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Abstract

Additive manufacturing (AM) technology has been changing our daily lives. As one
of the fundamental manufacturing methods in what is known as the Industry 4.0 concept,
AM technology is now a driving force for revolutionary manufacturing microwave
components with high-performance, high-accuracy, low-cost, and short production
cycles. The materials utilized in additive manufacturing have been developed from
single-dielectric/metal-only materials to multi-material printing (dielectric and
conductive materials), extending the possibility of AM-inspired designs from
microwave to terahertz regime. An overview from single-material to multi-material AM
printing systems and their applications in microwave, millimeter-wave and terahertz
designs are presented.

This thesis focuses on designing electronic devices and antennas for 5G applications
based on additive manufacturing technology. In this research, electrical characteristics
of the dielectric materials used by the 3D printing machine, including its dielectric
constant and loss tangent, are investigated and measured. Taking advantage of the AM
technology, multi-layer devices, including transmission lines, antennas, bandpass filters,
couplers, and reflectarrays, which perform well and have compact sizes, are proposed

and fabricated for 5G applications. The main contents are as follows:

Chapter 1: Introduction to multi-material integrated additively manufactured
electronics (AME) solution, which plays an essential role in the fabrication of the

designs.

Chapter 2. Literature review from single material to multi-material additive
manufacturing technology. This chapter introduces the development history of additive
manufacturing technology. Relevant content has been published in the journal of /EEE

Microwave Magazine [P1].

Chapter 3. 3D-printed low-profile single-substrate multi-metal layer devices with
compact size. This chapter demonstrates additively manufactured low-profile single-
substrate multi-metal layer antennas and array with an ultralow profile and broad
operational band. Successfully devising multi-layer patch antennas proves that the

AME solution can serve as a revolutionary approach to the increasing number of 5G



consumer mobile electronics. Related content has been published in the journal of [EEE
Access [P2].

Chapter 4. 3D-printed compact transmission lines, and multi-layer bandpass filters.
This chapter proposed a compact additively manufactured bandpass filter (BPF) with
good out-of-band rejection. Related content has been published in /EEE Transactions
on Electron Devices [P3]. Next, a novel compact vertically integrated multi-layer
composite right/left-handed (CRLH) BPF with low loss and the wide operational band
is proposed. Related content is being submitted to the journal of IEEE Transactions on

Microwave Theory and Techniques [P4].

Chapter 5. 3D-printed metasurfaces for independent manipulation of broadband orbital
angular momentum. This chapter demonstrates a 3D-printed metasurface generating
orbital angular momentum (OAM) states with different topological charges at two
operational broadbands for high-information capacity and high-security applications.
Related content has been submitted to the journal of ACS Applied Materials &
Interfaces [P5].

Chapter 6. Conclusion
Keywords: Additively manufactured electronics, 3D printing, Millimeter-wave,

Microwave, Antennas, Antenna array, Reflectarray, Bandpass filter, Coupler,

Composite right/ left-handed structures.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Research Background

The fifth generation (5G) is a technology that is already changing our lives. The
5G rollout strategy has become a driving force for revolutionary fabrication methods
that can construct electronics with high accuracy, low cost, and a short production
cycle.

5G wireless system is envisioned for 2020 to meet the higher data rate requests
and a larger number of mobile phone users. 5G communication is expected to handle
data rates up to multiple gigabits per second. To meet this need, most countries
selected bands within the frequency range 26.5-29.5 GHz (28 GHz) for the early
deployments of 5G. Millimeter-wave communication is also a wise choice. The
millimeter-wave communication holds outstanding advantages, such as sufficient
bandwidth, high transmission efficiency, and compact components for highly
integrated systems. However, due to high oxygen absorption, millimeter-wave is not
suitable for long-range communication. Sub-6GHz spectrum has been established as
the key band for 5G services in the last decades. Efficient fabrication methods to
prototype consumer electronics, operating at sub-6 GHz, become more and more
important. Antennas, the most important component of a communication system, play
a critical role in wireless data transmission, especially where the high-gain antenna
helps to compensate for the free-space propagation loss and reduce the multipath
effect. For many scenarios, those antennas with the properties of high gain, non-squint
radiation patterns, and bandwidth are desired. Besides, to adapt the antenna to more
industrial applications, additive manufacturing technology is needed to: firstly,
downscale novel antenna array systems; secondly, equip more functions to realize
further development of antenna design; and thirdly, enrich its application in some
cutting-edge research areas. Examples are security scan systems in an airport and
crewless vehicles using the millimeter-wave sensing system.

1
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Fig. 1.1. Development history of additive manufacturing technology

Many complex constructions, which are difficult to implement by means of
conventional methods, can be prototyped, and realized by additive manufacturing
technology. Fig. 1.1 summarizes the history of additive manufacturing technology. In
1974, David E.H. Jones laid out the concept of additive manufacturing in his regular
column called Ariadne in the journal New Scientist [1]. By 1984, Charles Hull, who
went on to found 3D Systems, dubbed the process stereolithography, began to
experiment with printing materials instead of ink. Stereolithographic is a printing
process that enables a tangible 3D object to be created from digital data and plays an
important role in the rise of additive manufacturing technology [2]. Then, fused
deposition modeling was developed in 1988. It is still a major method widely applied
in 3D printing facilities. 1998 marked the beginning of 3D printing with metals [3],
which is a huge breakthrough in the history of additive manufacturing technology,
especially in certain aspects of materials. In the 21% century, even multi-material

electronics additive manufacturing platform is now demonstrated.
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15

sculpture

firearms

cars

food

Fig. 1.2. Application of 3D printing technology in daily life.

As depicted in Fig. 1.2, 3D printing has been used in manufacturing, medical,
food, clothing industries and various sociocultural sectors, which facilitates 3D
printing becoming a successful commercial technology [4]. The earliest application
of additive manufacturing was on the toolroom end of the manufacturing spectrum
[5]. Furthermore, NASA is looking more at the technology to create 3D-printed food
to limit food waste and can be designed to fit an astronaut's dietary needs [6]. Large
varieties of foods are appropriate candidates, such as chocolate, candy, meat and flat
foods such as crackers, pasta, and pizza [7-10]. In the 2010s, 3D printing technology
entered production to a much greater extent. 3D printing has entered the world of
clothing, with fashion designers experimenting with 3D-printed bikinis, shoes, and
dresses. For instance, Nike uses 3D printing to prototype and manufacture the 2012
Vapor Laser Talon football shoe for players of American football, and New Balance

is 3D manufacturing custom-fit shoes for athletes [11-12]. In cars, trucks, and aircraft,
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additive manufacturing is beginning to transform both unibody and fuselage design
and production and powertrain design and production [13-15]. In terms of firearms,
in 2012, the US-based group Defence Distributed disclosed plans to design a working
plastic 3D-printed firearm. This plan raised concerns regarding the effects that 3D
printing may have on gun control effectiveness [16-18]. Virtual planning of surgery
using 3D-printed personalized instruments have been applied to many areas of surgery,
including rebuilding the face of a motorcyclist who had been seriously injured in a
road accident [19] and printing a kidney transplant to save a three-year-old boy’s life
[20]. As well, 3D printing has been applied to the field of cultural heritage for
preservation, restoration, and dissemination purposes [21]. The museum souvenirs
manufactured by 3D printers are available in some shops, such as the Metropolitan

Museum of Art and the British Museum [22-23].

1.2 Multi-Material Integrated Additively Manufactured Electronics

1.2.1 Composition of the Additive Manufacturing System

UV light

Monitor

Ink canisters

Print heads Tray

Fig. 1.3. Composition of the one-stop additive manufacturing system.

IS
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This thesis describes a novel conductor and dielectric one-stop additive
manufacturing technology for manufacturing purposes. Models consist of metal and
dielectric materials that can be fabricated in a single process in a short time and at a
low cost using this new technology. The complete printing process can be carried out
at a normal temperature and standard atmospheric pressure. As shown in Fig. 1.3, the
printer dimensions are 810x1180%2000 (mm), which is convenient for in-house
design requirements. A monitor is utilized to control the 3D printer. Significantly, this
conductor & dielectric one-stop 3D printer comprises two print heads. Silver and
acrylic ink with nano-dimension sizes can be printed simultaneously from these
nozzles. After each dielectric and conductive ink layer is printed on the substrate,
Ultraviolet (UV) light and infrared radiation (IR) lamps are turned on to solid the inks,
respectively. When the printing process finishes, we can easily remove the samples

from the substrate.

1.2.2 Fabrication Process

UV curable acrylates
s — ink chamber

Ultraviclet ray
Silver nanoparticle

. ) o — ink chamber
Photosensitive resin

nozzle

Infrared ray

Silver ink nozzle

Platform

Samples

Fig. 1.4. Vertically integrated multi-layer bandpass filters under fabrication using additively

manufactured electronics solution.

Fig. 1.4 illustrates nine vertically integrated multi-layer bandpass filters under

5
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fabrication using the additively manufactured electronics solution. According to the
dimensions of these samples, several bandpass filters can be fabricated at one time.
Each printing head of the 3D printing system comprises 256 piezoelectric-based
nozzles connecting to the chambers filled with silver nanoparticles and acrylate inks,
respectively. The proposed AME solution uses piezoelectric-based nozzles with
deposition of liquid inks. For the piezoelectric additive manufacturing technology, an
applied voltage can generate a pressure pulse in the fluid to force a droplet of ink from
the nozzle. When the applied voltage magnitude rises to a threshold voltage, the ink
will be fed from the nozzles. The complete printing process can be carried out in a
standard ambient atmosphere at a typical temperature of 140°C in a standard ambient
atmosphere, which makes the fabrication easy and flexible. With this additive
manufacturing technology, a seamless multi-metal-layer bandpass filter can be
fabricated in a single substrate with accurate traces positioning, contributing to an

ultra-thin profile.

UV curing lamp NIR lamp

o %

Step @ Step ® Step ©®

Fig. 1.5. The proposed low-temperature additive manufacturing electronics (AME) process.
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More details of the fabrication procedure of a 3D spiral component are
demonstrated using the proposed AME process in Fig. 1.5. During the manufacturing
process, as shown in Fig. 1.5, silver nanoparticles and acrylate inks are used for the
conductor and dielectric layer, respectively. They are printed layer by layer, according
to the predesigned patterns. For Step 1, an ultraviolet (UV) lamp with a wavelength
of 395 nm is used for curing the acrylate inks after they are ejected from the nozzles.
Step 2 prints a metal strip line on the acrylate layer. A near-infrared radiation (NIR)
lamp with a wavelength of 0.75-1.4 pm and 140°C to 170°C process temperature is
used to sinter the conductive inks. In Steps 3-6, acrylate and conductive inks are
printed layer by layer to construct the 3D spiral inductor. Vias can be printed
simultaneously in the acrylate layer to connect metal strip lines in different layers, as
depicted in Step 3. Where a via is desired, no dielectric ink is deposited. The
fabrication is done layer by layer.

Consequently, the silver is positioned in the area where the filled via is being built,
and the dielectric is around it. Compared with LTCC and semiconductor technologies,
the AME solution is flexible for electronic device fabrication with design freedom
adjusting the interlayer distance. Taking advantage of the AME solution, designing

3D components and devices would be a flexible proposition.

1.2.3 Materials and Precision

(a) (b)
Fig. 1.6. Microscopic view of inks (a) AgCiteTM nano-silver for conductor and (b) Acrylate
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for dielectric

+ 8um (surface roughness)

_ " ; ‘? - V | |
‘m’ | Photograph of plated | "Photogmph of printed traces
. \ through holes :

Fig. 1.7. Photograph of (a) printed substrate - cross-sectional view. (b) plated through holes

and (c) printed traces.

As illustrated in Figs. 1.6(a) and (b), the conductive ink (AgCiteTM nano-silver),
and the dielectric ink (acrylates) used by the inkjet system have tightly controlled
particle size and excellent stability for precision AM tasks. In particular, the inks have
unique and compatible sintering and curing properties. Fig. 1.7(a) is a photograph of
the printed substrate in a cross-section view, plated through holes and printed traces.
The variation of surface smoothness is + 8§ um within the scan range of 1 mm length.
The printer can print boards up to 160 x 160 x 3 mm?>. According to the design rules,
the minimum recommended plate through hole diameter and via diameter are 400 and
200 um, respectively. Meanwhile, the minimum recommended trace width and
minimum recommended electrical clearance between traces are 110 um. Trace
thickness is suggested to be bigger than 17 um. This specification enables the machine
to meet the demanding design and quality requirements of industries, such as

healthcare and aerospace, where microscale precision manufacturing is expected.

1.3 Conclusion

In summary, we first introduced the background to additive manufacturing technology
based on the different types and amounts of materials used in the printing system. This
introduction helps readers to understand the context of additive manufacturing
technology. Specifically, a novel conductor and dielectric one-stop additive
manufacturing technology used for the fabrication of models in this thesis has been

8
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introduced. With this advanced additive manufacturing technology, seamless multi-
metal-layer devices can be fabricated in a single substrate with accurate positioning
of traces, which helps make an ultra-thin profile possible. The advanced 3D printing
technology proves that a low-cost, high-performance, time-saving manufacturing
technique can be revolutionary for the upcoming 5G consumer mobile electronic
systems.

The thesis is organized as follows:

Chapter 2: Literature review from single material to multi-material additive
manufacturing technology. In this dissertation, we first described the background of
additive manufacturing technology based on different types and amounts of materials
used in the printing system. The relevant studies from single material to multi-material
additive manufacturing technology were introduced here. Specifically, a multi-
material additive manufacturing technology called AME solution has been introduced
to fabricate the designs posited in this dissertation. This introduction helps readers to

understand the context of additive manufacturing technology.

Chapter 3: 3D-printed low-profile single-substrate multi-metal layer devices
with compact size. First, we proposed multi-layer patch antennas with stacked
patches to increase the operational bandwidth. Broadbands can be obtained with a
low-profile multi-layer patch antenna, and the extended antenna arrays are also
designed and fabricated. AME solutions with tunable interlayer distance can help to
realize constant inductance and capacitance in a smaller area with a thinner interlayer

distance, which has great potential for designing devices with minimal effort.

Chapter 4: Vertically integrated multi-layer composite right/left-handed
broadband devices. Diminishing the energy loss of the signal during propagation is
always a significant issue for electronics design. Especially for the AME solution, it
is a challenge to reduce the loss with a high loss tangent of 0.013. Therefore, a BPF
composed of the multi-layer 3D inductance and capacitance components and a
vertically integrated multi-layer composite right/left-handed devices with the broad

operational band have been designed and fabricated. Good performance with compact
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size and low insertion loss can be obtained by introducing the vertically integrated

CRLH structure into the designs of transmission lines, BPFs, and couplers.

Chapter 5: 3D-printed metasurfaces for independent manipulation of broadband
orbital angular momentum. This dissertation demonstrates two additively
manufactured (AM) metasurfaces. First, an AM multi-material conductive and
dielectric multifunctional metasurface is presented, generating orbital angular
momentum (OAM) states at two operational broadbands with different topological
charges for high-information capacity and high-security applications. Second,
digitalization-coding of meta-atoms is realized in this metasurface, the objective being
to simplify the design and optimization procedures. Finally, a reflective metasurface
for pencil beam generation at two operational bands is designed and fabricated to
verify the isolation effects of the FSS; and the possibility of developing other
functional devices with the proposed meta-atoms. The design of multifunctional
metasurfaces can satisfy the requirement of next-generation wireless communication

systems.
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Chapter 2 Literature Review- From Single-Material to

Multi-Material Additive Manufacturing Technology

2.1 Introduction

Additively manufactured electronics (AME) technology is a game-changer that
could completely disrupt the electronics manufacturing value chain in Industry 4.0.
AME technology has featured the advantages of low cost, fast prototyping, 3D
customized design freedom, and a distributed manufacturing cycle in the electronics
industry. The 3D printing technique has great potential to complement or replace
traditional manufacturing in some areas, such as the space and defense industries. Many
complex systems that are difficult to implement using conventional fabrication methods
can be prototyped, realized, and eventually produced by taking advantage of AME
techniques. According to the available literature, AME-inspired electronic components
have been achieved in transistors [1-2], interconnects [3], transmitarrays [4-5],
microwave circuits [6-7], electromagnetic (EM) lenses [8-11], reflectarrays [12],
frequency selective surfaces (FSS) [13-14], antennas [15-23], waveguides [24-25], and
metamaterials [26-32]. Most of these applied AME approaches are based on printing
the entire geometry with a single material process, through either a metal-only or a
dielectric-only AME system [4-9], [12-13], [26-28], or by loading metallic paint with
metal casting 3D printers on different kinds of substrates [14-17]. Examples here are
Kapton [14], textile [15], or paper [16-17]. Printing the dielectric parts with metal

coating or tape is also a popular choice [18-20], [29].
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BPF [26] - 2019

3D printing
Electronics

3D printed single substrate transmission line and 3D printed melalens antennaf30] - 2021
patch antenna [27] - 2021

e Top view

Fig. 2.1. Emerging 3D printing technologies in microwave components and radio frequency

electronics - a game changer in the manufacturing value chain in Industry 4.0.

As demonstrated in Fig. 2.1, advances in integrated printing of conductive and
dielectric materials have enabled a new generation of additively manufactured
microwave components and radio frequency electronics to emerge [33-38]. With high-
conductivity metallic ink and low-loss dielectric ink materials, the emerging multi-
material AME technique can be exploited to design and implement multi-layer
microwave and terahertz components that function exceptionally well.

Compared with traditional fabrication methods, AM has unique advantages. For
example, conventional computer numerical control (CNC) requires a post-
processing/assembling procedure for prototyping. However, metal 3D printers can
fabricate microwave components without post-processing to avoid additional loss (e.g.,
interconnection). In addition, compared with low-temperature cofired ceramic (LTCC)
and semiconductor technologies, the AME solution provides flexible design freedom
by adjusting the interlayer distance. In contrast, traditional fabrication methods have
strict design rules (e.g., the space between metal layers), which cannot be breached.
Added to the above-mentioned advantages, AM can adjust the substrate permittivity by

changing the deposit density (or infill percentage) [18], [34]. Further, anisotropy can be
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created when a substrate made of polylactic acid (PLA), an almost isotropic material,
is printed with periodic patterns in its internal structure [39]. The substrate anisotropy
is related to the infilled percentage and the geometric patterns of air spaces. In some
cases, the anisotropy caused by 3D printing techniques can be used to design specific
metamaterials. As mentioned in [27], a uniaxial anisotropic metamaterial has been

proposed utilizing the artificial anisotropy created by 3D printing techniques.

3D printer

Single materials Multi-materials

Pure Plastic Pure Metal Mixture of Mixture of medium

plastics/metals and conductor

Fig. 2.2. Emerging 3D printing technologies in microwave components and radio frequency

electronics - a game changer in the manufacturing value chain in Industry 4.0.

In today’s environment, with countless research and engineering efforts, a system
of 3D printing technology has emerged. Fig. 2.2 depicts the classification of 3D printer
recording to materials. With the development of technology, more and more materials

are introduced to 3D printing technology. Even a multi-material 3D printer is available.

2.2 Commercial Additive Manufacturing Facilities

There are three leading manufacturing technologies employed in 3D printing [40]:
continuous liquid interface production (CLIP), material jetting (PolyJet), and selective
laser sintering (SLS). CLIP is a proprietary photopolymerization method to create
smooth-sided solid objects with resins. The CLIP process is based on a pool of liquid
photopolymer resin whose bottom ranges from transparent to ultraviolet light. Then,
the printed precise cross-section of the object is illuminated by an ultraviolet light beam
that shines through the transparent bottom. Compared with earlier commercial 3D

printing techniques, CLIP can produce objects with smoother sides. The PolyJet process
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jets curable liquid photopolymer onto a build tray layer by layer, followed by applying
a UV source to cure the material. It can produce features in the 100s of microns.

Due to its underlying digital technology, PolyJet can be more efficient and accurate
for model designing and fabricating, which curtails costs. However, the size and
viscosity of the jetted material must be compatible with the printer head. SLS is an
AME technique that sinters powdered material with a laser power source. The space-
point defined by a 3D model is sintered by laser automatically, which binds the material
together to create a desired solid structure. Because the process of SLS is entirely self-
supporting, it makes possible a process called nesting that builds parts within other parts.
It means that the SLS process can produce highly complex geometries that other
techniques cannot reach without trapping material inside or altering the surface.

Table 2.1 lists the industry-level commercial additive manufacturing (AM)
facilities widely used by global customers. As seen in the table, the manufacturing
methods of these 3D printers have been updated based on traditional additive
manufacturing methods. PolyJet is still a popular additive manufacturing process due
to its high accuracy and high efficiency for design and fabrication. After the PolyJet
method, fused filament fabrication is the most commonly utilized technology today. It
is a process of feeding a continuous filament from a large spool through a moving,
heated printer extruder head. Depositing it on the top of growing product, this
technology can effectively reduce costs, and a wide variety of filament materials can be
extruded using this technology.

Nowadays, the single-material printing technique is still the dominant force.
According to Table 2.1, Stratasys F270, Stratasys Fortus 450mc, and Markforged X7
can fabricate models with different kinds of dielectric materials. The fused filament
fabrication method is utilized in the process. These three types of 3D printers are
suitable for fabricating medium-sized models. Different dielectric materials can be
printed with high accuracy. In particular, the accuracy of Stratasys Fortus 450mc can
reach 70 pm at the x/y axis, which is suitable for precision prototyping small models
with fine printing. The BigRep ONE can fabricate models from 350 mm % 350 mm x

300 mm to 1005 mm x 1005 mm x 1005 mm. It is more suitable for manufacturing big
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models like furniture. However, the printing resolution of the BigRep ONE is not high

and may not be ideal for high-frequency microwave circuits and antenna designs. The

Stratasys J750 uses the PolyJet method. It can be used to fabricate multi-colored models

and ones with varying levels of transparency with different dielectric materials.

TABLE 2.1. 3D PRINTING FACILITIES

. . . Accurac Layer Printing
No.| Machine Process Size (mm3) Material/s v (xly) | thickness capability
Stratasys | Fused Filament | 305 x254 x 305 |Acrylonitrile styrene acrylate . .
! F270 Fabrication (max) copolymer, Polylactic acid. 100 pm 127-330 pm| Dielectric only
Stratasys . Acrylonitrile styrene acrylate
2 Fortus Fused flla.m ent | 406 x 355 x 406 copolymer, Acrylonitrile 70 um [127-330 pm| Dielectric only
Fabrication (max) .
450mce butadiene styrene.
Nylon /Onyx (main
Markforged | Fused Filament | 330 x270 x 200 thermoplastic) carbon . .
3 X7 Fabrication (max) fiber/Kevlar/Fiberglass £100 pm | 50-100 pm | Dielectric only
(reinforcement)
Atomic
Markforged Diffusion 235 x 68 x 66 .
4 Metal X Additive (max) Stainless steel +125 um | 50-200 pm Metal only
Manufacturing
350%350 x 300 Dielectric only,
5 BigRep | Fused Filament (min) Polylactic acid, Nylon, 100-1000| 100-1400 suitable for
ONE Fabrication 1005 x1005x1005 Polycarbonate. pm pm manufacturing of
(max) huge size model.
Dielectric only,
. multi-color,
6 Stratasys PolyJet 500 x 400 x 200 'Vero (white, clear)‘ <200um| 14um accuracy is
J750 (max) Agilus30 (elastomer-like)
affected by
model size
Formlabs |Stereolithograph| 145 x 145 x 175 . . .
7 Form 2 y (max) Clear photopolymer resin | 200 um | 25-200 pm | Dielectric only
HP Jet - . 406 x 305 x 406 PA-12GB (Nylon 12 with . .
8 Fusion Multi-jet Fusion (max) glass bead reinforcement) +200 pm | 80-100 pm | Dielectric only
nScrypt 3- Aerosol jet 600 x 600 x 150 DuPont CB028 con(%uc.:tlve Dielectric and
9 N paste and Acrylonitrile 10 pm 0.65 um .
Dn-600 printing (max) ) conductive
butadiene styrene
Dragonfly Polvlet 0.3 um for
additively roiet 160 x 160 x 3 . AgCite and | Dielectric and
10 (piezoelectric Acrylates and AgCite 110 pm .
manufactur S (max) 2.5 pm for conductive
inkjet)
ed system Acrylates

HP Jet Fusion processes use the multi-jet fusion technology. Unlike the other 3D

printing technologies, multi-jet fusion prints each layer of new material and agent on

top of a previous layer that is still molten so that both layers fuse completely and

polymers can lock into each other across the layer boundary. In addition, HP Jet Fusion

3D printing solutions using 3D high reusability PA 12 provide up to 80% powder

reusability, producing functional parts batch after batch. Thus, the HP Jet Fusion 3D

printer has the advantages of being low-cost and environmentally friendly. However, it

can only fabricate using a single dielectric material. Formlabs Form 2 is another single

dielectric material 3D printer. Stereolithography and clear photopolymer resin are the
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process method and materials of the Formlabs Form 2, respectively. The maximum
model size that can be fabricated is 145 mm X 145 mm % 175 mm, which means this
machine is more suitable for prototyping small models.

In recent years, metal printers (for example, Markforged Metal X) have been
introduced and are available to many researchers and engineers. Metal printers can
prototype microwave devices without the need for assembling, thus avoiding
interconnection loss. However, 3D-printed prototypes are expensive, which is its major
disadvantage. In comparison, nScrypt 3-Dn-600 and DragonFly LDM are two
representative facilities that can simultaneously print conductive and dielectric inks for
prototyping. nScrypt 3-Dn-600 is good at precision prototyping electronic devices with
extremely high accuracy. The printer can reach 600 mm x 600 mm x 150 mm to
fabricate models with high profiles. DragonFly LDM is suitable for the seamless
printing of electronic components with multiple metal-layer structures, a type of
structure that has attracted significant interest from the space and defense industry,
which requires low-volume production but exceptional performance for electronic
devices. Up to 30 metal layers can be fabricated in a single substrate with a low profile.

Nonetheless, the materials used by the DragonFly LDM are single-use.

2.3  Design Examples: Additively Manufactured Devices from

Single-Material to Multi-Material

2.3.1 Single-Material (Dielectric/Conductive) 3D-Printed Designs

At the beginning of the 3D printing era, 3D printers could only prototype models
with a single dielectric material. Compared with the multi-material 3D printer, the
single-material 3D printer is easy to fabricate. The machine only needs to meet the
processing requirements of a single material, such as temperature or pressure, and only
needs one printhead. Over the last decade, dielectric 3D printing technology has been
developed that can manufacture a wide range of microwave and antenna components

such as polarizer lenses [8-9], reflectarrays [12], frequency selective surfaces (FSS)
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[13-14], metamaterials [26-27], and transmission lenses [41]. Most of these
components are involved in beam shaping. For instance, J. Zhu et al. presents a 3D-
printed dielectric circular polarized beam-shaping lens with a boresight pencil beam
based on a linear-to-circular polarization conversion coding unit [8]. Zhou et al. have
proposed an all-dielectric multi-layered and broadband radar absorbing metamaterial
(RAMM) with different structures designed in each layer using the selective laser
sintering (SLS) method [26]. Taking advantage of additive manufacturing technology,
the RAMM is fabricated with high accuracy and a wide operational band (8 to 18 GHz).
Their dispersion and anisotropy are cleverly engineered to increase design freedom,

leading to structures with very complex geometries.
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Fig. 2.3 (a) 3D-printed prototype and (b) Testbed of the 220 GHz dielectric reflectarray, and (c)

Gain and aperture efficiency [12].

The dielectric-only 3D printing technique has also been applied to prototyping
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terahertz components. J. H. Barton et al. demonstrated a wideband high-gain terahertz
dielectric reflectarray working at 220 GHz [13]. The reflectarray unit cell consists of a
ground plane and a dielectric block, whose height is utilized to adjust the reflection
phase. Since the structure of the unit cell is simple, a low-precision manufacturing
method is acceptable. As shown in Figs. 2.3(a), (b), and (c), a dielectric reflectarray
composed of 40 x 40 elements and occupying an area of 28 x 28 mm? is designed at
220 GHz with a maximum gain of 31.3 dBi and an aperture efficiency of 27.6%. A wide
1-dB gain bandwidth of 20.9% can be obtained for 220-246 GHz.
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Fig. 2.4 Photograph of the fabricated modified Fresnel lens using (a) Formlabs-recommended
and (b) in-house-developed approaches. Measured and simulated (c) gains and (d) ARs of the

CP modified Fresnel lens at different frequencies [9].

Additionally, G. B. Wu et al. introduces a novel 3D-printed high-gain circularly
polarized (CP) modified Fresnel lens antenna operating at THz frequencies [9]. A raft
and supports were used during the fabrication to avoid adhesion between the printed
object and the build platform, where the lens was printed slanted. The fabricated CP

lens prototype is shown in Fig. 2.4(a). The fabricated lens suffered from limited printing
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accuracy and uniformity using the printing method recommended by Formlabs. To push
the performance envelope of the 3D printer to realize the proposed CP THz lens, an
improved “in-house developed 3D printing method” was offered. The CP lens was
printed horizontally, and thin struts with a diameter of 0.25 mm were added to support
the weight of the lens. The fabricated CP lens prototype using this printing method is
shown in Fig. 2.4(b). This method's printing accuracy is much higher, and the
uniformity problem was subsequently resolved. Finally, as shown in Figs. 2.4(c) and
(d), the experimental results confirm that the 3D-printed CP lens can realize RHCP with
a 3-dB gain in bandwidth over 15.1% (from 275 to 320 GHz) and 3-dB AR bandwidth
over 18.8% (from 265 to 320 GHz).
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Fig. 2.5. Photographs of the manufactured 16-way power combiner. (a) Front view. (b)
Rearview and the (c) RF-measured power division of the 16-way power combiner (d) RF-

measured phase differences between different output [6].
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There is even more possibility of applying 3D printing technology in microwave
communication with a metal-only printer. Since metal materials can restrain
electromagnetic waves, 3D-printed devices based on metal waveguides have been
discussed in the literature [6], [22]. For example, a 16-way power combiner featured a
compact geometry with good isolation (>20 dB) among the input ports, suitable
amplitude imbalances (within £1 dB), and small phase deviations (within £1°) in a wide
operational bandwidth (BW) of 8.5-10.5 GHz has been fabricated with a metal printer
[6]. Fig. 2.5 depicts photographs of this power combiner, its radio frequency (RF)-
measured power division, and phase differences. The one-stop direct metal printing
technology can fabricate complex metallic models in a single piece, avoiding inevitable
adjacent gaps and alignment errors among the metal layers, which may cause wave
leakages and multi-reflections.

In addition, a highly efficient and compact monopulse system has been proposed,
one that integrates both a frontend antenna array and a backend comparator network in
[22]. Due to its complex structure, this compact monopulse system could not be
fabricated in a single piece of metal using traditional machining methods. For this
reason, the direct metal laser sintering (DMLS) technique was chosen for fabrication,
after considering cost, printing precision, material availability, and the desired
properties.

These single-material (dielectric/conductive) 3D-printed designs reveal the
possibility of fabricating electronic products with AM technology. It is also apparent
that the single-material printing process hinders the development of microwave devices
with exceptional performance, which often requires prototyping with conductive and

dielectric materials.
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2.3.2 Prototyping Microwave Devices by Plating Metal on 3D-Printed Dielectric

Models

(@) (b)

Fig. 2.6. Photographs of the SLA-printed prototypes before and after surface metallization. (a)

Waveguide-coax-waveguide transition. (b) Magic-T [24].

Many microwave components are composed of both dielectric and metal materials.
Compared with single-metal 3D-printed models, the method of plating metal on 3D-
printed dielectric models has the advantages of lower cost and lighter weight [23-24],
[42-45]. For example, in [23], a new class of broadband transition and a monolithic
waveguide magic-T is fabricated using polymer-based additive manufacturing and
copper electroplating techniques. As shown in Figs. 2.6(a)-(b), the devices were SLA-
printed in a vertical resolution of 70 um with the ceramic-filled photosensitive resin
Somos PerForm. Then, in the metallization process, a 10-um-thick conductive layer of
copper was electroplated onto the transition model on a seed layer of electroless plated
nickel. For the magic-T, the copper layer was further increased to at least 30 um to
enhance the thermal handling capability. Photographs of the fabricated prototypes are

shown in Fig. 2.6. In addition, a dual-band bandpass filter with a high-quality factor
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and wider stopband was realized using the SLS 3D-printing technology with the PA12
(nylon material) as a structure. Then a 10-um thick copper layer was metalized on the
surface [24].

In addition to plating the whole surface of the printed model to construct
lightweight samples, adhering the shaped copper tape to the models through the cutting-
plotter-based technique is another popular way to apply 3D printing technology.
Researchers usually cut the desired shapes out of tape and apply them at specific
locations on the 3D-printed models. It is a low-cost and flexible way to fabricate devices.
However, the accuracy of the cutting and adhesion steps is difficult to guarantee,

especially for high-frequency designs, and the fabrication process is complicated.
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Fig. 2.7. Components of the designed 3D-printed antenna for a handheld UHF RFID reader. (a)
Front view, (b) Ground plane, (c) Bottom view, and (d) Simulated and measured reflection

coefficients and axial ratios [20].
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In [20], a compact and low-profile circularly polarized antenna is presented for a
handheld ultra-high frequency (UHF) RFID reader. The proposed antenna realizes an
improved gain and appreciable size reduction by taking advantage of the low-loss and
moldability of the 3D printing materials combined with a specific design strategy. As
seen in Figs. 2.7(a)-(c), the antenna top view shows four radiating elements placed over
a 3D-printed annular square polylactic acid low-loss support. The bottom view picture
depicts the feeding network; a common ground plane is shared between the radiating
elements and the feeding network. The two PLA parts were manufactured using a
dielectric 3D printer. The conductive parts (i.e., radiating elements, feeding network,
feeding lines, and ground plane) were realized using adhesive copper tape-shaped
through the cutting-plotter-based technique. Fig. 2.7(d) shows simulated and measured
reflection coefficients and axial ratios. Since all the copper tape is manually applied to
the 3D-printed substrates, errors and complexity in the manufacturing process may

actually increase.
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(a) (b)

Fig. 2.8. (a) Unit cell geometry of the proposed broadband absorber. (b) Photograph of the

fabricated prototype [29].

In [29], a broadband metamaterial absorber prototyped by a resistive conductor on
3D-printed dielectric models is proposed. As shown in Figs. 2.8(a)-(b), this design
comprises periodic arrays of honeycomb core as the constituent dielectric, onto which
resistive paint has been deposited to realize broadband absorption. A screen-printing

technique is applied to deposit the Y-shield resistive ink uniformly. Moreover, a
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negative mask made from polydimethylsiloxane substrate was utilized to paint the ink
on the square loop patterns accurately. This technology can simplify fabrication and

reduce size and position errors caused by manually applying the tape.

2.3.3 Prototyping Microwave Devices by Printing Conductive Inks on Existing

Substrates

Printing conductive inks on existing substrates (such as textiles and papers) is a
good prototyping choice. This method can print a specific metallic shape on a substrate
without size and position errors caused by manually applying the tape. Inkjet printing
is the most common method of printing conductive inks on existing substrates. This
additive electronic fabrication method is gaining interest in consumer and industrial
applications as a low-cost, highly scalable, and environmentally friendly alternative to

typical laminate-based fabrication.

(b)
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Fig. 2.9. Fabrication of the antipodal Vivaldi antenna with (a) front and (b) back views.

Measurement of the antipodal Vivaldi antenna with (c) Si1, and (d) gain versus frequency [17].

In [16], a novel electromagnetic band-gap structure (EBG) with single-ring
resonators is inkjet printed on commercially available photo paper using conductive
nano-silver ink. However, the realized gain of the EBG array is not desirable; in fact, it
is only 0.95 dBi. The paper is revealed to be a lossy substrate with a loss tangent near
0.06. Subsequently, producing high gain antennas on paper is challenging due to the
relatively high loss tangent paper exhibits at microwave frequencies. For example, a
Vivaldi antenna was designed on a paper substrate for wideband and high gain [17].
Traveling or leaky wave antennas demonstrate much less substrate dependence and
have higher directivities than resonant antennas. Vivaldi is a traveling wave antenna
where the maximum separation of the arms limits the lowest operating frequency and

the maximum frequency by the match at the feed. As seen in Figs. 2.9(a) and (b), each
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antenna side is printed separately along with alignment marks to fabricate the Vivaldi.
The Vivaldi is laser sintered, while holes are laser cut through the alignment marks to
allow alignment pins to align the two layers during bonding. A light spray adhesive is
used to bond the two layers. Fig. 2.9(c) shows the corresponding simulated and
measured return losses, which are in good agreement over the entire operating band.
The inkjet-printed Vivaldi antenna exhibits a significantly high gain of up to 8 dBi and
a wideband from MHz frequencies to pass 10 GHz in Fig. 2.9(d). The measured results
of this antenna verify that high gain can be attained using inkjet printing on a lossy
paper substrate. It lays a strong foundation for low-cost, high gain, and wideband
antenna fabrication with environmentally friendly substrates using an inkjet printing

process.
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Fig. 2.10. (a) 280 GHz slot bandpass printed FSS layout. (b) 3D surface profile measurements

of a single slot and (c) transmission response of the proposed FSS at 280 GHz [14].
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In addition, bandpass frequency selective surfaces (FSS) operated at low-THz
frequency regions can be precisely and accurately fabricated with aerosol jet printing
on Kapton substrates [14]. Kapton is a polyimide film with excellent flexibility over a
wide temperature range which can be deployed to improve communications in space
and terahertz applications. The bandpass FSS operated at 280 GHz consists of simple
slot elements arranged in a square. The bandpass FSS in [14] consisted of an array of
83x83 elements over an area of 6.35 cm x 6.35 cm with 0.05 mm thickness. Fig. 2.10(a)
depicts the layout of the printed 280 GHz slot bandpass FSS. The 3D surface profile of
a single slot under a microscope is shown in Fig. 2.10(b); it has dimensions of 0.43 mm
x0.045 mm. An average tolerance of 5% was measured. Fig. 2.10(c) shows the
measured and simulated transmission responses. A wideband transmission response
was observed, -10 dB passband ranging from 240 GHz up to 310 GHz with a bandwidth
of 25%. Measured and simulated transmission responses demonstrated a gap of about
20 dB between the passband and signal-blocking states.

3D printing of wearable electronics is promising. However, the fabric has elastic
physical properties that make inkjet-printing-based deposition difficult. The pattern
tends to dissipate when printing tracks on textiles and the process cannot produce a
continuous conducting track without many layers being printed. Added to this, a high
solvent content (around 85%) of the inks is always required to improve inkjet
printability. The temperature it can withstand is challenging, meaning that a sufficiently
low curing temperature for inks is required. With this in mind, surface pre-treatment of
the fabric is usually necessary for wearable printing to function well. In [15], to reduce
the cotton fabric surface roughness, the fabric is pre-treated using a screen-printed
interface layer before further inkjet printing, which is a UV-curable polyurethane
acrylate-based interface paste. Meanwhile, in the end, dipole antennas operating at
around 1.89 GHz on different substrates were fabricated and measured successfully.
The surface pre-treatment adds further complexity to the printing process of
manufacturing on fabric.

Constructing devices by printing conductive inks on existing substrates reduces the

errors of size and position that can occur during the manual application of tape.
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However, dielectric substrates with appropriate electric characteristics are difficult to
find, and the necessary surface pre-treatment adds complexity to the fabrication process.

Therefore, it is necessary to develop multi-material 3D printing technology with

conductive and dielectric inks.

2.3.4 Multi-Material Additively Manufactured Devices using Conductive and

Dielectric Inks

It is challenging to handle advanced designs with complex structures composed of
conductive and dielectric parts in a single unit. Multi-material additive manufacturing
technology can simplify the fabrication process and reduce the chance of making errors

during post-processing.
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Fig. 2.11. (a) 3D-printed prototype of the 2 mm-high SRR bandpass filter with center frequency
at 1.6 GHz. (b) Measured and simulated reflection and transmission coefficients of the filter

[34].

In [34], 3D-printed bandpass filters with coupled vertically extruded split ring
resonators were fabricated on the V8 DDM printing platform that can print
thermoplastics and conductive ink together at the same time. The V8 DDM printing
platform contains two print nozzles. One nozzle deposits the V8 amphiphilic silver ink,
whose flow is controlled by an onboard pneumatic system. The second nozzle is used
for standard FDM of polymer filaments. In addition, the permittivity and loss tangent
of the FDM substrate can be determined by controlling the infill density (i.e., the
amount of filament printed inside the object). As a result, as seen in Fig. 2.11(a), a 3D-
printed prototype of a 2 mm-high SRR bandpass filter with a center frequency at 1.6
GHz is possible. The dielectric substrate of the filter was printed with PLA filament
with an infill density of 70% to target the desired design permittivity of 2.26, with the
resulting loss tangent estimated to be 0.01. The ground plane for the filter is formed
with conductive aluminum tape to reduce printing time and the amount of silver ink;
however, it adds complexity to the fabrication process. The simulated and measured S-
parameters of the 2 mm-high SRR bandpass filter are shown in Fig. 2.11(b), and they
agree well. Compared with a planar microstrip filter with the same footprint, the 3D-
printed SRR bandpass filter has the advantage of more than two times wider bandwidth.

This V8 DDM printing platform successfully realized the printing of both
conductive and dielectric materials. However, the size of the nozzle, which is 0.25 mm,
limits the printing resolution to no smaller than 0.25 mm. In addition, some frequency
shifts also resulted from fabrication errors. For example, the sizes of the gaps of all the
resonators were found to be approximately 18% larger on average than the nominal
value. Therefore, improving the accuracy is still a challenge of printing thermoplastics

and conductive ink with a V8 DDM printing platform.
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Fig. 2.12. (a) Fabricated prototypes and (b) details of the vias. (c) Measured and simulated S-

parameters of the interconnect with a total length of 11.4 mm [36].

In [36], an nScrypt 3-Dn-600 print system serves to fabricate multi-layer
interconnects with vertical transitions. The nScrypt 3-Dn-600 print system can realize
a single line as small as 10 pum for silver ink and 80 um for polyimide. Figs. 2.12(a) and
(b) depict the fabricated prototype and details of the vias. Fig. 2.12(c) illustrates the
simulated and measured results of the interconnect. Good matching is achieved below
40 GHz, and the measurements show an IL of 1.2 dB at 1 GHz and 6.3 dB at 40 GHz

for the 11.4 mm sample.
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2.3.5 Recent Advances in 3D-Printed Multi-Material Non-Planar Components in

the Sub-Terahertz Regime
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Fig. 2.13. (a) Photographs of the 3D-printed metalens antenna, (b) Boresight gain comparison
at high-band [38].
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Besides printing multi-layer constructions, AME enables fabricating of non-planar
electronic models. In [38], a shared-aperture dual-band Fresnel zone plate (FZP)
metalens antenna operating at 75GHz and 120 GHz is proposed and experimentally
verified. The concentric rings of two FZP metalens antennas made of different grid
polarizers merge seamlessly, forming the dual-band FZP metalens antenna in a shared
aperture, as shown in Fig. 2.13(a). Fig. 2.13(b) illustrates the gain of the dual-band FZP
with/without raised dielectric rings. After adding the phase compensating rings, the
sidelobe levels of the radiation patterns were improved from -6 dB to -12 dB.
Meanwhile, after adding the phase compensating rings, the boresight gain was
improved by 2.4 dB at 120-GHz. Furthermore, the raised dielectric rings improve the
realized gain of the higher working band. Finally, high directional radiation is achieved
at two bands with measured peak gains of 20.3 dBi and 21.9 dBi at 75 GHz and 120
GHz, respectively. The proposed FZP metalens antenna has the merits of a lightweight
and low profile, and it was fast-prototyped using a conductive/dielectric integrated
AME technique. Potential applications of the FZP metalens antenna include multi-band

mm-wave/terahertz communications, sensing, and imaging.

2.4 Conclusion

In summary, an overview of a series of additively manufactured (AM) microwave
components and devices from single-material to multi-material processes has been
presented in this chapter. According to the open literatures, the fabrication of
conductive and dielectric materials simultaneously is very challenging if we use the 3D
printing technology to fabricate electronic devices. For example, as mentioned above,
plating metal on 3D- printed dielectric models will add additional machining steps and
reduce the manufacturing accuracy, especially for the complex electronic devices with
multi-layer structures. Therefore, finding a perfect multi-material 3D printing
technology and applying it to the fabrication of complex electronic devices will
contribute to the development of AM microwave circuit designs.

In this thesis, we proposed a new group of electronic devices with good
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performances, compact size, and multilayer structures, including transmission lines,
bandpass filters, couplers, and metasurfaces. Taking advantage of the multi-material
AM technology, complex microwave devices are achieved with exceptional
performance. Undoubtedly, multi-material AM technologies will play a significant role

in microwave component design, from the microwave to the terahertz regimes.
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Chapter 3 3D-Printed Low-Profile Single-Substrate Multi-
Metal Layer Antennas and Array with Bandwidth

Enhancement

3.1 Introduction

Additive manufacturing (AM) is a potential game-changer that may completely
revamp the manufacturing value chain in Industry 4.0. In the electronics industry, AM
technology has the advantages of low cost, fast prototyping, three-dimensional (3D)
customized design freedom, and a distributed production circle. 3D printing is an
alternative method to replace or complement traditional fabrication. Many complex
systems, which are difficult to implement using conventional fabrication methods, can
be prototyped and realized.

According to the open literature, 3D-printed electronic components have been
achieved in certain types of waveguides [1], reflectarrays [2-3], lenses [4],
transmitarray [5], frequency selective surfaces [6-7], transmission lines (TLs) [8-9],
filters [10], and antennas [11-41]. Most of these applied AM approaches are based on
printing the entire geometry with a single material printer, such as metal/dielectric 3D
printers [1-2], or loading metallic paint with metal casting 3D printers on different kinds
of substrates, for example, textiles [11] or papers [12], [14]. It is often difficult to utilize
these single-material printing processes to handle advanced designs with complex
structures composed of conductive and dielectric parts in a single substrate. Particularly
challenging when the high-conductive and dielectric materials need to be fully
integrated using a single-substrate 3D printer, which often requires more steps and
additional processing time during fabrication [16]. Moreover, it is difficult to fabricate
multi-layer structures using conventional single-material AM technology [17].
Fortunately, recent advances in AM technology have produced a new generation of 3D

printing techniques and materials that can fabricate conductor and dielectric
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simultaneously [9-10], [42-43].

In this chapter, two types of TLs are investigated to understand the electrical
characteristics of the 3D printing materials. Then, multi-metal layer patch antennas and
antenna arrays with ultralow profile and broad operational band are proposed. Multi-
metal layers are seamlessly printed in a single substrate with additive manufacturing
electronics (AME) solution to excite additional resonate modes that can be controlled
independently. With the increase of stacked patches, the impedance bandwidth can rise
from 5.9% (single layer) to 10.6% (three layers) and 83% (seven layers), respectively,
without increasing the total profile of the antenna. Finally, a linear polarized (LP)
antenna array and a circular polarization (CP) antenna array are demonstrated. The
fabricated prototypes verify that multilayer antennas can be easily achieved in a 3D
printed single PCB substrate (thickness less than 3 mm) with a low profile and versatile
antenna performance. According to the open literature, the proposed designs are

believed to be one of the lowest profiled patch antennas, with wideband performance.

3.2 Fabrication Technology and Materials

3.2.1 Multi-Material Additively Manufactured Electronics Solution

Conductive Ink
= Canister =

Fig. 3.1. 3D printing system using fully integrated dielectric and conductive inks.
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This section presents novel single-substrate wideband antennas, and arrays with
ultralow profiles and introduces an AME method for fabricating these multilayer
models. Taking advantage of the AME method, multi-metal layers can be seamlessly
printed in a single substrate to excite additional resonant modes that can be controlled
independently. With the increase of stacked patches, the impedance bandwidth can rise
from 5.9% (single layer) to 10.6% (three layers) and 83% (seven layers), respectively,
without increasing the total profile of the antenna. Furthermore, taking advantage of
AME, the feeding network is integrated into the antenna array elements' substrate
without increasing the array's size and profile. The electrical properties of this 3D
printing material are investigated at 3.6 GHz using an embedded transmission line (TL).
Then, a three-layer LP antenna element and a 2x2 LP array are seamlessly printed into
single-substrate, respectively. Furthermore, the multi-layer CP antennas are
investigated for wide impedance bandwidth and 3-dB ratio axial by stacking patches in
a single thin substrate. According to the open literature, the proposed designs are

believed to be one of the lowest profiled patch antennas, with wideband performance.

3.2.2 Measurement of the complex permittivity

Dielectric properties of materials play an essential role in the design of 3D printing
devices. The company provided the dielectric constant and loss tangent of the acrylates
used by the 3D printing system from 1-20 GHz. It is observed in Fig. 3.2 that the
dielectric constant is around 2.8 from 1 to 20 GHz. Meanwhile, the loss tangent is

around 0.013.
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Fig. 3.2. Dielectric constant and loss tangent response of the updated acrylates used by the fully

integrated additive manufacturing approach.

For measuring the complex permittivity of 3D printing material at higher
operational bands, considering its low loss, the cavity resonant method with the highest
possible accuracy of measurement is employed [44], which is categorized as the closed-
cavity method and open-cavity method. The former method is mainly used in the
centimeter-wave band, and the cavity includes coaxial cavity [45], cylindrical cavity
[46], rectangular cavity [47], etc. For the millimeter-wave band, the closed-cavity needs
to be designed with a smaller size to reduce interference modes, which leads to low
cavity quality factor and difficult sample processing. Compared to the closed-cavity,
the open-cavity represented by the quasi-optical cavity can maintain a very high-quality
factor because there is no conductor loss from the metal side-wall. Moreover, the
fundamental modes in the cavity are easily captured, and the sample size is moderate,

making the widespread use of quasi-optical cavity in millimeter-wave band possible.
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Fig. 3.3 Sectional drawing (a) and fundamental mode field distribution (b) of a semi-symmetric

quasi-optical cavity.

Fig. 3.3(a) is the schematic diagram of a semi-symmetric quasi-optical cavity
composed of a spherical mirror and a plane mirror. The plane mirror is usually a circular
metal platform, which can move along the axis for adjusting the cavity length D. The
spherical mirror has a curvature radius of R, and two coupling rings connected with the
vector network analyzer (VNA) are symmetrically located in the middle of the mirror.

Under the paraxial approximation, the field distribution in the cavity exists in the
form of the Gaussian beam, which is the quasi-TEMplq wave. For the empty cavity,

resonance occurs when D satisfies the following conditions [48].
c 2p+1+1
1, :5[(q+1)+pTarctan4/D/(R—D)} (3-1)

where fy is the cavity resonant frequency, p, / and g represent the radial, angular, and
longitudinal modes, respectively. Among the different modes, the fundamental mode
TEMoo; mode is the most suitable as the operating mode due to its concentrated
electromagnetic energy distribution, as shown in Fig. 3.3(b).

When a sheet sample is loaded on the plane mirror, the cavity's resonant frequency
and quality factor will change. The relative permittivity &’ of the sample can be solved

by the following transcendental equation [48]:

1

\/8_/tan(\/8_r’kt—¢t)=—tan(kd—%) (3-2)
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with

d=D-t (3-3)

t

o = arctan[ \/?z (3-4)
r <0

(d”] t J
@, =arctan| — |—arctan - (3'5)

ZO ngO
zy=Jd"(R-d") (3-6)
d"=d+t/¢e! (3-7)

where k=27/ is the wave number, ¢ is the thickness of the sample.
The loss tangent tano of the sample is solved according to the change in the cavity

quality factor before and after loading the sample, which is given by [31]:

ans 1 tA+d
an —a 1 (3_8)
¢ tA+ﬁsm2(kd—qod)

with

’

gr

A gr'cos2(\/gkt—(pt)+sin2(\/g_r'kt—¢t) (3-9)

s (3-10)

where Qo and Qq are the quality factors of the empty and loaded cavities, respectively.
These quality factors can be characterized as the resonance frequency divided by the

bandwidth under the empty and loaded cavity condition, respectively.
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Mode-purifying
plate

Fig. 3.4. Photograph of a quasi-optical cavity test system.

The quasi-optical cavity test system used in this thesis is shown in Fig. 3.4. The
curvature radius and the aperture diameter of the spherical mirror are 180 mm and 220
mm, respectively. The diameter of the plane mirror is 50 mm, which is greater than the
waist diameter of the fundamental modes. The coupling ring is adjustable in insertion
depth, so the desired coupling corresponding to different frequency bands can be
obtained. In order to suppress the non-TEMyo, interference modes, a mode-purifying
plate with a hole in the middle is placed between two mirrors, as shown in Fig. 3.4. The
plate is adjustable in height and sprayed with the absorbing coating for absorbing the

interference mode without affecting the fundamental mode significantly.
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Fig. 3.5 Resonant peaks distribution of the quasi-optical cavity in the band of 30-40 GHz.

=30 . 1 . 1 . 1 . 1

-35

40 4

o
E 454
I
n

-50

-3 Before purification

— After purification
-60 - T : . : T . , .
38.91 38.92 38.93 38.94 38.95 38.96
Frequency (GHz)

Fig. 3.6 A typical example of the resonant peak.

The measurement is based on Agilent E8363B vector network analyzer (VNA).
The distribution of the resonant peaks in the band of 30-40 GHz is shown in Fig. 3.5. A
typical example of the resonant peak is given in Fig. 3.6. It can be seen that the
interference modes are effectively suppressed after introducing the mode-purifying

plate. Some resonant peaks obtain better symmetry, which helps to improve the stability
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and accuracy of the measurement.

3.2.3 Electrical Characteristics of Dielectric Materials
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Fig. 3.7. Complex permittivity of the acrylates samples used by the 3D printing system with
different thicknesses T under the conditions of (a) the smoother surface upward and (b)

downward, and (c¢) the complex permittivity of the multi-stacked acrylates samples operating
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from 18 to 40 GHz. (d) The complex permittivity of the acrylates samples with different
thicknesses T is operating from 74 to 108 GHz. (e) The average complex permittivity of the

acrylates samples in 18 to 40 and 74 to 108 GHz.

Fig. 3.7 gives the measured dielectric constant and loss tangent of the 3D printing
acrylates material used by this system. The sample has the same diameter as the plane
mirror. Due to gravity, the bottom surface of the sample in contact with the platform is
smoother than the upper surface of the sample. The samples with smoother surface to
upward and downward are measured from 18 to 40 GHz, respectively. For the 3D
printing material under test in this study, the temperature is set as 28 °C. Figs. 3.7(a)
and (b) shows the dielectric constant and loss tangent of the samples with different
thickness T under smooth surface upward and downward conditions, respectively. With
the increase of operating frequency, the dielectric constant and loss tangent rise slightly.
When the smooth surface is upward, the dielectric constant of samples with different T
is almost kept unchanged besides T = 0.5 mm, which is thinner than the other samples.
The loss tangent of the samples is developed with the increase of the thickness. When
the smooth surface is downward, dielectric constants of samples with different T
become varied and more significant than those under the condition of the smooth
surface being upward. The loss tangent of samples with a smooth surface is downward
1s more significant than the smooth surface is upward.

To further investigate the material’s complex permittivity, multi-samples are
stacked together. As shown in Fig. 3.7(c), the dielectric constant of two stacked 1 mm
samples is bigger than the one of three stacked 0.97 mm samples with smooth surfaces
downward or upward, and the loss tangent of three stacked 0.97 mm samples with
smooth surfaces downward is bigger than the one with smooth surfaces upward.
However, the loss tangent of two stacked 1 mm samples and one of three stacked 0.97
mm samples with smooth surfaces upward or downward are almost equivalent. The
electrical characteristics of the acrylates materials up 40 GHz are measured as well. As
shown in Fig. 3.7(d), the loss tangent of the samples with different thicknesses T from

0.8 mm to 1.1 mm is about 0.02 during the operational frequency from 74 to 108 GHz,
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while the dielectric constant varies from 2.8 to 3.15.

To obtain reliable values of electrical characteristics, the average dielectric constant
and loss tangent of the acrylates materials during the operational frequency range of 18
to 40 GHz and 74 to 108 GHz have been calculated and depicted in Fig. 3.7(e). It is
evident in Fig. 3.7(e) that the average values of loss tangent and dielectric constant
gradually increase from 0.006 to 0.019 and 2.8 to 3.0 with the development of
frequency during 18 to 40 GHz, respectively. Meanwhile, in 74 to 108 GHz, the values
of average loss tangent increases from 0.02 to 0.026, and the average dielectric constant

varies from 2.7 to 3.15.

3.3 Design of 3D-Printed Transmission lines and Low-Profile Single-Substrate

Multi-Metal Layer Antennas and Array

3.3.1 3D-Printed Microstrip Transmission Lines
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Fig. 3.8. Layout of embedded TL, (b) Photograph of fabricated embedded TL, (c) Transmission
coefficients of the embedded TL with varying d; the inset figure shows the values of a2 and d

to keep a 50 Q characteristic impedance. (d) Simulated and measured insertion loss and return
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loss for embedded TL. For a1= 2.6, ax=1.1, b1=3, b,=44, c1=c=c3 =0.02, d=0.5, d\= 1, n=0.25

(Unit: mm).

To investigate the electrical properties of the 3D printing dielectric materials for
loss analysis, an embedded TL with acrylate as the substrate material is analyzed and
discussed. As shown in Fig. 3.8(a), the conductive metal for signal transmission is
embedded in the dielectric medium, and a1, a2, and b1, b denote the widths and lengths
of the surface soldering pad and embedded TL, respectively. In addition, the surface
soldering pad and embedded TL are connected by vias, the radius of which is 11, c1, c2,
and c3 are the thicknesses of metal layers, d represents the depth of the transmission
line embedded in the acrylate substrate, and d; is the thickness of the dielectric substrate.
The photograph of the fabricated TL model is depicted in Fig. 3.8(b). As Fig. 3.8(c)
shows, the transmission coefficient tends to degrade slightly as the embedded line is
pushed into the substrate further away from the top surface. In order to maintain the
required impedance match, the embedded TLs are set at 50 Q, which can be adjusted
by the value of a», as shown in the inset of Fig. 3.8(c). Finally, a sample with =1 mm
is simulated, fabricated, and measured, as shown in Fig. 3.8(d). The TL printed in the
depth of 1.0 mm reveals a maximum insertion loss of 0.03 dB/mm at 3.5 GHz and 0.09
dB/mm at 10 GHz. The differences between simulated and experimental results are due
to the connection loss of the SMA connectors, of which the cut-off frequency is lower

than 10 GHz.

Port 1 ] )
Side view __

Twit hlI

(a)

55



UTS THESIS

00! # 2 * = - - " *
_E 4 3 Q__,__g__ﬂ'_"o—_a——-—a—.____(
__‘l?—.___._‘___‘''17-----..___,‘7-‘__-‘_“-‘__—""3----_..___‘_'3
-05- e T
g -\.:\7 \
8 10/ N
g \
A
_8 -1.5 | —*— Insertion loss at 100 MHz
k5] —— Insertion loss at 10 GHz
E —o— Insertion loss at 20 GHz
2.0+ —v— Insertion loss at 30 GHz
—s— Insertion loss at 40 GHz
-2.5 T T T T T T T T
100 90 80 70 60 50 40 30 20 10
Percentage of infilled groimd (%)
(b)

Top view

©)
0 -0
|—— Simulated S, ghaw=are
—o— Mearsured S,
,_,_107—5—Mea|suredsn L1 B
8 | ——simiateds,, g
@ o
B
'§ -20 N
L2 ﬁ
-30 g
-4
0 4 8 12 16 20
Frequency (GHz)
(d)

Fig. 3.9. (a) Construction of infilled-ground transmission line. (b) Simulated insertion loss
varied percentage of infilled-ground at different frequencies. (c) Photograph of the infilled-
ground transmission line model and its measured results of insertion and return loss. (wi= 2.6

mm, 4= 1 mm.)

In additive manufacturing, the cost of the fabrication is mainly dictated by the
56



Chapter 3 3D-Printed Low-Profile Single-Substrate Multi-Metal Layer Antennas and Array with Bandwidth

consumption of the materials. Replacing a full metallic ground with an infilled one is
an appropriate way to reduce the consumption of conductive ink. Therefore, an infilled-
ground transmission line is designed, fabricated, and measured. Fig. 3.9(a) depicts the
structure of the transmission line with an infilled-ground plane at the bottom. The total
dimension of the transmission line is 24 mm x 50 mmX 1 mm with a percentage of
infilled-ground. The thickness of each silver layer was set to 20 um. As shown in Fig.
3.9(b), with the shrinking percentage of infilled-ground, the insertion loss increases
gradually versus frequency. Furthermore, with the increase of frequency, the insertion
loss resulting from the infilled-ground becomes greater. Therefore, a trade-off between
the tolerance of insertion loss and the percentage of infilled-ground should be
considered in the design. Finally, the transmission lines are fabricated. Fig. 3.9(c) shows
the photographs of the top view and back view of the infilled-ground transmission line.
The simulated and measured results are illustrated in Fig. 3.9(d). Good agreement can
be achieved between the simulated and measured insertion loss. However, the simulated
and measured return loss has some discrepancies, which may result from the connector
issues. This situation can be improved by using the high-end SMA connectors with a

stable performance up to 20 GHz.
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3.3.2 Multi-Layer Linear Polarization Antenna and Antenna Array

3.3.2.1 Multi-layer Linear Polarization Antennas
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Fig. 3.10. Layouts of (a) Antenna I, (b) Antenna II, (c) Antenna III and the simulated and
measured return loss of (d) Antenna I, (¢) Antenna II, (f) Antenna. (g) Simulated return loss of
seven-layer patch antenna with its layout embedded. (L1=12, L,=5, L3=38, L4=59, Ls=39, L¢=60,
W=4.9, W=0.5, Ws=22.6, Ws=36.6, Ws=23.1, Ws=23.3, h1=0.28, h,=0.78, h:=0.36, ti = tr =13

= t4=0.02. (Unit: mm)).
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Figs. 3.10(c) demonstrates the layout of Antenna III, which is a three-layer patch

antenna consisting of a driven patch and two stacked patches. The analysis of Antenna

IIT is performed with the following three steps:

a.

First, a rectangular quarter-wave patch antenna is considered. [Antenna I, Fig.
3.10(a)]. Assume the patch is rectangular in shape with dimensions a and b, The
resonance frequency of this quarter-wave patch antenna at the resonant frequencies
can be calculated as [49]

KmnC

fmn - 2myer (3'11)

where ky, = [(mm/a)? + (nm/b)?|Y/?, & is the relative permittivity of the
substrate. After optimization, the related parameters are determined and simulated
and the measured return loss of Antenna I is given in Fig. 3.10(d).

Second, a staked patch is added under the driven patch of Antenna I to construct a
double-layer patch antenna (Antenna II, Fig. 3.10(b)). The simulated and measured
return loss of Antennas I is given in Fig. 3.10(e). It is noted that an additional
resonant mode is introduced by adding the stacked patch.

Finally, two staked patches are added under the driven patch, leading to Antenna III
[Fig. 3.10(c)]. At this stage, two additional resonant modes are introduced and by
varying the value of the widths of patches W3, Ws and Ws, the resonate frequencies
of Antenna III can be varied independently as shown in Fig. 3.11. Therefore, the
final detailed dimensions of the Antenna III are determined after the three designing
steps. Compared with Antenna I and II, antenna III has a wider operational band,
the total -10 dB bandwidth rises from 5.9% of Antenna I to 10.6% of Antenna III,
while the total thickness of the substrate remains unchanged.

Moreover, as shown in Fig. 3.10(g), when the number of stacked patches rises to

six, the operational frequency band can increase to 5.14 GHz (3.63-8.77 GHz),

achieving a bandwidth of 83%, with a peak gain of 1.45 dBi, while its total thickness

remains at 1.5 mm. These results indicate that adding stacked patches generates

additional resonant modes to enhance the operational bandwidth, while the total profile

of the substrate remains unchanged, taking advantage of multi-mode resonant
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characteristics. Fig. 3.10 gives the detailed dimensions of the three-layer patch antenna.

0 —— W;=22.4 mm 0 —— W,=23.6 mm
—_ —— ;=22.6 mm — —— W,=23.8 mm
m S fasl
3_10_ W3—22._8 m 3-10'
a 2
] S
Q —
— £-20
E -201 : g
3 . /i
(= -30+
W
-30 . — ' . -
3.5 3.7 3.9 4.1 3.4 3.6 3.8 4.0
Frequency (GHz) Frequency (GHz)
(a) (b)
10
0 Unit: mm o ° - o
% o Tas - g
o ] ~ N =
510 g NE E
3 O
A X ©
—-20 'E N ,/@, ,_10£
AW s A &
= —— =224, W=229, W =237 ' N.J/e Mea ~
3 301 3 . Ws , W 2 VN —Sim. [-20
——W,=22.6, W=23.1, W =239 Y '
: : b \I =+ =Mea.
—— W,=22.8, W=23.3, W =24.1 v —-- Sim. 0
3.4 3.6 3.8 40 32 34 3.6 3.8 4.0
Frequency (GHz) Frequency (GHz)
(© (d)

Fig. 3.11. Layouts The bandwidth of three-layer patch antenna varies against (a) W3, (Ws=23.1,
We=23.9) (b) Ws, (W3=22.9, Ws=23.1), (c) W3, Ws and Ws and (d) Measured and simulated gains

and return loss of three-layer patch antenna as well as its photograph.

As mentioned above, these resonant modes excited by stacking patches can be
adjusted. Taking the three-layer antenna as an example, three resonant modes, f1, /2, and
/3, can be independently controlled by tuning the width of driven and stacked patches.
Fig. 3.11(a) reveals that, by raising W3 from 22.4 to 22.8 mm, f; can be adjusted to a
lower frequency while fi and f> remain unchanged. Fig. 3.11(b) shows that, by raising
We from 23.6 to 24 mm, f> and f3 remain constant, while fi decreases gradually. When
adjusting the widths W3, Ws, and Ws, simultaneously, as shown in Fig. 3.11(c), the three
resonant modes, f1, f2, and f3 of the antenna can be shifted with a fixed absolute

bandwidth. After optimization, Fig. 3.11(d) shows the fabricated three-layer patch
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antenna with the antenna gains and return loss in the comparison between simulation
and measurement. Good agreement can be obtained between the simulated and
measured results. The measured peak gain is 3.8 dBi at 3.5 GHz. The measured return

loss lower than -10 dB ranges from 3.5-3.89 GHz.
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Fig. 3.12. Normalized radiation patterns of Antenna III. (al) YOZ-plane at 3.5 GHz, (a2) XOZ

-plane at 3.5 GHz, (bl) YOZ -plane at 3.6 GHz, (b2) XOZ -plane at 3.6 GHz.

In addition, the simulated and measured radiation patterns of Antenna III are
presented at 3.5 and 3.6 GHz in the YOZ-plane and XOZ-plane, respectively, as shown
in Fig. 3.12, which shows good matches between simulated and measured results.

Compared with previously reported 3D-printed patch antennas (see Table 3.1), the
proposed three-layer antenna can provide wide operational bandwidth with an
extremely low-profile. Moreover, since we use an integrated printing approach, no post-

processing procedures are needed, which makes the design more reliable and robust.

TABLE 3.1 COMPARISON WITH PREVIOUSLY REPORTED 3D-PRINTED PATCH ANTENNAS

fo | Gain | -10dB | o, | Thick-
(GHz) | (dBi) |bandwidth | 517 O) | ness (1)

Ref. | Construction | Tan (8) € Fabricating process
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. |Single element . . L
ThiS | (Three- layer | 0.013 | 2.8 | 3.68 | 38 | 106% [0478x0.821] 0031 |Diclectric and conductive ink
work patches) integrated printing
This | oamay | 0013 1 | 363 | 77 | 127% | 195x1.80 | 0041 [Dielectric and conductive ink
work integrated printing
[13] | 4x3array | 007 | 35 | 245 | 086 | 10.1% | 7.25%6.28 | 0.150 Cooper tape +paper for

dielectric part
[14] | Singlepatch | 0.02 | 505 | 2.4 / 33% [0.323x0.504|  / Meandered and flexible
silicone + copper tape
[15] | Curvedsingle |\ 515 | 554 | 245 | 628 9%  |0.294x0.612 0.129 | Curved conductive copper
patch tape + polymer
(6] | 4phased | o051 07 | a5 |y 37% | 1.63x3.685| 0403 | Coopertape+ polymer
array substrate
[17] 2x2 patch 0047 | 2.96 6 417 / 0.909%0 929 / Liquid-Metal-Filled patches
antenna array + polymer
[18] | Single patch | 0.005 2.7 126157- #0.5-4.5 / 0.186x0.186| 0.08 Aluminum tape + polymer
[19] | Single patch | 0.01 2.7 7.5 55 / 0.37x0.453 | 0.131 | Metal wire mesh + polymer
oy | Twostacked \ o oos3 | 311 |07532(67/73|  94%  |0.615x0.615| 0089 |Copper slices + polymer
patches slices connected with screw
Honeycomb- Inkjet-Printed both metallic
[21] |inspired single| 0.02 3 24 | 81 83%  |0.444x0.444| 0.069 and polymer part
patch antenna (separated steps)

*Center Frequency; #1.5 at 1.65 GHz to 4.5 at 2.17 GHz.

3.3.2.2 Multi-layer LP Antenna Array
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Fig. 3.13. Layouts of (a) Multi-layer antenna array and detail dimensions of its (b) Antenna

element and (c) Feeding network. (Li=22.6, L,=22.9, L;=23.3, LI+=39.3, LIs=5, Ll&=12.9,

L17=50, LIg=57, Lw1=38, Lw»=39, Lw3=40, Lws=70, Lws=1.2, Lwe=Lw7=3.3, Lws=1.2, Ly=1.05,
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Lr=0.3, Lr=0.5, Lhi=1.5, Lh>=0.5. (Unit: mm)).

Based on the 3D-printed three-layer antenna, a multi-layer LP antenna array is
proposed. As shown in Fig. 3.13(a), configuring the multi-layer LP antenna includes
five conductive layers (three layers for antenna elements, one layer for ground, and one
layer for feeding network), and the thickness of each conductive layer is set at 20 um.
The top three conductor layers consist of four antenna elements. The feeding network
is located at the substrate’s bottom layer. A ground layer is printed between the antenna
element and the feeding network. The shape and location of the feeding network have
no effect on the antenna array elements on the other side of the ground, which increases
the design freedom. Four metallic vias going through the stacked patches (the second
and third layers) and ground layer (the fourth layer) are introduced to connect the driven
patch (the top layer) and the feeding network (the fifth layer). In addition, on the top
layer, a soldering mask (10 mm X 15 mm) for welding is connected to the ground layer
by eight metallic vias, whose radius is 0.3 mm. The detailed dimensions of the antenna

element and feeding line are shown in Figs. 3.13(b) and (c).
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Fig. 3.14. Prototypes of (a) Top view and (b) Bottom view of the multi-layer antenna array. (c)

Measured and simulated gains and return loss.

The Vector Network Analyzer (VNA) used in the measurement is a Keysight PNA
N5225B, and the simulation analysis software, ANSYS High-Frequency Structure
Simulator (HFSS), is utilized in the simulation. The simulated and measured results
show good agreement. Fig. 3.14(a) and (b) show the top and bottom views of the
fabricated antenna array. Fig. 3.14(c) depicts the simulated and measured realized gains
and return loss of the multi-layer antenna array. The measured peak gain is 7.7 dBi at
3.5 GHz. The measured frequency range lower than -10 dB is from 3.46-3.93 GHz. The
simulated antenna efficiency is 45%. Fig. 3.15 highlights the simulated and measured
radiation patterns of the multi-layer antenna array at 3.5 GHz and 3.6 GHz in the E-

plane and H-plane, respectively.
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3.3.3 Multi-Layer Circular Polarization Antenna and Antenna Array

3.3.3.1 Multi-layer Circular Polarization Antennas
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Fig. 3.16. Layouts of single layer CP antenna and its (b) simulated return loss, as well as the
current distribution over the antenna patch at (c) 3.48 GHz and (d) 3.66 GHz. (/i=13, /=19,
l3=42.4, l4=5.2, W1=1.2, W2=18.4, W3:53.3, X1= 11.8, y1=3.3, I"1=O.3, 1”220.6, h1:1.5, h2=0.5. (unit:

mm)).

The circular polarization (CP) can be obtained by implementing two orthogonal
modes. A common way to achieve CP is to trim the ends of two opposite corners of a
square patch. As shown in Fig. 3.16(a), a single-layer microstrip square-patch antenna
with truncated corners is depicted, and its detailed parameters are given in the index.
Fig. 3.16(b) shows the simulated return loss of the single-layer CP antenna, where the
excited two orthogonal modes are located at fi and f>. Figs. 3.16(c) and (d) give the
current distribution over the square patch of the CP antenna at these two orthogonal
modes, f3 and f4, respectively. As can be seen in Fig. 3.16(c), the direction of the current
at f3 is top left, while the direction of the current at f4 is bottom left, as shown in Fig.
3.16(d). It verifies that introducing truncated corners on a patch antenna can help to

generate two orthogonal modes, which are vertical to each other.
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Fig. 3.17. Layouts of (a) Three-layer patch antenna consisting of a driven patch and two stacked
patches with truncated corners as well as (b) Simulated return loss and (c) Axial ratio of Antenna
IV, Antenna V and Antenna V1. (Cl,=17.8, Cl,=43.2, Cl>= 18, Cl4=18.8, Cwi=17.6, Cw,=53.8,
Cws=17.9, Cws=17.7, Cx1=11.6, Cy1=2.9, Cri=0.3, Cr»=0.6. Ch1=1.5, Ch=0.5, Ccut=5.6. (unit:

mm)).

To further investigate this theory about multi-layer patch antennas, based on the
traditional single-layer CP antenna (Antenna V), stacked patches are added to construct
the double-layer (Antenna V) and three-layer (Antenna VI) CP patch antennas. Fig.
3.17(a) demonstrates the layout of the three-layer patch antenna consisting of a driven
patch and two stacked patches with truncated corners. Distance between the driven
patch, the first added stacked patch, the second added stacked patch, and the top of the
substrate are 0 mm, 0.3 mm and 1.1 mm, respectively. Fig. 3.17(b) depicts the simulated
return loss of these three CP antennas. Obviously, with the increase in the amounts of
stacked patches from 0 to 2, the number of resonant modes improved from 2 to 6, which
matches that every metal patch of the multi-layer CP antenna can excite two orthogonal
modes. Furthermore, the axial ratio can also be improved with increased amounts of
stacked patches. As shown in Fig. 3.17(c), from Antenna IV to Antenna VI, the minimal
axial ratio is decreased from 4.9 dB to 0.16 dB. The frequency range below 3-dB axial
ratio is improved from none to 126 MHz (3.556 GHz to 3.682 GHz)
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3.3.3.2 Multi-layer Circular Polarization Antenna Array
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Fig. 3.18 Layouts of (a) CP multi-layer antenna array and detail dimensions of its (b) Feeding
network. (Cls=5, C16=12, Cl7:50, Clg=51.5, CW5=1.2, CW6=CW7=3.3, CWg=1.2, CI"1:O.3. (unit:

mm)).

A CP multi-layer antenna array is proposed based on the 3D-printed three-layer
antenna (Antenna VI), as shown in Fig. 3.18(a). Like the LP multi-layer antenna array,
five metal layers are introduced to construct the CP multi-layer antenna array. The
thickness of the metal layer is 20 um. The detailed dimensions of these four antenna
elements are the same as the Antenna VI. The feeding network is printed on the bottom
surface of the substrate connected to the first patch (driven patch) of Antenna VI with
metallic vias. A 10 mm % 15 mm rectangular metal mask connecting to the ground layer
is designed on the top surface of the substrate for soldering. Fig. 3.18(b) highlights the

detailed dimensions of the feeding network of the proposed multi-layer CP antenna

array.
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Fig. 3.19 (a) Realized gain and return loss of proposed CP multi-layer antenna array. (b)

Simulated and measured axial ratio of multi-layer CP antenna array.

Finally, a good agreement is reached between the simulated and measured results.
As seen from Fig. 3.19(a), which shows the simulated and measured realized gain and
return loss from 3.2 GHz to 4 GHz of the multi-layer CP antenna array, the simulated
peak gain is 7.6 dBic at 3.8 GHz. For the return loss, six resonant modes are achieved,
and the frequency range lower than -8.8 dB ranges from 3.1-4.17 GHz. In Fig. 3.19(b),
the minimal measured axial ratio of the multi-layer CP antenna array is 1.97 dB at 3.6
GHz, and the operational range where the simulated AR is lower than 3-dBi can reach
140 MHz (3.54 GHz to 3.68 GHz). Fig. 3.20 is a photograph seen from the top and back
view of the printed CP antenna array. The simulated and measured radiation patterns of
the CP multi-layer antenna array at 3.6 and 3.65 GHz in the YOZ-plane and XOZ-plane

are presented in Figs. 3.21(a) and 3.21(b), respectively.

(@) (b)

Fig. 3.20 Photographs seen from (a) top view and (b) bottom view of the CP multi-layer antenna

array prototype.
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Fig. 3.21 Simulated and measured normalized radiation patterns of CP multi-layer antenna array.
(al) YOZ-plane at 3.6 GHz, (a2) XOZ -plane at 3.6GHz (b1) YOZ-plane at 3.65GHz, (b2) XOZ

-plane at 3.65GHz.

3.4 Conclusion

To summarize this chapter, the RF characteristics of the dielectric material used in
the 3D printing system were characterized up to 110 GHz. Considering its low loss, the
cavity resonant method with the highest possible accuracy of measurement is used to
measure the complex permittivity of dielectric material, which is categorized as the
closed-cavity and open-cavity methods. A dielectric and conductor 3D printing system
is used for developing the multi-modes patch antennas, where a surface-driven patch
and embedded stacked patch are co-designed. An embedded transmission line is

investigated for loss analysis and performance verification. The characterization of the
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dielectric properties is examined for the desired frequency region.

A bandwidth improvement thanks to multi-mode stacked patches can be achieved,
taking advantage of the three-dimensional design capability without requiring an
additional substrate or affecting the in-plane dimensions of the prototype. Adjustable
bandwidth and central frequency can be realized by tuning the width of driven and
stacked patches. Following that, multi-layer CP antennas, as well as LP and CP antenna
arrays, are designed and fabricated. Feeding networks are printed under the ground
layer, improving the flexibility of the design and helping to reduce the footprint of the
arrays. Devising a successful multi-layer and multi-mode patch antennas using AME
technology proves that a low-cost, high-performance, time-saving manufacturing
technique can be a revolutionary approach to producing 5G consumer mobile

electronics.
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Chapter 4 3D-Printed Compact Transmission Lines, and

Multi-layer Bandpass Filters

4.1 Introduction

With the rapid advances being made in additive manufacturing technology, more
and more multi-material 3D printers can fabricate conductive and dielectric materials
simultaneously, demonstrating their capabilities in electronic device integration and 3D
packaging [1]-[5]. However, it is still a challenge for these 3D printers to fabricate a
seamless multi-metal layer in a single substrate. According to the open literature, multi-
metal-layer technologies have an outstanding advantage in device minimization, such
as low-temperature co-fired ceramic (LTCC) [6]-[10] or semiconductor technologies
[11]-[13]. For example, Xu and Zhang [8] proposed a compact LTCC diplexer with
high isolation. In [11], an on-chip miniaturized bandpass filter (BPF) is presented,
which is based on a grounded center-tapped ring resonator with shunt capacitive loading.
Although both designs demonstrated device minimization, these technologies are
expensive and require complicated fabrication processes and longer production times.
As an emerging technology, low-temperature additive manufacturing technologies have
been applied in integrated electronic devices and packaging, such as electronic
components [14], antenna arrays [15], terahertz lens [16], redistribution layers [17],
combiner [18], transistors [19], and enzymatic biofuel [20].

In this chapter, a low-temperature additively manufactured electronics (AME)
solution is introduced for BPF design, taking advantage of dual-materials (conductive
and dielectric materials) printing, Nano Dimension’s DragonFly LDM system is used
for AME designs. This system simultaneously jets both dielectric and conductive inks,
hence simultaneously creating multi-layer conductive structures within a single
dielectric substrate. Compared with LTCC and semiconductor technologies, the AME
solution is flexible on electronic device fabrication with design freedom adjusting the
interlayer distance. The printing process is carried out at a typical temperature of 140 °C
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in a standard ambient atmosphere. For proof-of-concept, a multi-layer BPF with
vertically integrated capacitors and inductors has been designed, analyzed, fabricated,
and measured. To improve the performance of the proposed BPF, a shorted stepped
impedance stub is loaded at the zero-voltage point of the resonator to suppress the third
harmonic mode. Therefore, the upper stopband of the BPF that is more than 20 dB
rejection level from 16.65 to 39.89 GHz (1.90 fo). In addition, in this chapter, a vertically
integrated composite right/left-handed (CRLH) TL that has a compact size and the wide
operational band is proposed as well. It has unique electromagnetic characteristics of
negative permittivity and negative permeability. Based on this advanced vertically
integrated CRLH structure, a BPF with wide band and great in-band flatness is
proposed. In the designing of this BPF, broadside coupling is used to replace traditional
edge coupling for stronger coupling capacitance and smaller size. For all the proposed
devices in this chapter, finite element electromagnetic (EM) field simulation analysis
software, ANSYS High-Frequency Structure Simulator (HFSS), is used in the
simulation, and the vector network analyzer (VNA) used in the measurement is a

Keysight PNA.

4.2 Bandpass Filters Based on a Second-Order Stub-Loaded

Resonator Consisting of Multi-Metal Layer Components

The printed BPF is composed of the inductance and capacitance components. The
proposed AME technique has the advantage of circuit miniaturization, which is

demonstrated by using an inductor and a capacitor as examples.
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4.2.1 3D-Printed Multi-Metal Layer Capacitors and Inductors

4.2.1.1 Miniaturized 3D Spiral Inductor
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Fig. 4.1 Simulated inductances and quality factors of multi-layer spiral inductors with different

dielectric-layer thicknesses (h).

For vertical spiral inductors, the inductance can be calculated by

2
L — KHOUrN Ae (4_1)
H

where uo 1s the permeability of free space, u:is the relative permeability of the material,
N is the total number of turns; H denotes the total height of coil, 4. stands for the section
area of the coil, and K is a coefficient that depends on the ratio of » (radius of the coil)
to H. To investigate the relationship between the L and H, Fig. 4.1 visually compares
simulated inductances with different dielectric-layer thicknesses 4. When /4 drops from
0.2 mm to 0.05 mm, the inductance increases gradually. As well, Fig. 4.1 shows the
quality factor versus different values of 4. With the decline of 4, the inductance density
increases, which means that a higher inductance value can be obtained with a lower
profile and constant plane size. A drop in peak quality factor is observed because
increasing inductance usually involves increasing magnetic layer thickness, which
leads to higher eddy currents. The inductor has self-resonant characteristics when the
peak magnetic and electric energies are equal. Three major parasitic capacitances in the

multilayer spiral inductor determine characteristics of the inductor including self-
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resonance frequency: the intermetal layer capacitance, the metal to substrate
capacitance and the metal to underpass capacitance. For the spiral inductor, when 4
drops from 0.2 mm to 0.05 mm, the decrease of self-resonance frequency from 12.1 to

9.2 GHz is mainly due to the increased parasitic intermetal layer capacitance.

4.2.1.2 Miniaturized Capacitors with Reduced Interlayer Distance
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Fig. 4.2 Comparison of simulated capacitances of multi-layer capacitors with different
dielectric-layer thickness ¢.
According to reference [21], for a multilayer capacitor, the capacitance "C" is given

in the equation below:

c = soeSSt(n—l) 4-2)

where: € denotes the dielectric constant of free space, & is the relative dielectric
constant of the material, S represents the effective area of the inner electrode. n is the
number of inner electrodes, and 7 is the thickness of the dielectric layer.

Obviously, with the increase in the number of inner electrodes or raising the inner
electrode effective area, the capacitance will increase. That is also the most common
method for designing a capacitor, as stated in the literature. However, in this thesis, the
effect of the thickness of the dielectric layer is discussed. As shown in Fig. 4.2, with the
reduction in dielectric-layer thickness ¢ from 0.15 mm to 0.05 mm, capacitance

increases significantly while the capacitor size keeps unchanged, consistent with
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equation (4-2). In other words, the adjustable interlayer distance can contribute to a
smaller plane size and lower profile. Meanwhile, when the dielectric-layer thickness ¢
drops from 0.15 mm to 0.05 mm, the self-resonance frequency of the capacitor

decreases from 12.9 to 8.3 GHz.

4.2.2 3D-Printed Multi-metal Layer Bandpass Filters and its

Equivalent Circuits

4.2.2.1 Bandpass Filter Configuration
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H&Hgl

(d

Fig. 4.3 3D view and (b) Side view, (c) Layout of each layer, (d) Photograph of the 3D-printed

BPF with testing accessories and structural details of the filter under a microscope.

In Fig. 4.3(a), the 3D view of the proposed BPF is presented. Taking advantage of
the proposed AME solution, the number of metal layers and the dielectric layer
thickness among metal layers can be flexibly defined for circuit design. In this work,
as shown in Fig. 4.3(b), five metal layers are employed to design the BPF, where layer
5 is used as the ground. The constructions of feeding lines and resonators are distributed
from layer 1 to layer 4. The resonant part of the BPF consists of two A/4 resonators,
where three metal layers are stacked to form a compact capacitor. Two stepped-
impedance stubs, located on layer 1 and layer 3, respectively, are loaded at the one-third
point to improve the out-of-band suppression. Two up-raised grounds located at layer

3 are connected to the RF ground by 24 vias, respectively, to adjust the impedance
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match. Fig. 4.3(c) depicts the layout of the metal layers. Parameters of the proposed
BPF are determined as follows (all in mm): D1=3.3, D,=1.6, D3=1.28, Ds=1.3,
Ds=1.305, Ds=0.85, D7=0.4, Ds=0.5, D9=0.85, D10=0.425, D11=0.7, W1=0.5, W>=0.125,
W3=0.4, W4=0.65, Ws=0.15, We=0.4, r=0.1, and g1=0.7. The dimensions of BPF
excluding feeding lines are 2.7 mm X 1.425 mm x 0.585 mm or 0.186 Ag % 0.098 Agx
0.040 Ag, where Ag is the guided wavelength at the center frequency. In Fig. 4.3(d), the
photograph shows an additively manufactured prototype with testing accessories and

structural details of the filter under a microscope.

4.2.2.2 Equivalent Lumped Component Circuit

Resonator Resonator

Fig. 4.4 Equivalent LC-circuit model based on the unfolded layout of the proposed BPF

(Derived from Fig. 4.3(a) for illustration of the LC components).

To facilitate the analysis of the proposed multi-metal layers BPF, an equivalent
circuit based on the unfolded layout of the BPF is presented and discussed. Fig. 4.4
presents the equivalent lumped component (LC)-circuit model of the presented EM
structure, where inductors and capacitors represent the high-impedance lines and the
capacitive couplings, respectively. Lri (i=1, 2) denotes the self-inductances of the
feeding lines. Cr is the capacitive coupling between the soldering area of SMK
connector and the ground. Cy, represents the coupling capacitance between the feeding
line and the resonator. C;, is the bypass capacitance of the feeding line to the ground. In
addition, the source to load coupling is modeled by Cs... The inductors and capacitors
of the resonators are L1 and Ci, where Li and Cj represent the parasitic inductor and the
capacitance of this three-dimension interdigital capacitor, respectively. L» is the self-
inductance of the quarter wavelength resonator. The loaded stepped-impedance is
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represented by C, L3 and C3, Ls. C2. L3 denotes the low-impedance segment. The C3

and L4 denote the high-impedance segment.

4.2.2.3 Analysis of Equivalent LC-Circuit Model

A
L G Ls Ls | La Ls G L

I
Port 1 = Cy =C l C+ C= Port 2

3| T LT e
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Fig. 4.5. (a) Equivalent circuit of the resonators and its (b) Odd- and (c¢) Even-mode equivalent

circuits.

For circuit analysis, an equivalent LC-circuit of resonators is depicted in Fig. 4.5(a).
Since the two resonators are symmetrical about AA’, odd- and even-mode circuits can
be obtained, as shown in Figs. 4.5(b) and (c). The loop equation method is used for
circuit analysis, of which the loop currents /; (i=1, 2, 3, 4) are marked in Figs. 4.5(b)
and (c). The expressions of input admittance are listed to calculate the resonant
frequencies of transmission poles (TPs) and transmission zeros (TZs).

Applying Kirchhoff’s voltage law (KVL) to the odd-mode equivalent circuit in Fig.

4.5(b), the voltage equations of the four loops are expressed as:

I—é +5sL 1 +sL,(I, - 1,)-U,,=0 (4-3)

1

(4-4)

(12_13)+SL2([2—]I):O
sC,
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(]3_1)+ sLI, +(‘ I) (4-5)
sC, sC,
sL,1, Jdimh) (4-6)

sC,

Similarly, applying KVL to the even-mode equivalent circuit in Fig. 4.5(c), the voltage

equations of the three loops are expressed as:

g s -1)-U =0 (4-7)
s 1
LoD g, —1y=0 (4-8)
sC,
(L-h), L, + L (4-9)
sC, sC,

where U,is and Ueven denote the input voltages of odd- and even- mode circuits,
respectively. s is a complex variable in proportion to angular frequency w. Therefore,
the relationships between input voltages and input admittances in Figs. 4.5(b) and (c)

can be written as:

Y, (S): Iliodd (S) _ [Iiodd (J'.wodd) (4-10)
U aa (S ) U ua (] Wyua )
even (S)* 1 _even ( ) 17even (.jweven) (4_1 1)

Ueven (S) Ueven (.] weven )

Cs(L + Ly + Ly + (L, + L)C, L +(L, + L)C,Ls* + C,C,L L, L;s*
AL+ LYCLs 410 +(C,+ L + L)L +(L + L,)CLs +(LC, + LCAL.C)C L Lys' +(LC, + LC,+L,C)CuLLis' + C.COLL L s’

(4-12)

Y sC(CLs +CLS +CLS +CCLLS +1) (4-13)
e (C +C, +C,)L;s* +C,L,s* + C,L,s* +(C, + C,)C,L,L,s* +(C, + C,)C,L L,s* + C,C,C,L,L,L,s° +1

where o denotes angular frequency, and j is a pure imaginary unit number.
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Fig. 4.6. Simulated frequency responses of (a) the BPF (by HFSS) as well as the equivalent LC-
circuit (by ADS) and (b) Simulated frequency responses of the BPF with or without S-L

coupling.

Using MATLAB, the expression of input admittances consists of complex variable
s and lumped LC- elements can be deduced by solving equations (4-2)-(4-11), shown
as equations (4-12)-(4-13). Since o=2nf, the frequencies foad and feven (corresponding to
odd- and even-mode) can be calculated when Yoda(jw) =0 and Yeven(jw) = 0, respectively.
Meanwhile, the TZs can be determined when Yodd(jow) = Yeven(j). For verification, the
equivalent LC-circuit is optimized to match the finite element electromagnetic field
simulation result of the EM structure. As shown in Fig. 4.6(a), the simulated results of
equivalent LC-circuit carried by ADS are illustrated. Good agreement can be obtained
between the calculated results of LC-circuit and simulated results of the EM structure.
Substituting the obtained values of lumped elements in equivalent circuit: Li= 0.016
nH, £,=0.589 nH, 13=0.725 nH, L4=1.247 nH, C,=0.345 pF, (,=0.18 pF, C3=0.11 pF
into equations (12)-(13), one TZs f.; (i=1) and two TPs f,; (i=1,2) can be obtained in the
frequency range of 0-35 GHz through the calculations. Finally, the estimated TZs and
TPs are marked in Fig. 4.6(a) as well. Compared with the simulated results of TZs and
TPs: 21 =19.85 GHz, f,; =11.31 GHz and f,> =13.18 GHz, the calculated results agree
well with the simulated ones. To improve the skirt selectivity, (source-load) S-L
coupling is induced by adding a capacitor between two ports, as shown in Fig. 4.6(b).
The locations of the TZs depend on the mixed electromagnetic (EM) coupling

coefficient between the two resonators and the (source-load) S-L coupling construction.
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Since these two resonators of the BPF are connected by via, the result is that the

magnetic coupling is larger than the electric one. Therefore, a TZ would be excited at

the upper (magnetic-dominant coupling) stopband (TZ>).
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Fig. 4.7. Simulated frequency responses against (a) D7, (b) g1 with coupling topology inserted,

(c) D4 and (d) Dio.

As shown in Fig. 4.7(a), the frequency response of the coupled resonators against

spacing D7 is depicted, which shows the variation of the EM coupling between the two

resonators. Lower-band TZ (TZ) and upper-band TZ (TZ>) are marked in the picture.

By tuning D7, the location of the TZ> can be adjusted at the upper stopband, which

significantly enhances the out-of-band attenuation of the proposed filter, while the TZ;

remains unchanged. In addition, the simulated frequency response against g is given

for the TZ created in the low-band (TZ:), as shown in Fig. 4.7(b). When g1 decreases

from 0.3 to 0.1 mm, the TZ; increases from 5.88 to 8.37 GHz, whereas the TZ> changes
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slightly without affecting the filter bandwidth. The closer the TZs are to the passband,
the better the frequency selectivity is achieved.

For the frequency response of the TPs, by solving Yodd(jw) =0 and Yeven(jw) =0, it
is evident that the even-mode resonant frequency feven 1s the function of La, while fodd 18
the function of both L and L4. L> and L4 correspond to the length of D4 and Do in the
EM structure, respectively. For validation, the simulated responses against D4 and Dio
are shown in Figs. 4.7(c) and (d). When D4 rises from 0.9 mm to 1.3 mm, f,; remains
constant while f,> falls away gradually. Besides, with the development of Do, f,; and
fp2 decline simultaneously. The variations are consistent with the analysis and verify

that the bandwidth and center frequency can be flexibly designed.
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Fig. 4.8. Simulated Unloaded Q. of the proposed single resonator against a different L (b) and

extracted external quality factors Q. against a different coupling gap G.

The unloaded quality factor of the resonators is important for filter performance.
In Fig. 4.8(a), for a single resonator used in the proposed BPF (center frequency = 12.25
GHz), the simulated unloaded Q-factor versus the length L=Do+D10+D1; is presented.
According to Fig. 4.8(a), when L increases, the unloaded Qu decreases due to dielectric
and conductor losses. As well as this, the external quality factor Q. with varied coupling
gap G is depicted in Fig. 4.8(b). When G increases from 0.05 to 0.5 mm, a higher Q. of

the filter can be obtained and this causes the bandwidth to decrease.

89



UTS THESIS

4.2.2.4 Suppression of the Third Harmonic and Wide Stopband
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Fig. 4.9. (a) Voltage distribution of the quarter-wavelength resonator used in the proposed BPF
(b) Electric field distribution of the proposed filter at the resonant frequency of third harmonic

mode when (1) Dy=1.4 mm and (2) Do=1 mm and (c) Simulated |S»| against D.
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Fig. 4.9(a) reveals the structure of the quarter-wavelength resonator used in the
proposed BPF. A short-circuited stepped impedance stub is loaded at the trisection point
of this resonator near to the input terminal. The electrical lengths of the quarter-
wavelength transmission line are referred to as 61 and 26, respectively. The short-
circuited stub position can be defined by analyzing the voltage distributions of the
fundamental mode and the third harmonic to improve the out-of-band suppression. It is
obvious that the shorted terminal of the quarter-wavelength resonator is the common
voltage zero point of the fundamental mode and the third harmonic mode, while the
trisection point near the input terminal is the zero-voltage point only for third harmonic
modes. When the shorted stub is located at the zero-voltage point of the third harmonic
mode, the third harmonic mode signal will not get through the resonator, as shown in
Fig. 4.9(b). Thus, out-of-band suppression can be developed by adjusting the location
of the loaded stub. In Fig. 4.9(c), with the decrease of Dy from 1.3 mm to 1 mm, the
loaded stub approaches the zero-voltage point of the third harmonic mode gradually,

and the out-of-band suppression is improved from 12.5 dB to 27.3 dB.

4.2.2.5 Measurement Results
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Fig. 4.10. Simulated and measured frequency response with a zoom-in view of the passband

insert loss of the AME printed BPF.
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The performance of the designed BPF is measured from 1 GHz up to 35 GHz. Good
agreement between the simulated and measured results can be observed in Fig. 4.10.
Dielectric constant and loss tangent of the additively manufactured substrate are 2.8,
and 0.013, respectively. The conductivity of the silver film is 3.15 x 10°-2.52 x 107 ¢
(S/m) at 20 °C. As demonstrated in Fig. 4.10, compared with the simulated results
achieved by HFSS, the measured insertion loss and return loss are 3.42 dB and 16.65
dB at the center of 12.25 GHz, respectively. In the measurement, the connection
between the SMK connector and the filter will cause inter-connection loss, which will
lead to a deteriorated insertion loss. At the same time, the error of the thickness in the
manufacturing process explains the deteriorated insertion loss. A 3-dB bandwidth is
achieved from 9.58 GHz to 14.57 GHz with an FBW 0f 40.8%. Two TZs located at 3.51
and 18.51 GHz that can improve the selectivity are generated. In addition, due to the
loaded short-circuited stepped impedance stub, the upper stopband with more than 20
dB rejection level is extended to 23.24 GHz (from 16.65 to 39.89 GHz) or 1.90 fo. As
can be seen, the designed BPF working at 12.25 GHz has the merits of multiple
transmission zeros and poles, a compact size, and a wide stopband that can be assigned
to television programs or utilized in radar detection and satellite communications.

Table 4.1 summarizes the comparison of the proposed BPF with other state-of-the-
art BPFs fabricated with alternative fabricated processes. Compared with [2], the BPF
proposed in our work has a larger FBW, two flexibly designed transmission zeros, a
wider stopband, and a smaller size. Compared with traditional multi-layer processes,
such as CMOS and LTCC technology, the proposed BPF has a good FBW, high-band
and low-band TZs, a good stopband, and a competitive footprint. Furthermore, AME

solution used in this thesis has the advantages of a low-cost and short processing cycle.
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TABLE 4.1 COMPARISON WITH SOME OTHER BPFS

Ref fo Insertion | *FBW | Number | Filter | Stopband e/tand Size (mm?)/ | Thickness Fabricated
o (GHz) | Loss (dB) | (%) of TZs | order (GHz) i (A2 (mm)/ (4y) process
1.6 1 2 0 g | 925 Tags0015 [ 20BN01TT ) 560032 | Additive
(20dB) x0.735
2] 0.16 /; T1.15750/0.1 manufacturin
. 0 . .
2.45 2 12 0 4 (20dB) 2.35/0.02 400,626 3.6/0.045 g
1.58 o 0.11x0.28/N. 0.13-um
[ty | 33 2.6 42.4 0 1 (20dB) N.A. A N.A. (Bi)-CMOS
0.240%0.225/ 0.18-um
[12] | 59.5 33 21.68 2 2 N.A. N.A. 0.144%0 135 N.A. CMOS
26 /i 12x6
24 43 1.1 44.2 1 3 D0 5.9/N.A. |/0.418%0.020 1/0.035 LTCC
(20dB) 9
This
1.9 f 2.7%1.425/0. AME
wl:)r 12.25 3.42 40.8 2 2 (20dB) 2.8/0.013 186x0.098 0.508/0.04 solution

*FBW= fractional Bandwidth

4.3 Vertically Integrated Multi-Layer Composite Right/ Left-Handed

Broadband Devices

The current 5G rollout race is driving revolutionary fabrication methods that can
construct electronics with high accuracy, low cost and involve only a short production
circle. In particular, additive manufacturing technology is knocking on the door, ready
to change the way we fabricate electronics with advanced design capability. Moreover,
with the development of technology, multi-material additive manufacturing solutions
that can fabricate conductive and dielectric materials simultaneously, have been widely
used in the fabrication of electronics. Examples are components [24-26], transmission
lines [27-30], bandpass filters [31-33], antennas [34-38], lens [39], and metasurfaces
[40]. Multi-material additive manufacturing solutions can accurately print specific
metal shapes at the target position without size and position errors and can simplify the
fabrication process. Especially, an additively manufactured electronics solution that can
fabricate seamless multi-metal-layer in a single substrate is introduced to fabricate
microwave components [32-33], [37-40]. However, it is still a challenge to utilize this
solution to fabricate microwave devices with low insertion loss due to the high loss
tangent of the dielectric material used by this printing system.

Left-handed (LH) material is a kind of metamaterial with simultaneously negative
permittivity (¢) and permeability (x). In general, the composite right/left-handed
(CRLH) structure represents the practical left-handed (LH) materials, which also
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include right-handed (RH) effects that occur naturally. Recently, the CRLH
transmission line (TL) has become a ‘hot spot’ in the design of novel and compact
microwave devices because of its unique dispersion characteristic and advantages of
wide bandwidth and low loss. According to current literature, CRLH structures have
been applied in the design of transmission lines [41-42], power dividers [43-44],
resonators [45-46], couplers [47-48], antennas [49-50], and power amplifiers [51]. In
particular, multi-layer CRLH devices using different fabrication methods have been
proposed to further reduce the size of metamaterial circuits [52-55]. For example, in
[52], a multi-layer fully integrated solid-state CRLH metamaterial transmission line
medium is presented with super compactness, which makes it well suited for Si
RF/MMIC applications. Reference [53] proposed a diplexer composed of two super-
compact multi-layered CRLH TLs, which presents the advantage of providing a large
electrical length over an extremely short TL length and small transverse footprint.
This section describes the operating and design principles for vertically integrated
multi-layer CRLH broadband transmission lines (TLs), and bandpass filters and
couplers based on these vertically integrated CRLH TLs are designed and proposed.
Good performance of the proposed devices with low loss and broad operational band

can be obtained.
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4.3.1 Vertically Integrated Composite Right/ Left-Handed Broadband

Transmission Lines

20 Lr/2 Lr/2 2CL
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inductor ws| hs
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4.11. (a) Equivalent circuit model of CRLH TL. (b) Structure of vertically integrated multi-

layer CRLH TL.

As shown in Fig. 4.11(a), a vertically integrated multi-layer CRLH TL is proposed
and simulated. Compared with traditional planar single-layer CRLH TL, the planar
interdigital capacitor is replaced by vertically integrated parallel-plate capacitors to
improve the coupling series capacitance values. By reducing the distance between
parallel plates, constant capacitance can be realized in smaller sizes, and this contributes
to a small-size LH structure. A shorted stub inductor is added to realize the LH shunt
inductance. Advantages of compact size, low insertion loss and broad operational band
can be obtained with this vertically integrated multi-layer CRLH TL structure. The
structure dimensions are labeled in the figure caption, with the impedances of the input
and output parts being both 50 Q.

To confirm the viability of the concept, the equivalent circuit model of the proposed
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vertically integrated multi-layer CRLH TL has been extracted in Fig. 4.11(b). As we
know, the typical equivalent circuit model of a planar CRLH TL consists of left-handed
series capacitances Ci, left-handed shunt inductances Li, right-handed series
inductances Lr and right-handed shunt capacitances Cr [30]. However, the equivalent
circuit model of the proposed vertically integrated multi-layer CRLH TL has extra shunt

capacitances Ci, which represents the coupling between the parallel-plate capacitors

and the ground layer.
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Fig. 4.12. (a) Full-wave EM simulation frequency responses of the vertically integrated CRLH
TL, compared with simulation frequency responses of equivalent circuit modal using ADS. (b)

Dispersion diagram extracted by full-wave simulation.

In Fig. 4.12(a), the simulated frequency responses of the vertically integrated
CRLH TL using finite element electromagnetic field simulation analysis software,
ANSYS High-Frequency Structure Simulator (HFSS), have been illustrated. The
equivalent LC-circuit is optimized to match the simulation result of the EM structure.
Good agreement can be obtained between the simulated results of equivalent LC-circuit
carried by ADS and the simulated results of the EM structure. The 1-dB bandwidth of
the magnitude of the transmission coefficient Sz covers 14.9 GHz to 43.6 GHz and the
15 dB passband of the magnitude of the refraction coefficient S11 covers from 18.7-47.8
GHz with a dielectric loss tangent of 0.013. After optimization, the values of lumped

elements in equivalent circuit can be obtained: Li= 0.141 nH, Lr=0.354 nH, C1=0.254
9%
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nH, Cr=0.248, nH, C1=0.089 pF.
Fig. 4.12(b) illustrates the dispersion characteristics of the proposed vertically
integrated multi-layer CRLH transmission line based on the simulated results,

calculated by (with period p) [46]:

ﬁp = COS_l [%;&2521] (4_14)

There is a seamless transition from LH to RH for dispersion characteristics of the
transmission line. The balanced case exists because propagation constant y is always
purely imaginary. As a result, the balanced CRLH TL’s dispersion curve does not have
a stop-band. It can be seen that the structure exhibits a left-handed frequency bandwidth
from 18 to 24 GHz.

4.3.2 Vertically Integrated Composite Right/ Left-Handed Broadband
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Fig. 4.13. (a) Schematic and equivalent circuit of the proposed CRLH resonator and its (b) Odd-

mode equivalent circuit and (¢) Even-mode equivalent circuit

Fig. 4.13(a) presents the 3D view of the proposed CRLH resonator. Four metal
layers are employed to design the resonator, where the loaded stubs are located at the
third layer. The resonator consists of two open-loaded stubs and a CRLH unit. L; and
C1 denote the impedance segment of the open loaded stub and the equivalent model of
homogeneous CRLH TL is introduced to analyze the CRLH unit. Finally, Fig. 4.13(b)
depicts the equivalent circuit of the proposed CRLH resonator. Odd- and even-mode
method is introduced to deduce the resonance properties of the three-dimension CRLH
resonator due to its symmetrical construction. The location of the odd- and even-mode
resonant frequencies can be obtained by analyzing the equivalent circuit of resonators.
In the proposed design, the odd- and even-mode circuits can be obtained, as shown in
Fig. 4.13(c) and (d). Judging by the equivalent circuits, the input admittance can be
expressed as:

joCy
1—w?(L1+Lg)C,

YOdd =](UC1 + (4-15)
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JoC (1—w*CrLy)

Yopen = jwCq +
even = JWL1 1-w2C; [(Ly+Lg+2L,—w2CLy (L +Lg)|—w2CRLy,

(4-16)

As we know, the odd- and even-mode resonant frequencies are determined by

Yoad = Yepyen =0 (4-17)

Combining equations (1), (2), and (3), we can see that the odd-mode resonant frequency
foad 1s the function of the C1, L1, Lr and Cr, which is equivalent to the loaded stubs and
the interdigital structure of the CRLH unit. Meanwhile the even-mode resonant
frequency feven 1s the function of both Ci, L1, Lr, CL and L, Cr. Compared with the
presented EM structure, C1 and L; correspond to the physical length of /4. Lr, CrL
correspond to /i. L, and Cr correspond to /5. Fig. 4.14 depicts the simulated responses
against /1, /4 and /s, respectively, under the weak coupling situation to validate the
expression of fodd and feven. Thus, as observed in Figs. 4.14(a) and (b), when /; or /4 is
altered, both the fodada and feven changed. What is more, in Fig. 4.14(c), feven can be
regulated by tuning the value of /s, whereas foqda remains constant. These simulated

responses are consistent with deducing the Odd- and even-mode method.
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Fig. 4.14. Simulated responses against (a) /i, (b) /4 and (¢) Is.

After optimized, the parameters of the proposed resonator are determined as
follows (all in mm): /;=2.22, L=4.84, =1.1, l4=1.6, [5=2.5, w1=0.6, w>=0.4, w3=0.5,
r1=0.1. The dimension of BPF excluding feeding lines is 5.8 mm X 2.1 mm % 0.89 mm

or 0.2694g x 0.0974gx 0.0414g, where Ag is the guided wavelength at the center

frequency.

(a)
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Fig. 4.15. (a) Photograph of the additively manufactured BPF and (b) the simulated and

measured frequency response of the BPF.

Finally, Fig. 4.15(a) shows the photograph of an additively manufactured prototype
with two up-raised grounds connected to the RF ground by 24 vias, respectively, to
adjust the impedance match. The simulated and measured results of the proposed BPF
are depicted in Fig. 4.15(b).

Two controllable resonant poles and three transmission zeros are excited. For the
measurement result, the center frequency of the proposed BPF is 8.23 GHz and a 3-dB
bandwidth is achieved from 5.14 GHz to 11.32 GHz with an FBW of 75.6%. Meanwhile,
the measured insertion loss and return loss at the center frequency are 1.9 dB and 15.3
dB, respectively. The measured insertion loss is worse than the simulated one, which is
mainly caused by the interconnection loss between the SMK connectors and the filter.
In addition, the thickness errors in the manufacturing process contribute to a
deteriorated insertion loss.

In our design, the dielectric constant of the additively manufactured substrate is 2.8,
while the loss tangent is 0.013. However, the loss tangent of Rogers 5880, a commonly

used dielectric material in traditional PCB processing, is only 0.0009. Compared with
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the Rogers 5880, the value of loss tangent of the materials used in the AME solution is
dozens of times Rogers 5880. The high loss tangent of the AME materials challenges
us in designing the PCB board since lots of energy radiates to the substrate, especially
in the design of the micro-strip electronic circuits, such as BPF, transmission lines, and
couplers. For example, in this section, we use the broadside coupling to increase the Q
value of a BPF and strengthen the coupling between the feed lines and the resonator.
However, the performance of the BPF is still not competitive enough in the commercial
market due to the high loss tangent of the dielectric material.

Therefore, the high loss tangent of AME dielectric materials needs to be improved
urgently. I believe that if the loss tangent of the AME dielectric material can be reduced,
then higher-frequency and feature-richer devices can be designed and fabricated with
the AME solution. At that time, AME solutions will revolutionize the manufacturing
method of electronic devices by taking advantage of flexible manufacturing freedom,

low cost, time-saving, and good electrical performance.

4.4. Conclusion

In summary, a 3D-printed BPF based on multi-layer inductance and capacitance
components is proposed in this chapter. Equivalent circuits and Kirchhoff’s voltage law
are used for analyzing the frequency response of the printed BPF. According to the
measured results, it has outstanding stopband rejection, but the insertion loss and in-
band flatness is not so competitive. Reducing the energy loss of the signal during
propagation is always significant for electronics design. Especially for the AME
solution, it is a challenge to reduce the loss with a high loss tangent of 0.013. For this
reason, additively manufactured broadband vertically integrated CRLH TL and BPF are
proposed in this chapter as well. This BPF has lower insertion loss and great in-band
flatness compared with the BPF based on inductance and capacitance components.
Odd-and even mode method is introduced to deduce the resonant frequencies of the

BPF.To validate this, simulation of controllable response against related parameters is
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shown as well. Finally, Good agreements can be observed between the EM simulated
and measured results that validate the feasibility of the proposed 3D printing solution
for manufacturing complex multilayer microwave devices in circuit-in-package

applications.
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Chapter 5 3D-Printed Metasurfaces for Independent

Manipulation of Broadband Orbital Angular Momentum

5.1 Introduction

Metamaterials for electromagnetic (EM) wave manipulation have attracted much
attention for their unprecedented capabilities to achieve benefits beyond what is
possible with conventional materials [1]. They are wusually composed of
subwavelength artificially engineered structures by periodic arrangements [2].
Metasurfaces, as a kind of planar version of metamaterial [3-6], are being widely
investigated to manipulate the wavefront for polarization conversion,[7-9] beam
deflection [10-12], beam splitting [13-15], beam shaping [16-17], vortex beam
generation [18-22], absorption enhancement [23-26], holography [27-32], and
reflectors [33]. Vortex beams have attracted much attention due to their excellent
performance in high-speed wireless communications. Vortex beams are also called
orbital angular momentum (OAM) beams. Their rotational phase front can create a
vortex momentum along the beam axis.*!! Vortex beams with different OAM modes
are orthogonal to each other. Thus, OAM technology can significantly improve the
information capacity by allowing multiple beams with different modes to be
multiplexed together and transmitted over the same channel with ultralow crosstalk.

Conventional metasurfaces usually have a single function and can only produce
a single EM wave that can barely satisfy the requirements of next-generation wireless
communication systems. Therefore, multifunctional metasurfaces have been pursued

134381 Tn addition, digital coding metasurface does

to enhance information capacity.
connect physics and information science.****' For example, a multifunctional digital
coding metasurface can perform optical illusion, scattering reduction, and generation
of orbital angular momentum within a shared aperture *°!. Three different elements

are introduced to control the digital states of three frequency bands. The metasurface

has different transmission routes at each working frequency, avoiding path
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degradation and guaranteeing high-quality information transmission. However, since
these three elements are fabricated in the same conductive layer using a shared
aperture, there are restrictions on selecting the element shapes. It should be noted that
avoiding overlaps in the conventional 2D spatial arrangement of the three elements is
challenging. For this reason, multi-layer structures are more desirable when designing
multifunctional metasurfaces. For example, a broadband achromatic transmission-
reflection-integrated focusing metasurface is designed for transmission and reflection

mode at different bands!*%.

However, since the discussed sample!*®! was layer
fabricated through the standard printed-circuit-board (PCB) technique and assembled
with teflon screws and nuts, the metasurface profile increases, and the manufacturing
process becomes complicated. In recent years, additive manufacturing (AM) has been
widely applied for designing metasurfaces!**>%, providing 3D customizable design
flexibility, low-cost, fast-prototyping, and distributed production cycle in the
telecommunication industry, and low profile even when multilayered.

Demonstrated here are two additively manufactured (AM) metasurfaces. A novel
multi-material conductive and dielectric AM technology is introduced to fabricate the
metasurface with an ultra-thin profile and multiple conductive metals (silver
nanoparticle) layers in a single dielectric (acrylates) substrate. First, an AM multi-
material conductive and dielectric multifunctional metasurface is presented,
generating orbital angular momentum (OAM) states at two broad operational bands
with different topological charges. Digitalization-coding of meta-atoms is realized in
this metasurface to simplify the design and optimization procedures. Each meta-atom
consists of four silver layers embedded in a dielectric substrate formed by acrylates.
The silver patterns on the four layers correspond to two 3-bit coding cells (for higher
and lower bands, respectively), a frequency selective surface (FSS), and a full ground.

The embedded FSS structure isolates the mutual coupling between the coding
cells working at the lower and higher bands. Finally, a metasurface is additively
manufactured using piezoelectric print head technology to realize two OAM states at

V-band and W-band, respectively, for high-information capacity and high-security
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applications. A reflective metasurface for pencil beam generation at two operational
bands is designed and fabricated further to verify: firstly, the isolation effects of the
FSS; and, secondly, the possibility of developing other functional devices with the
proposed meta-atoms.

5.2 The Method for Dual-Broadband Metasurface with Simultaneous
Functions

V-band OAM reflected
wave with /=1

Incident wave

*®,

W-band OAM reflected
wave with /=3

Sample of reflective
metasurface

Silver layer 1 for
low band

Silver layer 2 for
filtering

Silver layer 3 for
high band

Silver layer 4 for
full ground
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(b)

Fig. 5.1. Schematic image of the designed broadband multifunctional metasurface. (a) The
concept for the multifunctional metasurface. (b) Construction of the multifunctional

metasurface, done with four-silver-layer surfaces and three dielectric layers.

A dual-broadband multi-silver-layer metasurface with an ultra-thin profile
operating at millimeter-wave, as shown in Fig. 5.1(a) is designed, fabricated, and
tested. Two orbital angular momentum (OAM) states are simultaneously realized with
this metasurface at two frequency bands, 62-72 GHz (V-band) and 81-92 GHz (W-
band), respectively, when excited by a spherical incident wave. The topological charge
of the V-band is /=1, and the topological charge of the W-band is /=3. Devices
operating at V-band and W-band can be widely applied in inter-satellite
communication, ground short-range 5G communication, radar, and missile guidance
technology. The topological charge of the V-band is /=1, and the topological charge
of the W-band is /=3.

The proposed method opens opportunities to improve the information capacity of
the coding metasurface on millimeter-wave applications. In Fig. 5.1(b), four-silver-
layer surfaces separated by three dielectric layers are employed to fabricate the
metasurfaces. The cells at the first and third silver layers corresponding to specific
phase delays are utilized to manipulate V-band and W-band EM wavefronts. Layer 2
is a frequency selective surface (FSS) that ensures the metasurface operates
independently in both frequency bands. A full ground is located at the bottom of the
metasurface to realize the reflection. Taking advantage of additive manufacturing
technology, four different silver layers and three dielectric layers are fabricated in a
single substrate with an ultra-thin profile. Since the FSS is able to realize suppressed
mutual coupling features, the dual-frequency metasurface design can be simplified to
two single-frequency metasurface designs. Dual-broadband performance with
independent manipulation of EM wavefronts can be achieved by coding cells in
different layers. According to Fermat’s principle of equality of electrical path lengths

of incoming EM waves, phase compensation for pencil beam operating at lower and
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higher bands of each cell can be obtained as written below!™!l:

2
Prow(%,y) :ﬁ<\/(x2 +y? +D12) _D1)+<P01 (5-1)

2
Origh(x,y) = ﬁ(\/(xz +y2+ Dzz) - Dz) + Qo2 (5-2)

where D is the focal length, Ao represents wavelength in free space, and ¢o is the initial
phase at the original point. To excite different OAM beam states at lower and higher
bands, extra phase compensations for vortex beams with different topological charges
are added to each cell in layers 1 and 3, respectively. Thus, the desired phase

compensation for the OAM beam of each cell in layer 1 and layer 3 can be expressed

as:
j—:l(\/(xz+y2+D12)—D1)+<p01+l1xtan_l(i—/) y>0
Oiow(x,y) = 5 (5-3)
T A -1 (Y
A—(ﬂ(\/()ﬂ+y2+D12)—D1)+<p01+l1><(E+tan 1(;)) y<0
( %(\/(xz+y2+D22)—D2)+<p01+l2 xtan_l(%) y>0
Pnign(x,y) = (5-4)

j—i(\/(xz +y2+ D,?%) —Dz) + @1 + I X (§+ tan™? (%)) y<o0
where /1 and /> equal 1 and 3, respectively, to generate OAM beams with topological

charges of 1 and 3.
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(a) (b)

Fig. 5.2 (a) Compensating phase distribution at the metasurface aperture for layer 1 with a
topological charge of 1 operating at V-band, and (b) Compensating phase distribution at the
metasurface aperture for layer 3 with a topological charge of 3 operating at W-band. Every
pixel on these distribution maps represents the required compensating phase delay with a focal
length of 50 mm for the coding cell at this location. 30 x 30 coding cells are included in each

map.

Figs. 5.2(a) and (b) show the obtained compensating phase at the metasurface
apertures for layer 1 and layer 3, respectively. Then, they can be discretized by using
coding cells that cover the 2x phase range. The aperture of the coding metasurface is
set as a circular shape with a diameter of 70 mm. A standard WR12 rectangular
waveguide is utilized to illuminate the reflective metasurface. The focal length is
defined as 50 mm. Finally, the proposed metasurface can realize the independence of

manipulating EM wavefronts for different OAM states with the proposed coding cells.
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5.3 Design of the Dual Band Independent Controlled Coding Meta-

Atom

(b)

Fig. 5.3 (a) 3D view of the reflection coding meta-atoms sketch contains four silver-layer
surfaces separated by three dielectric layers. (b) The detailed structure of the dual-band
independent controlled coding meta-atoms. After optimization, the parameters are g,;=0.13
mm, g=0.2 mm, $,=0.15 mm, $=0.15 mm, W=0.26 mm, W>,=0.21 mm, W3=0.15 mm,

L,=0.44 mm, [,=0.43 mm, L3=0.92 mm, d = 2.2 mm.
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Fig. 5.3(a) indicates the detailed structure of the dual-band independent controlled
coding meta-atom composed of four silver layers separated by three dielectric layers.
Cell 1 and 2 are the coding cells operating at V- and W- bands, respectively. Cell 1 is
on the first silver layer, and cell 2 is on the third silver layer. The performance of EM
waves is manipulated to realize functions at these two bands by varying the lengths of
r1 and 7, of cell 1 and cell 2, respectively. The second silver layer is a frequency
selective surface (FSS) consisting of a rectangular loop with four loaded stubs
extended to the edge of the meta-atom, which can efficiently filter the transmitted EM
waves. The fourth silver layer is full ground. To completely take the mutual coupling
between the phasing cells and take the FSS structure into account in the cell design
procedure, the period of cell 1, cell 2, and FSS structure are set as the same size (d =
2.2 mm). This way, all the possible phasing cell combinations can be simulated and
analyzed. Spaces between adjacent silver layers are filled with dielectric material with
relative permittivity of 2.8 and a loss tangent of 0.0135%. As shown in Fig. 5.3(a), =
0.33 mm, £=0.365 mm, and #3=0.4 mm. The thickness of each silver layer is 0.035
mm. The total thickness of the proposed coding cell is 1.235 mm.

To better illustrate the reflective performance of the coding cell under the incident
wave, we performed full-wave simulations using finite element electromagnetic field
simulation analysis software, ANSYS High-Frequency Structure Simulator (HFSS),
with master-slave boundary conditions. More details for the cells of the proposed
meta-atom are displayed. As shown in Fig. 5.3(b), the layout of cell 1 consists of a
ring with two gaps and two loaded stubs. Cell 2 consists of a ring with two gaps. FSS
consists of a rectangular loop with four loaded stubs extended to the edge of the coding
cell. Since the meta-atom is anisotropic along the x- and y-directions, phase responses
of the coding cells with the x-and y-polarized incidences differ at the operating
frequency bands. In this thesis, the x-polarized incidence is applied to illuminate the
linear reflective cell. Loaded stubs of cell 1 are added to control the phase response in
the direction of x-polarization. Finally, after optimization, the parameters are shown

in Fig. 5.3(b).
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Fig. 5.4. (a) Configurations of the eight-level cells (3-bit phase quantization) for cell 1
operating at V-band. The lengths of 7| are decided as 0.39, 0.543, 0.735, 0.811, 0.843, 0.874,
0.916, and 1.037 mm to reach around 45° phase difference to realize 3-bit digital states 000a,
001a, 010a, O11a, 100a, 101a, 110a, and 111a, respectively. (b) Configurations of the eight-
level cells (3-bit phase quantization) for cell 2 operating at the W-band. The lengths of 7, are
0.409, 0.587, 0.635, 0.656, 0.674, 0.693, 0.731, and 0.985 mm to reach around 45° phase
difference. This can realize 3-bit digital states 000b, 001b, 010b, 011b, 100b, 101b, 110b, and

111b, respectively. (c) Simulated reflection amplitude of the proposed FSS structure.
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To manipulate the wavefront of EM waves, a 2n phase modulation is needed.
Therefore, two series of eight-level cells (3-bit phase quantization) for V- and W-
bands (cell 1 and cell 2) are designed to implement the dual broadband metasurface.
As shown in Figs. 5.4(a) and (b). The lengths of 71 are decided as 0.39, 0.543, 0.735,
0.811,0.843,0.874,0.916, and 1.037 mm to reach around 45° phase difference, which
can realize 3-bit digital states 000a, 001a, 010a, O11a, 100a, 101a, 110a, and 111a,
respectively. Similarly, the lengths of > are 0.409, 0.587, 0.635, 0.656, 0.674, 0.693,
0.731, and 0.985 mm to reach around 45° phase difference. This can realize 3-bit
digital states 000b, 001b, 010b, 011b, 100b, 101b, 110b, and 111b, respectively.
Because of the FSS structure, mutual coupling between these two series of 3-bit cells
in different bands can be inhibited. As shown in Fig. 5.4(c), the FSS has two functions
in the proposed meta-atom. Firstly, when the meta-atom is operating at V-band from
60 - 70 GHz, the FSS on the second layer is to serve as the ground plane for cell 1
with the simulated reflection amplitude responses higher than 0.75. Secondly, and on
the other hand, when the meta-atom operates at the W-band from 79 - 90 GHz, the
FSS should be transparent for cell 2 with the simulated reflection amplitude responses

lower than 0.2. Thus, the FSS functions well for the dual-band reflectarray design.
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Fig. 5.5. (a) Transmission phase for cell 1 of 3-bit digital states 000a, 001a, 010a, 011a, 100a,
101a, 110a, and 111a from 60-70 GHz, while cell 2 remains constant. (b) Transmission phase
for cell 1 of 3-bit digital states 000a, 001a, 010a, 011a, 100a, 101a, 110a, and 111a from 79-
90 GHz, while cell 2 keeps constant. (c¢) Transmission phase for cell 2 of 3-bit digital states
000b, 001b, 010b, 011b, 100b, 101b, 110b, and 111b from 60-70 GHz, while cell 1 keeps
constant. (d) Transmission phase for cell 2 of 3-bit digital states 000b, 001b, 010b, 011b, 100b,

101b, 110b, and 111b from 79-90 GHz, while cell 1 remains constant.

Figs. 5.5(a)-(d) reveal the reflection phases delay of the meta-atoms with different
3-bit coding cells. In Figs. 5.5(a) and (b), when 7, is constant, the 3-bit coding cells
for cell 1 can cover the 2n range during the lower band from 60-70 GHz while
remaining virtually unchanged during the higher band from 79-90 GHz. Meanwhile,

in Figs. 5.5(c) and (d), the situation is contrary. When r1 keeps constant, the 3-bit
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coding cells for cell 2 can cover the 27 range during the entire higher- band from 79-
90 GHz while keeping steady during the lower band from 60-70 GHz. The phase
difference of adjacent coding states for cell 1 and cell 2 are almost 45° during their
operational frequency band, proving good phase control performance of the designed
coding cells. Therefore, phase delays of the reflection for the lower and higher- bands

can be independently controlled by changing the lengths of 71 and 72, respectively.

Amplitude (a.u.)
Amplitude (a.u.)

bl
o™

Amplitude (a.u -)
o o @9
=

Fig. 5.6. Transmission magnitudes of the 3-bit digital states for cell 1: 000a, 001a, 010a, O11a,
100a, 101a, 110a, and 111a and the 3-bit digital states for cell 2: 000b, 001b, 010b, 011b, 100b,
101b, 110b, and 111b with all possible combinations at V-band of (a) 60 and 63 GHz
(magnitudes between 0.68 and 0.97), (b) 67 and 70 GHz (magnitudes between 0.63 and 0.95).

Transmission magnitudes of the 3-bit digital states for cell 1: 000a, 001a, 010a, 011a, 100a,
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101a, 110a, and 111a and the 3-bit digital states for cell 2: 000b, 001b, 010b, 011b, 100b,
101b, 110b, and 111b with all possible combinations at W-band of (c) 79 GHz, 82GHz

(magnitudes between 0.69 and 0.96), d) 86 GHz, 90 GHz (magnitudes between 0.67 and 0.98).

In terms of transmission magnitudes of the proposed meta-atom, coding cells of
cells 1 and 2 contribute to it simultaneously. Figs. 5.6(a) and (b) show the transmission
magnitudes of arbitrary combinations of cells 1 and 2 at the lower band from 60-70
GHz. The projection of every point on the xoy-plane represents different combination
methods of cells 1 and 2 (e.g., 000a & 000b or 000a & 001b, etc.). As well the
projection of every point in the z-axis direction represents its transmission magnitudes.
To show the values more clearly, the transmission magnitude of every point is
projected to the xoz- and yoz- planes. For example, taking 60 GHz, 63 GHz, 67 GHz,
and 70 GHz, the magnitudes of the meta-atoms are between 0.65 and 0.97 at V-band.
Fig. 5.6(c) and (d) show the transmission magnitudes at the higher band from 79-90
GHz. For example, taking 79 GHz, 82 GHz, 86 GHz, and 90GHz, the magnitude of
the meta-atoms are between 0.7 and 0.98 at W-band. Fig. 5.6 demonstrates the high
transmission efficiency at the lower and higher frequency band. It is worth noting that
the loss tangent of the printed dielectric material used by the metasurface is 0.013,
which is relatively lossy. Thus, a portion of the energy is dissipated into the dielectric
material. Assuming the dielectric material has no loss, the transmission magnitudes
can be improved by around 0.13 on average.

In conclusion, the design details of the reflective metasurface are performed with
the following five steps:

a. Firstly, a coding cell operation at V band from 60-70GHz is designed and
optimized. Making sure that a continuous phase variation that covers 2 is realized
by tuning a specific parameter and eight-level cells (3-bit phase quantization) for
V- band are designed to reach around 45° phase difference realizing 2m phase
modulation.

b. Secondly, a coding cell operation at W-band from 79-90GHz is designed and

optimized as the same way. 3-bit phase quantization for W- band that has around
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45° phase difference between each cell is defined as well.

Thirdly, a FSS structure is designed to inhibited mutual coupling between these
two series of 3-bit phase quantization in different bands.

Fourthly, coding compensating phase at the metasurface apertures for V- and W-
bands by using MATLAB, respectively. Then, they can be discretized by using the
two series of 3-bit coding cells, respectively.

Finally, combing two series of 3-bit coding cells and the FSS structure together to
construct the meta-atom for the reflective metasurface, and ensure the reflective
magnitude of each meta-atom is higher than 0.7 during the operational frequency

range by optimizing the interlayer distance.
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5.4 Reflective Metasurface for the Pencil Beam Generation in Two

Operational Bands

Silver layer | for
low band

Silver layer 2 for
filtering

Silver layer 3 for
high band

Silver layer 4 for

>

full ground

(©)

Fig. 5.7 (a) Compensating phase distribution at the metasurface aperture for layer 1 to
generate pencil beam operating at V-band, (b) Compensating phase distribution at the
metasurface aperture for layer 1 to generate pencil beam operating at W-band, and (c)

Construction of the dual-band metasurface for generating pencil beams.

To verify the effectiveness of the proposed FSS, a finite element electromagnetic
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field simulation analysis software, ANSYS High-Frequency Structure Simulator
(HFSS), is introduced to conduct a set of full-wave simulations of the proposed
metasurface to generate a pencil beam. The aperture for numerical simulation and the
feeding waveguide are set as the same as the OAM setting. To mitigate the feed
blockage, the feeding waveguide is center-fed and shifted to 15°. By coding cell 1 and
cell 2 according to equations (1) and (2), two independent pencil beams operating at
60-70 GHz and 79-90 GHz are generated separately. Figs. 5.7(a) and (b) show the
compensating phase at the apertures for layer 1 and layer 3, respectively. Every pixel
on these distribution maps represents the required compensating phase delay for the
coding cell at this location. 30 x 30 coding cells are included in each map. MATLAB
generates the compensating phase distribution maps. Fig. 5.7(c) shows the
construction of the dual-band metasurface for generating pencil beams. Then, the
reflective metasurface with the entire configuration, including the FSS (4 silver layers)

and the one without the FSS (3 silver layers), are simulated and analyzed.
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5 b

(©) (d)

Fig. 5.8 (a) Simulated 3D radiation patterns at 64 GHz with the FSS serve as the ground plane
for cell 1 under a feeding waveguide center-fed and shifted to 15° (b) Simulated 3D radiation
patterns at 64 GHz without FSS under a feeding waveguide center-fed and shifted to 15°. (¢)
Simulated 3D radiation patterns at 82 GHz with the FSS transparent for cell 2 under a feeding
waveguide center-fed and shifted by 15°. (d) Simulated 3D radiation patterns at 82 GHz

without FSS under a feeding waveguide center-fed and shifted by 15°.

As shown in Fig. 5.8, the simulated 3D radiation patterns with/without FSS are
depicted. Since the FSS serves as the ground plane for cell 1 at V-band from 60 - 70
GHz, as shown in Figs. 5.8(a) and (b), the effect of FSS on the radiation performance

at the V-band (taking 64 GHz as an example) is significantly decreased from 24.9
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to16.4 dBi by removing FSS. However, the FSS is transparent for cell 2 at W-band
from 79 - 90 GHz. As shown in Figs. 5.8(c) and (d), the effect of FSS on the radiation
performance at the higher band (taking 82 GHz as an example) drops slightly from
26.4 GHz to 24.8 GHz. Based on these results, we demonstrate the effectiveness of

the FSS in improving the gain and efficiency of the dual-band metasurface

successfully.

0
é; _5__ - = Sim. il g
g 1 7]
£ 5
B 2
s £
S -204 =
-?j b 'g
= 254 <
g -30 Tg
2 351 z

-40 T T T T T T T
-90 -60 -30 0 30 60 90
Frequency (GHz) Frequency (GHz)
(a) (b)

Normalized radiation patterns (dB)
Normalized radiation patterns (dB)

: T T T T T T T T
-90 -60 -30 0 30 60 90
Frequency (GHz) Frequency (GHz)
(a) (b)

128



Chapter 5 3D-Printed Metasurfaces for Independent Manipulation of Broadband Orbital Angular Momentum

30 30
1 ]
- . . e e
= e _:_‘TII:T:L . = A e
A ~ —m B i s
. 204 : . 204
] | g
= 151 = 154
8 8=
Q : Q 1
104 : 10
5+ —a—Sim. 54 —=— Sim.
- &= -Mea. j — = :Mea.
0 T T T T O T T T T
62 64 66 68 78 80 82 84 86 88
Frequency (GHz) Frequency (GHz)
(a) (b)

Fig. 5.9. Simulated and measured radiation patterns of pencil beams on the xoz-plane at (a)
64 GHz, (b) 67 GHz, (¢) 82 GHz, and (d) 86 GHz. (¢) Simulated and measured gains of pencil
beams at the V- band from 62-68 GHz and (f) Simulated and measured gains at the W- band

from 79-87 GHz.

Fig.5.8(a) and (c) depicts the simulated 3D radiation patterns of reflective
metrasurface with FSS. And its measured and simulated 2D radiation patterns at 64,
67, 82, and 86 GHz are shown in Figs. 5.9(a) to (d). It is observed that the pencil
beams with high directivity are obtained at both bands simultaneously, and the
sidelobe levels of the beams are kept well below -15 dB. The gains in performance
across the dual operational frequency bands are also measured in Figs. 5.9(e) and ().
In the lower band, the simulated gains are from 22.9 to 25.1 dBi, and the measurement
gains are from 21.8 to 24.0 dBi from 62 to 68 GHz. In the higher- band, simulated
gains are from 22.6 to 27.0 dBi, and the measured gains are from 21.4 to 26.5 dBi
from 79 to 86 GHz. The simulated radiation patterns and gains agree well with the
measured ones, which verifies that metasurfaces for independent manipulation of
dual-band electromagnetic waves can be realized with the proposed meta-atom in this

thesis.
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5.5 Multifunctional OAM Metasurface

5.5.1 Experimental Verification
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Fig. 5.10 (a) Experimental setup of the cross-programmable test system for the near-field
plane scanning measurement, and (b) the photograph of additively manufactured multi-

material metasurface.

We fabricated a sample of the proposed metasurface to experimentally validate
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the designed dual-broadband multifunctional metasurfaces with two different OAM
states. We measured the performance of vortex beams in different operational
frequency bands by a near-field planar scanning technique. Additive manufacturing
technology that can fabricate both conductive and dielectric materials is applied to
fabricate the metasurface structure in this thesis. This low-cost, time-saving, and
flexible 3D printing technology allows four silver and three dielectric layers to be
fabricated in a single substrate with an ultra-thin profile (1.235 mm) with a circular-
shaped aperture of 70 mm. A specific dielectric material is used in the fabrication
process with relative permittivity of 2.8 and a loss tangent of 0.013.

As shown in Fig. 5.10(a), the near-field planar scanning technique is realized by
a cross-shaped programmable test system. A rectangular waveguide WR12 is located
at the sample's focal point to illuminate the metasurface and shifted by 15° to reduce
the feed blockage. According to the aperture size and the feeding source, the focal
length is defined as 50 mm. Thus, the ratio of focal length to aperture size (i.e., {/D
ratio) is 0.7, helping to provide a proper —10 dB edge taper and maximize the aperture
efficiency. 3D-printed support inserted in Fig. 10(a) fabricated by polylactic acid
(PLA) is designed to ensure the location of the WR12 and the direction of the incident
wave are correct. Two motors control the horizontal and vertical movement of the
receiving antenna on the near-field plane, respectively. The distance and step of
movement can be accurately controlled by programming. The scanning plane is 110
mm away from the sample and parallel to the sample, with an area of 100 mm X 100
mm. The scanning steps along the x and y-directions are set as 3.3 mm. A standard E-
band linear polarized (LP) horn antenna is utilized to receive the intensity and phase
of the near electric field at each sampled point. Photographs of the proposed additively

manufactured multi-material metasurface are shown in Fig. 10(b).
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5.5.2 Results Discussion
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Fig. 5.11 (a) Measured electric field phase distribution and measured field intensity
distribution for the metasurface with an OAM topological charge /=1 at V-band from 62-72
GHz. (b) Measured electric field phase distribution and measured field intensity distribution

for the metasurface with an OAM topological charge / = 3 at W-band from 81-92 GHz.

Finally, the measured electric field phase and field intensity distribution for the
metasurface with different OAM topological charges at two separate operational
bands is plotted in Figs. 5.11(a) and (b), respectively. The intensity profiles have
doughnut shapes for the lower band, whose operational bandwidth is achieved from

62 GHz to 72 GHz. The spiral phase distributions clearly show vortex beams carrying
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OAM with a topological charge of / = 1. For the higher- band from 81 GHz to 92 GHz,
the intensity profiles have ring shapes, and the spiral phase distributions clearly show
vortex beams carrying OAM with a topological charge of / = 3. All those measured
results verify that the proposed multifunctional OAM metasurface can realize
excellent performances of vortex beams with different topological charges of /=1 and

/ =3 in two operational broadbands, respectively.
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Fig. 5.12. Dimension comparisons of the simulated model and the designed one embedded

with a photograph of the printed substrate — cross-section view under an electron microscope.

Compared with the simulated results, the measured results have an error of 2 GHz
shift, around 2.9% for the V-band from 62-72 GHz and 2.3% for the W-band from 81-
92 GHz, respectively. To pursue the cause of the error, the dimensions of the simulated
model and designed one are compared and discussed. In Fig. 5.12, the dimensions of
the printed silver traces agree well with the simulated ones on the horizontal plane,
whose fabrication errors range from 1.3% to 3.3%. However, in the vertical direction,
the thickness of the silver layers is considerably thicker (10 - 20%) than the simulated
ones, which may derive from the thickness calibration of the printing system. The
thickness of the entire dielectric layer matches well with the designed value. In
addition, due to the liquid surface tension of the silver ink during the printing process,

most of the silver traces are printed with shrinking edges, which causes the printed
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dimensions to be slightly smaller than the target values. In conclusion, the
specification of the 3D printing system makes it possible for the machine to meet the

demanding design and quality requirements of industries.

5.5.3 Fabrication Process

In this thesis, metasurfaces are fabricated using the conductor and dielectric
multi-material-integrated additively manufactured electronics solution. Conductive
and dielectric layers are printed using silver nanoparticles and acrylate inks. Each
printing head of the 3D printing system comprises 512 piezoelectric-based nozzles
connecting to the chambers filled with inks. A 395 nm UV lamp is used to cure
acrylate inks through a piezoelectric printing system. For conductive patterns, a
0.75—1.4 pm near-infrared radiation lamp is used for sintering the silver nanoparticle
inks with temperatures ranging from 140 to 170 °C. The multi-material-integrated
additive manufacturing process flow chart has been discussed . According to the

predesigned patterns, dielectric and conductive inks are printed layer by layer.

5.6. Conclusion

In summary, we have proposed an approach to simultaneously achieve excellent
performances of vortex beams with different topological charges of /=1 and /=3 in
two operational broadbands with a multifunctional OAM metasurface. In our
approach, two series of eight-level (3-bit) coding cells for 2n phase modulation
operating at the V-band and W-band are designed to manipulate the EM waves. Due
to the FSS structure, mutual coupling between these two series of 3-bit meta-atoms
working at different bands can be inhibited. Thus, the dual-frequency metasurface
design can be simplified into two single-frequency metasurface designs. Thus, a meta-
atom consisting of two series of coding cells, an FSS, and a whole ground, is proposed.
Digitalization-coding of meta-atoms is utilized to simplify the design and

optimization procedures of the metasurface. In addition, a multi-material conductive
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and dielectric additive manufacturing technology is applied to fabricate the models of
the proposed metasurface with good advantages of time-saving, low-cost, and flexible
designing. Four silver and three dielectric layers of the proposed metasurface can be
fabricated in a single substrate with an ultra-thin profile. Finally, an integrated
reflective multifunctional metasurface is proposed, fabricated, and measured.
Excellent performances of vortex beams with a topological charge of / = 1 are
observed from 62-72 GHz (fractional bandwidth is about 14.9%), and vortex beams
with a topological charge of /=3 are observed from 81-92 GHz (fractional bandwidth
is about 12.7%). The error of the measured results and fabrication specifications are
discussed as well. We believe that the proposed robust methodology with superior
performance can improve the information capacity of the coding metasurface on

millimeter-wave applications.
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Chapter 6 Conclusion and Future Work

6.1 Conclusion

Additive manufacturing technology is knocking on the door, ready to change our
life. Many complex constructions, which are difficult to implement by means of
conventional methods, can be prototyped and realized by 3D printing technology. In
the field of electronic devices for microwave and millimeter-wave applications, the
fifth-generation (5G) wireless system rollout has driven revolutionary fabrication
methods that can construct electronics with high accuracy, low cost, and require only a
short production circle.

Chapter 1 first introduces the details of multi-material integrated additively
manufactured electronics solution, which plays an essential role in the fabrication of
the designs.

Chapter 2 focuses on state-of-the-art works - from single-material to multi-material
additive manufacturing technology, which introduces a background of the additive
manufacturing technology based on the different types and amounts of materials used
in the printing system. This introduction helps readers to understand the context or
background of additive manufacturing technology. The relevant content entitled “Multi-
material additive manufacturing - a further step from microwave to terahertz regime”
has been accepted in IEEE Microwave Magazine.

Chapter 3 demonstrates a 3D-Printed low-profile single-substrate multi-metal layer
antennas and array, where a surface-driven patch and embedded stacked patch are co-
designed. A bandwidth improvement thanks to multi-mode stacked patches can be
achieved, taking advantage of the three-dimensional design capability without requiring
an additional substrate or affecting the in-plane dimensions of the prototype. After that,
multi-layer CP antennas, as well as LP and CP antenna arrays, are designed and
fabricated. Successfully devising multi-layer patch antennas proves that the AME
solution can serve as a revolutionary approach to the increasing number of 5G consumer

mobile electronics. The related content entitled “3D-printed low-profile single-
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substrate multi-metal layer antennas and array with bandwidth enhancement” has been
submitted to IEEE Access.

Chapter 4 focuses on 3D-printed multi-layer compact devices, including
transmission lines, bandpass filters, and couplers. First, an additively manufactured
bandpass filter (BPF) based on a second-order stub-loaded resonator consisting of
multi-metal layer components is proposed. By reducing the interlayer distance, constant
inductance and capacitance can be realized in smaller sizes, which helps to achieve
device minimization. For verification, the frequency response of the circuit’s
mathematical model is calculated to compare with the electromagnetic simulation
results. The related content entitled “Compact multi-layer bandpass filter using low-
temperature additive manufacturing solution” has been published in /EEE Transactions
on Electron Devices. Next, we proposed a novel compact vertically integrated multi-
layer composite right/left-handed (CRLH) transmission line with good performance,
including low loss and wide operational band. Vertically integrated multi-layer BPF and
coupler are proposed based on the CRLH transmission line structure as well. The odd-
and even-mode method is suggested to deduce the resonance properties of the three-
dimension CRLH resonator due to its symmetrical construction. The related content
entitled “Vertically integrated multi-layer composite right/ left-handed broadband
devices using additively manufactured electronics solution” is being submitted to /EEE
Transactions on Microwave Theory and Techniques.

Chapter 5 proposed a broadband coding metasurface to realize two different orbital
angular momentum (OAM) states at V-band and W-band, respectively, for high-speed
wireless communications. The metasurface is 3D-printed with silver nanoparticle and
ultraviolet (UV) curable acrylates inks, which can generate two OAM beams with
independently manipulated wavefronts, operating at 62-72 GHz and 81-92 GHz. The
construction of the dual-band metasurface is organized in four different silver layers
but fabricated in a single substrate with the merit of an ultra-thin planar profile.
Furthermore, we design and fabricate a reflective metasurface for the pencil beam
generation in two operational bands to verify the independent manipulation of the

electromagnetic wavefronts to implement different functional devices. The proposed
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metasurfaces can find applications in next-generation wireless communications. The
related content has been submitted as a journal paper titled “3D printed multi-material
conductive and dielectric metasurfaces for independent manipulation of broadband
orbital angular momentum”. It is being submitted to ACS Applied Materials &

Interfaces.

6.2 Future Work

The designs and principles demonstrated in the dissertation exhibit good
performance by taking advantage of the novel AME solution. Multi-layer fabrication
capability and strict tolerance and resolution enable the fabrication of devices scaled to
higher frequencies. Thus, more studies and designs covered in this dissertation may be

worthy of further investigation.

1. New mm-wave and THz beam shaping devices using integrated additively
manufactured electronics (AME) technique. In Chapter 5, a broadband coding
metasurface to realize two different OAM states at V-band and W-band, respectively,
are fabricated using AME solution. Since the operational frequency bands have been
very close to the THz, designing devices with smaller dimensions would be interesting.
In addition, four metal layers have been introduced in the design of the reflectarray.

Maybe more layers can be used in the future to realize more advanced functions.

2. Multi-layer composite right/ left-handed devices. Reducing the energy loss of the
signal during the propagation is always significant for electronics design. Especially for
the AME solution, it is a challenge to reduce the energy loss with a high loss tangent of
0.013. Therefore, the multi-layer composite right/ left-handed structure can be a good
approach to designing devices with low loss and deserves considerable attention in
future work. For example, a 3-dB CRLH coupler based on the vertically integrated
CRLH structure is under investigation. It consists of two vertically integrated CRLH
transmission lines located at the top and bottom sides of the substrate. Seven metal
layers are utilized to fabricate the structure. The proposed vertically integrated CRLH

structure has unique electromagnetic properties. It reveals negative permittivity and
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negative permeability. In addition, due to the symmetrical structure of the proposed
coupler, an outstanding magnitude and 90-degree phase balance can be observed in a

wide fractional bandwidth and wide 15-dB matching bandwidth.

3. More compact multilayer microwave devices such as power dividers, baluns,
diplexers, and delay lines. Based on the above research, we demonstrate the methods
using up-raised ground connected to the RF ground by vias to adjust the impedance
matching, using broadside coupling to replace edge coupling for stronger coupling
capacitance with smaller size; and using the testing accessories to reduce the soldering
and measurement errors. All these strategies can be applied to design compact
multilayer microwave devices. The novel AME technique provides the designers with

greater flexibility and a shorter product cycle.
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