch antenna (in mm) (b)
fabricated patch antenna, simulated and measured (c) reflection coefficient, and (d) radiation
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Figure 4.10: Patch antenna with coaxial feed: (a) fabricated patch antenna with dimensions
(in mm), simulated and measured (b) reflection coefficient, and (c) radiation pattern.
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4.6 Slot Antenna

Slot antennas are of interest in u-wave and millimeterwave applications due to their planar
nature, moderate gain, and relatively easy integration with active devices. A simple slot
antenna fabricated using 3D printing is presented. Unlike the structures discussed above,
the slot antenna does not require a ground plane, and thus a single metal layer is needed.
The slot region of the antenna avoids the use of lossy dielectric and, using 3D printing, the
slot can be made arbitrarily thick in comparison to conventional planar structures. The
schematic of the slot antenna design along with its dimensions is shown in Figure 4.11(a).
Figure 4.11(b) shows the printed antenna after metallization and assembly of coaxial cable.
The simulated and measured reflection coefficient and radiation pattern match well as shown
in Fig. 4.11(c) and (d), respectively. The antenna shows a resonance at 2.5 GHz and 10-dB
bandwidth of 0.98 GHz with a peak gain of 2.72 dBi. The air-filled slot antenna performs

better than a dielectric filled slot antenna due to reduction in substrate loss.
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Figure 4.11: Slot antenna: (a) schematic for slot antenna with dimensions (in mm) ,(b) Image
of the fabricated antenna, and the simulated and measured results (c) reflection efficient and,
(d) radiation pattern.
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4.7 Cavity Resonator

An S-band, multilayered, slot-coupled rectangular cavity filled with air is realized using 3D
printing. The geometry of the multilayered cavity is shown in Figure 4.12. The geometry
consists of two identical cavities, i.e., top (I) and bottom (III) having length 50 mm, width
50 mm, and height 1.72 mm. The cavities are stacked on top of each other and share a
common center plane in the middle (IT) with a thickness of 2 mm. Two identical rectangular
slots cut through the center plane (II), enabling coupling between the top and the bottom
cavities. A 50 € microstrip line (length = 5 mm, width = 8.41 mm) extends out from
the opposite side on both the top (I) and the bottom (III) cavities to excite and probe the
cavities. Similarly, the center plane (II) is extended out on both sides (length 5 mm, width
20 mm) to attach the SMA connectors using silver paste. The resonance frequency of the
multilayered cavity depends on dimensions of the cavity and coupling between the top and
bottom cavity, which depends on the size and appropriate position of the slot in the center
plane. The position and size of the slot is optimized using HF'SS simulations to get maximum
coupling. The simulated results in Figure 4.13 show the resonant frequency at 2.5 and 3.6
GHz, and measured results show the peaks are at 2.47 and 3.3 GHz. The mismatch in the
results is due to the following reasons.

1) The VeroWhitePlus support material along the cavity walls contribute toward a higher
effective dielectric constant (>1), and hence frequency peak shifts to the left.

2) Reduced air gap due to warping of center plane (II) during metallization, which is
needed to be metallized on both sides.

3) Lossy conductive silver paste on the connectors that affect coupling to the cavity.
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Figure 4.12: Schematic for multilayer cavity resonator structure and fabricated layers before
assembly (Dimensions in mm).
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Figure 4.13: Simulated and measured S-parameters (reflection and transmission) of cavity
resonator.
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4.8 Challenges and Limitations

The fabrication technique presented in this chapter for RF and p-wave circuits on air sub-
strates offers environmental, cost, and design benefits. However, there are still significant
challenges for use of these techniques at much higher frequencies. Some of those challenges
are losses due to lower conductivity of silver paste, surface roughness of 3D printed material
that is approximately 5 ym, and warping of the 3D printed polymer during the metallization
process. Here, silver paste is used to connect the SMA connectors as high-temperature sol-
dering cannot be used with plastic material. Silver paste is relatively lossy and adds about
25 €) of series resistance to the structure. Another reason for shift in measured results in
comparison to simulation is due to the variation in air gap due to slight warping or bow-
ing of the VeroWhitePlus support structure from heat generated during sputter deposition
of metals and due to stress induced during electroplating. Low-temperature metallization
process with reduced stress is necessary to avoid warpage. The high-frequency operation of
devices fabricated using this process is also hindered by surface roughness of the 3D printed
structure. Improvement in 3D printed surfaces is necessary to adopt printed structures for

the design of millimeter and terahertz circuits.
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4.9 Conclusion

3D printing is used to demonstrate RF circuits on air substrates. To demonstrate the benefit
of 3D printing using air as a substrate, including analysis is performed showing that air
substrates significantly lower the propagation loss for transmission lines and improve the
gain of patch antennas. Low transmission loss is achieved when the propagating signal in a
T-line is confined in the air region. The fabricated microstrip line shows a measured loss of
0.17 dB/cm at 4 GHz.

Three antenna designs fabricated using 3D printing are demonstrated. By creating an
air gap between the radiating patches and the ground plane, the gain of the devices has been
improved significantly over conventional microstrip patch antennas. The best performing
patch antenna (coaxial fed) shows peak gain of 7.64 dBi (at 4.49 GHz) and 0.2 GHz band-
width. The air-filled slot antenna performs better than a dielectric-filled slot antenna. It
has a bandwidth of 0.98 GHz with a peak gain of 2.72 dBi. A three-metal-layer air cavity
resonator is also demonstrated using 3D printing. Overall, the proposed process shows an
approach to design low-loss air substrate using 3D printing. This allows for the design of
novel circuits and also provides an avenue to overcome the challenge of the lack of availability

of low-loss 3D dielectric materials.

83



Chapter 5

3D Printed Light-Weight components

5.1 Introduction

In the previous chapter, the advantages of using air as a subtrate is demonstrated by fol-
lowing a LEGO-like approach in fabricating RF components. Using the leverage on creating
air substrates, this chapter focuses on the ability of 3D printing to fabricate light weight
components such as waveguides which are traditional heavy. Lightweight and low-cost mi-
crowave components are required for space-borne and satellite communications, automotive
and hand-held systems [62,63]. The waveguides are chosen as example RF structure for
demonstrating the light weight aspect of 3D pritning. Waveguides are broadly used for a
variety of low-loss components such as filters, resonators, attenuators, and antennas. Hollow
metallic waveguides are preferred over other waveguides due to their low-loss, high power
handling capability, and improved isolation between neighboring structures [64]. In spite
of these advantages, metallic waveguides are expensive to manufacture, and also due to
the use of solid metal these waveguides are heavy. Metal waveguide structures are typi-
cally fabricated using techniques such as metal plate soldering, electroforming, dip-brazing
and electronic discharge machining [65,66]. 3D plastic printing with a LEGO-like assembly
and subsequent metallization have been utilized to achieve a smoother surface with lighter
weight [67,68].

This chapter presents the fabrication of metal coated 3D printed plastic waveguides and
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its utility in the design of X-band passive components such as filters, antennas, and antenna
arrays. To achieve good metal coating, each of the passive components is bisected and
printed in separate pieces, metalized and then assembled using a LEGO-like technique as the
fabrication allows multi-level waveguide integration. All of the components here are printed
using a professional-grade commercially available 3D printer (Objet Connex350) utilizing a
photopolymer resin called VeroWhitePlus. Both clear and white colored resins were utilized
here in the fabrication of waveguides. All the structures were blanked metalized, and all the
design and simulations were validated using a commercially available FEM simulation tool,

ANSYS HFSS (High Frequency Structural Simulator).

5.2 Fabrication

The waveguide structures are printed in two separate layers as shown in Figure 5.1. Lego-like
support pillars and holes are printed to allow the two layers to snap together with each other
for proper alignment. After print, the structures are first cleaned using iso-propyl alcohol
(IPA) placed in an ultrasonic bath, and they are subsequently cured under UV light. Blanket
metallization of 3D printed structures is carried out using a two-step process. First, a seed
layer of Titanium/Copper (Ti/Cu: 100nm/500nm) is blanket sputter deposited on all sides.
The Ti layer acts as an adhesive layer between the Cu and the plastic. Second, a thick layer
(~ 5 pm) of Cu is electroplated. The structures are then assembled together as depicted in
Figure 5.1(c). The measured surface roughness of the inner walls is approximately ~5 pm.
Figure 5.1(d) shows an example 3D printed waveguide structure after metal coating. A thin

layer of highly conductive silver paste was used to permanently join the pieces together.
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(c) (d)

Figure 5.1: (a) 3D printed plastic parts, (b) parts are blanket metalized, (c) the parts are
snapped together, (d) shown is an example waveguide after metallization.
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5.3 Simulation and Measurement Results

5.3.1 X- and K-band Rectangular Waveguides

Rectangular waveguides are commonly used for low-loss high power handling applications.
The cut-off frequency depends on the dimensions of the inner hollow region. For the X-
band (8 - 12 GHz) design, the dimension used are: width (a) = 22.86 mm, height (b) =
10.16 mm and length = 100 mm as shown in Figure 5.2. For the K-band (18 - 27 GHz)
design, the dimension used are: width (a) = 10.67 mm, height (b) = 4.32 mm and length
= 50 mm. The printed waveguides, before metallization, are shown in Figure 5.3. The X-
band waveguide after metallization is shown in Figure 5.1(d). For the measurements, these
3D printed straight sections were attached to broadband waveguide adapters at each end.
Using vector network analyzer, VNA (N5227A), the S-parameters of these waveguides were

measured over 5 13 GHz frequency range.

5 mm

Conductive
wall

Figure 5.2: The dimension of the waveguide.
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Figure 5.3: The pre-metallization 3D printed waveguide for K-band and X-band.

Figure 5.4 shows the simulated and measured S-parameters for the X-band waveguide.
Overall, the simulation and measurement results match closely. The discrepancy can be
attributed to surface roughness, fabrication tolerances of the printer (~ 4+ 25 pm), and
the potential air gap between the two pieces when snapped together due to small warpage
along the length. Furthermore, there is a slight misalignment between the coupler and the
waveguide which leads to an impedance mismatch. Figure 5.5 shows the measured and
simulated S-parameters of the K-band waveguide in which the simulation and measured
results match closely. The discrepancy here also is largely due to surface roughness and
misalignment between the coupler and the waveguide. However, in both waveguide designs,
the loss is less than 0.1 dB/cm which shows the promising applicability of these printed

components.
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Figure 5.5: Simulated and measured S-parameters of the K-band waveguide (length = 50
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5.3.2 Rectangular Waveguide Iris Filter

Waveguide filters are an essential part of a microwave system such as communication where
a selective frequency band can be allowed (bandpass, low pass or high pass) or blocked
(bandstop). Omne of the popular rectangular waveguide based filter is the iris filter [69].
It consists of multiple metal partitions in the waveguide to form capacitive and inductive
regions (high and low impedance regions). Figure 5.6 shows the schematic of an iris filters
along with the dimensions used in the design. The 3D printed iris filter before and after
metallization is shown in Figure 5.7 (a) and (b), respectively. Simulated and measured results
of the iris filter are shown in Figure 5.8, and the results match closely. The slight discrepancy
of the results can be accounted due to the print resolution as well as the surface roughness
that cause the extra loss in the measurement. A slight shift in the resonance frequency can
be attributed to the fabrication tolerances of slots. In addition, for this structure, there is
a slight misalignment between the input port and the waveguide coupler which leads to a

higher transmission loss, and it can be seen in the measured S99 results.

8.74 mm

Figure 5.6: Schematic of an iris filter.
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Figure 5.7: Sections of the fabricated iris filter (a) before and (b) after metal coating.
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Figure 5.8: Simulated and measured results of the waveguide iris filter.
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5.3.3 Leaky Waveguide Antenna

Leaky wave antennas are simple to design and implement as compared to antenna arrays
for high gain designs. There are several technologies that can be used to design a leaky
wave antenna (e.g., microstrip, substrate integrated waveguides, etc.). Among these, the
rectangular waveguide with a slit along the structure, see Figure 5.9, is attractive due to
the low-loss nature. In this leaky waveguide design, the slit length, height, and depth were
designed to achieve high gain at 9 GHz. Figure 5.10 shows the measured and simulated
return loss of the antenna, which shows a wideband operation. The slight discrepancy in
these results is due to similar reasons discussed earlier. Figure 5.11 shows the simulated and
measured radiation pattern at 8.8 GHz. The measured gain is approximately 10 dBi. The
radiation patterns were measured using Satimo StarLab-18 near-field antenna measurement
system. The results show that the simulated and measured results match closely. It also
demonstrates that slit dimensions, that are critical in a leaky wave antenna design, can be

fabricated with high precision using 3D printing.

6 mm

Figure 5.9: X-band leaky waveguide antenna design.
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Figure 5.10: The simulated and measured reflection coefficient of the leaky waveguide an-
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Figure 5.11: Measured and simulated radiation pattern in the H-plane of the leaky waveguide
antenna at 8.8 GHz.
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5.3.4 Cavity-Backed Slotted Antenna Array

To further demonstrate the possibility of fabricating complex antenna structures through
3D printing, a cavity-backed slotted antenna array was designed and fabricated. Figure 5.12
shows the cross-sectional view of the 2x4 slotted array based on the design presented in
ref. [70]. Figure 5.13 shows the key printed components before and after assembly. The
measured and simulated S11 are shown in Figure 5.14. Figure 5.15 shows the measured gain
as a function of frequency, it shows that high gain over a wide band can be attained using
this design. Also shown in the inset of Figure 5.15 are the simulated and measured radiation

patterns at 7.5 and 8.7 GHz, these results match closely.

17.2 mm 18.63 mm

M

4 mm

&.65 mm

Figure 5.12: The cross-sectional view of the cavity back slotted antenna array.
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Figure 5.13: The 3D printed structure of the cavity-backed slotted antenna (a) before and
(b) after assembly, and (c) assembled after metal coating.
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Figure 5.14: Simulated and measured S11 of the cavity-backed slotted antenna array.
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Figure 5.15: Measured gain of the slotted array. The inset shows the simulated and measured
radiation patterns at 7.5 GHz and 8.7 GHz, respectively.
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5.4 Conclusion

Several 3D printed rectangular waveguide based light weight passive components are demon-
strated in this chapter. The results of the rectangular waveguides show that low-loss X-band
and K-band light-weight plastic waveguides are possible. The iris filter demonstrates that 3D
printing allows the fabrication of low-loss filters having similar performance to the conven-
tional metallic structures. Overall, this chapter demonstrates that high frequency, low-loss,
light-weight waveguide based passive structures can readily be fabricated using 3D plastic
printing followed by metal coating. In particular, 3D printing reduces the time between de-

sign and prototyping and, a single tabletop tool can be used to fabricate complex structures.
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Chapter 6

Embedding process for passive and

active components

6.1 Introduction

In the preceding chapters, 3D printing is demonstrated as a best candidate for fabricating
RF components and circuits. In order to realize a fully 3D printed system, three novel pro-
cesses for embedding active and passive components are presented in this chapter. Emerging
wireless applications such as smart home /city [71], wireless body area networks [72], requires
integration of a diversity of technologies, such as analog/RF circuits, sensors, digital CMOS
circuits, antennas, polymers, new materials, packaging and interconnections. In addition, fu-
ture compact hand-held wireless systems requires highly-integrated packaging schemes with
smaller footprint and reduced parasitics to realize miniaturized functional modules for effi-
cient operation at microwave and mm-wave frequencies [73]. Embedding of semiconductor
chips as integral part of the substrate is a promising packaging technology offering advan-
tages such as miniaturization, superior electrical performance due to shorter interconnects,
and an inherent self packaging approach. In literature, embedded devices are manufactured
by conventional micro-machining, laser drilling, laser-based direct wiring, stereolithographic,
and thermal embedding techniques [74-76]. However, the biggest challenge with these tech-

niques is misalignment between different layers during lamination, need for intermediate
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layers and complex fabrication steps. In addition, these technologies present shape limita-
tions, material compatibility issues, significant cost impact [77], and have to be defined at the
beginning of the device design to fit within the whole assembly process. Therefore, its very
hard to achieve customization i.e., embedding chips with different sizes, shapes and heights
using the conventional fabrication processes. An approach that allows seamless integration
of passive and active components together while avoiding fabrication complexity is needed
to meet the next generation of packaging challenges. Packaging schemes which allow shorter
and impedance-matched interconnects between the substrate and the chip are required to
maintain signal integrity.

Embedding process based on the AM have much relaxed design rules in comparison to
its conventional counterparts, and the process allows embedding of components in a free
formable substrate. AM based embedding process can be used to advance SiP solutions,
which not only includes active and passive components but also includes antennas, sensors,
and actuators, which cannot be integrated readily using conventional embedding techniques.
Moreover, AM based approaches can simplify this complicated embedding process by merging
the steps of embedding and encapsulation onto its substrate, in addition to off the shelf
encapsulation and packaging.

This chapter presents an approach which allows embedding of active elements as integral
part of the substrate or structure using additive manufacturing as a tool to fabricate high
functional density packaging systems. Figure 6.1 shows the proposed concept towards a fully
3D printed (polymer and conductive printing) RF package. Different active and passive RF
components, MEMS, lens, antennas are integrated within different layers and connected
electrically through vias and interconnect. Approaches such as flip-chip, chip-in-cavity as

well as face-up assembly techniques can be used in a single package fabrication.
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Figure 6.1: Envisioned fully 3D printed RF systems.

3D printed technology is utilized for embedding pre-packaged chips (size 1.7 mm x 0.9 mm
and height 0.7 mm mold compound) into different microwave circuits. The ability to print
any size and shape provides the solution for fabricating high-performance components critical
to size-sensitive applications like those in the wireless and hand-held device markets where
component density is increasing dramatically. The precise edge definition and repeatability
of the 3D printing process are particularly relevant to high-frequency requirements. Various
tunable RF circuits such as a T-line resonator, metamaterial-inspired phase shifter, and
a patch antenna are designed and demonstrated. Three different fabrication processes for

embedding are proposed and demonstrated.
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6.2 Analysis

To demonstrate the benefits of the proposed embedded actives using 3D printing process over
the traditional wire bonding techniques, simulations were carried out using the commercially
available simulation tool ANYSYS High Frequency Structure Simulator (HFSS®). Vias and
pads were also included in the simulations. Figure 6.2(a) and Figure 6.2(b) shows the
schematic cross-section view of each structure used in the simulation. A 50 2 microstrip
transmission line structure connected to a diode is used here as a test structure. Air (1.52
mm) is chosen as the substrate material to directly show the impact of different techniques
(embedded vs. wire bonding) by eliminating the influence of the substrate material losses.
The embedded structure has via connecting to both pads of the diode, and the wire bonding
structure has two wires connecting to the diode pads. Simulation is done with one diode
connected (i.e., single via connected). Figure 6.2 shows the S-parameters of the microstrip
connecting to a diode using embedded and conventional wire bonding structures. Both
structures show good transmission signal, So1, at low frequencies. However above 7 GHz,
the S91 of the wire bonding structure decreases while the embedded active structure still
maintains good transmission characteristics. The wire-bond has an insertion loss of 2.1
dB at 7 GHz, while the embedded structure shows 0.76 dB at the same frequency. The
difference in So; between the two approaches indicates the associated parasitics (resistance,
inductance and capacitance) in the wire bonding method that cannot be neglected at high
frequencies. In contrast, the embedded structure has considerably low-parasitics, and leads

to the realization of high cutoff frequency circuits and systems.
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Figure 6.2: The comparison of S-parameters of simulated for (a) embedded active structure
using via, and (b) embedded active structure using wire bonding.

102



6.3 Material characterization

The components that are presented demonstrating the embedding techniques are fabricated
using Formlabs photosensitive high-temperature acrylic polymer whose electrical properties
are not reported in open literature. The material is first characterized in the frequency band
of interest before designing the RF circuits. The transmission/reflection method proposed
by Nicholson-Ross-Weir (NRW) is used to extract the dielectric constant and loss tangent of
the cured photopolymer [78,79]. Samples were characterized in both the F-band (4.9 to 7.05
GHz) and the X-band (8.2 to 12.5 GHz) using waveguides from Maury Microwave and the
Agilent technologies ENA series Network Analyzer (E5071C). The calibration was done at
the ends of the waveguides using manufacturer provided SOL (short, open, load) calibration
kit. Samples were printed slightly larger than the waveguide dimension and mechanically
polished to fit the waveguide as tight as possible. The width of the sample for the F-band
was 5.23 mm, and that of the X-band was 6.73 mm. The samples were inserted into the
waveguide and the 2-port S-parameters were measured. All measurements were performed
5 times and the data was averaged out 64 times. The data was analyzed using MATLAB by
shifting the calibration plane and de-embedding the data to either side of the sample. Figure

6.3 shows the measured dielectric constant and loss tangent for the acrylic photopolymer.
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Figure 6.3: Measured dielectric constant and loss tangent of the acrylic photo polymer.
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6.4 Fabrication Process

Commercially available Formlabs 3D printer was used in fabricating the circuits. It is based
on the stereolithography (SLA) technique which uses a laser to locally cross link the liquid
resin into a hardened structure using a process called photopolymerization, as shown in
Figure 6.4. The 3D printing process can print high aspect ratio structures which are needed
to create vias and suitable base structures (pockets) for embedding of chips with different
thicknesses with tight tolerance. A print resolution of approximately 100 pym in the X-Y
plane and 25 pm in the Z-plane can be readily printed. The machine can be temporarily
halted during printing which allows for insertion of chips in the pockets before continuing to
print the follow on layers. The platform holding the samples can readily be removed during
these temporary halts and the remounting process has a tolerance of less than 25 pm in
the X-Y plane. Dimensions of the individual chips were measured prior to printing the base
structure in order to achieve a good fit in the pocket while mounting. The dimensions of the
pocket were made larger by 100 pm on all sides relative to the chip size for ease of mounting.
The size accuracy is essential for embedding process to avoid any gap between the diode and
cavity side walls which can lead to further misalignment of via and the pad. Forming high
accuracy vias using wet-etching process is very difficult, hence most conventional techniques
uses laser drilling, plasma etching or micro-machining to build cavities. Therefore 3D printing

provides a better solution with less material waste and less number of fabrication tools.
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Figure 6.4: Schematic of the Formlabs 3D printer.

Figure 6.5 shows three different embedding techniques, face-up, face-down, and side-

mount, for mounting of active devices. To demonstrate these techniques in a single structure,
a cube (dice) is 3D printed, and Schottky diodes (BAT 15-03W) with dimensions 1.7 mm
x 0.9 mm and thickness of 0.7 mm are embedded on all six faces of the cube during the
print process. On the top face of the cube, the chip is embedded using face-up approach,
in the bottom face, face-down approach is used and in the rest four sides of the cube, side-
mount approach is used. The vias (0.45 mm x 0.3 mm) are printed with 600 slope so that
the sidewalls can easily be coated during blanket metallization. The process involves three

critical steps. The first step of any embedding process (face up, face down or side mount)
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is printing of the base (support) substrate or the carrier structure. Base substrate with a
predetermined layer thickness (approximately 1.2 mm) is 3D printed with chip pocket or
cavity matching precisely to the specific chip to be embedded. Next, the chip is placed
in the pocket and layers are further printed on top to encapsulate the chip. The printed
structures are cleaned using isopropyl alcohol (IPA) and nitrogen gas (N9) to remove excess
resin from the vias and chip pocket. It is followed by photopolymer curing for 10 minutes
using a UV lamp. Longer post printing exposure lead to warpage and were avoided. For
the face-up chip assembly, the chip is embedded into the 3D model with the contact pins
facing upwards as shown in Figure 6.5(a). In the face down fabrication technique, the chip
is embedded with contact pins facing downwards as shown in Figure 6.5(b). Similar to the
face-up process, the printer is paused at a predetermined layer, and the chip is placed into
the pocket. For the side mount technique, the chip with extended pins is embedded with
the pins facing upwards as shown in Figure 6.5(c). To form metal patterned structures,
a thin metal seed layer (Titanium/Copper:Ti/Cu:500nm/5000nm) is first blanket sputter
deposited on the printed parts followed by Cu electroplating to achieve a total thickness of
approximately 5-6 um of Cu. The metal layer is patterned using a damascene-like process.
Figure 7 shows the printed cube, before and after metallization, with diodes embedded on all
six sides. All diodes showed similar behavior and demonstrates a versatile process to embed

active in 3D printed structures, and the process is repeatable.
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Figure 6.5: Fabrication steps for 3D printing of different embedding schemes: (a) Face-up
(b) Face-down, and (c) Side-mount.

Figure 6.6: Measured I-V characteristics of the Schottky diode embedded in the cube struc-
ture.
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6.5 Measurement and Results

RF components such as the T-line resonator, metamaterial-inspired phase shifter, and a
tunable patch antenna were designed and fabricated to demonstrate the capabilities of the
3D printer in embedding active components within the 3D printed plastic structure. First,
DC measurements of a diode were carried out after multiple thermal cycles to demonstrate

reliability of the structure.

6.5.1 Thermal cycling

The material used in traditional embedding processing has to meet the thermo-mechanical
properties for low warpage and should avoid profound die shift after the embedding and
metallization process. Therefore, it is essential that the polymer material used for 3D printing
should have a low coefficient of thermal expansion (CTE), and the material should withstand
high post process temperature (e.g., soldering). In this work, edge mount SMA connectors
are soldered to allow characterization of the RF circuits. To demonstrate and quantify
the thermal performance of this embedded chip package and to verify the feasibility of
this packaging scheme, thermal cycling measurements were conducted. The thermal loading
started at room temperature with the upper-temperature range of +90°C. The ramp-up time
to reach maximum temperature of 90°C is 10 min, followed by a dwell time of 10 minutes,
and a ramp down time of 10 min. The device was assumed stress-free at 25°C. Each thermal
cycle was performed for 30 minutes, and 20 such cycles were carried out. The embedded
chip used in this process is a Schottky diode (BAT 15-03W), and the I-V characteristics of
the diode were measured before and after thermal cycling. Figure 6.7 shows the I-V curves

for the diodes before thermal cycling and after 5, 10, 15, and 20 thermal cycles. It is clear
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from the figure that there is minimal or no change in the performance of the diode, which

indicates proper interconnection reliability.
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Figure 6.7: Measured I-V characteristics of the Schottky diode embedded in the 3D printed

package after multiple thermal cycles, the inset shows log I vs V and the optical image of
vias after 20 thermal cycles (90°C).
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6.5.2 T-Line Resonator

A T-line resonator is commonly used in the design of filters and in impedance matching
circuits. The resonance frequency of the T-line resonator can be tuned by loading the
stub with a capacitive element. Here, a varactor diode (Skyworks 1430) is integrated in
series to the shorted stub and the position is optimized to achieve maximal tuning. The
circuit is biased by applying a voltage using a RF bias tee. The effective capacitance of the
circuit changes for different biasing conditions thereby shifting the resonance frequency of
the resonator. Figure 6.8 shows the design of the T-line resonator along with its dimensions
as well as the fabricated structure with edge-mount connectors. Figure 6.9 and Figure 6.10
shows the change in phase and change in the resonance frequency under different biasing
conditions of the varactor diode. The T-line resonator at zero bias shows a resonance at
5.25 GHz with maximum return loss of 17 dB. With a bias of 5, 10, and 15 V the resonance
frequency shifts to 5.75, 6, and 6.15 GHz, respectively. Experimental results demonstrate
that a high tuning range can be achieved for the resonator with a lower variation of the DC

biasing voltage with a minimum or no effect on the return loss.

Embedded
varactor
diode

Figure 6.8: Design of the T-line resonator structure along with the dimension used, inset
shows the 3D printed resonator with the embedded varactor diode.
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Figure 6.9: Measured results showing change in phase of the T-Line resonator under different
varactor diode bias conditions.
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Figure 6.10: Measured results showing change in resonance frequency of the T-Line resonator
under different varactor diode bias conditions.

112



6.5.3 Metamaterial-Inspired Phase Shifter

Phase shifters play an important role in phased-array antenna systems, phase-modulation
communication systems, and emerging adaptive antenna systems for broadband 5G wire-
less mobile communications. Phase shifters are required for beam steering in antenna ar-
rays and for avoiding signal degradation due to multipath propagation [80,81]. The phase
shifters should be compact and low cost to enable commercial applications. Phase shifters are
miniaturized using metamaterial inspired designs. Metamaterial-inspired structures provide
unique propagation characteristics that can be readily tailored by modifying the physical
structure and can be easily fabricated. Split ring resonators are commonly used as meta-
material unit cells. Here, two ring resonators are capacitive coupled to each other and are
incorporated as part of a microstrip transmission line to design a compact phase shifter. A
diode is embedded in the gap of the transmission line to which square split rings are coupled.
The design along with the dimensions of the metamaterial based phase shifter is shown in
Figure 6.11 as well as the 3D printed circuit after metallization. The measured frequency
responses of the relative phase shift, and insertion loss of the circuit with different biasing
voltages are shown in Figure 6.12 and 6.13, respectively. The results clearly show that the

phase can readily be tuned electronically using embedded varactor diodes.
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Figure 6.11: Schematic of the metamaterial-inspired phase shift along with the dimension
used, the inset shows the 3D printed phase shifter with embedded varactor diodes.
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Figure 6.12: Measured results showing change in phase of phase shifter with change in biasing
voltage.
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Figure 6.13: Measured results for change in resonance frequency of phase shifter due to the
change in biasing voltage.
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6.5.4 Tunable Patch Antenna

A patch antenna is a commonly used microwave device due to its simple design and ease of
integration on planar structures. Tunable patch antennas with the potential of reconfigurable
frequency, radiation pattern and polarization is increasingly popular in the modern wireless
communication and radar applications [82,83]. In this work, the frequency tunable microstrip
patch antenna with embedded varactor diode is presented. Figure 6.14 shows the schematic
of the tunable patch along with its dimensions. By changing the applied DC bias on the
varactor, the loading capacitance can be tuned and hence there is a shift in resonant frequency
of the microstrip patch antenna. To accommodate varactor diodes for tuning, a slit in the
patch was introduced where the diodes are placed across the gap. The inductive pads
are included to allow DC biasing with minimal impedance loading. A narrow line with
high inductance is used to attach the pads to the antenna for RF isolation. The effective
capacitance of the patch changes under different biasing conditions which in turn shifts the
resonance frequency. The simulation and measurement results are shown in Figure 6.15.
Figure 6.16 shows a change in the resonance frequency from 6.35 to 6.7 GHz under different
biasing conditions. This tunable antenna shows that the resonance frequency can be changed
without changing the physical dimension of the structure. The measured return loss, Sq1, of
the antenna is less than -10 dB within the tuning range. The simulated and measured gain

at zero bias is shown in Figure 6.17, and the gain of antenna at 6.4 GHz is 5.48 dBi.
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Figure 6.14: Schematic and dimensions for the tunable antenna design, and the inset shows
the fabricated patch antenna.
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Figure 6.15: The comparison between simulation and measurement result for the tunable
patch under different bias condition.
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Figure 6.16: Measured results for tunable patch antenna showing change in operating fre-
quency under different voltage bias conditions.
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Figure 6.17: Simulated and measured radiation pattern for the tunable patch antenna at 6.4
GHz with the gain of 5.9 dBi and 5.48 dBi respectively at zero bias.
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6.5.5 Discussions

In this chapter, it is demonstrated how active surface mount components can be embed-
ded in RF circuits/devices/packages using AM. Despite all the benefits of AM embedded
process discussed earlier, there are still significant challenges to the use of these techniques
at much higher frequencies (mm-wave). Some of those challenges are surface roughness of
3D printed material, warpage due to prolonged post-printing UV exposure, residue in the
cavity /vias, compensation for components dimensional tolerance and the high dielectric loss
of printed material as listed in Table 1. One of the significant challenges in AM is the sur-
face roughness of the 3D printed substrate. Mechanical polishing of the 3D printed surface
before metallization can be used to reduce the roughness but it is still significantly large
for components working at the mm-wave range. Optimizing the post-printing UV exposure
time is also very critical as extended exposure leads to substrate warpage. In this work,
10 minutes post-exposure was chosen after careful experimentation and optimization. The
performance of 3D printed embedded structures depends a lot on the connection; thus it
is essential that the 3D printed vias/cavities are residue free. Here, the cavity is cleaned
using Isopropyl alcohol while continuously blowing with dry Nitrogen gas. Printing vias
to make electrical connection to the active component is an additional challenge. In this
chapter, vias are printed with slanting edges to allow easier deposition of the metal into
holes and subsequently the pins of the components. Another challenge for embedding SMT
components is to compensate for a dimensional tolerance of the component such as legs,
packaging, and height into the cavity. Also, the thickness of each printed layer should be
pre-estimated to stop the 3D printer to place components accurately. Beyond the material

loss of the polymer, another critical factor that affects the performance of microwave devices
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Table 6.1: Tangent Loss for Different 3D Printable Polymers

Printable Polymers Frequency Loss tangent (tan | Reference
PLA 1.7 GHz - 4 GHz 3?0395 [84]

ABS 0.1 GHz - 10 GHz 0.06-0.0151 [48]
NinjaFlex 100% 2.4 GHz 0.06 [85]
Verowhite 1.5 GHz 0.0285 [86]
Formlab high tempera- | 4 GHz - 12 GHz 0.02 This work
ture epoxy

is the SMA connectors and parasitic associated with soldering. Using less solder material
and the choice of connectors allows improvement in the performance of the devices. The
embedded microwave components presented in this chapter is a first step in realizing a fully
printed RF system as shown in Figure 6.1. Further characterization of features such as sur-
face roughness, feasible cavity sizes, and shape, printing on existing substrates or conformal
forms enabling the fabrication of RF devices into existing systems need to be explored. In
the future, low loss substrate materials and new printing technology with improved resolu-
tion that may take the fabrication to micro, or nano level are envisioned. To achieve fully 3D
printed systems and to integrate bare-die components, a combination of different printing
technologies such as 3D polymer printing (stereolithography) and inkjet printing (metallic
traces/interconnections) may be required to allow a dynamic range of resolutions with added
functionalities. The integration of RF electronics with additive manufacturing will require

continuous development of materials, printers, and processes.
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6.6 Conclusion

This work demonstrated simple, low-cost approach for embedding active devices using AM
for the fabrication of compact RF circuits. Tunable circuits such as a T-line resonator,
metamaterial-inspired phase shifter, and patch antenna were presented, demonstrating the
capability of the proposed fabrication technique. It can be concluded from the DC, thermal
and RF characterization of the devices that the 3D printed embedded fabrication process is
reliable and can be used in the design and fabrication of RF and microwave components and
opens up a significant opportunity to design systems with high functional density. The use
of AM allows device design with a customizable packaging process where packaging can be
adapted for different component even on the same device with high precision and without
any misalignment. The use of embedding process effectively reduces the circuit length,
improves the electrical performance and thermal properties and allows miniaturized and
high-density electronic packaging. With further advances in print technology, this process
can be adopted in embedding of bare dies in a 3D configuration which will lead to significant
circuit miniaturization. Also, this process provides a complete packaging solution for future

circuits and systems.
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Chapter 7

3D Printed Electronic System

7.1 Introduction

In this chapter, two different 3D printed systems are presented that encompasses the various
fabrication processes developed in the previous chapters. The goal of this dissertation is to
show a pathway towards designing and fabricating complete systems using 3D printing pro-
cesses utilizing the advantages of AM in terms of rapid prototyping of complex geometries
with ease. Using the metal patterning process developed in Chapter 2 and air as substrate in
Chapter 5, LEGO-like assembly developed in chapters 3, and 4, and embedding devices de-
veloped in Chapter 6, two fully 3D printed systems are presented in this chapter. In the first
part, an example application of 3D printed harmonic system with transceiver antennas and
a sensor tag is presented for underground pipeline localization and detection. Second part
of the chapter presents a compact 3D printed RF front-end system for 5G communication

applications.

7.2 3D Printed harmonic system

The proposed 3D printed harmonic system is aimed at providing location information of
buried objects such as pipelines. Since the pipelines are fabricated from plastics, the sensor

tag can be easily embedded into the pipe while manufacturing as the entire pipeline along
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with the tag can be fabricated using 3D printing as shown in Figure 7.1.

3D Printed Antenna

3-D Printer

2%

3D Printed Pipe
Structure With Tag

Figure 7.1: 3D Printed Harmonic RF System

The 3D printed harmonic system consists transceiver Vivaldi antennas that are fabricated
using non-planar structures and LEGO-like assembly technique. The sensor tag consists
of dual slot coupled antennas fabricated using air as substrate and damascene-like metal
patterning operating at the fundamental frequency of 2.55 GHz and the second harmonic
frequency of 5.1 GHz. A BAT 15-03W diode is coupled to the antennas for generating
harmonics by embedding into the slots using 3D embedding face-up technique. The antennas
are linearly polarized and the polarization is used for mapping the location of the buried

pipelines.
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7.2.1 Design and Fabrication

The harmonic sensing system consists of two components, (i) transmitting and receiving
antennas, and (ii) the harmonic sensor tag. The components are printed using a commercial
Formlabs Form 2 3D printer that uses a stereolithography process in which a high temper-
ature epoxy material is printed layer by layer and cured using ultra violet (UV) light. The
components are printed in parts and are fit together using a LEGO-like process. The printed
parts are metallized using a two-step process, first a 60 nm of titanium (Ti) is sputter de-
posited followed by 500 nm of copper (Cu). Ti is used as an intermediate layer to aid in
adhesion of copper to the printed plastic. Second, 5-6 pum of Cu is plated using electroplat-
ing to increase the thickness of the metal layer. The metallized plastic parts are clamped

together in a LEGO-like fashion as explained in chapter 3 and 5.

Figure 7.2: Schematic of the harmonic tag with dimensions.

The harmonic sensor tag consists of a slot coupled dual band antenna and a diode for
generating the harmonics. The slot antenna is designed to operate at two frequency bands,
fo and 2fy. The diode is embedded in the antenna such that the slot is impedance matched to
the diode to achieve maximum efficiency of the harmonic power conversion. The design and

optimization of the tag is performed using High Frequency Structural Simulator (HFSS®).
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Figure 7.3: Image of fabricated tag.

The schematic with dimensions of the fabricated tag is shown in Figure 7.2 and its image is
shown in Figure 7.3.

Here, the transmitting antenna is designed to operate at the fundamental frequency (fp),
2.55 GHz, and the receiver antenna at the second harmonic frequency (2fy), 5.1 GHz. A wide
band Vivaldi antenna design is chosen for both the antennas and are based on the design
guidelines outlined in our previous work in [87]. Coaxial cables are silver pasted to probe
both the antennas. The transmitting antenna is connected to an RF source for transmitting
the query signal at 2.55 GHz and the receiving antenna is connected to a spectrum analyzer
to read the reflected signal at 5.1 GHz. The dimension and image of the metallized 3D
printed transmitter/receiver antenna are shown in Figure 7.4 and 7.5 | respectively.

The diode is embedded into the antenna structure using a face-up embedding process
developed in our previous work chapter 6. In this process, a cavity is printed first on the
base structure for placing the active component. The printer is stopped at a pre-defined step
and the diode is manually placed with the legs facing up. The printing is continued and the
structure is completed with vias for providing electrical connectivity to the diode. The tag
is metallized with Ti/Cu and electroplated with Cu to achieve a solder-free embedding of an

active element within the printed plastic as shown in Figure 7.6.
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Figure 7.4: Geometry and dimensions of Vivaldi.

Figure 7.5: Schematic of the harmonic tag with dimensions.
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Figure 7.6: Face-up solder-free embedding process of the diode using 3D printing.
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7.2.2 Measurement and Results

The performance of the printed sensor tag along with the printed transceiver antennas is
demonstrated by performing four different experiments. The performance of the printed har-
monic sensor tag is enhanced by an addition of a reflector behind the tag. The back reflector
is fixed 1 cm behind the tag for all the experiments. The first experiment is performed to
determine the efficiency of the doubler and to determine the best operating fundamental
frequency. The second experiment is performed to show the relationship between the read
range and the received power at the chosen fundamental frequency. The third experiment
shows the capability of tag as markers for location detection under the soil. The fourth ex-
periment shows the relationship between angular position of the tag and the received power
for determining the direction of the pipeline. All the experiments are repeated four times

and the values averaged out.

7.2.2.1 Frequency versus received power

The harmonic sensor tag is wide band in nature and it is necessary to determine the best
operating frequency of the tag. For this purpose, the harmonic tag is placed at a fixed
distance (read range) of 30 cm (~ 1 foot) from the transmitter and receiver antennas and
the received power at the second harmonic frequency (2fy) as a function of input fundamental
frequency (fp) with a fixed input power (P;;,) of 13 dBm is plotted. Figure 7.7. shows the
harmonic sensor tag performs the best at the fundamental frequency of 2.55 GHz with a

received power of -53 dBm.
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Figure 7.7: Received power at second harmonic frequency (2fj) as a function of fundamental
frequency (fy) with a fixed Pin and read range
7.2.2.2 Read range versus received power
The fundamental frequency (fp) is fixed at 2.55 GHz for all the follow on experiments. The
second experiment demonstrates the enhanced read range of the harmonic sensor tag. The
position of the tag is fixed along x-y coordinates and the received power is plotted as function

of height (z-coordinate). The input power is fixed at +13 dBm and the bandwidth of the

spectrum analyzer is fixed at 1 kHz. The noise floor at this frequency for the proposed setup

is approximately -95 dBm. Figure 7.8. shows the relationship between the read range and
the received power and it can be seen that with the read range at two and half feet, the

received power is still well above the noise floor. The received power can further be increased

by improving the conversion efficiency of the tag or by increasing the input power.
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Figure 7.8: Received power at second harmonic frequency (2fy = 5.1 GHz) as a function of
read range with a fixed input power of +13 dBm.

7.2.2.3 Position versus received power

The third experiment demonstrates the capability of the designed tag as location markers for
buried pipes. For this purpose, the read range of the tag is fixed at 30 cm and input power
at +13 dBm. A 2D grid of 100 points within an area of 900 ¢cm? is chosen and the received
power is measured as a function of the location of the tag at each point on the grid. The
center of the grid is chosen as (0,0) and each point is 3 cm apart in x as well as y direction.
The center of the tag is placed at each grid point and the received power over the grid is
plotted as shown in Figure 7.9. This plot shows the detection capability of the 3D printed

harmonic sensor as a location marker.
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Figure 7.9: Received power, using noise floor as reference at second harmonic frequency

(2fp), as a function of tag location (x, y) with a fixed Pin of +13 dBm and a read range of
30 cm.

7.2.2.4 Angle versus received power

The designed harmonic tag is capable of determining not just the location of the tag under
the ground but also the direction of the buried pipe by exploiting the polarization of the
antenna. The slot antenna is linearly polarized and the polarization is used as a marker for
determining the direction of the buried pipe. For this purpose, the read range of the tag is
fixed at 30 cm, input power at 413 dBm, and the fundamental frequency at 2.55 GHz. The
tag is placed at the center of the grid and rotated 180 degrees in steps of 5 degrees. The

received power is plotted as a function of angle and is shown in Figure 7.10.
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Figure 7.10: Received power at the second harmonic frequency (2fy) as a function of tag
angle theta with a fixed P;,, of +13 dBm and a fixed read range of 30 cm.

7.2.2.5 Depth versus received power

The above experiments shows that the designed tag can be applied as markers for both
direction and location of objects underground. In order to demonstrate the application of
the tag for pipeline location and detection, the harmonic sensor tag was buried under the
soil at two different depths and the received power is measured. Time domain reflectometry
(TDR) can be used to measure the time difference between the transmitted signal and the
received harmonic signal. Utilizing the high SNR and TDR data, the depth of the pipe can
be estimated. All purpose sand is used for burying the tag for the experiments. Table 2 lists

the received power of the tag for different depths buried in soil.
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Table 7.1: Received power at the second harmonic frequency (2fy) for different tag depth
under the soil

Depth (cm) Received power at 2fy (dBm)
10 -66.95
20 -75.75

7.2.3 Discussion - Harmonic Sensing System

The 3D printed passive harmonic sensing system provides a low cost approach for detecting
buried plastic pipes with improved clutter rejection and higher signal to noise ratio. Employ-
ing 3D printing to realize the harmonic sensing system is attractive due to the ease of rapid
prototyping of complex geometries. Although 3D printing allows customized prototyping,
it has few challenges associated with it such as non-availability of low loss print materials,
low conductive lossy silver paste for mounting the coaxial cable onto the Vivaldi antennas,
controlled curing process to prevent warping, and surface roughness of the printed plastic. In
future, advancement in 3D printing with the development of new low loss high temperature
compatible materials providing smoother surfaces will improve the efficiency of the system.
The current depth detection capability of the sensor is approximately 20 cm. This can be
increased by increasing the gain of the transceiver antennas, and by increasing the input
power of the query signal. The read range can also be increased by performing energy har-
vesting at the tag element to enhance conversion efficiency. A suitable lower frequency can
be chosen for the tag operation by performing the power budget analysis under different soil
attenuation conditions. The tag can be placed inside a plastic enclosure to prevent direct
loading of the dynamic soil environment such as moisture. Although, the designed system
is capable of detecting the buried tag, further analysis is required in terms of soil moisture

content and other effects associated with the soil environment. In order to precisely locate
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the tag, along with a raster scan of SNR, a beam scanning can also be incorporated as part
of the interrogator at each point along the scan. The receiver antenna can be rotated and
the received SNR can be measured as a function of beam angle (¢). The read range of the

tag can be estimated using a modified Friis transmission equation as shown in Eq. 7.

PTincGrint{:q))Grmg'q?o Gttﬁg{;rz'nt{cﬁ)ﬂifu
Pﬂfn5(¢)=( — )n( a2 ) 7)

where, PRm . PTm , are the received and transmitted power of the
interrogator,GTint,Grt ag Te the gain of the fundamental and second harmonic tag
antennas, are the gain of the fundamental and second harmonic interrogator antennas, d
is the read range, 7 is the conversion efficiency of the harmonic doubler,A fo Ao fo» are the
wavelengths at the fundamental and second harmonic frequency, respectively, and ¢ is the
beam angle. The received power (SNR) at the interrogator and the gain of the interrogator
antenna depends on the beam angle (¢). Overall, a battery-free harmonic approach with
a long life time allows real-time monitoring of plastic objects buried underground without
any excavation or periodic maintenance.

This chapter presents a simple to implement 3D printed harmonic system for buried assets
localization and detection. The harmonic system consists of fully 3D printed transceiver
antennas and a harmonic sensor tag embedded with a non-linear element. The advances in
3D printing allowed a solder-free embedding technique of the diode into the printed antenna
substrate. The harmonic nature of the tag provides higher signal to noise ratio with improved
clutter rejection capability. The polarization extinction ratio of the tag is used for detecting

the direction of the pipe along with the location. The designed system is capable of detecting

the tag buried at a depth of 20 cm from the surface. In the future, fully 3D printed plastic
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pipes with directly embedded harmonic sensor tags are envisioned that provides a real-time
and an economical mapping of the labyrinth of underground buried pipelines in an urban

infrastructure.
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7.3 3D Printed Substrates for the Design of Compact

RF Systems.

3D printing allows rapid customization of complex structures due to the inherent freedom
to print in all directions. With the advancement in printing technology, multi-material
printing are employed to realize cost-effective packaging solutions [88]. Typically, sensitive
Rf components are shielded using metallic enclosures to prevent signal interference. By
employing 3D printing, customized enclosure can be fabricated with air substrate based
components on the surface of the enclosures for further miniaturization of the packaged
system. Using a combination of AM strategies, 3D printing can be used as an alternative
fabrication technique for realizing high-density electronics packaging. Figure 7.11 shows an
example of the envisioned fully 3D printed customizable packaging enclosure with multiple
components such as an air substrate based antenna and many active and passive devices for
5G applications.

The proposed RF back end module consists of an amplifier sub-module with surface
mounted integrated chip along with the associated passive components (inductos, capacitors)

and an air substrate based patch antenna sub-module fabricated using 3D printing.

7.3.1 Design and Fabrication

The performance of the individual sub-modules are analyzed first followed by the integrated
module. All the components are printed using a commerically available 3D- printer (Ob-
ject Connex350) that uses a photopolymer resin VeroWhitePlus® with dielectric constnt
(€7 ~2.8) and loss tangent (tand ~0.04) [89]. The 3D printed structures are metallized first

with a blanket sputtering of a thin seed layer of Titanium (Ti - 500 nm) and Copper (Cu -
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Figure 7.11: An example of the envisioned 3D printed electronic packaging with customizable
substrate for 5G applications.

5000 nm) followed by electroplating of Cu to achieve an additional Cu thickness of 5-6 pm.
The metal layer is patterned using a damascene-like process as explained in [43]. The areas
on the structure where metal is to be retained are printed 200 pym lower than the rest and
the unwanted metal on the elevated areas is removed using a mechanical polishing process.

Figure 7.12 shows the flow of a damascene-like process.

Ti Polishing

Figure 7.12: Patterning conductive traces on 3D printed substrate using a damascene-like
process.
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7.3.1.1 Air-Substrate based Patch Antenna

A simple patch antenna operating at 5.4 GHz is chosen for integrating with an amplifier to
demonstrate the RF module. The antenna uses air as a substrate and is connected to the
amplifier circuitry using a conductive post. The post is connected to the top and bottom
layers using conductive silver paste. 3D printing allows fabricating using air as a substrate
by printing the antenna in two separate parts (top and bottom layers) with support pillars
on one side and corresponding holes on the other side. The two pieces are snapped together
using a LEGO-like assembly process. Figure 7.13 shows an example schematic of the LEGO-

like assembly process.

Pillars

+

Bottom layer

Top layer

T LEGO-like
assembly

Figure 7.13: An example of LEGO-like assembly process for air substrate based circuits.
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Figure 7.14A shows the schematic of the air substrate based patch antenna along with
the dimensions. Figures 7.14B and C shows the image of the structure before and after

metallization and Figure 7.14D shows the image after assembly .

23.1 mm

[ —
1 1
1 1

Figure 7.14: 3D printed air substrate based patch antenna (A) Schematic with dimensions,
(B) and (C) structure before and after metallization, respectively, and (D) image after LEGO-
like assembly.

Figure 7.15 shows the simulated and measured reflection co-efficients and the radiation
patterns. The simulated and measured results matches closely and the slight mismatch is due
to the loss associated with slight reduction in air gap due to warping of the substrate during

the sputtering process as well as the poor conductivity of the silver paste. The fabricated

patch operates at 5.4 GHz with a gain of 6.04 dBi.
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Figure 7.15: Simulated and measured results for (A) reflection coefficients (B) radiation

patterns of the air substrate based patch antenna.
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7.3.1.2 Amplifier Module

The amplifier is designed next using a commercially available surface mount wide band
amplifier chip from Mini Circuits(GVA-84+). Figure 7.16A shows the basic amplifier circuit
design consisting of a bias circuit with an inductor at the input and DC blocking capacitors
at both the input and the output of the amplifier. Figure 7.16B shows the schematic of the

amplifier circuit in a 3D printed configuration.
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Figure 7.16: Schematic of the (A) amplifier circuit with lumped components, and (B) 3D
printed configuration.

In order to validate the design, two different amplifier circuits are simulated using Agi-
lent’s Advanced Design System (ADS). For the first circuit, the amplifier is terminated using
a matched 50 €2, and for the second circuit, the matched termination is replaced by the S-
parameters of the designed patch antenna. FEM solver High Frequency Structural Simulator

(HFSS®) is used to design and simulate the S-parameters of the patch antenna. Figure 7.17
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shows the simulated reflection coefficients at the input port of the amplifier circuit for both
the terminations. It can be seen from the Figure 7.17 that the chosen amplifier shows a
good performance over 5-6 GHz band when terminated by a matched load and when termi-
nated by the patch, the amplifier’s band of operation is restricted to that of the antenna’s

operational bandwidth. Figure 7.18 shows the image of the 3D printed amplifier.
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Figure 7.17: Simulation results for analyzing amplifier performance.

Figure 7.18: Image of the fabricated 3D printed amplifier.
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7.3.1.3 Integrated RF Module

The amplifier and the air substrate based patch antenna are combined together forming
a single RF module. Figure 7.19A shows the schematic of the module, Figure 7.19B and
C shows the fabricated structure before and after metallization. Figure 7.19D shows the
assembled module. Here, the power received by the patch antenna is amplified and measured

on a spectrum analyzer.

Figure 7.19: 3D printed integrated RF module: schematic (A), structure before and after
metallization (B) and (C), respectively, and , (D) integrated module after the assembly
process.
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7.3.2 Results

Two sets of experiments are performed to evaluate the performance of the RF module. The
experiments are performed in the anechoic chamber where the transmitter antenna is placed
at a distance of 118 inches from the receiver module. For both the experiments, a commercial
wide band Vivaldi antenna is used as a transmitter connected to an RF source. The device
under test is connected to a DC source for biasing, and a spectrum analyzer for measuring

the data. Figure 7.20 shows the measurement setup.
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Figure 7.20: Measurement setup.

The first set of experiments is performed to analyze the effect of integrating an amplifier
with the air substrate based patch antenna as a function of frequency with a fixed input power
of 5.5 dBm. For the measurements, first, an air substrate based patch antenna without the

amplifier is connected and the received power is measured. Second, the integrated module,
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which includes the antenna and the amplifier is connected and received power is measured
as a function of frequency with a fixed bias voltage of 4.6 V. Figure 7.21 shows the measured

results for the first set of experiments.
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Figure 7.21: Measured received power as a function of input frequency.

As expected, the amplifier improves the signal strength in comparison to the direct re-
ceived signal from the patch. The integrated module provides a good gain at the resonance
frequency of the patch antenna (5.4 GHz). The second set of experiments is performed to
analyze the effect of bias voltage on the received signal. The input frequency and signal
power are fixed at 5.4 GHz and 5.5 dBm, respectively, and the received signal is measured as
a function of bias voltage. Figure 7.22 shows the measured gain using a spectrum analyzer
as a function of bias voltage. The amplifier performs the best beyond 4 V as seen from
Figure 7.22. A combination of the two experiments helps in quantifying the performance of
the integrated RF module showcasing the ability of 3D printing to fabricate a compact RF

module for 5G and other applications.
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Figure 7.22: Measured gain as a function of bias voltage.
7.3.3 Discussion- 3D Printed Substrates for the Design of Com-
pact RF Systems.

In this paper, a 3D printed RF system for 5G communication application is presented in
which multiple components can be incorporated onto a custom printed plastic substrate.
The vertical stacking of components allows reduction in the overall form factor of the system
leading to a simpler SiP or SoP solution for realizing compact system designs. Although 3D
printing is beneficial in realizing multi-layer structures, there are still some challenges asso-
ciated using these techniques such as surface roughness, warpage due to heating, parasitics
associated with soldering the SMT components, and the high dielectric loss associated with

the photopolymer VeroWhitePlus®. For reducing surface roughness, mechanical polishing
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can be incorporated as an intermediate step before metallization. Warpage during sputtering
process can be reduced by using a high temperature print polymer. Another critical factor
that effects the performance of the RF circuits is the parasitics associated due to soldering
on the surface mount components onto the 3D printed plastic. This can be reduced by in-
troducing solder-free embedding techniques where different active and passive components
can be incorporated as part of the substrate with corresponding vias for maintaining elec-
trical connection. The effect of the dielectric loss associated with the 3D printed substrate
can be reduced by utilizing LEGO-like assembly technique and by using air as a substrate
over the whole structure. For a practical purpose, realizing fully 3D printed SoP/SiP so-
lutions requires a combination of multiple printing techniques capable of printing metals,
dielectrics, and nano-particles as well as advancement in print resolution, developing low

loss print polymers, and automated assembly techniques.

7.4 Conclusion

In this chapter, two different 3D printed systems are presented that encompasses the various
fabrication processes developed in the previous chapters. In the first part, an example
application of 3D printed harmonic system with transceiver antennas and a sensor tag is
presented for underground pipeline localization and detection. Second part of the chapter
presents a 3D Printed Substrates for the design of compact RF systems for 5G communication
applications. These techniques opens up the possibility of utilizing additive manufacturing

as a possible candidate for manufacturing high-density and multi-functionality RF systems.
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Chapter 8

Conclusions

In this dissertation, a number of techniques have been presented that advances AM technol-
ogy for printing RF circuits and components. The advantages of AM for fabricating complex
geometries in a rapid manner is exploited in developing these new fabrication techniques that
allow seamless integration of multiple layers with ease. These techniques provide a pathway
to achieve the envisioned 3D printed system as shown in Figure 6.1.

In chapter 2, two new processes for selectively patterning metals is presented, the
damascene-like process and the lift-off process. The first technique introduces trenches in
regions where metal trace is required and the rest of the regions are elevated to be me-
chanically polished after metallization process. The second technique introduces a shadow
mask printed over the substrate to prevent metal from being deposited onto the unwanted
regions. Once the metallization is completed, the shadow mask is removed and the patterned
structure is realized.

In Chapter 3, the metal pattering processes developed in Chapter 2 is used on non-
planar structures to realize different RF components. Utilizing the freedom on the z-axis,
different non-planar structures are printed with reduced form factor for various SiP and SoP
applications.

In Chapter 4, the losses associated with 3D printed materials are eliminated by introduc-
ing air as a substrate using a LEGO-like assembly process. The RF components are printed

in two pieces with support pillars and corresponding holes and are selectively patterned using

147



the techniques developed in Chapter 2. The two pieces are snapped together to realize the
final structure.

In Chapter 5, the light-weight nature of the 3D printed RF components is showcased by
fabricating different waveguide structures. Using the combination of non-planar geometries
and LEGO-like assembly approach, a number of guided wave structures are presented.

In Chapter 6, three new processes for embedding passive and active components into
the 3D printed substrates is presented, face-up, face-down, and side-mount. The printer
is stopped at pre-defined steps and the components are placed into cavities manually and
the printing is continued. Vias are printed for providing electrical connection between the
different embedded components. The technique is showcased by printing a cube with diodes
embedded on all six faces along with the thermal characterization.

In Chapter 7, a fully 3D printed harmonic system and an RF front end system are pre-
sented utilizing the techniques developed in all the previous chapters. For the harmonic
system, two non-planar transceiver antennas are fabricated using LEGO-like assembly pro-
cess. A harmonic sensor tag with a dual slot antenna coupled to an embedded diode is fab-
ricated using damascene-like metal patterning, face-up embedding and air-substrate based
slot. The sensor system demonstrates the capability of 3D printing of complex geometry
based structures in a customized and an economical way. For the front-end system, an am-
plifier sub-module and an air-substrate based antenna sub-module are integrated using 3D
printing techniques such as damascene-like metal patterning and LEGO-like assembly.

In summary, the processes developed in this dissertation is the first step in advancing the
AM technology to fabricate complex fully 3D printed RF systems with multiple functional-

ities.
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8.1 Future Work

In future, a combination of metal printing such as inkjet along with dielectric printing such as
SLA can be integrated in a single printer to print both metal and dielectrics simultaneously.
The new process will allow solder free interconnections among various components on the
3D printed plastic substrate. A method for dispensing nano composites integrated with
the printer allows fabrication of novel bio electronic devices. It can also be used for printing
different shielding covers over the RF components. Employing high resolution printers allows
embedding of bare dies which will be a giant leap in realizing miniaturized circuits using 3D
printing. Another aspect of development lies in the automation of processes of the low cost
printer similar to a PCB manufacturing machine where computer aided techniques such as
robotic arms can be integrated for easier embedding of multiple components making the

printing process fully automated.

8.1.1 3D Printing in Biomedical Applications:

The availability of bio-compatible print polymers has allowed printing of wearable bio-
electronics such as mouth guards to prosthetic arms. The ability to model and customize
the implants based on the individual needs is a boon for providing immediate assistance
to the people in need. Moreover, the development of high rigid and mechanically stable
printed polymers allows them to be used as implant structures from tooth to bones. The
ability to print flexible polymers which can be coated with a bio-compatible material can be
used for providing customized wearable body sensors such as heart rate monitor, pH sensor,
sweat sensor, etc. Using embedding techniques developed in this dissertation allows packag-

ing of electronics inside bio-compatible polymers making them an ideal choice for wearable
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technologies.

8.1.2 3D Printing in Aerospace Applications:

The ability of the AM to generate light weight components with good mechanical stability
is a boon for the aerospace industry. Currently, researchers are exploring few methods are
3D printing in real-time in space. Once these methods are established, the 3D printer in
the space station can be used to fabricate components in real-time allowing maintenance
and repair work performed quickly. Furthermore, 3D printing can be used to print edible
substances in space as food for astronauts. The light-weight manufacturing LEGO-like

techniques introduced in this dissertation is ideal for space printing applications.

8.1.3 3D Printing in Transportation Applications:

The number of utilities are exponentially growing in recent years. Most of these utilities such
as electric cables, transmission cables, water, sewer etc are channeled using pipelines from
one place to another. Currently, the traditional heavy metallic pipelines are being replaced
by light-weight and mechanically stable plastic pipelines. 3D printing technology allows
printing of pipelines directly enabling a cheaper means of fabrication process. Furthermore,
using the embedding techniques developed in this dissertation, sensors can be easily extruded
into the pipelines for multiple purposes such as leakage detection, location marking, etc. A

similar application has been demonstrated in the last chapter of this dissertation.
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8.1.4 3D Printing in Smart Agriculture Applications:

Sustainable agriculture using smart techniques have become an area of recent interest due to
the anticipated increase in global food shortage. 3D printing can be applied to fabricate low
cost smart sensors for quality control of agricultural products. Embedding sensors into the
3D printed substrate using the techniques developed in this thesis can aid in developing new
low cost multi-use sensing techniques. For example, monitoring soil pH or moisture content
using 3D printed electrodes coated with pH or moisture sensitive films. 3D printing can also
be used for different microfluidic sensing applications for quality control of liquid food such

as milk.
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APPENDIX A

Sputtering Process

Procedure :

1. Pump the air out of the chamber.

(a) Open the Nitrogen gas, turn on ThermoFlex 1400, Vacuum and Rate/Thickness Mon-

itor.

(b) Open up the chamber, push the Shutter 1 button on the screen to open the shutter of

the Titanium gun.

(c) After the check is complete, place the sample that needs to be sputtered at the center

of the chuck. Close the chamber and put the lock on.

(d) Go the screen view, select Auto pump/vent, push the Auto pump button to pump the

air out the chamber.

(e) After about 1 hour or when the displayed pressure on the screen becomes stable.
2. Sputter the Titanium on the sample (600 A thick).

(a) Calculate the thickness of the Ti layer. For example, normally 600 A (Anystrom) thick
of Ti needs to be sputtered, which is equal to 60 nm thick. However, the thickness
displayed on the monitor is half of the actual thickness, which means 300 A thick

should be showed on the monitor in this case.
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(b)

Open the Airgas and the valve. Turn on the power supply that sits in between the
vacuum and the monitor. Go to the Rate/Thickness monitor, press Program, choose
Film 1 which correspond to Ti sputtering configuration. Then push Next several times

to the end of the setup, and press Program again.

In screen view, select DC sputter control—DC1—DC Ignition. Make sure the 125 w
power correctly displayed on the power supply. Do not press shutter 1, because we

need to burn off the Ti target till it looks light blue. Zero the time on the monitor

When the Ti becomes light blue. Return to the screen, select shutter 1 to open the

shutter of the Ti gun. Zero the time again.

. Sputter the Copper on the sample (1000 A thick).

Press shutter 1 to close the Ti gun. And select DC2—DC Ignition to heat up the
copper target. Again, do not press shutter 2 now. Program Film 2 as in the previous

step.

Allow the copper target to be heated up for 30 seconds, then press shutter 2 to start

sputter the copper on the sample. Zero the time.

The actual thickness of the copper is the same as the thickness showed on the monitor.
If 10 k A thick of copper needs to be sputtered, when the monitor shows 10k A thick,
the sputtering process should be stopped by pressing the shutter 2 to close the copper

gun.

. Auto vent the chamber.

Go to the Screen, select Auto pump/vent—Auto vent. When it is done, the lock of the

chamber will fall. Then take out the sample by wearing the gloves.
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(b) Change the transparent glass cover, turn off all the power supply and shut off the air

gas and the Nitrogen.

+SK TOP PRO

DENTONWACUUM

Figure A.1: Denton Vacuum Desktop Pro
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APPENDIX B

Electroplating Process

Procedure :
(1) Set up the copper plating tank (2 gal)

(2) Add 3 1bs of copper crystals followed by 1.5 liters of copper sulphate and 140 ml Sulfuric

Acid.
(3) The rest of the tank is filled with distilled water.

(4) Attach a copper plate and connect it to a power supply with a constant voltage of 5 V.

The current varies from 0.25 A - 0.75 A depending on the size of the part to be plated.

(5) Hang the part to be plated inside the bath with the support of copper clips or wires

for approximately 15-30 minutes depending on the thickness of the plated copper.
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3D printed
structure
(cathode)

Figure B.1: Illustration of electroplating.
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