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Abstract

This thesis presents methods to make use of additive manufacturing (AM) or 3D
printing (3DP) technology for the fabrication of antenna and electromagnetic (EM)
structures. A variety of 3DP techniques based on filament, resin, powder and nano-
particle inks are applied for the development and fabrication of antennas. Fully and
partially metallised 3D printed EM structures are investigated for operation at mainly
microwave frequency bands. First, 3D Sierpinski fractal antennas are fabricated
using binder jetting printing technique, which is an AM metal powder bed process. It
follows with the introduction of a new concept of sensing liquids using and non-
planer electromagnetic band gap (EBG) structure is investigated. Such structure can
be fabricated with inexpensive fuse filament fabrication (FFF) in combination with
conductive paint. As a third method, inkjet printing technology is used for the
fabrication of antennas for origami paper applications. The work investigates the
feasibility of fabricating foldable antennas for disposable paper drones using low-
cost inkjet printing equipment. It then explores the applicability of inkjet printing on
a 3D printing substrate through the fabrication of a circularly polarised patch antenna
which combines stereolithography (SLA) and inkjet printing technology, both of
which use inexpensive machines. Finally, a variety of AM technigues are applied and
compared for the production of a diversity WLAN antenna system for customized

wrist-worn application.
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CHAPTER 1.

INTRODUCTION

1.1 Overview and Motivations

Additive manufacturing (AM) or 3D printing (3DP) is a technology that has been
attracting significant attention from the research community and manufacturing
industry [1]-[3]. AM offers rapid prototyping and the ability to fabricate complex
objects from a digital 3D model. This technology produces a more realistic
output using advanced electronics systems at lower costs, multiple functionalities and
more flexibility than conventional lithographic technology. One of the most common
AM techniques is fused deposition modeling (FDM)/fused filament fabrication (FFF)
[4], which is based on the extrusion of a plastic filament/metal wire from the heated
nozzle. Other popular techniques are stereolithography (SLA)/digital light processing
(DLP) [5] and selective laser sintering (SLS)/selective laser melting (SLM) of
metallic powders [6] bonded with successive layers of fluid resin and powder,

respectively.

AM is developing quickly and promises to make significant advances in the future.
Researchers and industrialists are concentrating their efforts on the development of
new techniques and applications in the area of electronics [7], [8], automobiles [9],
and medical devices [10], [11]. One area of special interest is in the flexible and
rapid prototyping of antenna and microwave components [12]-[14]. Figure 1.1 shows
the growth areas of 3DP in a variety of industries. 3DP is expected to develop rapidly
and substantially in the future of manufacturing. Specifically, the aerospace and
automotive areas have increased explosively in the coming future. Figure 1.2
presents the future of 3DP materials. Although there are different outlooks for each

industry, the market for 3DP metal materials has high growth potential.
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Figure 1.1 The growth of 3D printed part market [20]

The development of new materials and conductive inks has also been one of the main
motivations for this trend. Inkjet printing technology with silver nanoparticle
conductive inks has advanced very rapidly in recent years [15], [16]. This allows
for the easy fabrication and prototyping of electronics and sensors on various
substrates. These conductive inks have been specially formulated to work with
industrial printers and, more recently [16], with standard home inkjet printers. Inkjet
printing is a digital direct-write technique that provides the advantages of speed and
accuracy to the fabrication process at a relatively low cost. The droplets of the
conductive inks ejected from a heated nozzle are directly deposited at the specified
position on functional materials to form electronic patterns. In the RF and microwave
design area, it is desirable to integrate the electronics circuits and devices with

antennas using flexible materials [17]-[19].

In general, 3DP may be a viable solution if the structures contain complex
geometrical features and their properties are sufficiently novel or unusual to justify

the extra cost involved.
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Figure 1.2 The future of 3D printing materials [21]

1.2 Research Objectives and Contributions

Complicated high-precision antennas cannot be fabricated easily using conventional
lithographic technology. As mentioned in Section 1.1, AM technology is more
functional and suitable for expanding the possibilities of antenna design. The primary
purpose of this work is to present the potential applicability of AM in the field of
antenna engineering. In this work, multiple antenna configurations with different
shapes, different feed lines, and different frequencies are used as the basis for
developing 3D printed electromagnetic structures. Antennas are fabricated using
commercial or desktop 3D printers and different AM technologies for the various
substrates. In addition, the metalized antenna patterns on the 3D printed dielectric
substrates are achieved using various methods, including silver conductive ink. The
surface roughness of the antenna patterns and the substrates are also presented and
analyzed in this work. Finally, antenna performance is investigated and compared

with that of antennas fabricated by the conventional etching process.



The main contributions from this work are:

(1) AM has been proven to be suitable for the development and fabrication of 3D
fractal antennas. Its main advantage is that significant material reduction can be
achieved using Sierpinski fractals or similar structures, potentially reducing costs of
manufacturing while retaining good mechanical strength. The performance of the

antenna is summarized through simulations and experimental results.

(2) The applicability of inexpensive AM technologies to the development of a non-
planar electromagnetic structure for antenna applications has been described. A
relatively simple structure consisting of metallic patches with trenches has been used
for this demonstration. This technique could be applied to more complex 3D

electromagnetic structures.

(3) Antennas suitable for integration with low-cost inkjet printing electronics on
disposable paper drones have been demonstrated. This has been proven to be an
inexpensive and fast method with sufficient printed quality for this application. The
fabricated antennas have acceptable performance for efficient communication
between the plane and a remote controller.

(4) Combining SLA and inkjet printing has been demonstrated to be suitable for the
manufacturing of GPS antennas. The output from the SLA machine is sufficiently
smooth to allow the deposition of metallic layers using inkjet printing technology.
The inkjet printing process employing silver ink seems to be ideal for this application.
The advantage of the fabrication method is the use of low-cost machines that are

more suitable for home and office use.

(5) The application of AM to the development of WLAN antennas for a customized
wrist worn application has been demonstrated. The last process uses a single machine
to fabricate both the bracelet and then the metallic layers using a direct-write system
with silver conductive ink. The diversity of the wrist-worn antenna system is
developed for the final processes. This work demonstrates that inexpensive open-

source machines can be used as an alternative for the 3D printing of antennas.
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1.4 Thesis Outline

The organization of this thesis is as follows:
Chapter 2 presents a brief summary of the additive manufacturing processes. The
popular AM processes are reviewed, and their applications for antenna and

microwave components are discussed in this section.

Chapter 3 presents the use of AM techniques for the fabrication of 3D fractal
monopole antennas. The 3DP of three-dimensional designs based on the Sierpinski
fractal concept is studied and its performance is discussed. AM allows for the
fabrication of the sophisticated features of these antennas. The AM technique
employed is metal powder binder printing, which jets a binding material onto a
powder bed containing metal particles. Metal 3DP is ideal for maintaining the
mechanical strength of the structures. The envisaged applications are in the defense
and aerospace sectors, where high value, lightweight, and mechanically robust

antennas may be integrated with other 3D printed parts.

Chapter 4 describes a novel procedure to detect liquids with different permittivity
using an electromagnetic band gap (EBG) structure. The variation in the dielectric
characteristics of the liquids inserted produces a change in the reflected phase of the
EBG. This change in phase could be detected in various ways. Moreover, the use of
3D printing for the development of non-planar EBG structures for antenna
applications is proposed in this chapter. Inexpensive FFF is used as the fabrication
process. Silver-loaded conducting ink is employed for the metallic components of the
EBG.

Chapter 5 discusses disposable paper drones integrated with antennas using inkjet
printing technology. The antenna elements are directly printed onto a photo paper
substrate using silver nanoparticle conductive ink. The substrate is then folded to
create a paper drone. Low-cost desktop inkjet printing equipment is used to deposit
the metallic tracks of the antenna, and all designs target the current frequency bands
employed in the control and wireless communication of commercial drones (2.4 GHz

and 5 GHz bands). The purpose of this work is to investigate potential antenna
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scenarios for disposable drones which may one day be fully fabricated using inkjet

printing technology.

Chapter 6 investigates the use of AM equipment for the development of circularly
polarized (CP) antennas. CP patch antennas are fabricated using two AM processes,
SLA and inkjet printing using silver inks. A widely available SLA printer is first
employed for the layer-by-layer fabrication of the substrate, and then inkjet printing
is used to deposit the metallic layers of the radiating element on the substrate. The
excellent adhesion of the metallic patterns to the substrate is observed, and
reasonably low resistance is achieved on the metallic surfaces. The aim is to
demonstrate the use of alternative, inexpensive machines for the prototyping and

manufacturing of antennas.

Chapter 7 presents for the first time the application of 3D printing techniques for the
development of conformal antennas for diversity wrist worn wireless
communications. Three processes are described with the common challenge of
depositing the metallic layers of the antennas on a wristband fabricated using FFF.
The first is a multistep process that combines adding a layer to smooth the surface of
the band, a jetting process to deposit the metallic tracks, a flash curing system, and
then an electroplating process. The second combines painting the metallic layers by
hand and then an electroplating process. The last process uses a single machine to
fabricate both the bracelet and then the metallic layers using a direct-write system
with silver conductive ink. The wrist worn antennas are presented, and their
performances on a human wrist are discussed. The diversity of the wrist-worn

antenna system is developed for the final processes.

Chapter 8 presents the summarized conclusions of each chapter and suggests relevant

future work.
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CHAPTER 2.

LITERATURE REVIEW AND
BACKGROUND

2.1 Introduction

This chapter reviews the previous work on additive manufacturing (AM) or 3D
printing (3DP) technology and its application to antenna and microwave engineering.
The 3DP has attracted considerable attention and led to many AM applications [1]-
[4]. It provides rapid prototyping, allowing complex 3D solid object/models to be
built quickly and cost-efficiently with a high degree of design freedom. In particular,
3DP enables depositing material by layers to fabricate a structure from the digital 3D
design model, and a wide range of plastic, resin, metal, and composite materials have
been employed for AM processes. Several specific technologies are described,
including filament, resin, and powder-based 3DP. The process has been applied in
various fields, including bioprinting [5], health monitoring [6], medical robotics [7],

and structural electronics [8].

Inkjet printing technology has been recently developed for AM processes. This
provides direct printing of patterns on substrates through droplets ejected from a
nozzle, and is the key technology to enable printed electronics [9]-[11].
Consequently, many studies have reported electronic devices fabricated using this
technology. Most studies have used planar, uniform, and thin sheets made of
cellulose or polyethylene terephthalate (PET). A recent advance in semiconductor
layers has been to fully inkjet-printed electronics [12], [13], and inkjet-printed
components have been applied in biomedical [14], sensor [15], pharmaceutical [16],

and micro-electro-mechanical systems (MEMS) [17] fields.
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Popular AM processes are reviewed in Section 2.2, and AM applications for antenna

and microwave components are discussed in Section 2.3.

2.2 Additive Manufacturing Process

Many different AM or 3DP processes are employed to create 3D solid object/models.
The desired objects are created by depositing layers of the selected materials through
the different fabrication processes. The most popular materials are plastic or polymer
filaments for fused deposition modelling (FDM), photosensitive resin for
stereolithography (SLA), and powdered metal or plastics for selective laser melting
(SLM). Figure 2.1 shows a typical, generalized, AM process. The original model is
typically created by 3D computer-aided design (CAD) software, then exported to the
3D printer. Almost all AM technology uses STL file format, and most machines then
build the 3D model using machine specific software, forming each layer from the
selected materials. Some objects with complex geometry require additional materials
for support structures and subsequent manual attention to remove them to finalize the
3D model. After printing, there are sometimes post processing stages, such as drying,
polishing, electroplating, and coating for specific application purposes. Thus, AM
provides various advantages to enable manufacturing cost efficient, flexible, and

sophisticated objects that can be applied to diverse applications.

3D File .
) STL . Macl . Post- A~
CAD .|| transfer to :ucnne Build || Remove ‘0\ Application
convert . setup process
Model machine

Figure 2.1 Generalized Additive Manufacturing Process [18]

2.2.1 Extrusion: Fused Deposition Modelling / Fused Filament

Fabrication

The most commonly used 3DP process is fused deposition modelling (FDM), which
is also called fused filament fabrication (FFF) [19]-[21]. This technology typically
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works with low cost personal printers and plastic filaments for the home and office.
The desired models are built by melted thermoplastic filaments on a printed bed.
Figure 2.2 shows the typical FDM process. The filament is led to the extrusion head,
which melts the filament using the appropriate temperature heated extrusion head.
The melted filament is extruded and flows onto the build platform. The extrusion
head is moved to the correct position on the build platform vertically and
horizontally, and the heated filament material is deposited to build the model layer

by layer. The process is repeated until the model is complete.

Support material
" filament

Build material

filament

Extrusion head

Build material ; Nozzle

!
woe Support

material
Built object

Moving

pla !fon;

L 4

\_ Support material

spool

Figure 2.2 The structure of FDM process [19]

A variety of plastic filament materials are used for FDM, which might be specifically
chosen for the model being constructed. Popularly used materials include polylactic
acid (PLA), and acrylonitrile butadiene styrene (ABS). PLA is a highly
biodegradable thermoplastic made from renewable materials including corn starch,
sugar cane, and wood chips. The filament has a better environmental impact than
most other filaments, and requires less energy for printing, with printer nozzle

temperature generally in the range 190-230°C. Although a heated build platform is
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probably not essential, generally 60—80°C is considered helpful for build quality. The
other common filament material (ABS) is commonly used to print durable parts that
can tolerate high temperatures. ABS is a ductile non-biodegradable petroleum based
plastic, somewhat less fragile and flexible than PLA. However, the surface quality of
the printed model is rougher than other materials. Printers using ABS filament
typically operate with at 210-250°C print nozzle and 80-110°C build platform.
Nozzle diameter is also determined by the size of the extruded filaments. PLA and

ABS filaments for 3DP are commercially available at 1.75 mm and 3 mm diameter.

2.2.2 Resin: Stereolithography / Digital Light Processing

Stereolithography (SLA) and digital light processing (DLP) technologies use liquid
photosensitive resin as the principal 3DP material in contrast to the plastic filament
materials of FDM and FFF [22]-[24]. These systems employ photopolymerization to
convert the liquid material to a solid object using a suitable light source. Figure 2.3
shows the typical SLA and DLP processes. The SLA or DLP 3DP process
commences with a model created by 3D CAD, and exported to the printer in STL or
OBJ formats. Printing occurs in a large resin filled tank, which is changed to solid by
selectively exposure to ultraviolet (UV) light. The initial layer is cured using UV
light after the build platform is placed in the liquid resin tank, then the platform rises
the height of a layer, and exposes the resin for the layer, which deposits on the
preceding layer. The process is repeated until the 3D solid model is completed. There
are slight differences between the SLA and DLP processes. SLA creates the model
point by point using a laser beam, whereas DLP creates the model layer by layer

using a digital projector screen [25].

The optical spot size of the laser beam or digital projector screen is tiny, and
constitutes the primary factor for printing resolution. Therefore, these processes
provide higher resolution 3D printed models than filament based 3D printers. They
also provide smoother and higher quality model surfaces. However, SLA and DLP
printing sometimes requires supports for printing, which must be removed in post
processing, which somewhat restricts design freedom and requires more effort than
FDM printing.
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Figure 2.3 The illustration of (a) SLA and (b) DLP processes [22]
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2.2.2 Powder: Selective Laser Sintering / Selective Laser Melting

Selective laser sintering (SLS) and selective laser melting (SLM) are primarily used
for powder based 3D printers [26]-[29]. These printers use various materials,
including metal, steel, and aluminum powder. SLS and SLM support fabricating
complex parts better than extrusion (FDM and FFF) and resin (SLA and DLP) based
3DPs, and support structures are not required. Figure 2.4 shows the typical SLS and

SLM process.

Laser !

Mirraors
and lenses

Laser beam

Layer
Part being

deposition

Powder 1 o
reservoir _ Building
platform

Figure 2.4 Schematics of SLS and SLM processes [28]

A 3D CAD model is transmitted to the powder based 3D printer, and the build
platform increases each time by a layer of powder on a z axis. A roller in the 3D
printer spreads out a layer of powder evenly. A laser beam heats the selected area of
the layer and sinters the desired area. A layer of powder on the melting point is

deposited by using a laser beam. The build platform goes down by a layer thickness
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of the z axis, and a new layer of powder is spread over the surface of the previous
layer. The new layer is attached above the last layer. This process is repeated layer

by layer until the component is complete.

There are slight differences between these methods, powder is sintered in SLS but
melted in SLM to form the solid structure. However, both processes can print
entirely metal parts for prototyping or production, and neither requires support
structures for printing. These advantages allow intricate geometric designs, and
powder based AM processes have been used for automotive and aerospace
components and medical applications.

2.2.4 Inkjet printing technology

Inkjet printing is a direct writing process without photomasks, and offers
fundamental advantages of low cost, flexibility, and relatively simple principle steps
constructed by photolithography. Inkjet printing provides the formation by placing
ink droplets on a substrate under digital control [30]-[33], where the ink is deposited
on particular regions of the substrates as additive patterns. Patterning resolution is
typically from ten to one hundred microns [32]. Thus, inkjet printing is rapidly
expanding for patterning technologies onto flexible substrates, providing flexible
printed electronics devices, such as displays, sensors, semiconductors, and MEMS

circuits.

Figure 2.5 shows the typical working process of drop-on-demand (DOD) inkjet
printing. The ink droplets are ejected from the printing nozzle into 2D and 3D
structures. This noncontact process uses movement of the ink droplets and substrates

to form the structural patterns.
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Figure 2.5 An illustration of the inkjet printing technology [33]

A range of functional inks have been developed and deposited on a wide range of
substrate materials using inkjet printing. The trace patterns are designed using CAD
software and directly printed onto the substrates. This provides significantly reduced
time and material consumption for printing. Recent inkjet printing research offers
promising potential for fabricating printed electronics, sensors, and biomedical
applications.

2.3 Additive Manufacturing for Antenna and Microwave

Applications

Recent studies have shown potential AM or 3DP applications for antenna and
microwave engineering. Complicated 3D structures are typically generalized by
CAD systems and fabricated layer by layer. The AM or 3DP technologies show
potential to produce cost and time efficient complex geometrical antenna and
microwave components for microwave, millimeter wave (mm-wave), and terahertz

(THz) frequencies.
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2.3.1 Filament Based Materials

The advent of 3DP has allowed fabrication of arbitrarily complex antenna structures.
Metallic structures on dielectric substrates are accomplished by integration of FDM
with thermoplastic filaments and micro-dispensing of conductive inks. Frequency
selective structures using 3DP triple cross dipoles for long wavelengths have been
proposed [34], [35], based on fully and partially metalizing 3DP shapes, as shown in
Figure 2.6. These were manufactured using FDM with a personal 3D printer.
Nonplanar electromagnetic band gap structures have been prototyped by combining
FDM and silver conductive paint [36].

Figure 2.6 A 3x3 array of the 3-D folded loop FSS [34]

Metal pipe rectangular waveguides [37] have been fabricated by FDM 3DP, as
shown in Figure. 2.7. The lower frequency (X band) waveguide structure was printed
layer by layer using nonconductive plastic filament then surface electroplated. The
3D printed patch antenna on the embedded wire mesh was fabricated in [38]. The
flexibility of conductors and dielectrics onto the complex 3D printed surface can be
applied for new types of 3D microwave applications. Dipole and coplanar waveguide
fed ultrawideband antennas have been tested using 3DP onto phantom with human
tissue liquid for wearable applications [39] ,[40].
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Figure 2.7 FDM 3-D printed and copper-plated WR-90 [37]

2.3.2 Resin Based Materials

Silver plated WR-10 waveguides have been fabricated by 3DP using digital light
projection stereolithography (DLP-SLA) [41]. This DLP-SLA printing and silver
electroless plating system has also been demonstrated for mm-wave components due
to the high native printing resolution and successful metallization of the waveguide
interior and exterior. 3D printed cube antennas have been studied and fabricated for
wireless sensor applications [42]. Moreover, the small 3D printed cube antenna has
been extended to realize the integrated wireless devices. Figure 2.8 shows how these
antennas were fabricated using SLA 3DP, compared with conventional PCB

fabrication method.
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Figure 2.8 The fabricated cube antennas [42]

Antenna substrates have been modified and investigated for local control of effective
relative permittivity [43]. The customized value of effective relative permittivity is
determined by air cavity size and spacing in the various substrates. 3DP for
lightweight X band waveguide bandpass filters has been recently developed in [44].
A filter based on spherical resonators was fabricated by SLA 3DP, and then coated
with 25 um copper layers on the surface. Figure. 2.9 shows the illustration of the

filter before and after plating.

21



Figure 2.9 Fabrication of the SLA 3D printed filter before and after plating. (a)

Before plating; (b) and (c) after plating; (d) zoom view of one spherical resonator [44]

2.3.3 Powder Based Materials

Developments in powder based 3DP have demonstrated complex design freedom and
reduced material volume for RF and microwave components, enabling direct
manufacture of 3D structures. Complex 3DP volcano smoke antennae have been
proposed in [45]. The ultrawideband volcano smoke antenna has been fabricated
using SLM, and then electroplated, as shown in Figure. 2.10. In other words, the
antenna was manufactured directly using steel powder and electroplated with copper

to improve conductivity.
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Figure 2.10 SLM 3D printed volcano smoke antenna [45]

Recently, the surface roughness of 3DP horn antennas have been evaluated in [46].
As shown in Figure 2.11, the two 3DP horn antennas were directly manufactured
from metal powder using electron beam melting (EBM) and compared with a

standard gain horn antenna provided by Pasternack.

a b c

Figure 2.11 Photographs of horn antennas (a) reference horn (b) 3D printed horn 1 (c)
3D printed horn 2 [46]

An electrically small folded spherical helix antenna and spherical zigzag antenna
were also 3D printed and metalized in [47]. Both antennas were fabricated using
selective laser sintering (SLS) and coated with polycrystalline copper. All 3D printed
antennas and microwave components provided acceptable performance, including

resonant frequency, bandwidth, and radiation characteristics.
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2.3.4 Inkjet Based Materials

Development of nanoparticle silver inks for inkjet printing technology has also
advanced very rapidly in recent years. Rapid prototyping of UbiComp devices on
paper and plastic films have been produced using instant inkjet printed circuits [48],
and sensors and electronics have been printed on flexible substrates [49]. Inkjet
printing technology has been applied to fabricate frequency selective surfaces (FSS)
in [50]. Novel wideband and high gain antennas on paper substrates have been
manufactured in [51]. RF energy harvesting and power transmission devices have
been also deposited on paper substrates in [52].

Inkjet printing of antennas has also been proposed on a variety of substrates. A
flexible inkjet printed broadband UHF radio frequency identification (RFID) tag on
liquid crystal polymer (LCP) substrate was developed for sensing applications [53].
A multilayer mm-wave yagi-uda antenna and proximity fed patch arrays on flexible
substrates have been proposed using purely additive inkjet printing technology [54],
[55]. Figure 2.12 shows the inkjet printed yagi-uda antenna. The antenna was
fabricated using single-platform inkjet printing utilizing dielectric substrates and
metal nanoparticle inks. A compact inkjet printed ultrawideband antenna on a kapton
polyimide substrate has been used for flexible and wearable electronics [56]. A
monopole antenna on paper substrates for wireless communication is presented in
[57], and phased-array antennas have been realized by inkjet printed barium
strontium titanate (BST) thick films [58].

Figure 2.12 Inkjet-printed Yagi—Uda antenna [54]

24



Fabrication methods for printing plastic and metallic layers have been recently
combined to develop RF harvesting sensors [59], and 3D origami RF systems have
been fabricated by combined fully 3DP techniques including conductive layers.
Figure 2.13 shows inkjet printed patch antennas on unfolded and folded 3D printed
form. Inkjet printing technology has demonstrated the feasibility of 3DP for complex
structures using low cost, simple, fast, and eco-friendly processes. The methodology
has many electromagnetic applications, including antenna and microwave

components.

2.79 x 3.59 cm copper tape
silver ink ground plane
behind plastic

Figure 2.13 Inkjet-printed patch antennas on unfolded (left) and folded (right) 3D-
printed cube [59]

Table 2.1 presents a comparison of the three AM methods that are most-used in
equipment: FDM, SLA, and SLM. 3D printers are widely used for product
development because of the low cost, time-saving, and design freedom. FDM
printers are low-cost consumer machines with low material costs. However, their
levels of accuracy and detail are poor. SLA printers are based on resin and have
higher accuracy and produce smoother surfaces compared to FDM printers. However,
there is a limited choice of resins for SLA printers and the printed structures are
sensitive to UV light exposure. Moreover, SLA printers are more expensive than
FDM printers. Compared to FDM and SLA printers, SLS printers do not require
support structures to produce complicated objects because the powder acts as a self-
supporting material and provides strong functional parts. However, the cost of the

machines is quite high and the range of materials is for SLS printers limited.
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TABLE 2.1
COMPARISON OF ADDITIVE MANUFACTURING METHODS USED IN EQUIPMENT

FDM SLA SLS
Machine model | Ultimaker 2+ [60] Form 2 [61] Fuse 1 [61]
Material PLA, ABS Resin Powder
Layer thickness 0.2 mm 0.02 mm 100 um
Build Speed 30-300 mm/s 10-30 mm/hour 10 mm/hour
Build Volume 223 x 223 x 205 145 x 145 x 175 677 x 668 x 1059
mm mm mm
File types 'STLér;SiJI\’/I';(BD’ .STL and .OBJ .STL and .OBJ
Price £1,790 £3,360 £10,679
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CHAPTER 3.

3D PRINTED FRACTAL ANTENNAS

3.1 Introduction

This chapter discusses the fabrication of 3D fractal antennas using metal additive
manufacturing (AM), also referred to as metal 3D printing (3DP) technologies. 3DP
offers the possibility to produce the fabrication of the complex features of fractal
models. 3D fractal shapes based on the Sierpinski concept are proposed. These
structures have the important property of being able to reduce the amount of material
used in an AM process which can lead to lighter weight devices. This is the first time
that 3D fractals have been discussed in terms of potential material reduction and their
benefit to the AM of microwave components. Material volume reduction is achieved
in relation to the equivalent tetrahedron based shapes. Although other types of
antenna design, such as planar form structures, may provide better overall volume
efficiency, the challenge here has been to use this manufacturing technique to
fabricate such complicated 3D structures, and the challenge has been met. All the
fractal designs are able to operate at the 2.4 GHz Bluetooth band, and the final design
(dual inverse fractal) covers both the 2.4 GHz and 5 GHz WLAN bands. Previously
proposed fractal designs required modification of the dimensions of the later
iterations in order to achieve operation at the bands of existing wireless
communication technologies [1]-[3]. In our case, the scale ratio between the
repetitive patterns has been maintained and is the design which has evolved to
improve input impedance at the higher band. The 3DP technique employed is a
binder jetting metal process. The technique is ideal for the high detailed components
of the fractals. The technique is ideal for the highly detailed components of the

fractals.

Fractal antennas were introduced more than two decades ago [4], [5]. Since then,

they have been widely researched and reported. They offer multiband and
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multifunctional operations [6], [7] and, in some cases, small physical size. The basic
concept of the fractal antenna starts from the iteration of self-similar elements with
different direction and scale but not changing the main shape. Most of the fractal
antennas available in the literature are two dimensional, normally based on the
monopole [8]-[10] and the patch type [11]. These geometries have been employed in
frequency selective surface (FSS) [12], [13] and electromagnetic bandgap (EBG)
structures [14], [15]. More recently, three-dimensional fractal antennas have been
investigated [16], [17]. They provide improved omnidirectional radiation pattern and

wider impedance bandwidth.

This chapter is organized as follows. Section 3.2 proposes a 3D printed Sierpinski
gasket antenna to demonstrate the feasibility of using metal AM techniques in 3D
fractal antenna productions. Section 3.3 introduces a novel dual fractal design and
discusses the fabrication and output features. Section 3.4 presents a novel design
based on the inverse fractal antenna and analyses its main characteristics. Finally,
this chapter finishes with a discussion and conclusion in Section 3.5. All antenna
designs have been simulated using CST Microwave Studio™ and verified with

experimental results.

3.2 Sierpinski gasket tetrahedron antenna

In this section, the fabrication of fractal monopole antennas via additive
manufacturing with metals is proposed, with the Sierpinski tetrahedron fractal
antenna as an example. The design has been tuned for a first resonant frequency
operating at the Bluetooth frequency band. The cores of the radiating elements were
fabricated using a metal powder based manufacturing method and a material based
on steel. Steel is not the most efficient conductor, which may initially indicate that it
is not suitable for antenna applications. For this reason, the antenna was coated using

a simple and inexpensive copper plating process.
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3.2.1 Antenna design and analysis

The Sierpinski tetrahedral antenna [18], [19] is formed by removing scaled down
versions of an original solid tetrahedron in a repetitive process. This removal of
material weakens the structure, so a procedure for providing adequate strength is
outlined in this section. But before this can be done, a brief outline of the design
procedure follows. If the scale factor used is 0.5, each repetition results in four
identical copies with their corners touching each other (Figure 3.1). The number of

tetrahedron created at the i iteration is:
N; =4 €Y
All the sides of the tetrahedrons are equal in length, given by:

i

L= (%) Lo = 2-'L, 2)

where Lo is the length of the side of the initial tetrahedron.
The height of each new tetrahedron, h; in relation to the total initial height Ho, and to

the initial side Lo, is:

- Q- )

In this fractal, the combined surface area of all faces of all tetrahedrons (both interior
and exterior faces) is equal the total area of the original tetrahedron. If the total
surface area of the original tetrahedron is Ao, the surface area of each tetrahedron

created in iteration i is given by:

A= (1>iAO 4
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The quantity Ai might be significant if not all faces were to be covered by depositing
conducting material. The total surface area at the i*" iteration is then:

Ar; = 4! (‘) Ay = Ay (5)

In general, the external faces are more important than the internal characteristics in

terms of radiation current. The total external surface area Agri is:

i

Agri = (Z> 4 (6)

The reduction of the volume from the original non-fractal tetrahedron design (Vo) is
an important factor when considering the cost of the material used for additive

manufacturing processes. The volume of each tetrahedron can be calculated as:

V; = (%)i Vo (7

Thus the total volume is given by:

i

/1 .
VTi = 4l (g) VO = Z_lVO (8)

A 3D Sierpinski fractal antenna can be created by arranging the structure so that the
feeding is connected to one of the vertices [19]. Three iterations have been applied in
this illustration, giving a total number of 64 tetrahedrons. A Sierpinski antenna of
total height Ho of 22mm was simulated, and its reflection coefficient (Si1) is
presented in Figure 3.2 as “without overlap.” From equations (6) and (8), the designs
use 42% of the external area and 12.5% of the volume of the corresponding non-
fractal tetrahedron. A circular metal ground plane with radius r of 70mm was
employed. In order to be able to fabricate the antenna using AM techniques and
moreover to provide sufficient mechanical strength, every minor tetrahedron was
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overlapped with its neighbor. The overlap was 0.56mm throughout. Figure 3.1
illustrates the principle. This decreased the total height of the antenna from 22.0mm
to 18.1mm. The modified design is presented as “with overlap” in Figure 3.1(b), i.e.
successive tetrahedrons are merged into each other. The new design used 58% of the
external area and 22% of the volume of an equivalent non-fractal tetrahedron of
height 18.1 mm. The overlap increased the frequencies of most resonant modes and
improved the S11 matching (Figure 3.2). This design is able to operate at the 2.4GHz
band with further resonant modes at higher bands.

Figure 3.1 Perspective view of the Sierpinski fractal antenna

(a) without overlap and (b) with overlap
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Figure 3.2 Reflection coefficients of the Sierpinski fractal antenna:

with, and without overlap

As shown in Figure 3.1(b), a Sierpinski tetrahedron gasket is developed from 3
mathematical iterations. This relatively simple design was employed as an
illustration. This fractal shape was placed on a circular copper ground plate of
diameter d = 140mm and fed by a 50Q SMA connector. The inner of the SMA
connector extended beyond the ground and into the antenna at its lowest point,
providing mechanical support to the structure. This point had to be reduced slightly
to enable adequate fixing to the coaxial connector. This reduced the height of the
radiating element to about 17mm. These mechanical changes also had the effect of

improving the input matching across frequencies.

The computed reflection coefficient Si1 of the antenna is shown in Figure 3.3. For

comparison, the Si1 characteristic of a non-fractal tetrahedron monopole antenna of

the same dimensions is included. In this specific design, the first and second

resonance occurred at about the same frequency as those of the non-fractal

tetrahedron antenna, but higher modes differ both in resonant frequency and input

match. The mode at 2.4GHz is almost identical for the two antennas while the mode
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at 10GHz is better matched in the case of the fractal antenna. The main benefit of the
fractal structure is that it uses 22% of the volume of an equivalent non-fractal

tetrahedron. This is nearly 80% reduction in the material used in the 3DP process.
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Figure 3.3 Simulated reflection coefficient (S11) for the Sierpinski gasket and a non-

fractal tetrahedron monopole antenna

3.2.2 Measurement Results, Reflection Coefficient

The complexity of the internal and external features of the new design makes it very
difficult to fabricate using traditional subtractive techniques. In order to investigate
the potential applicability of additive manufacturing for 3D fractal antenna
development, a metal powder bed fusion process, and more specifically Metal
Powder Embinder Printing was employed [20], [21]. This metal technique was
selected because of the mechanical robustness of the output, and the possibility of
printing high detailed features. The technology prints the models by binding together
layers of ultra-fine grains of stainless steel powder in a precision inkjet printer. Once
the printing is done, the part is sintered in an oven at 1300°C. The design
specifications required a minimum thickness wall of 0.3mm and a minimum detail of

0.1mm.
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The digital model was exported from CST Microwave Studio™ to an STL format
and then uploaded to the 3D printer developed in Eichenberger Futuretech AG [22].
Additive manufacturing using copper was unavailable. The base metal used was
316L stainless steel, a material with inferior conductivity. Consequently, a layer of
copper of approximately 50um was deposited onto the antenna using an
electroplating process readily available in our laboratory at the University of Kent.
This increased the surface conductivity to that for copper. At radio frequencies, the
penetration of currents into surface of the conductive layers was controlled by the
skin depth effect. The skin depth of the copper layer at 2.4 GHz was 1.3um
calculated by an equation [23]. The deposited copper layer is enough thick to carry
out an amount of current. An aperture of a diameter of 2mm was created during the
design process which was later used to feed the antenna with a 50Q2 SMA connector.

The resulting copper plated fractal antenna is shown in Figure 3.4.

@ | (b)

Figure 3.4 Fabricated fractal Antenna
(a) Top view (b) Perspective view of the fractal radiator

The reflection coefficient (S11) shown in Figure 3.5, together with the computed
results for the steel configuration. Si1 was measured using a Rohde & Schwarz
vector network analyzer with a frequency sweep of 0 to 13.6GHz. Measured results
compare well with those from the simulations, with only a 4.61% frequency shift in
the resonant frequencies. This probably arises from inaccuracies in the fabrication
process. The measured radiation patterns at 2.45GHz in the xy plane and xz plane are
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shown in Figure 3.6. Radiation patterns were virtually omnidirectional at 2.45GHz.
The calculated gain was 3.7dB at 2.45GHz.
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Figure 3.5 Simulated and measured reflection coefficient (S11)
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Figure 3.6 Normalized Radiation Pattern of the Antenna at 2.45GHz (Solid line: Co-
polarization. Dotted line: Cross-polarization) (a) xy plane (b) xz plane
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3.3 3D dual fractal antenna

3.3.1 Antenna Design and Analysis

In order to improve the matching and better assess the manufacturing process (Figure
3.10), a new structure was created by adding a copy of the design (Figure 3.7(a)) and
rotating by 60° around the z-axis. The resulting structure is shown in Figure 3.7(b),
and in Figure 3.8 the feed arrangements are illustrated. This design uses 58% of the
external area and just 22.4% of the volume of the equivalent non-fractal design. In
order to provide mechanical strength, the inner cylinder diameter of 2mm from the
coaxial input port was extended to the fractal antenna. The total height of 18mm and

the extent of the overlap were retained in the new design.

Adding a copy of the design i
and rotating by 60 degree
around the z-axis

z

L

(@) (b)

z

s

Figure 3.7 Perspective view of (a) a classical and (b) the proposed fractal antenna
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Figure 3.8 Dual fractal design connected to the coaxial feed line and the ground

plane. The distances between repetitions n and the ground plane, dn, are included

The antenna can be further analyzed in terms of the various distances dn from the
metallic ground to the tops of the repetitive tetrahedrons (Figure 3.8). The parameter
dn can be used to analyze the resonant characteristics of the levels of the repetitive
patterns [18]. As discussed earlier, mechanical strength was the main reason for the
overlap of 0.56mm in every repetition of the structure. Figure 3.9 shows the
reflection coefficient when the antenna is cut at the different levels dn. The results are
summarized in Table 3.1. The various distances of the repetitions to the metallic

ground (Figure 3.8), dn (mm), can be calculated by the equation:

d, = 2d,_, — 0.56 9)

where do is 2.75 mm.

42



-5 4
-10 4
-15 4
% -20 A
—~ 29 1 Feed dimensions are fixed for
» -30 4 all cases (Figure 3.8)
J by
30 -+ = do=275mm '
4040 meeee ds = 4.93 mm J
— — d:=0931mm y
-45 A — -z =18.06 mm i
'EG T T T T T 1
0 5 10 15 20 25 30

Frequency, GHz
Figure 3.9 Simulated reflection coefficient of four different scaled 3D fractal

antennas

TABLE 3.1

FOUR DIFFERENT SCALED 3D FRACTAL ANTENNA

do=2.75 mm di=4.93 mm d2=9.31mm d3=18.06 mm

fo 45.0 GHz 14.9 GHz 5.8 GHz 2.7 GHz
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Figure 3.10 Simulated reflection coefficients of the initial Sierpinski (Figure 3.1(b))

and new dual fractal (Figure 3.8) antenna, both with overlap

Figure 3.10 shows the simulated S1: for the new antenna and its comparison with the
initial Sierpinski design for a frequency range from 0GHz to 30GHz. The new
structure has further improved impedance match, particularly at the higher bands.
The -10dB input match now covers from 6.9GHz to over 30GHz. The first and
second resonances are very similar for both the initial fractal design provides four
bands, at 2.7GHz, 10.8GHz, 19.6GHz, and 25.2GHz. In contrast, the proposed dual
fractal antenna has five different resonances, at 2.7GHz, 11.2GHz, 17.6GHz,
20.2GHz, and 25.2GHz, in the same range.

3.3.2 Measurement Results, Reflection Coefficient

Figure 3.11 shows a photograph of the 3D dual fractal antenna. A circular copper
ground plane with a diameter of 140mm and the thickness of 2mm. The 3D surface
profiles of the fractal structure are shown in Figure 3.12. The surface roughness was
1.92um (Sa, Arithmetical mean height), and the RMS deviation of 2.46 um (Sq, Root

mean square height) measured in Centre for Process Innovation [24].
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)

Figure 3.11 Photographs of the fabricated dual fractal antenna:

(a) oblique (b) top view

The measured reflection coefficients of the dual fractal antenna are compared with
simulations in Figure 3.13. A Rohde & Schwarz® ZVL vector network analyzer was
used for the experiments. Good agreement was found between simulations and
measurements. There was a slight increase in the resonant frequency and decrease in
the input match at the first mode. However, the measured Si11 was lower than those
simulated at the higher bands. The differences between simulations and
measurements are likely due to additive fabrication tolerances.
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Figure 3.12 Measured surface profile:

(a) 3D profile, (b) zoomed profile, (c) profile 2D cut
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Figure 3.13 Reflection coefficient of the dual fractal antenna

3.3.4 Radiation pattern

Radiation patterns were measured at various frequencies in an anechoic chamber.
Figure 3.14 shows the patterns in the xy and xz planes at 2.6GHz, 5.5GHz and
11.5GHz. The patterns were similar to those for a wideband monopole antenna on a
large ground plane. They were omnidirectional in the xy plane with a null in the z
axis. Low cross-polar levels were observed at the studied frequency bands, typically
-20dB or below. The computed gains were 3.91dB, 4.54dB, and 4.46dB at 2.6GHz,
5.5GHz and 11.5GHz.
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Figure 3.14 Measured radiation pattern characteristic of the dual fractal antenna at
various frequencies (a) 2.6 GHz (xy plane) (b) 5.5 GHz (xy plane) (c) 11.5 GHz (xy
plane) (d) 2.6 GHz (xz plane) (b) 5.5 GHz (xz plane) (c) 11.5 GHz (xz plane). Solid

curves: co-polar, broken curves: cross polar
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3.4 3D Inverse fractal antenna

3.4.1 Antenna Design and Analysis

The 3D fabrication of antennas based on the inverse fractal configuration (Figure
3.15(c)) has also been studied. The geometry of the inverse Sierpinski fractal antenna
has most of the complex features in the external faces, and therefore its input
matching is more likely to be sensitive to fabrication errors. This can provide a
further assessment of the fabrication process. The antenna is developed as illustrated
in Figure 3.15. Basically, the fractal design (Figure 3.15(b)) is subtracted from a non-
fractal tetrahedron (Figure 3.15(a)), resulting in the structure in Figure 3.15(c). As a
complement of the original designs, the new structure occupies about 77% of the

volume of the equivalent tetrahedron.

(@)

Figure 3.15 Design process for the inverse fractal antenna

(a) tetrahedron (b) Sierpinski fractal, and (c) inverse Sierpinski fractal

3.4.2 Measurement Results, Reflection Coefficient

Simulations of this new configuration (Figure 3.15(c)) resulted in a first resonant
frequency of about 3.0GHz. As the main aim of this work was to construct antennas
suitable for existing wireless systems, the dimensions were scaled by a factor of 1.27
in all directions. The height of the new design was 23mm. The same technique used
to develop the dual fractal antenna in Section 3.3 was then applied, resulting in the
configuration in Figure 3.16. Again, a copy of the structure was rotated by 60° about

the z axis and then merged with the original design.
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This antenna was fabricated by additive manufacturing using the same procedure
described earlier. The feeding of the antenna was again via a 502 SMA connector
through the center of the ground plane, as shown in Figure 3.17.

z

L.

z

s

(@) (b)

Figure 3.16 Dual inverse fractal antenna (a) perspective view and (b) side view

(b)

Figure 3.17 Photographs of the fabricated of dual fractal antenna:

(a) oblique (b) top view

The simulated and measured Si1 of the dual inverse antenna, together with the
simulated results for the initial inverse antenna (Figure 3.15(c)) are shown in Figure
13.18. The dual inverse fractal has improved impedance matched. Both simulated

and measured results are in good agreement. In the measurement, the resonant modes
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have shifted up by about 8% from the simulations. At the 2.4GHz and 5.5GHz
WLAN bands, and up to about 10GHz, the S11 levels are -10dB or below.
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Figure 3.18 Reflection coefficients of the dual inverse fractal antenna (Figure 3.16)

and the Inverse fractal (Figure 3.15(c))

3.4.3 Surface Current

The surface current distributions of the Inverse fractal antennas (Figure 3.15(c) and
Figure 3.16) for three resonant frequencies are shown in Figure 3.19 and Figure 3.20.
As expected, the surface currents are spread over a larger area at lower frequencies.
Little current is found at the top of the structure, particularly at its center. This could
be an indication that some of the material could be removed, reducing the content
below the 77% of the equivalent tetrahedrons, without affecting the performance

significantly.

51



L, | T T
0 pz N
364 Ve \
J} R
727 £ N
/ N
-10.9 / \
4
145 ﬁl |
182 g@
-21.8 | {
\ f
255 \
\ _,-‘/
231 \ /
327 N y /e
-36.4 N ,,' T
40 ~ - s
— —_
- ~_
//' s
A \\
\

hY 4
A /! ﬂ
T~ ~ T x
(b)
|_dB(max A/m) | -
0 — T N
-3.64 N
.27
-10,9
14.5 ‘:."' '\.‘.
-18.2 | \
-21.8 qﬁ J
-25.5 | |
29.1 /
-32.7 ‘f
-36.4 N ,
-40 ”

(©

Figure 3.19 The surface current density of the Inverse fractal antenna at the
frequencies (a) 2.4GHz (b) 8.9GHz (c) 13.8GHz
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Figure 3.20 The surface current density of the Inverse dual fractal antenna at the
frequencies (a) 2.4GHz (b) 5.5GHz (c) 8GHz

3.4.4 Radiation Patterns

The main sections of the measured radiation patterns of the dual inverse fractal
design (Figure 3.16) at three resonant frequencies of 2.4GHz, 5.5GHz and 8GHz are
presented in Figure 3.21. The patterns are mainly omnidirectional in the xy plane. For
comparison, the patterns for the initial inverse fractal (Figure 3.15(c)) are presented
in Figure 3.22, the patterns for the inverse dual fractal are more omnidirectional and

with lower cross polar levels than those for the initial inverse fractal design.
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Figure 3.21 Measured Radiation pattern characteristic of the dual inverse Sierpinski
fractal antenna (Figure 3.16): (a) 2.4 GHz (xy plane) (b) 5.5 GHz (xy plane) (c) 8
GHz (xy plane) (d) 2.4 GHz (xz plane) (b) 5.5 GHz (xz plane) (c) 8 GHz (xz plane)
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Figure 3.22 Measured radiation pattern characteristic of the Inverse fractal antenna
(Figure 3.15(c)) at the frequencies (a) 2.4 GHz (xy plane) (b) 8.9 GHz (xy plane) (c)
13.8 GHz (xy plane) (d) 2.4 GHz (xz plane) (b) 8.9 GHz (xz plane) (c) 13.8 GHz (xz

plane)
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3.5 Conclusions

In this chapter additive manufacturing has been proven to be suitable for the
development and fabrication of 3D fractal antennas. 3DP with metals gives
mechanical strength, particularly in the joints between the various repetitions of the
fractal elements. The antennas can be fabricated using Metal Powder Embinder
Printing, and an additional electroplating process. The alternative option of plating
printed dielectrics would have a mechanical weakness at the joints. The structures
presented here offer attractive electromagnetic features and are also able to reduce
the amount of material used in AM processes. A new dual fractal Sierpinski design
improves antenna matching at higher bands compared with the original Sierpinski
tetrahedron. More importantly, it decreases volume usage by over 75% compared
with the equivalent non-fractal design. The study included here indicates that
significant material reduction can be achieved using Sierpinski fractals or similar

structures, potentially reducing costs of manufacturing.

The inverse Sierpinski tetrahedron fractal has less smooth external features and
therefore is more sensitive to fabrication processes. The imprecision in the
fabrication process produces a shift in the resonant frequencies of about 8% at all
bands. However, the final dual inverse fractal design is still able to resonate at the
2.4GHz and 5.5GHz WLAN bands, while also providing operational capability at
higher frequencies, both in simulation and measurements. It also offers a good
omnidirectional pattern and low cross-polarization levels. The dual inverse fractal
uses 23% less material than the equivalent non-fractal design. Moreover, current
flow simulations indicate that there is potential to reduce the amount of material
further without affecting electrical performance.

There are very slight differences between simulations and measurements which
probably arose from fabrication inaccuracies. Nevertheless, this work demonstrates
that this 3DP technique is a relatively accurate and reliable method for fabricating

complex radiating structures required to operate at frequencies below 15GHz.
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In summary, the dual fractal antenna (Figure 3.7(b)) and dual inverse fractal antenna
(Figure 3.16) demonstrate improved impedance matching compared to the fractal
antenna (Figure 3.7(a)) and inverse fractal antenna (Figure 3.15(c)), respectively. In
the manufacturing process, fractal antennas use less material than the equivalent
tetrahedrons. In particular, the dual fractal antenna has a smaller volume than the
dual inverse fractal antenna and still covers the 2.4 GHz and 5.5 GHz WLAN bands.
Therefore, the dual fractal antenna offers an effective design from an engineering

perspective from the point of view of an engineer compared to other fractal antennas.

Fractal and complex antennas fabricated using 3DP with metals have applications in
the defense and aerospace sectors where robustness as well as light weight are key.
The antennas could be integrated with other additive manufactured parts. For
example, the present structure is less than 2cm in height but for operation at longer
wavelengths or structures with higher iterations, a non-conducting dielectric support

could be formed integrally with the antenna.

In conclusion, this chapter describes that some very recent advances in AM include
the direct fabrication using copper, a process that is yet to be commercialized.
Nevertheless, 3DP has now been proved capable of providing a solution to the

fabrication of light-weight 3D fractal antennas.
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CHAPTER 4.

3D PRINTED ELECTROMAGNETIC
BANDGAP STRUCTURES

4.1 Introduction

This chapter describes a novel procedure to detect liquids with different permittivity
using an electromagnetic band gap (EBG) structure and the use of 3D printing (3DP)
for the development of non-planar electromagnetic band gap (EBG) structures for
antenna applications. A planar EBG structure is modified to introduce trenches
between square unit cell elements, cut using a high precision milling machine. The
created trenches are filled with liquids of different dielectric permittivities. These
change the reflection phase of the EBG structure. A modified circular slot antenna
with a coplanar waveguide (CPW) feed line is mounted above the center of the
trenched array. By controlling the dielectric permittivities in the trenches, the
resonant frequency of the antenna can be tuned. Moreover, a CPW fed antenna is
tested on a non-planar EBG substrate, fabricated using additive manufacturing (AM)
techniques. Inexpensive fuse filament fabrication (FFF) is used as the fabrication
process. Silver loaded conducting ink is employed for the metallic components of the
EBG.

EBG structures have been a popular research topic in the antenna and microwave
electronics community ever since they were invented more than two decades ago [1]-
[3]. EBG structures consist of periodic arrays of elements that are able to resonate at
a wavelength significantly larger than the size of their unit cell. The structures are
normally realized by periodic dielectric and metallic elements which interact to
suppress surface waves generated by incident waves in a particular frequency band.
The EBG structures are incorporated with an antenna for various modern wireless

communication applications, such as wireless body area networks [4], telemedicine
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applications [5], global positioning systems (GPS) [6], and UHF radio frequency
identification (RFID) packaging [7], to improve the overall antenna performance. In

addition, millimeter wave EBG structures for antennas are introduced in [8], [9].

Reconfigurable or tunable capability is generated by a phase change of an EBG
structure using different techniques. Reconfigurable operating frequency [10], [11]
and polarization reconfiguration [12], [13] are possible through variation of the EBG
characteristics. A combination of them is presented in [14]. In the published
literature, their reconfiguration is accomplished by using varactor diodes, PIN diodes
or RF microelectromechanical systems (MEMS) switches. Moreover, phase variation
across the EBG array has even been realized by employing the mechanical

movement of the elements [15] and the use of liquid substrate [16].

Recently, reconfigurable or tunable antennas have been expanded to incorporate
flexible devices with sensors and detectors as an important role. A dipole-type
antenna is applied to a physical sensor through the permittivity changes of the
substrate depending on environmental temperature [17]. The antenna filled with a
distilled water is used as the sensing material for a temperature sensor. A switched-
beam antenna for a wireless sensor network (WSN) node is incorporated as a power
detector [18]. The reconfigurable radiation patterns were provided by controlling the
feed lines of the antenna using a switching circuit. The complex dielectric
permittivity of liquids is used for low-cost wireless sensing tags using planar
substrate integrated waveguide (SIW) technology [19]. The sensor using the SIW

structure operates at 4GHz for a wireless sensing system.

FFF has recently been proposed for the development of frequency selective surfaces
(FSS) [20]-{21]. In [21], an FSS fabricated by partially metalizing 3D printed shapes
was able to reduce the resonant frequency significantly and improve the angle of

incidence performance compared with the same but fully metallized design [22].

The chapter is organized as follows. In Section 4.2, the details of the geometry of the
unit cell element with trenches and its characteristics are described. After that, the

wideband CPW antenna is designed and optimized on a planar EBG array. Section
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4.3 studies the frequency tuning ability of the trenched EBG through investigations
using a range of liquid permittivities. Simulated and measured results are also
presented. Section 4.4 presents a non-planar EBG structure and CPW-fed antenna on
additive manufactured substrates. Finally, the chapter concludes in Section 4.5. All
designs of the antennas have been optimized and investigated using the finite
integration technique (FIT) techniques included in CST Microwave Studio™.

4.2 EBG sensor/detector

4.2.1 Unit cell design with trenches

Figure 4.1 shows the geometry of the unit cell element with their trenches. The
square patch is used as the unit cell element which is on the center of the substrate.
The phase reflection response of the unit cell element geometry is typically
determined by the thickness and relative dielectric permittivity of the substrate. It is
designed on an RT/duroid 5870 substrate with dielectric constant of ¢, = 2.33, loss
tangent of tan § = 0.0005 and thickness of 3.175mm. A conducting ground plane is
on the other side of the substrate. Trenches are introduced by removing the substrate
partially surrounding the square patch as shown in Figure 4.1(a). They interrupt
surface wave propagation, thereby changing the reflection phase characteristics of
the planar unit cell element [23]. Moreover, the depth of the trenches can modify the
various surface-wave modes without changing the overall square patch size. By
adjusting the patch size, the unit cell element on the planar substrate can be set to
give a resonant frequency of 2.45GHz (see below). The gap distance between the
conducting square patch sides and the edge of the unit cell element is 2mm in that
case. Table 4.1 shows the main design parameters, including those of the unit cell, ie.
the original planar EBG structure. In all cases, the conducting patch on the front

(Figure 4.1) is 33.45mm square and the ground plane on the back is 37.45mm square.

The computational model for reflection phase characterization of the unit cell
element with trenches, simulated using the periodic boundary condition (PBC) option

in CST, is shown in Figure 4.1(b). Applying this condition (PBC) on the side walls
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and waveguide port at the top provides an incident plane wave, enabling extraction
of the dispersion diagram of the unit cell element in an infinite EBG array structure.

Top view Perspective view
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Figure 4.1 (a) Geometry and (b) Infinite model of the unit cell element

with trenches.

TABLE 4.1
DIMENSIONS OF UNIT CELL GEOMETRY [mm]
L1 W1 L2 W2 g

33.4 33.4 37.4 37.4 2
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A periodic structure consisting of square patches can be described by an inductance -
capacitor (LC) circuit with distributed capacitors and inductors. The capacitor (C) is
characterized from the gap between the square patches and the inductance (L) is
determined by the distance between the square patches and the ground plane. The
surface impedance and resonant frequency of the periodic structure are calculated
respectively as follows [1]:

jol
7z Job 1
1-w?LC ()

1
_ 2
@ =c @)

The resonant frequency can therefore be controlled by the gap between patches and
the thickness of the substrate. The bandwidth of the periodic structure is also given
by

sw =1 L 3)
n, VC

where 7, is the free space impedance. The operational resonant frequency and the
bandwidth provided by the unit cell element is normally taken as the frequency of
zero degree reflection phase, and the frequency band corresponding to the phase
range of -90° to +90°. Over this range, the phase does not critically influence the
reflected signal power [24]. Therefore, the operating frequency band can be

determined by the design of the square unit cell element.

Figure 4.2 shows the computed reflection phase response of the unit cell element,
illustrating the effects of partially removing the substrate, ie. varying the depth of the
trenches. The resonant frequency (zero degree phase) increases, but the bandwidth is
not changed when the depth is varied from 0 to 2mm. This might be expected, since
the effective dielectric permittivity of the substrate is reduced by the partial removal

of the substrate from the periphery.
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Figure 4.2. Unit cell with trenches: calculated dependence of reflection phase on

trench depth (h).
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Figure 4.3 Sensitivity of the unit cell element with trenches filled with various
dielectric constants (&,) on the resonant frequency of reflection phase response and

wavelength.

Figure 4.3 shows the computed sensitivity of the unit cell element with the trenches
filled with various liquids as indicated by the resonance frequency and wavelength in
the reflection phase response. The loss tangent was set to 0 when the dielectric

constant was changed from 1 to 15. The depth of the trenches was 1mm. The change
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in permittivity led to a change in resonant frequency that fits to a quadratic equation.
As a sensor, it is best to use a linear variation between the x and y variables. The
change in operating wavelength can meet this requirement. This can be expressed by

a linear equation of the form:

y = 0.0027x +0.1162 (4)

where x is the dielectric constant and y is the wwavelength in meters. The R-

squared obtained is about 99.7%.

4.2.2 Antenna on planar EBG substrate: preliminary trials

Before applying the unit cell element with trenches (Figure 4.1) to periodic array
structures, a CPW antenna on the planar EBG structure is designed and tested in this
section. Figure 4.4 shows the geometrical configuration of this antenna. The antenna
is composed of a CPW feed line and a modified circular slot structure, on an
RT/duroid 5880 substrate with relative permittivity of &, = 2.20, loss tangent of
tan 6 = 0.0004 and thickness 1.575mm. Circular components on the CPW feed
line generally provide a wide bandwidth [25]. The overall dimension of the antenna
Is 60 mm x 60 mm. The antenna is placed on the center of the planar EBG structure.
This consists of 9 unit cell elements. The dimension of the square patch employed in
the unit cell is 33.4mm x 33.4mm, as in Section 4.2.1 and in Figure 4.2. The overall
dimension is 111mm x 111mm. The separation between the antenna and the EBG

structure is set to 5mm, the optimum for the Bluetooth frequency of 2.45GHz.

The fabricated structure is shown in Figure 4.5. A 50 ohm SMA connector is
attached to the feed line. To fix the distance between the antenna and the EBG
structure, in initial trials rectangular non-conductive polystyrene formers(e, = 1)
with thickness of 5mm were attached behind the corners of the antenna and topside

of the EBG structure, using double sided adhesive tapes.
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Figure 4.4 (a) Top view of CPW antenna and (b) EBG structure (c) Side view of
CPW antenna on planar EBG structure.

Figure 4.5 Photograph of the fabricated CPW antenna on planar EBG structure.
Figure 4.6 shows a comparison of the reflection coefficient of the antenna, with and

without the EBG structure. An Anritsu 37397C vector network analyzer was used for
the reflection coefficient measurement. The measured frequency range of the antenna
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alone is from 1.9GHz to 3.3GHz regarding -10dB of the reflection coefficient
response. It has a broad bandwidth of about 52%.
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Figure 4.6 Reflection coefficient (S11) of the CPW antenna on planar EBG structure.

(S: Simulation result, M: Measurement result)
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Figure 4.7 Measured radiation pattern of the CPW antenna on planar EBG structure

at 2.45GHz (a) xz plane (b) yz plane.

On the other hand, the antenna on the planar EBG structure has a measured -10dB

bandwidth of 14%, from 2.3GHz to 2.7GHz. The null is at 2.45GHz: -36.5dB. As the

results show, the EBG structure provides a narrow bandwidth and deeper resonance

compared with the antenna alone. Figure 4.7 presents the measured normalized

radiation patterns. They are also compared with the radiation pattern of the antenna

alone. They were measured at 2.45GHz in the xz and yz planes in an anechoic
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chamber. As shown in the results, the antenna alone has omnidirectional radiation
patterns in all planes. As shown in the results, the antenna alone has omnidirectional
radiation patterns in all planes. However, the radiation pattern of the antenna on the
planar EBG structure is more directional. The front-to-back ratio of the radiation
pattern is improved by about 20dB. Moreover, the gain of the antenna combined with
the EBG structure is enhanced by 6.8dB as compared with that of the antenna alone.

4.3 EBG sensor/detector antenna

4.3.1 EBG structure design with trenches

Figure 4.8 presents the geometry of the antenna on the EBG structure with trenches.
The concept of a unit cell with trenches (Figure 4.1) is extended to the periodic EBG
structure. The overall dimensions of the new array are 111mm x 111 mm, consisting
of 9 unit cell elements each of size 33.4mm x 33.4mm, the same dimensions as the
previous trial array (Figure 4.4). The difference between them is the presence of the
trenches. As mentioned in Section 4.2, these are made by removing material from the
substrate. The width and depth of the trenches are referred to as w and h. As shown
in Figure 4.2, the unit cell element with 1mm trench depth has zero phase reflection
response at 2.54GHz. The same CPW antenna (Figure 4.4) is placed over the

trenched array at the height of 5mm.

Figure 4.9 shows the computed reflection coefficients of the antenna for different
trench depths (h) ranging from zero to 1.5mm. The width (w) of the trenches is fixed
at 2.5mm for the investigation. As the results show, the planar EBG structure (h = 0)
provides a resonant frequency of 2.45GHz. On the other hand, this frequency
changes when the depth of the trenches increases. It increases, but the -10dB
bandwidth is almost unaltered, when the depth of the trenches is changed from Omm
to 1.5mm. In the following sections, the width and depth of the EBG structure with
the trenches are set to 2.5mm and 1mm. The corresponding resonant frequency and -
10dB bandwidth of the EBG structure are 2.54GHz and 7.9% (2.4GHz - 2.6GHz).
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Figure 4.8 (a) Top view of the CPW antenna and (b) the EBG structure with trenches

(c) Side view of CPW antenna on the EBG substrate with trenches.
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Figure 4.9 Reflection coefficient (S11) of the CPW antenna on the EBG structure at

different depths (h) of the trenches.

4.3.2 Liquids sensor/detector EBG antenna

The empty trenches (ie. air-filled) may be filled with liquids of different dielectric
permittivities, to operate the EBG structure as a wireless sensing system, as shown in
Figure 4.8(b). A liquid can be characterized by its dielectric constant and loss tangent.
To assess its frequency tuning capabilities, the antenna performance of the structure
with trenches has been simulated for several trench dielectric constants and loss
tangents, as shown in Figure 4.10. Investigations of the influence of these are
important for the understanding electromagnetic properties of the overall structure.
The dielectric constant of the trenches is varied from 1 to 15, and the loss tangent is
fixed to 0. The loss tangent of the trenches is varied from 0 to 0.9, while the
dielectric constant is set to 2. As shown in the results, the resonant frequency tunes
down when the dielectric constant increases. The -10dB bandwidths are almost
unaltered regardless of the changes. On the other hand, the -10dB bandwidths is

wider when the loss tangent increases.

Figure 4.11 shows the fitted curve of the sensitivity of the resonance frequency to
various trench dielectric constants, covering the range &, = 1 to 15. This can be

expressed by a linear equation of the form:
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y = 0.0023x + 0.1165

()

The dependence is almost linear, with an R-squared of 99.6%. However, the resonant
frequency was almost unaffected by the various loss tangents. Four sample liquids
giving a range of permittivities were used for the EBG sensor/detector: butan-1-ol,

propan-2-ol, and ethanol.
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Figure 4.10 Dependence of reflection coefficient (S11) of the CPW antenna on (a)
dielectric constant (&,-) and (b) loss tangent (tan &) of the trenches.
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Figure 4.11 Sensitivity of the CPW antenna on the EBG structure: simulated
dependence of the resonant frequency and wavelength on trench dielectric constant.

Three sample liquids giving a range of permittivities were used for the EBG
sensor/detector: butan-1-ol, propan-2-ol, and ethanol. Their dielectric properties were
chosen from the report [26]: &, = 3.57 and tan § = 0.47 for Butan-1-ol, &, = 3.80
and tan & = 0.64 for Propan-2-ol and &, = 6.57 and tan 6 = 0.96 for ethanol, at
2.5GHz and 20<C. Figure 4.12 shows the simulated reflection coefficients when the

trenches were filled with the three liquids.

m
_D.
)
-20 ~ No sample
....... Butan-1-ol
o5 | ==== Propan-2-ol
— — - Ethanol

-30 . . . . . . . . .
16 18 2 22 24 26 28 3 32 34

Frequency, GHz
Figure 4.12 Reflection coefficient (S11) of the antenna with trenches filled with

different sample liquids.
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In the CST Microwave Studio™, the trenches not filled with any liquid (empty)
assume the e, =1, tand = 0. As shown by the results, the resonant frequency
changes according to the different sample liquids. There is a significant effect. As
might be expected, the null frequencies with butan-1-ol, propan-2-ol and ethanol are
on the left side compared to the one (empty). In particular, ethanol provides the

greatest frequency shift but the worse bandwidth.

4.3.3 Fabrication and Measurement

To verify the EBG sensor/detector technique based on the sensitivity to liquid
permittivity, the structure with trenches was fabricated. Figure 4.13 shows a
photograph of it. The gaps between the square patches on a substrate were cut out
and the depth of trenches adjusted using a 2.5mm cutter on the high precision milling
machine. The trench dimensions were 2.5mm x 105.4mm with depth 1mm. The
CPW antenna was placed over the EBG structure. The distance between the antenna
and the EBG structure with trenches is 5mm fixed by rectangular non-conductive
polystyrene formers on the edges of the antenna substrate using double-sided

adhesive tapes.

The reflection coefficients from the empty trenches were measured and are compared
with simulated results in Figure 4.14. They also are investigated with the results of
the CPW antenna on the planar EBG structure. The difference between the simulated
and measured results at the resonant frequency is less than 1%. However, the -10dB
measured bandwidth is wider than the simulated one. The measured reflection
coefficient is also deeper than the simulated one. The discrepancy between the
simulated and measured results may be due to fabrication errors related to accuracy
of the trenches made by a milling machine. The trenched EBG structure provides a
resonant frequency of 2.53GHz and a -10dB bandwidth of 10.3%. The corresponding
value of the planar structure is 2.45GHz and 13.7%.
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Figure 4.14 Reflection coefficient (S11) of the CPW antenna on the EBG substrate
with trenches not filled with sample liquids. (S: Simulation, M: Measurement)
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For the EBG sensor/detector, preventing liquid leakage from the trench is a
significant issue. Figure 4.15 shows the fabricated structure. A thin adhesive masking
tape (Tesa® 51408 Orange Masking Tape) with a thickness of 60um was used to seal
the liquids in the trenches. In the measurement, there was no apparent difference with

and without attached adhesive tapes.

EBG structure with trenches

CPW antenna

Adhesive Masking Tape

i
SMA connector

Figure 4.15 Photograph of the fabricated antenna on the trenched EBG structure.

Three different dielectric permittivities of liquids (butan-1-ol, propan-2-ol, and
ethanol) are used for the analysis of the EBG array, and each of them has different
dielectric constant and loss tangent. The three different liquids were put into the
trenches using a disposable syringe, at room temperature. The radiation patterns were
measured in anechoic chamber. The entire setup was kept at a constant room
temperature to ensure constant permittivities of the liquids. The input reflection
coefficients of the antenna with the three liquids were measured using an Anritsu
37397C vector network analyzer and the results are presented in Figure 4.16. With
butan-1-ol, propan-2-ol, and ethanol, the measured resonant frequencies were
2.53GHz, 2.40GHz, and 2.26GHz with a reflection coefficient of 21.95dB, 16.07dB,
and 17.70dB respectively, ie. as might be expected the frequencies decline as e,

increases.
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There was no appreciable shift of the resonant frequency between no sample (empty)
and butan-1-ol, while a frequency shift of 130MHz was observed between butan-1-ol
and propan-2-ol. The shift between propan-2-ol and ethanol was 140MHz. It is clear
that the different liquids provided a reflection frequency tuning capability for the
antenna. The S11 profile is noticeably different in term of null depth and bandwidth
as well as null frequency allowing different material to be identified. However, it is
also observed that the measured results differ from the simulated ones (Figure 4.12).
The differences may be due to errors in the fabrication process and in the quantity,
quality and temperature of the filling liquids in the trenches compared with ideal

simulated cases.

Figure 4.17 presents measured normalized antenna radiation patterns for two liquids
(propan-2-ol, and ethanol). It is observed that the EBG structure improves the
directivity in all cases. However, there are measured losses. The peaks of the patterns
were reduced. Compared with the unfilled case the maximum value with the liquids
is reduced by about 15dB.
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Figure 4.16 Measured reflection coefficient (S11) of the CPW antenna on the EBG

substrate with trenches filled with different liquids.
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Figure 4.17 Measured radiation patterns of the CPW antenna on the EBG structure
with trenches (a) unfilled (b) Propan-2-ol (c) Ethanol.

A possible use is illustrated in Figure 4.18. In this case, the sensor is placed in a
flooring or drainage system where liquids may fall by precipitation and may be
guided towards the EBG sensor. This liquids will fall into the trenches which will be
filled. The filling of the tranches will lead to a change in the resonant frequency of
the EBG. This change could be picked up through the change of Si1 of the antenna

and also through the radiation pattern.

liquid path

\|/ \L l EBG sensor/detector J, J« \|/

N Z
A r'g

Flooring or drainage system

Figure 4.18 Arrangement of the potential EBG sensor/detector.
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4.4 3D printing technique for the development of non-planar EBG

for antenna applications

In this section, an AM technique is proposed for the development of non-uniform
EBG substrates for antenna applications. A relatively simple structure consisting of
flat metallic patches and trenches between the patches illustrates the principle. A
commercial FFF machine with low-cost polylactic acid (PLA) plastic is used for the
fabrication of the substrate and silver loaded paint for the metallic patches. A 3D
printed stencil allows the patterning of the patches on the substrate. A CPW antenna
is tested on the EBG substrate. The PLA material has ¢, = 2.47 and tan § = 0.007
[28]. All simulation results have been carried out with CST Microwave Studio™.
The emphasis in this Section is on the demonstration of a simple AM process for the

fabrication of complex EBG geometries for antenna applications.

4.4.1 Antenna and EBG design

The EBG is a periodic array of flat square patches with trenches between them.
Figure 4.19(a) shows the geometry of the unit cell. Each upper patch has side
dimensions of 35 mm, and is arranged on a unit cell of 37 x 37 mm2. The depth of
the trenches is 0.4 mm and the total thickness of the substrate is 2 mm. Figure 4.19(b)
shows the simulated reflection phase of the EBG structure. The unit cell was
designed for a resonance frequency of 2.45GHz, where the phase angle is zero. The
depth of the trenches (h) can control the resonance frequency without changing the

overall patch size.
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Figure 4.19 Non-planar EBG structure (a) geometry, (b) calculated reflection phase

To test the effect of such an EBG, a wideband CPW antenna was set at the center and
at a distance of 1 mm over 3 x 3 patch cells of the EBG structure as shown in Figure
4.20(a). The overall size of the EBG substrate was 120 x 120 mm?. The antenna was
designed to cover frequencies higher than 2GHz in free space with reflection
coefficient levels (S11) of <—10 dB. The CPW antenna’s overall size is 60 x 60 mm?,
the ground plane patches are 26.5 x 25 mm?, and the feed line 6 x 28.3 mm?. The
radius of the circular radiator is 6.25 mm?, and the gap between the feed line and the
ground was 0.5 mm. The PLA substrate had a thickness of 2 mm.

80



(b)

i CPW antenna

— . T

round plane EBG substrate 4 %gmm (h)

(©)

Figure 4.20 Coplanar waveguide (CPW) fed on EBG structure
(a) configuration, (b) EBG stencil, (c) side view with dimensions.

The metallic components of the antenna were etched on a copper clad Mylar®
polyester film and attached to the PLA substrates using double sided tape. These
substrates were made with an Ultimaker2 3D printer. Their density was set to 100%
in the machine data. The stencil shown in Figure 4.20(b) was also 3D printed. This
fitted tightly on the EBG’s substrate. Silver-loaded conducting ink was evenly spread
on the latter by hand, using the stencil. The measured average resistance between the
ends of the nine patches was 1 Q. Curing the EBG in an oven for about 15 min and
90° temperature was able to reduce the resistance to <0.5 Q. The side view of the
CPW antenna on the non-planar EBG structure is illustrated in Figure 4.20(c). The
antenna substrate had four printed 2 x 1 mm? spacers to keep the 1 mm distance
between the antenna and EBG substrate.
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4.4.2 Dielectric properties of commonly used plastics in 3D printing

In the section, the dielectric properties of two materials commonly used in 3D
printing are analysed using the transmission/reflection method with a waveguide
(Figure 4.21). The measurement configuration and the overall process follow the
description provided in [27]. Figure 4.22 presents the experimental set-up and the 3D
printed materials. Polylactic acid (PLA) and stereolithography (SLA) slabs fabricated
by an Ultimaker 3D printer and a Form 1+ printer, respectively, were used as the
experimental samples. A sample dielectric slab that completely fits the cross-section
of the waveguide was placed at its centre. The transmission coefficient (S,;) were
measured at the two SMA ports of the waveguide, with the frequency range set at 4-5
GHz. The dielectric constant and the loss tangent were obtained from the amplitude
and the phase of S, [27].

I
E Waveguide “—Sample
I

Network analyzer |
L i 1

C o ——

(b)

Figure 4.22 Measurement configuration. (a) Network analyzer and waveguide. (b)

3D printed materials.
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Figure 4.23 illustrates that, based on the experimental measurements, the dielectric
constants of PLA and SLA were approximately 2.4 and 3.0, respectively, over the
entire frequency range. In addition, the loss tangents for PLA and SLA were at
0.000045 and 0.000036, respectively. The measurement results of the loss tangent
were not reliable for PLA and SLA.

35 4
Resin
3 ¥
A
5§ 2 PLA
2
8 15
L)
s 1
o
0
05 4
0 . . T . 1
4 42 44 46 48 5

Frequency, GHz

Figure 4.23 Dielectric constants for PLA and SLA

Recently, four dielectric materials regularly used for 3D printing were investigated
by using a contact probe method [28]: polylactic acid (PLA), stereolithography
(SLA), acrylonitrile butadiene styrene (ABS), and selective laser sintering (SLS).
Their dielectric constants and loss tangents were reported as ¢, = 2.47 and tan § =
0.007 for PLA, &. =2.48 and tan § = 0.006 for ABS, &. = 2.83 and tan é =
0.038 for SLA and &, = 2.6 and tan 6 = 0.001 for SLS. As can be seen, the
dielectric properties of PLA and SLA reported in [28] differed slightly compared
with the values obtained from the transmission/reflection method using a waveguide
presented in the current study. This indicates that the dielectric properties of
commercially available materials can vary and change during the manufacturing
process. Therefore, the properties of dielectric materials need to be examined

carefully in the fabrication of antennas.
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4.4.3 Antenna performance

Figure 4.24 presents the simulated and measured reflection coefficient (S11) of the
antenna in free space, on the EBG structure, and on an equivalent perfect metallic
ground (PEC). Simulated and measured results compare very well. In free space, the
-10 dB bandwidth spans from 2.01GHz to 3.15GHz. On the perfect metallic ground
(PEC) the antenna is clearly mismatched. On the other hand, the combined CPW
antenna and EBG spans from 2.32GHz to 2.53GHz, filtering out most frequencies
beyond the 2.4GHz WLAN band. At 2.45GHz the impedance match shows an
improvement of more than 10dB compared with that of the antenna in free space.

S11,dB

-30 - ==== CPW without EBG (M)
— - = CPW +PEC (S)
S I B CPW +EBG (S)
— CPW + EBG +Silver ink (M)
_40 T T T T T 1
1 1.5 2 25 3 35 4

Frequency, GHz
Figure 4.24 Measured (M) and simulated (S) reflection coefficient (S11)

The measured xz and yz plane radiation patterns for the antenna in free space and on
the EBG structure are shown Figure 4.25. The back lobe of the radiation pattern
decreased by over 10 dB while the maximum gain increased by 2.44 dB when the
antenna was on the EBG substrate. The squinting from the beam in Figure 4.25(a)
arises from the non-symmetry of the structure in Figure 4.20(a) about the (x, z) plane
and the effect of the feed cable.
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—  —  — Antenna +EBG (Siher ink)
Figure 4.25 Measured radiation pattern for the CPW antenna in free space and on the

non-planar EBG structure (a) xz plane, (b) yz plane

4.5 Conclusions

First of all, a novel reconfigurable EBG technique suitable for sensing applications
has been demonstrated in the chapter. The reconfigurable behavior of the EBG is
obtained by creating trenches between the unit cells and filling them up with liquids
of different permittivities. The changes in permittivity of the liquids produce a
change in the resonant frequency of EBG structure. This EBG sensor could be used
as a standalone solution where the reflective signal can be evaluated. An alternative
solution is to use an antenna in close proximity of the EBG structures. The latter was
investigated in the chapter. A CPW antenna was designed and located on the center
of the EBG structure, with the trenches filled with the three different sample liquids:
butan-1-ol, propan-2-ol, and ethanol. The frequency tuning range obtained was from
2.26GHz to 2.53GHz. The sensor/detector technique can be integrated as part of a

wireless sensor network.

Secondly, the applicability of inexpensive AM technologies to the development of
non-planar EBG substrates for antenna applications has been described. A relatively
simple structure consisting of metallic patches with trenches has been used for this

demonstrator. PLA plastic is a low-cost material suitable for this application. Silver-
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loaded conducting ink was painted on the 3D printed non-planar EBG structure using
an also printed EBG mask. Measurements and simulations showed that this particular
demonstrator is capable of providing significant antenna matching and gain
improvements that in turn can deliver significant improvements in wireless
communications. Results could be further improved by using inks with higher
conductivity. This technique could be applied to more complex 3D EBG structures,

an issue that the authors are currently investigating.
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CHAPTERS.

INKJET PRINTED ANTENNAS FOR
DISPOSABLE UNMANNED AERIAL
VEHICLES

5.1 Introduction

Disposable drones are currently attracting significant research interest [1], [2]. These
drones should be made of inexpensive and degradable materials such as paper or
cellulose based materials. Components such as inertial sensors and elevons can be
integrated into such drones using AM techniques [2]. Furthermore, actuators and
potential motors have been developed for this application [3]. Unmanned aerial
vehicles (UAVS), otherwise known as drones, are receiving increased interest within
various applications and fields including the food and agricultural sector, industry
electronics, intelligent transportation systems and safety and security [4]-[11].
Recently, scenarios of reliable communication and networking have been
investigated for improving the coverage and capacity of the wireless system [10], [11]
used in drones. For large coverage capabilities, drones sometimes require
omnidirectional antennas where signal levels are mostly equal in all directions.
Therefore, antennas are selected, designed and developed to meet these
specifications in both commercial and defense applications. The antennas are
mounted either on the inside or the outside of drones. One or more elements are used
to operate at the wireless communications bands related to the GPS, WIFI and LTE
technologies [12]-[20]. A simple, low profile and wide-beam width conformal
antenna on a UAV is presented in [16]. The vertically polarized monopole antenna is
installed on the shell structure of a drone made of carbon fiber materials. A simple
structure with a radiation, feeding strips and a reflector is applied to UAVs in [17]. In
this case, the antenna radiation is polarized horizontally and is similar to a dipole
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antenna. Conducting plates are used as an antenna and a reflector. A planar
segmented loop patch antenna on a FR4 substrate for UAV application is presented
in [18]. The antenna has omnidirectional and quasi-omnidirectional radiations over
the wide bandwidth. The experimental performance of a lightweight blade antenna

has recently been proposed for UAV application [19].

This chapter presents an investigation of inkjet-printed antennas for foldable and
disposable drones. Inexpensive fabrication equipment, and silver nanoparticle ink is
used for the fabrication of the antenna which is deposited on photo paper to make the
structure of the drone. This chapter is organized as follows: Firstly, a basic design
concept for foldable antenna on UAVs is provided in Section 5.2. The antenna is
tested unfolded and then folded when integrated onto the airplane in order to
examine the effect of bending on performance. Two configurations of the folded
antenna on the plane are analyzed. Ongoing work is to optimize the antenna for
different remote controller locations and also apply new origami folding techniques
for paper UAVs in Section 5.3 and Section 5.4. They present an optimized antenna
design for a more general case and discusses its output performance. It includes a
surface analysis of the deposited metallic layers on the paper substrate. Finally, a
conclusion is included in Section 5.5. The design of the antennas and their
optimization have been carried out using the finite integration technique (FIT)

included in CST Microwave Studio™.

5.2 Folded antenna on paper Airplane

This section presents an inkjet-printed dual-band antenna on paper substrate for
origami paper UAVs. The antenna pattern is printed directly onto photo paper using
inexpensive inkjet printing technology. The planar antenna is first printed and tested.
Then, the antenna is tested when folded on a larger paper sheet, which takes the form
of a paper airplane. The antenna is folded on the inside and then to the outside, to
investigate the effect of folding on antenna performance and also to find the best

condition for communication.
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5.2.1 Initial design of folded antenna design

Figure 5.1 shows the geometry of the dual band CPW-fed antenna. The target
frequencies of the proposed antenna are 2.4 GHz and 5.2 GHz for the wireless LAN
band. The antenna consists of a CPW line and a semicircle with an inner square slot.
The semicircle produces the wide bandwidth necessary for the higher frequency
bands. The square shifts the lower mode to the 2.4 GHz and filters intermediate
bands. The dielectric constant and thickness of the paper used as substrate were set at
3 and 0.177£12um mm respectively. A coaxial cable is used in the simulations in
order to replicate the measurement conditions [20].

(@) (b)

Figure 5.1 Dual band inkjet-printed CPW-fed antenna on paper substrate (a) antenna
dimensions (b) photograph of fabricated antenna with SMA feed connector

The substrate of the designed dual band CPW-fed antenna was extended to enable
the folding to the shape of a paper airplane. The overall area was 210 mm x 282.5
mm. The dimensions of the antenna were as described in Figure 5.1(a). Two cases
were first investigated and are shown in Figurer 5.2. The first one (Figure 5.2(a)) is
the planar antenna in Figure 5.1 with the paper substrate extended to about an A4
sheet. The second (Figure 5.2(b)) is the same antenna folded on the inside as part for
the origami paper airplane.
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(b)
Figure 5.2 Modelling of Foldable dual band inkjet-printed CPW-fed antenna on the

paper substrate: (a) extended planar (b) folded type 1 antenna

Figure 5.3 presents the reflection coefficient (S11) for the three cases: the planar
antenna (Figure 5.1(a)), the planar antenna with extended paper sheet (Figure 5.2(a)),
and the folded antenna (Figure 5.2(b)). The overall increase in dimensions of the
paper substrate had almost no influence on the antenna performance. When the
antenna is folded, the resonant frequency very slightly reduced, and bandwidth also
decreased. The matching of the antenna (Si11) improved at the lower band but

degraded slightly at the higher band.
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Figure 5.3 Case studies of foldable dual band inkjet-printed CPW-fed antenna on the
paper substrate

5.2.2 Fabrication and Measurement

The model of the antenna was exported from CST Microwave Studio™ to ViewMate.
It was then converted to a *.gbr file at a 1:1 scale to create a PDF file that could be
ready for printing. A Brother MFC-J5910DW inkjet printer was used with AgIC-
CP01A4 paper and AgIC-ANO1 Silver Nano Ink [21]. The Silver Nano Ink on the
special coated paper provides conductivity of about 0.2Q/sq [21]. An MFC-
J5910DW desktop inkjet printer from Brother Industries Ltd, USA was used.
Conductive ink cartridges provided by Aglc Inc. replaced the normal color ink
cartridges in the printer. Conductivity emerges after a few seconds when the patterns
were printed on the paper sheet. Heat resistance related to thermal stability is allowed
up to 30 minutes at 100 ° C. The mechanical stability of the conductive pattern was
investigated by 1SO 2409 bending strength [22]. The test result was 0 to 1 (with O is

the best, 5 is the worst), indicating good mechanical stability.

Figure 5.1(b) shows the fabricated antenna on the paper substrate. The antenna was
fed by a 50 ohm SMA connector which was attached using silver epoxy conductive
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glue. The antenna was placed in an oven at 70°C for an hour to improve the
conductivity of the glue and ink. The resistance between the furthest two ends of the
antenna was found to be less than 0.5 ohm.

A very simple and traditional origami folding airplane was used for this first
demonstrator. The unfolded and the initial folded antennas fabricated are shown in
Figure 5.4. The measured Si: of the two antennas is presented in Figure 5.5. As with
the simulation, the measured reflection coefficients of the folded antennas at lower
frequency is worse than for the planar antennas. Nevertheless, the two designs were
able to cover the 2.4 GHz and 5.2 GHz WLAN bands with an Si1 level of at least -
10dB. The simulated radiation patterns at 2.4 GHz and 5.2 GHz are shown in Figure
5.6 and 5.7 respectively. The simulated radiation patterns of the folded antennas are
similar to the planar antenna except in the positive z direction. The antenna becomes
more directional when folded, particularly at the higher band. The peak gain of 3.74
and 4.96 dB are obtained at 2.4 GHz and 5.2 GHz respectively.

(@) ()

Figure 5.4 Photographs of (a) the planar antenna on the extended paper substrate, and

(b) the folded type 1 antenna
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5.2.3 Towards an optimised origami plane antenna design

Ideally, the antenna on the paper UAV should transmit efficiently and the radiation
pattern should point towards the remote controller. The initial folded antenna design
(Type 1) had a radiation pattern which pointed slightly upwards (Figure 5.6, Figure
5.7). This may not be the best solution when the controller is positioned at lower
height than the airplane. This section describes a potential technique for modifying

the pattern of the antenna.

Figure 5.8 shows the same antenna with a new folding technique for the origami

airplane. The new folded antenna (folded type 2) gave very similar Si1 (Figure 5.9)
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to the first folding design ((Figure 5.2(b)). Figure 5.10 shows the fabrication
prototype while Figure 5.11 presents the measured Si:. The higher band is clearly
more sensitive to folding than the lower band. The new design was able to cover the
desired 2.4 GHz and 5.2 GHz WLAN bands. Moreover, the radiation pattern (Figure
5.12 and 5.13) is pointing downwards which prove to be more efficient in the case of
the controller being at a lower height than the UAVS.

Figure 5.8 Foldable dual band inkjet-printed CPW-fed antenna on the paper substrate
(Type 2)

S11, dB

Folded type 1 antenna
A0 4 s Folded type 2 antenna

-45 . T .
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Figure 5.9 Simulated Si: of the foldable dual band inkjet-printed CPW-fed antennas
on the paper substrate
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Figure 5.10 Photographs of the foldable dual band inkjet-printed CPW-fed antenna
on the paper substrate (Type 2)
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Figure 5.11 Measured S11 of the foldable dual band inkjet-printed CPW-fed antennas
on the paper substrate
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5.3 Investigation of Antennas integrated into Disposable UAVs

The performance of two antennas based on a similar design concept is assessed in
Sections 5.3 and 5.4. The antennas are optimized for two conditions. The first is
when all electronic components and the ground plane are located on the wings. The
second is a when the electronic components are at the bottom of the drone and the
antenna needs to be feed from bottom up. The latter uses a coplanar waveguide fed
line which is used for the analysis of the deposited metallic layers. Inexpensive
fabrication equipment, and silver nanoparticle ink has been employed for the
fabrication of the antennas. The antennas are designed to cover the 2.4 GHz and 5
GHz bands currently specified in the communication of drones [23], [24]. This
includes transmission of large amount of data for potential video recording
applications at 5.8GHz. This is the first time that antennas are studied for integration
with disposable origami drones, particularly involving inkjet printing and realistic
scenarios with vertically polarized antennas. The antennas have been designed taking
into account the limitations of inkjet printing technologies such as the potential
damage and cracks of conducting tracks when folding the printing layers. Therefore,
any folding of the antennas has been avoided.

5.4.1 Antenna design and integration with drone’s electronics

One the simplest forms of disposable drone can be developed using origami
techniques where a piece of paper starting as in Figure 5.14(a) can be folded to
produce the drone in Figure 5.14(b). This type of drone provides the capability of the
aerodynamics that can steer the wing using small elevation tabs integrated electronics
[1], and an additional structure for the propelling and control [25]. The dash lines in
Figure 5.14(a) indicate where the drone is folded and the corresponding dimension
are given in Table 5.1. The overall size of the paper sheet is 210 mm x 290 mm
which is that for an A4 sheet. As described in [26], [3], the large part of the
electronics, subsystems and components for UAVs are positioned on the body and
wings of the paper airplane. In Figure 5.14(b), the back of the wings has been made
conductive to simulate this condition. In such case, a vertically polarized monopole
is ideal with the potential locations indicated in Figure 5.15. The target frequencies

of the antenna are 2.4 GHz, 5.2 GHz and 5.8 GHz wireless bands [23], [24] which
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means a multiband antenna is desirable.

Metal layer
for drone’s electronics

body

;;;;;

Actuator positions o
[2sLf241  © 7 K

(b)

Figure 5.14 Realized paper drone geometry of (a) the unfolded planar photo paper

sheet and (b) perspective view of 3D paper plane drone shape

TABLE 5.1
UNFOLDED PLANAR SHEET [mm]
x1 x2 x3 x4 x5 yl y2 y3 vy4
40 60 50 90 50 70 3B 35 70
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Figure 5.15 also shows the first antenna design capable of achieving this requirement.
The design guideline of the antenna is provided in Figure 5.16. The antenna is based
on a modified semicircle with a rectangular shape and a resonant element added at
the top. The semicircle provides the large bandwidth necessary at the higher band,
and the additional T-shape element is used to provide the lower band while not
significantly increasing the size of the antenna. The dimensions are shown in Table
5.2. The change in operating wavelength can be expressed by a linear equation of the

forms:
A1 =1.8W +0.0724 (1)
A2 =4.7L2 + 0.0048 (2

where W and L2 are the length of a resonant element and a rectangular
shape and Aland A2 are the lower and higher wavelength band respectively. The R-
squared obtained is about 96% and 99% at the lower and higher wavelength band
respectively. The main ground plane is positioned horizontally across the overall top

surface as shown in Figure 5.14(b).

Ground plane |, 0.2mm -~ feed point

Antenna

Figure 5.15 Antenna dimension of the realized origami paper drone.
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TABLE 5.2
INITIAL ANTENNA DIMENSION WITH LARGE GROUND PLANE [mm]
L1 L2 L3 L4 g w
9.5 9.5 2 2 1 24

Figure 5.17 show the Si11 of the antenna when the radiating element is placed at 3
different positions: centered, at the back and at the front of the conductive ground
plane. In all conditions, the antenna is able to cover the intended frequency bands for
a Si1 level less than -10dB. The depth of Si: and the width of the frequency band

varies slightly for the three locations.

0 -

5
10 4
m -154
“
— -20 4
w
25 4
30
35 |
-40 - - . - - . . - - . .
1 15 2 25 3 35 4 45 5 55 6 65 7
Frequency, GHz
Figure 5.16 Design guideline of the antenna on S11
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Figure 5.17 Effect of antenna location on Si11
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5.4.2 Simplified design and effect of smaller ground

In order to simplify the fabrication process and to analyze the case where the
electronics components occupy a smaller area on the wing of the plane, the metallic
ground plane was reduced as shown in Figure 5.18. The antenna design is the same
(Figure 5.15) but the geometry has been optimized for the smaller ground. The new

dimensions are given in Table 5.3.

The reflection coefficients (S11) of the two configurations of the same design are
shown in Figure 5.19. At the 2.4 GHz band, the input matching of the antenna with
the small ground plane is lower than that for the large ground plane. The small
ground and large ground plane have the bandwidth (< -10 dB) of 280 MHz and 820
MHz respectively. By contrast, the antenna on the small ground plane offers better
matching at the higher band. Nevertheless, the two models can cover the desired
frequencies of 2.4 GHz, 5.2 GHz and 5.8 GHz wireless bands with an Si1 level of
less than -10dB. The bandwidth with less than -10 dB has 1670 MHz on small
ground plane and 1260 MHz at large ground plane.

The surface current distributions of the antenna with small ground at three resonant
frequencies (2.4 GHz, 5.2 GHz and 5.8 GHz) are depicted in Figure 5.20. At 2.4
GHz, the current flows around the overall antenna (the modified semicircle with a
rectangular shape and the top resonant element) and the ground plane. By contrast,
the surface current distribution concentrates around the feed of the radiating element
and the bottom of the resonant element at 5.2 GHz and 5.8 GHz, as shown in Figures
5.20(b) and 5.20(c) respectively.
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Figure 5.18 Optimized antenna with small ground plane on a realized origami paper

drone (a) top view (b) back view

TABLE 5.3
OPTIMIZES ANTENNA DIMENSION WITH SMALL GROUND PLANE [mm]

L1 L2 L3 L4 g w a b
85 12 2 35 1 24 20 60
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Figure 5.19 Reflection coefficient (S11) of the antennas for large (Figure 5.15) and
small (Figure 5.18) ground

5.4.3 Effect of Wing deformation on antenna performance

The wings of a drone are typically exposed to tensions and deformations during
flight operations. This can be significant in the case of paper drones. In addition,
paper drones are expected to be folded by hand and therefore the wings may not be at
exactly 90° from the base after the plane has been folded. For this reason, a study of
the effect of changes in the angle ¢ (Figure 5.18) on S11 and the radiation patterns has
been carried out. Figure 5.21 presents the S1; of the antenna for values of ¢ of 60°, 90°
and 120°. According to the different angles of the folding of the wings indicates the
change of the ground plane of the antenna. The matching of the antenna changes for
different angles of the folding of the wings. The frequency of operation and the input
matching decrease when ¢ is decreased. The -10dB bandwidth narrows at lower band
but becomes wider at higher band. Further analysis indicates that the antenna is able
to cover the 2.4 GHz, 5.2 GHz and 5.8 GHz bands (Si1 < -10dB) for angles of ¢
between 77° and 103°. The xz plane was used to analyze the effect on the radiation
pattern at 2.4 GHz and 5.2 GHz as shown in Figure 5.22. All radiation patterns are

very similar for the folding angle studied.
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Figure 5.20 Surface currents for the antenna design in Figure 5.15
(@) 2.4 GHz, (b) 5.2GHz and (c) 5.8GHz

107



S11,dB

30 - .

34 ¢ =90
—— = 120°

_40 T T T T T T T T T T 1

1 15 2 25 3 35 4 45 5 55 6 65 7
Frequency, GHz
Figure 5.21 Effect of changes in angle ¢ on S11
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Figure 5.22 Effect of changes in angle ¢ on the xz plane of the radiation pattern
(a) at 2.4GHz and (b) at 5.2GHz
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5.4.4 Fabrication and Measurement

For the fabrication, the 3D model with the radiation elements and the ground plane
were changed to a 2D model and positioned on a planar substrate as shown in Figure
5.23(a). The 2D model with the antenna and the ground plane was exported to
ViewMate from CST Microwave Studio™ with Gerber file (single layer). It was then
converted to a PDF file. The dimensions of the antenna and the ground plane were
printed directly onto the AglC_CP01A4 photo paper with AgIC-ANO1 Silver Nano
Ink [21].

A photograph of the fabricated paper plane drone is presented in Figure 5.23(b). A
50 ohm SMA connector was attached to the center of the ground plane using silver
epoxy conductive glue. Similarly to the simulation model, the antenna was vertically
positioned on the drone. In order to keep ¢ at 90° during the measurement, two
rectangular blocks made of Styrofoam (e, ~ 1) were attached at the back sides of
the wings.

SN Styrofoam

SMA connector

Ground  Paper plane drone
plane

C;— silver epoxy conductive glue

(@) (b)
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Figure 5.23 Photograph of (a) printed planar photo paper sheet (b) the origami paper
drone and (c) front view of the drone

Figure 5.24 shows the reflection coefficient (S11) of the optimized antenna with a
small ground plane. The measured reflection coefficient was carried out using an
Anritsu 37397C vector network analyzer. The measured Si1 is about -11 dB, -17 dB
and -15 dB at 2.4 GHz, 5.2 GHz and 5.8 GHz respectively with the bandwidth (<-
10dB) of 400 MHz at lower band and 2200 MHz at higher bands.
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Figure 5.24 Reflection coefficient (S11) of the optimized antenna with a small ground

plane
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The differences between the simulated and the measured results are probably due to
fabrication and measurement related errors. These include the non-uniform deposited
silver conductive ink of the printed antenna and ground plane, the bending of the
thick photo paper substrate, and the SMA connector. Detailed fabrication issues
related to the conductive layers are discussed in Section 5.4.

The measured radiation patterns at 2.4 GHz, 5.2 GHz and 5.8 GHz are shown in
Figure 5.25. The patterns are dipole-like and mostly omnidirectional at the 2.4GHz
band. At the 5GHz bands, the patterns become more monopole-like with mostly
omnidirectional behavior in the xy plane but with a downward direction in the yz

plane.
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Figure 5.25 Radiation patterns of the antenna on small ground plane (a) at xz plane (b)

at yz plane and (c) at xy plane

The measured gains calculated by gain substitution method are 2.6 dB, 7.9 dB and
6.9 dB at 2.4 GHz, 5.2 GHz and 5.8 GHz respectively. The downward direction at
the higher frequency band may be useful in the cases were the controller of the drone
is positioned below the antenna. However, this could reduce the range of the control
or potential data transmission when flying at positions where the controller is at the
same height or higher than the drone. As indicated earlier, this first antenna
configuration is ideal for situations when most of the electronic components are
located on the wing section of the drone which limits the possibility for improving
the radiation patterns at the higher frequency band.

5.4 Second Antenna Solution and Analysis of the Printed Conductive

Layers

5.4.1 Antenna design

This section proposes a vertically polarized antenna where the antenna connection is
at the base of the paper drone. This antenna is also used to assess the metallic ink

layers deposited in the fabrication process. Figure 5.26 shows the antenna design and
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its placement within the drone. The antenna is small enough to be hidden inside the
vertical section of the plane and isolated from the external environment that could
damage the inkjet printed metallic tracks [25]. The radiator consists of a semicircle
with an additional rectangular resonant element separated by a gap and connected by
a small rectangular track. The radiating component is fed by a coplanar waveguide
transmission line. The dielectric constant, tangent loss and thickness of the substrate
are the same as the earlier design. The desired resonant frequency and bandwidth
were obtained by adjusting the size and the length of the radiation elements and the
gap between feed line and the ground plane surfaces. The dimensions of the ground
plane were crucial for the optimization for the radiation pattern. The final dimensions

of the antenna are given in Table 5.4.

The surface current distribution at 2.4 GHz, 5.2 GHz and 5.8 GHz are shown in
Figure 5.27. At 2.4 GHz, the surface current is strong and evenly distributed through
the feed line, the semicircle and the top resonant element while it is small in the
middle sections of the ground plane. At 5.2 GHz, the currents are spread more
uniformly in the ground plane and towards the edges of the radiator. At 5.8 GHz, the
currents tend to concentrate more towards the center of the antenna and the gap
between the radiator and the ground plane.

Reference [25]

._\.

Single motor
solution [25]

Figure 5.26 Configuration of the realized optimized paper plane drone
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TABLE 5.4
OPTIMIZED ANTENNA DIMENSION [mm]

L1 L2 WL W2 W3 W4 gl g2 r
25 13 30 14 52 14 1 02 11

(©)

Figure 5.27 Surface currents for the antenna design in Fig. 4.23. (a) 2.4 GHz,
(b) 5.2 GHz and (c) 5.8GHz

5.5.2 Fabrication and Measurement

The antenna was realized using the same fabrication procedure described in Section
5.4.4. The procedure is relatively low cost and suitable for disposable origami paper

drones. A study of the printed layers and, in particular, in the gaps of the
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transmission line should provide a further insight of the fabrication process and its
potential limitations. Figure 5.28 provides a photograph showing the conductive
layers in a sample taken of the CPW transmission line of the antenna. As can be seen,
there are a many traces of silver ink in the channel and the edges of the tracks are
non-uniform. A surface profile measured using the VVeeco Dektak Stylus Profiler is
shown in Figure 5.29. The green area is the top of the silver surface, the red area is
the bottom of the channel. The measured height difference is 825.69 nm. The
additional texture to the right is likely to be caused by variation in the substrate

surface and the stray silver particles.

Reference : Figure 5.26

Figure 5.28 Photograph of the printed metallic layers in the CPW transmission line
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Figure 5.29 Surface profile in the CPW transmission line

Figure 5.30 presents photographs of the printed antenna on the planar paper substrate
and the folded origami drone. The folding lines are included in Figure 5.30(a). The
new antenna position on the paper substrate was calculated considering the sections
where the drone needed to be folded. The same origami airplane and folding method

as for the previous design were used.

The antenna was designed so that it fit between the necessary fold lines, thus
avoiding a potential cracks in the conductive layers. A 50 ohm SMA connector was
attached to the bottom of the body of the drone. Styrofoam blocks (g, = 1) were
placed on the left and right sides of the drone to hold the paper drone in shape while

carrying out the measurements.
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(a) (b)
Figure 5.30 Photograph of (a) printed planar photo sheet, and (b) the folded origami

paper plane drone

The simulated and measured Si11 are shown in Figure 5.31. The measured resonant
frequencies shifted slightly to the right. The measured first mode resonates at about
2.61 GHz with -10 dB impedance bandwidth of 23.5%. The second resonance can be
found at approximately 5.57 GHz with -10 dB bandwidth of 25.36%. The
discrepancy between simulation and measurement are probably due to the fabrication
issues discussed earlier as well as possible measurement errors. Table 5.5 gives the
comparison of resonant frequency, gain, bandwidth, and size between the proposed
antenna and the other previous antenna. From the comparison, it can be seen that the

proposed antenna presents a relatively small size at corresponding frequency bands.
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Figure 5.31 Reflection coefficient (S11) of the antenna for the optimized origami

paper plane drone

TABLE 5.5

Comparison between the proposed antenna and other previous antennas

Ref.  Freq. (GHz) Gain (dB) Bandwidth Size (mm?)
(GHz)

[27] 2.45 1.3 0.1 50 x 50
55 4.8 1

[28] 24 13 0.5 50x 75
5.2 5.15 0.2

[29] 2.45 2.75 0.08 37.45x 13
5.8 5.54 0.67

This 2.4 1.4 0.6 35.4x30.8

work 5.2 7.7 1.5
5.8 6.2
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Figure 5.32 shows the radiation pattern measurement set up. Figure 5.33 shows a
comparison between simulated and measured radiation patterns at 2.4 GHz, 5.2 GHz
and 5.8 GHz respectively. The patterns in the xz plane are similar to the ones in yz
plane with nulls along the z-axis. The patterns in the xy plane are mostly
omnidirectional. The gain was 1.4 dB at 2.4 GHz, 7.7 dB at 5.2 GHz and 6.2 dB at
5.8 GHz. The measured radiation patterns were slightly distorted due to the coaxial

cable.

Paper plane
drone

N Absorber

Figure 5.32 Measurement setup for the origami paper drone antenna in anechoic

chamber
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Figure 5.33 Radiation patterns patterns (a) at xz plane (b) at yz plane (c) at xy plane

5.5 Conclusion

Antennas suitable for integration with low cost inkjet printing electronics on
disposable paper drones have been demonstrated. The paper-based antenna has
acceptable performance in planar and folding conditions. The folding should be very
smooth as there is a potential for cracking the silver conductive traces. Folding the
antenna increases its directivity. This may steer the beam towards an unwanted
direction. By changing the folding technique and the design of the airplane, it is

possible to optimize the direction of the radiation pattern.
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The best antenna solution for drone communication tends to be when the antenna is
vertically polarized and omnidirectional. Different antenna positions are possible
when considering paper drones. One possible scenario is when the electronics are
located on the wings. In this case, an antenna can be located facing downwards and
using the wings as a ground plane. A second case is when the electronics are in the
lower section of the plane, in which case a CPW fed antenna can be hidden inside the
plane. A CPW fed antenna can also be considered a more general solution as it can

be rotated as required by the other electrical components of the drone.

A commercial desktop inkjet printer with silver nanoparticle conductive ink
cartridges can be used for the antenna fabrication. It has been proven to be an
inexpensive and fast method with sufficient printed quality for this application. The
fabricated antennas have acceptable performance for efficient communication
between the plane and a remote controller.

As a low cost fabrication procedure, inkjet printing with off the shelf printers, with
cartridges containing silver conductive ink may produce tracks with discontinuity at
the edges and also unwanted deposition of inks across any channel. However, these
fabrication errors do not seem to significantly affect the performance of the antennas

at the frequency of operation of commercial drones.

In the future, disposable origami drones may include other electronic components
which are also inkjet printed along the antenna. This will create a fully integrated
disposable drone solution. There is enough evidence from ongoing work by various
research groups [18], [21] — [25] to support this vision. This paper has now
contributed to this new field from the antenna perspective.
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CHAPTER 6.

3D AND INKJET PRINTED
CIRCULAR POLARISED ANTENNA

6.1 Introduction

This chapter describes the use of additive manufacturing (AM) equipment for the
development of circularly polarised (CP) antennas. Two AM processes are combined
for the fabrication of a CP patch antenna: stereolithography (SLA) and inkjet printing
of silver conductive inks. As CP patch antennas are created by slightly modifying the
shapes of the radiators, they are particularly suitable for the assessment of the
fabrication process. A widely available SLA printer is first employed for the layer-
by-layer fabrication of the substrate. Subsequently, inkjet printing is used to deposit
the metallic layers of the radiating element on the substrate. The two printing
machines are very low-cost in comparison to those used in previously reported work.
Good adhesion of the metallic patterns to the substrate is observed. Furthermore,
reasonably low resistance is achieved on the metallic surfaces. The aim of this
chapter is to demonstrate the use of alternative, inexpensive machines, for the
prototyping and manufacturing of antennas. In this work, the antenna operates at the

1575MHz GPS frequency band for the application of the satellite communication.

Metal etching and subtractive processes are the most common methods employed for
the fabrication of antennas and microwave devices. Recently, there has been an
increasing research interest in applying AM [1]-[7] for electronic device prototyping
and fabrication. AM offers design freedom, customisation, and potential cost
reduction for low volume production processes. Several microwave structures have
been reported, including frequency selective surfaces (FSS) [1], electromagnetic
band gap structures (EBG) [2], waveguide components [3] and antennas [4]. A

variety of technologies and materials are available for the layer by layer fabrication
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of dielectric and metals. Two of the most accessible and lowest cost techniques for
the printing of dielectrics are fuse deposition modelling (FDM) and stereolithography
(SLA). EM structures have been fabricated by adding metallic layers over FDM
substrates [2], [5]. In [2], the metallic layer was added by hand, while in [5] a
dispenser was used to add layers of silver conductive paste. One of the problems of
FDM substrates is the roughness of the external surfaces which limits the metallic
layers to thicker, paste based metallic materials. SLA substrates, on the other hand,
provide smoother surfaces which can be an advantage when fabricating with other
metallic layer deposition processes such as inkjet printing. Inkjet printing has been
demonstrated for the fabrication of antennas on various substrates such as paper [6]
and textiles [7]. Only recently, fabrication methods for printing plastic and metallic
layers have been combined for the development of RF harvesting sensors [8].
However, the devices are fabricated using printing equipment which is relatively

expensive and inaccessible for home use.

This chapter is organized as follows. Section 5.2 describes the CP antenna design and
performance. Section 5.3 proposes the combined fabrication process of a CP antenna
with inexpensive 3D printed equipment. The performance of the antenna is
summarised through simulations and experimental results. A conclusion is included
in Section 5.4. The finite integration technique (FIT) method included in CST

Microwave Studio™ was used for all the simulations in this chapter.

6.2 Antenna design

6.2.1 Dimension

The design of a CP antenna using an asymmetrical patch is a relatively simple
process [9]. Figure 6.1 shows the perspective and side views of the configuration and
geometry dimensions of such a structure. The main dimensions of the antenna are
Ws=100 mm, Ls=100mm, Wp=50.4 mm, Lp=53.6mm, Wf=14.6mm, Lf=11.6mm.

The antenna is made up of a rectangular patch element on a square substrate of side
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100mm and height 3mm. The rectangular patch is positioned in the center of the
square substrate. The antenna is fed by a probe at a location diagonal to the
rectangular patch. The required circular polarization is achieved by adjusting the
ratio between Wp and Lp of the rectangular patch. The desired input impedance is
achieved by optimising the position of the port and therefore the dimensions Wf and
Lf. The dielectric permittivity of the SLA printed substrates was given as 2.83 with
loss tangent of 0.038 [13]. In simulations, the rectangular patch and the ground plane

were set with thickness of 0.1mm.

(@)

Silver metalized layer

N \\\\\\I NNWT1

-

LN

Brass plate Coaxial probe

(b)

Figure 6.1 Geometry of the antenna (a) perspective view (b) side view

127



6.2.2 Simulation

The simulated reflection coefficient (S11) of the antenna is presented in Figure 6.2.
The antenna had -10dB bandwidth of 7.5%, which spans from 1540MHz to
1660MHz. It can cover the resonant frequency corresponding to the 1575MHz for
GPS L1 frequency band. Figure 6.3 shows the simulated axial ratio. It is less than
3dB from 1572MHz to 1603MHz, resulting in 1.9% bandwidth. At the target
frequency of 1575MHz the axial ratio (AR) is 2.45dB. The simulated radiation
patterns at 1575MHz in two orthogonal planes are shown in Figure 6.4. Patterns were
those expected for a CP patch antenna, with the patterns in the xz plane and the yz

plane being very similar.

S11 [dB]
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Figure 6.2 Simulated reflection coefficient (S11) of the antenna
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Figure 6.4 Simulated radiation patterns of the antenna at 1575MHz
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6.3 Fabrication and measurements

6.3.1 Fabrication

For the fabrication, the 3D geometry of the substrate is transferred to 3D printer
using a standard triangulation language (STL) file in CST Microwave Studio™.
Formlabs’ Form 1+ printer [10] was used for the fabrication of the substrate (Figure
6.5). The fabrication is based on a SLA process where a laser cures layers of UV
sensitive resin. Formlab’s clear resin was used for the printing of the substrate. The
SLA process made the solid object by curing layer after layer of the liquid resin. In
the printer, the layer thickness was set to 0.05 mm for high resolution printing.
Smoother finishes are obtained compared to the alternative low-cost 3D printer
methods such as FDM. Therefore, it is more suitable for combining with inkjet
printing as it gives a better surface to bond the silver conductive ink onto. A 100 x
100 x 3 mm? substrate was printed using the SLA machine. 60 layers of thickness
0.05mm were necessary to achieve the required height. The surface roughness was
206.2 nm measured in Centre for Process Innovation - CPI [11] and the 2D

representation of the surface profile can be seen in Figure 6.6.

<«—— SLA 3D printer
Inkjet printer

Figure 6.5 3D printing equipment employed

130



Figure 6.6 Measured surface profile for the 3D printed SLA substrate

The fabrication of the metallic layers was carried out using a Cartesian Co. inkjet
printer [12]. The printer used a drop diameter of 0.8 mm to build up multiple metallic
layers by repeatedly ejecting drops of inks. The inkjet printer (Figure 6.5) uses two
cartridges in tandem. One cartridge contains silver nitrate and the second ascorbic
acid (Vitamin C). The ascorbic acid chemically reacts with the silver nitrate to leave
the silver metalized layer. Any excess can be washed off as the solution is water
soluble. A study of this chemical processes stating the conductivities obtained on
various substrates is reported in [13]. The SLA substrate was placed on the plate of
the machine and adjusted to the required height. A total of 25 layers were necessary
in order to achieve low resistance on the radiator. The resulting patch structure is
shown in Figure 6.7. A resistance of 0.4 ohms was measured across the patch after
the process was completed. The nature of the deposition of the silver, led to a less
even surface profile (Figure 6.8) than for that of the initial SLA substrate (Figure 6.6).
The surface roughness of the printed patch was measured to be 7183 nm. To
complete the fabrication, a brass ground plane of 200mm by 100mm was placed on
the underside of the substrate using double-sided adhesive tape. A 1.3mm hole was
then drilled through the ground plane and the substrate to allocate the 50 ohm SMA
connector. The SMA connector was soldered to the metallic ground plane. As
soldering could damage the substrate and antenna, silver epoxy glue was used to

connect the patch.
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(b)
Figure 6.7 Inkjet printed antenna on 3D printed SLA substrate

(a) Top view (b) detailed view

6.3.2 Measurement

The measured reflection coefficient of the patch antenna is shown in Figure 6.9. An
Anritsu 37397C vector network analyser was used for the measurement. Experiments
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compared very well with simulation results. The measured Si1 has -15dB at the
resonant frequency at 1.6GHz and a -10 dB bandwidth of 7%. There was a second
resonant mode at about 2400MHz. The resonant frequencies were less than 1%
higher than those obtained in the simulations. The measured AR is shown in Figure
6.10. The AR was 2.48dB at 1575MHz. Figure 6.11 and Figure 6.12 show the
measurement radiation patterns at 1575MHz and 2400MHz respectively. The
measured results are similar to the simulated ones. The maximum measured gain is
about 3dBic at 1575MHz.

Figure 6.8 Surface profile for the 3D printed SLA substrate with the silver metalized

layers

The difference between the simulation and measurement result is expected from the
non-uniform deposited silver metalized layers in the printing and radiation
characteristic distortion caused by the leaky surface current of coaxial cable in

anechoic chamber.

133



-10

-15

-20

S11 [dB]

-25

-30 4 . .
— Simulation

=- .« = Measurement

_40 T T T T T T T
1.2 1.4 1.6 1.8 2 22 24 2.6 2.8

Frequency [GHz]

Figure 6.9 Measured and simulated reflection coefficient for the CP antenna

—— Simulation
= « = Measurement

Axial Ratio [dB]

i |

1.5 1.55 1.6 1.65 1.

Frequency [GHz]
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6.4 Conclusion

Combining SLA and inkjet printing has been demonstrated to be suitable for the
manufacturing of antennas. These technologies are readily available using
commercial and inexpensive equipment. The output from the SLA machine is
sufficiently smooth to allow the deposition of metallic layers using inkjet printing
technology. The inkjet printing process employing silver conductive ink and ascorbic
acid seems to be ideal for this application. Furthermore, it produces relatively low

resistance when a large number of metallic layers are deposited.

A CP patch antenna was designed, fabricated and tested as an illustration. Good
performance in terms of impedance matching, AR and radiation patterns has been
achieved. The CP antenna resonates at the 1575 MHz band used for GPS systems.
The measured results of the printed antenna compared very well with the

computational results. A minor shift in the resonant frequencies was found.

The main advantage over previously reported work is the use of low cost equipment
while producing comparable results. For example, the combined technologies are
expected to be useful for the fabrication of EBG sensors/detectors (Chapter 4). This
process can save both time and costs compared to conventional fabrication
techniques (Section 4.3.3). Moreover, the thin-layer substrate printed by the SLA
printer is flexible and the metallic layer of the substrate deposited by the inkjet
printer can be made for conformal antenna structure. This technology could be used
in the future to fabricate antennas on substrates with special properties and internal
features that can enhance their performance. Another possibility is to control the
deposition of the metallic layers, and therefore optimize the amount of silver
conductive ink. This technique could also be used to modify the currents in the
antennas and improve results. Future developments on dedicated 3D printing
materials with good RF properties are likely to improve the RF performance of
devices fabricated using AM techniques.
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CHAPTER 7.

3D PRINTING OF CONFORMAL
ANTENNAS FOR DIVERSITY WRIST
WORN APPLICATIONS

7.1 Introduction

This chapter presents the 3D printing (3DP) of conformal antennas for wrist worn
applications. It proposes manufacturing processes to address the challenges related to
the 3D printing of antennas on a curved substrate that has been fabricated using
inexpensive fuse filament fabrication techniques (FFF). The main issues relate to the
surface roughness and surface energy of the FFF substrates. On the other hand, wrist
worn devices such as a wristbands and bracelets are made of curved surfaces and
require a procedure that is able to print in such shapes. Three additive fabrication
processes have been assessed and are discussed here. The first is a multi-step process
that is able to smooth the surface and then add metallic layers on a curved bracelet.
The second involved painting the antennas on the bracelet and then electroplating.

The last uses a machine to fabricate both the antenna and the bracelet.

3DP has also found applications in the development of wearable garments and
devices [1]-[5]. Antennas are needed if these wearables are smart and wirelessly
connected. Ideally, these antennas should be printed along the wearable structure. A
novel loop antenna for wearable applications has been realized by using a flexible 3D
printable material in [3]. A dual band CPW fed antenna has been printed on leather
substrate for foot wear application in [4]. An inkjet printing method on textiles for

wearable antenna is presented in [5].
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Antenna diversity is an important technique in advanced microwave wireless and
mobile communication systems. Antenna diversity can improve performance and
wireless transmission in environments with multipath fading of radio waves [6], [7].
Multipath signal fading causes the restriction in system channel capacity. Body worn
systems can benefit from antenna diversity. It can improve channel capacity,
compensate for some of the human body effects such as loss in antenna matching,
radiation efficiency and blocking of the signal from the human body movements [8] -
[11].

This chapter is organized as follows. Section 7.2 describes the antenna design and the
fabrication using the multistep process and discusses its performance in free space
and at the human wrist. Section 7.3 presents the fabrication of three antennas using
silver conductive paint and electroplating. Section 7.4 proposes the manufacturing of
the diversity wrist worn antenna using a customized 3D printer. Finally, Section 7.5
discusses all the results and concludes this study. All antenna designs have been

simulated using CST Microwave Studio™ and verified with experimental results.

7.2 Wrist worn antenna

7.2.1 Design and Analysis

The dipole antenna is one of the simple radiating structures that can be used for the
testing of fabrication processes [12], [13]. It is also suitable for evaluation of the
effect of the human body on antenna performance [1], [14]. Figure 7.1 shows the
configuration of the dipole antenna with two resonant arms at each end on the 3D
bracelet. The inner radiuses of the elliptical bracelet substrate are 35 and 30 mm and
the thickness 3 mm. The dimensions have been chosen using an author’s wrist. Low-
cost polylactic acid plastic filament (PLA) material with dielectric constant of er
=2.4, loss tangent of tand =0.01 is employed as substrate [15]. The dipole antenna
has two symmetric arms which allows it to operate at the 2.4 GHz and 5.5 GHz of
the WLAN communications. The final dimensions of the antenna after optimization

are as follows: A=424mm,B=9mm,S=9mm,L =24 mm, G=0.4 mm.
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The potential effect of fabrication errors to changes in impedance matching (S11) is
shown in Figure 7.2. The length of the two main arms, L and S, are the most likely
dimensions to cause a change in resonant frequency of the antenna. The longer arm,
L, controls the lower frequency while the second resonator, S, tunes the upper
frequency. The antenna is required to cover the 2.4 GHz to 2.5 GHz band and the 5.0
GHz to 6 GHz band with an Si1 of less than -10 dB. Using this target, the maximum
variations allowed are 2 mm (3%) and 1 mm (5%) for the larger (L) and smaller (S)
resonators respectively. This is considered to be acceptable for the resolution of the

techniques that are described in this chapter.

PLA substrate

Antenna

Feed point

(@)

(b)

Figure 7.1 Configuration of the wrist worn antenna on the bracelet substrate (a)

perspective view (b) dimension.
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Figure 7.2 Computed sensitivity of the antenna to changes in the dimensions (a)

length L (b) length S on reflection coefficient (S11).

The high relative permittivity of the human body produces a shift in the resonance
frequency and reduces antenna efficiency [9]. Therefore, a wrist worn antenna should
also be considered with the presence of the human wrist. A three tissue body model
is typically employed to emulate this. Figure 7.3(a) shows a cross section of the
antenna and bracelet mounted on the elliptical non-homogenous human tissue layers
with dimensions of the skin (1 mm), fat (2 mm) and muscle (29 mm). The length of
the piece of wrist used for the simulation is 24 mm. The electrical parameters of
human tissue layers are given in Table 7.1 [16]. Figure 7.3(b) presents the simulated
reflection coefficient (Si1) of the proposed antenna for variations of the distance
between the bracelet and the human body from 0 to 3 mm, and also free space. The
resonant frequencies of the lower and higher bands are shifted down as the gap
decreases. The bandwidth of higher frequency also becomes wider. The difference in
radiation patterns for the two cases (with vs without human wrist model) is shown in
Figure 7.3(c). The human body reduces significantly the back radiating power. This
reduction may cause insufficient coverage wireless communications. The coverage

can be improved by adding more antennas in the bracelet as described in Section 7.3.
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Figure 7.3 Human wrist model with the wrist wear antenna (a) geometry (b)

reflection coefficient (S11) (c) radiation pattern x-z plane. (Left: 2.4 GHz, Right: 5.5
GHz).
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TABLE 7.1

HUMAN TISSUE LAYERS

Relative Permittivity Conductivity
2.4 GHz 5.5GHz 2.4 GHz 5.5GHz
Skin 38 35.3 1.4 3.4
Fat 5.2 4.9 0.1 0.2
Muscle 52.7 48.8 1.7 4.6

7.2.2 Fabrication using Aerosol Jetting Process

The digital model of the bracelet substrate was exported from CST Microwave
Studio™ using an STL file. It was then sent to the Ultimaker 3D printer using
CURA software. The density of the printer was set to 100%. White PLA was
employed to make the bracelet. Preliminary experiments using Optomec’s Aerosol
Jet to deposit layers directly on the bracelet were unsuccessful [26]. This was due to
problems related to the surface energy and surface roughness of the PLA substrate
[17], with the surface energy described in the range of 10 um to 40 um in [18].
Surface energy is the ability of the adhesive to deposit the metallic layers.
Consequently, a new process was developed and is fully illustrated in Figure 7.4.
After printing the bracelet, a layer of fast-acting adhesive (cyanoacrylates) was
deposited by using an adhesion substance applied by a hand to smooth the FFF
surface as well as to increase the surface energy. Only then the metallic layers were
added uniformly using Optomec’s aerosol jetting process with silver conductive ink.
Owing to the low-temperature characteristics of the FFF substrate, the antenna was
cured using a NovaCentrix PulseForge machine [19] via photonic curing technique in
the Centre for Process Innovation (CPI) [26]. During the curing process, the
conductive layers are heated by pulsed light from a flash lamp with an exposure time
of less than a millisecond so that the substrate does not overheat cool. Therefore, the
conductive layers are cured without damaging the FFF substrate. The printed antenna
was then electroplated to further increase the conductivity. Figure 7.5(a) and Figure
7.5(b) show the photograph of the fabricated antennas before and after electroplating
process. The wrist worn antenna was connected by a 50 ohm SMA connector on the
top side of the elliptical 3D printed bracelet substrate.
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Figure 7.4 Generalized aerosol jetting fabrication process of the wrist wear antenna.

Antenna Human Arm
A . -
?

Coaxial cable

(b)

Figure 7.5 Fabricated antenna on the 3D printed bracelet (a) before electroplating (b)
after electroplating and with human wrist.
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Figure 7.6 shows the surface profile of the printed plastic after the smoothing layer,
and also the printed ink layer. The calculation of the surface roughness was done on
a TalySurf CCI which provides ultra-high resolution interferometric measurements
for non-contact surface roughness. The printed plastic PLA with the layer of glue had
a surface roughness of 6 um. The surface roughness of the silver ink was about 1 um
which is significantly smother than the PLA. This indicates that when the ink is
deposited onto the plastic, it levels out, filling in most of the gaps along the surface.

The electro plating procedure contributes further to this smoothing process.

(a) (b)

Figure 7.6 Surface profile map of the 3D printed bracelet (a) PLA substrate after the

smoothing layer was applied, and (b) the top metallic layer.

Figure 7.7(a) presents the measured Si1 of the wrist worn antenna. The measurement
was carried out using an Anritsu 37397C vector network analyzer. The Si; of the
wrist worn antenna on the human wrist is included. The gap from the human wrist to
the antenna was set to approximately 5 mm using polystyrene formers. The 2.4 GHz
and 5.5 GHz bands were covered with an Si1 level of less than -10 dB. Figure 7.7(b)
shows the measured radiation patterns at 2.4 GHz and 5.5 GHz. Both results show
omnidirectional radiation patterns in free space, with increased directionality and

mainly directional on the human wrist.
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Although this first method was successful, the main drawback was the many
processes required for the fabrication of the antenna. Another problem was the fact
that the machine used in the jetting process was only able to move in the x-y axis and
therefore calculations had to be done to produce the curved design. A 3 axis robotic
arm would be ideal, but this solution could prove even more costly. In terms of
antenna performance, there is a clear limitation as the body reduces significantly the
power transmitted backwards and therefore communication coverage. Multiple

antenna systems are desirable.

S11,dB

—— Without human wrist
20 4 === With human wrist

-25

Frequency, GHz

(a)

90 270

Without human wrist
....... With human wrist

(b)

Figure 7.7 Fabricated antenna on the 3D printed bracelet (a) reflection coefficient
(S11) (b) radiation pattern (Left: 2.4 GHz, Right: 5.5 GHz)
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7.3 Diversity Antenna System

7.3.1 Diversity Antenna Design

There are cases were antennas and circuits might be required to be manufactured in
different sections of the bracelet. One example is the use of multiple antennas to
increase coverage in the communication system. This type of antenna arrangement is
typically defined as space diversity. Figure 7.8 shows a simple antenna diversity
solution for the bracelet. Two more antennas have been added symmetrically at a
distance of 50.3 mm from the antenna in the centre. The idea is that each antenna
may be connected to its own RF circuit and circuit board and is able to send

information such as location about the person with the bracelet.

Antenna 1

AN

PLA substrate

. Antenna 2 Antenna 3\__\*

Zz

L.

(b)
Figure 7.8 Configuration of the diversity wrist worn antenna (a) prospective view (b)
top side.
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Figure 7.9 shows the main S parameters of the three antennas in free space. All

antennas cover 2.4 GHz and 5.5 GHz frequency bands with less than -10 dB in their

reflection coefficients (Sii)). There is also good isolation between the antennas as

indicated by the Sij parameters (Si2, S21, S23, Ss2, Ss1, S13) with a level of less than -10

dB [20]. Figure 7.10 shows the simulated radiation pattern (x-z plane) at 2.4 GHz

and 5.5 GHz in free space. There is a clear increase in coverage as indicated by the
additional power available at 45°, 135°, 225°, and 315°.

S-parameters, dB

Frequency, GHz

Figure 7.9 Simulated S-parameters of the proposed diversity wrist worn antenna.

Figure 7.10 Radiation patterns of the diversity wrist worn antenna at (a) 2.4GHz (b)

5.5GHz.
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7.3.2 Fabrication by painting the silver conductive ink and Electroplating

This section describes a relatively simple fabrication process of the antenna by
combining the silver conductive ink and electroplating process. This is illustrated in
Figure 7.11. First, the bracelet was printed with thin grooves of thickness of 0.2 mm.
This groove facilitated the painting of the antennas. Then silver conductive ink was
applied to the substrate by hand. The specific ink was RS 186-3600 [21]. This ink did
not provide sufficient conductivity for low temperature curing. Therefore, a layer of
copper of about 50 um is deposited by electroplating. Figure 7.12. shows the surface
profile of the printed layers. The surface roughness of the PLA substrate was about

10 pm while the copper layer was about 3 um.

3D PRINTING

SILVER
CONDUCTIVE INK
PAINTING

ELECTROPLATING
PROCESS

Figure 7.11 Illustration of the first fabrication process for the diversity antenna

system.
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(@) (b)
Figure 7.12 Surface profile map for (a) PLA substrate, and (b) Copper layer

Figure 7.13 shows the measured S parameter on the human body. Although the S
parameters differed between ports, the antennas are able to cover the intended
frequency bands. The differences in S parameters for various ports is likely to be due
to the variation in distances between the antennas and the human body. These
variations are likely to occur in real life scenarios. In term of fabrication, imperfect
edges were found due to the process of painting the antennas by hand. Figure 7.14
presents the measurement set up for the far field measurements of the antenna with

the human wrist. Two scenarios of hand up and hand down were tested.

S-parameters, dB
[
on

Frequency, GHz

(@)
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S-parameters, dB

Frequency, GHz

(b)

Figure 7.13 Reflection coefficients (Si1, S22, Ss3) and correlation coefficients (Si2, Szs,

Sa1) of the diversity wrist worn antenna after electroplating process.

-.C()axial cable

Absorber—» k
Rad

Antenna—>»

(b)
Figure 7.14 Measurement setting in anechoic chamber for radiation patterns of the

diversity wrist worn antenna after electroplating process with human wrist (a) Hand

up (b) Hand down.

Figure 7.15 and Figure 7.16 present the measured radiation patterns for the two cases.
The measured gain at 2.4 GHz and 5.5 GHz was 2.0 dB and 1.3 dB respectively. As
seen in the results, both scenarios provided directional radiation pattern on the human

body. As expected, the case of the hand down has slightly more backside radiation
suppression than the one with the hand up.
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Figure 7.15 Radiation patterns of the diversity wrist worn antennas fabricated by
painting the ink layers (Hand up) at (a) 2.4GHz (b) 5.5GHz.

Antenna 1
— — Antenna?2
"""" Antenna 3

Figure 7.16 Radiation patterns of the diversity wrist worn antennas fabricated by
painting the ink layers (Hand Down) at (a) 2.4GHz (b) 5.5GHz.

7.4 Fully 3D Printed Wrist Worn Antenna

The final fabrication technique tested uses a single machine that combines two
technologies: FFF and direct write. In order to realize such process, a machine was
developed in-house using the open-source Mbot Cube [22] machine as a base frame.
A direct drive extruder was used for the FFF fabrication with a pneumatic dispenser

for the direct write technique. The Techcon TS250 pneumatic dispenser [23] with
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output pressure of between 1 - 100 psi was employed. The dispenser was connected
to a syringe with a 250 um nozzle to deposit variable line widths of silver ink.

The machine with the syringe, dispenser, and the plastic extruder are shown in Figure
7.17(a). The dispenser was operated using a serial switch. This connected the printers’
microcontroller board to the input trigger of the dispenser. By using a mixture of
stepper signals from the RAMPS board, an Arduino was used to turn on or off the
dispenser. The dispenser was capable of depositing a layer thickness of less than 200
um of the silver conductive ink onto the printed plastic substrate with precision. The
silver conductive ink used for this work was provided by Voxel8 [23]. The
conductivity as stated by the manufacturer is about less than 5.00 x 107" Q-m which

makes it highly conductive.

Figure 7.17(b) shows the fully fabricated 3D printed diversity wrist worn antenna.
Due to the nature of the bracelets’ curvature and the required antenna on each side,
the bracelet substrate was printed in two parts. One print was used for the frame of
the bracelet substrate and the other to house the antennas. The frame of the bracelet
was printed on a rigid, durable yellow PLA plastic filament from 3D FilaPrint [24],
which had an infill of 100% and a layer resolution of 100 pum. The thickness of this
layer was 2 mm. The top layer of the bracelet was developed using a flexible PLA
plastic filament from NinjaFlex [25]. The thickness of this layer was 1 mm.
Immediately after printing this layer, the pneumatic dispenser printed the metallic
tracks that make the antenna. A single layer of ink was enough to produce a
resistance of less the 0.4 Ohm between the two further ends of the dipole arms.
Figure 7.18 shows the surface profile of the printed layers. The surface roughness for
the flexible PLA was about 11 pm and the metallic ink layer of 2 pm. The flexible
printed part with the antennas was mounted onto the rigid frame of the bracelet
before the silver conductive ink had fully dried and cured. The two sections were

then adhered together using double-sided tape with a thickness of 100 pm.
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: PLA substrate

# Antenna 2 Antenna

Antenna 1

SMA connector

(b)

Figure 7.17 Photograph of (a) used open-source 3D printer with dual extruders (b)
Fabricated fully 3D printed diversity wrist wear antenna.

(a) (b)
Figure 7.18 Surface profile map for (a) flexible PLA substrate, and (b) conductive

layer.

The measured reflection S parameters of fully 3D printed diversity wrist worn
antenna are shown in Figure 7.19. In all tests, the 2.4 GHz and 5.5 GHz WLAN band
were covered. The -10 dB bandwidth ranges from 2.24 GHz to 3.14 GHz at the lower
band and from 4.6 GHz to 7 GHz at the higher land.

Dipole antennas are well known for having balance ports. To suppress unbalanced
surface current from the coaxial cable for the radiation measurement purpose, the

probe-fed solution of the bazooka balun was applied to the antenna [26]. This was
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designed for the 2.4 GHz band. Figure 2.20 shows the antenna system on the human
wrist with the baluns.

Figure 7.21 and Figure 7.22 present the radiation patterns. It is evident that the
human wrist provides backward signal attenuation. The radiation patterns are not
significantly different for two locations of human wrist such as hand up and hand
down. The patterns were more directional on the human wrist than in free space. The
use of baluns did not show a significant change in the patterns in the x-z plane
compared to the straight measurements using coaxial feed.
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Figure 7.19 Reflection coefficients (S11, S22, S33) and correlation coefficients (Siz, Szs,

S31) of the fully 3D printed diversity wrist wear antenna.
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Figure 7.20 Measurement setting in anechoic chamber for fabricated fully 3D printed

diversity wrist wear antenna.

(a) (b)
Figure 7.21 Radiation patterns of the fully 3D printed diversity antenna with the
human wrist (Hand up) at (a) 2.4GHz (b) 5.5GHz.

(@) (b)

Figure 7.22 Radiation patterns of the fully 3D printed diversity antenna with the
human wrist and human body (Hand Down) at (a) 2.4GHz (b) 5.5GHz.
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7.5 Conclusion

The additive manufacturing of conformal antennas onto a 3D printed wearable
bracelet has been demonstrated. An antenna design suitable for the 2.4 GHz and 5.5
GHz WLAN bands has been used for this demonstration. Three different AM
procedures have been investigated. The first technique is a multistep process
consisting: 3D printing of the bracelet, deposition of a smoothing layer, aerosol jet
printing of silver inks, flash curing, and electroplating with copper. The main
advantages of this process are the high resolution of the printed antennas and the
very smooth and thin metallic layer. The fact that it uses a range of machines means
that it could become a chain process and therefore could be scaled up to a medium or
even large industrial process. The main disadvantages are the many tasks involved in
the fabrication. Only one antenna can be printed in the bracelet fabricated unless a 3-
axis deposition process is employed [17].

The second technique involves printing the bracelet with grooves and then painting
the metallic layers of the antennas by hand. This process was able to produce three
antennas on the same bracelet with various conformal shapes. The main disadvantage
is the errors related to the painting of the antennas by hand. This process is more
suitable for small scale production and prototyping unless the painting of the metallic

tracks is carried out using an automatic procedure.

The final process employs a single machine combining FFF for the fabrication of the
bracelet and a pneumatic dispenser for the addition of the metallic layer using silver
ink. A flexible PLA substrate has been used so that the antennas are printed in a
planar form and then folded to create the bracelet. This has been proven to be the
best manufacturing solution in terms of the number of tasks involved, the relative
resolution of the printed tracks and the fact that is an automatic procedure. This could
be scaled up to a medium industrial process. All techniques described produced good
results in terms of Si1 and radiation pattern. The use of three antennas on a bracelet
has been demonstrated to be a good antenna diversity solution capable increasing

coverage in wireless body area networks, particularly for off-body applications.
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CHAPTER 8.

CONCLUSION AND FUTURE WORK

8.1 Summary and Conclusion

Additive manufacturing (AM) or 3D printing (3DP) technology is a popular
manufacturing process that is currently used for prototyping and fabrication of
customized and complex objects. They can improve and add functionality to 3D
structures through design flexibility and rapid manufacturing and testing. They also
allow for fabrication using different types of materials. The materials typically used
for the fabrication are plastics, resins, metals, and composites. The use of AM and
3DP technology can lead to advances in RF/microwave antenna designs in the field
of electronics and communication engineering. In these applications, it can be time-
efficient, low cost, stable, and lightweight compared to traditional subtractive

manufacturing methods.

Many different types of antennas fabricated via AM are reported in this thesis.
Various substrates have been used and many applications have been found. This
technique has been proven to be suitable for the development and fabrication of
antennas using filaments, resins, and powder-based 3DP, as well as inkjet printing.
Moreover, silver-loaded conducting inks can be combined with dielectric materials
for the development of electromagnetic structures. The surface roughness and surface
profile of the printed substrate and the printed metallic layers have also been
investigated. This chapter provides a summary of the outcomes arising from the work

and some suggestions for future work.

The work began with a review of the most common AM processes and gave an
overview of AM applications for antenna and microwave components. AM has been

shown to be an alternative fabrication solution to traditional methods and in some
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cases can be faster, more accurate, and more reliable, as well as being relatively low

cost from the antenna and microwave engineering perspective.

In chapter 3, the use of AM techniques in the fabrication of three-dimensional fractal
antennas with complicated geometries has been demonstrated with a relatively
simple structure: the Sierpinski Gasket. 3DP enabled the manufacturing in very few
separate stages. Such structures can have shapes and internal features that are
practically impossible to achieve with standard fabrication techniques. Currently,
3DP with metals is relatively expensive when compared with traditional fabrication
methods, which can limit its use to the development of antennas for high-end
products. In addition to their intrinsic characteristics, the fractals in AM have the
further advantage of reducing the amount of metal employed, and thereby reducing

costs compared with the AM of the equivalent non-fractal designs.

In chapter 4, a novel reconfigurable electromagnetic band gap (EBG) technique
suitable for sensing applications has been developed. The reconfigurable behavior of
the EBG is obtained by creating trenches between the unit cells and filling them with
liquids of different permittivities. The sensor/detector technique can be integrated as
part of a wireless sensor network. The applicability of inexpensive additive
manufacturing technologies to the development of such non-planar EBG substrates
for antenna applications has also been demonstrated. Low-cost materials such as
polylactic acid plastic filaments are suitable for this purpose. Silver-loaded
conducting ink was painted on the 3D printed non-planar EBG structure using an
EBG mask that had also been printed. This technique could be used for antennas and

complex 3D EBG structures.

Chapter 5 presented an investigation of inkjet printed antennas for disposable paper
drones. A commercially available, low-cost, inkjet printer with cartridges filled with
nanoparticle silver conductive ink can produce functional antennas for this
application. The feasibility of producing paper based antennas for disposable drones
using low-cost inkjet printing techniques has been demonstrated. The antenna
operates at the existing 2.4 GHz and 5 GHz bands. Inexpensive inkjet printing

technology may prove to be a useful fabrication method to meet the requirements for
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disposable drone applications. In the future, disposable origami drones may include
other electronic components that are also inkjet printed along the antenna. This will

create a fully integrated disposable drone solution.

In chapter 6, the fabrication of a circularly polarized (CP) patch antenna with
inexpensive 3D printed equipment was explored. Stereolithography (SLA)
techniques can produce substrates with surfaces smooth enough to be suitable for
printing conductive layers with inkjet printing processes. Inkjet printing of metallic
layers can be achieved using low-cost inkjet printer, which uses a combination of
ascorbic acid and silver nitrate. Good performance has been achieved in terms of
impedance matching, axial ratio, and radiation patterns. The CP antenna resonates at
the 1575 MHz band used for GPS systems. The advantage of the proposed
fabrication method over previously reported work is the use of low-cost machines
that are suitable for both home and office use.

Chapter 7 discussed the application of 3DP printing techniques to the development of
conformal antennas for diversity wrist worn wireless communications. Three
additive manufacturing procedures are investigated. First, a multi-step process is
done to combine the addition of a layer to smooth the surface of the band, a jetting
process that deposits the metallic tracks, a flash-curing system, and an electroplating
process. Next, the process combines the act of painting of the metallic layers by hand
and electroplating. The final process employs a single machine that combines fuse
filament fabrication for the fabrication of the bracelet and a pneumatic dispenser for
the addition of the metallic layer using silver ink. All methods produced reasonably
good results, with the last method being the preferred choice for the authors due to
the all-in one machine process employed. These antennas could be used in wireless
location systems where each antenna is connected to a radio frequency (RF) circuit

board and processor.

8.2 Future work

The work reported in this thesis has demonstrated the capability of 3DP for the

fabrication of complex antenna structures. As an alternative method, inkjet-printing
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technology was also presented for antenna application on a planar paper substrate.
Furthermore, both technologies allowed the deposition of conductive inks on
dielectric materials, enabling the fabrication of planar and non-planar antennas.
Further research will be done to fabricate inkjet-printed antennas for application in

an origami-style jumping robot.

3D origami antennas have been proposed in recent years. They offer frequency and
radiation reconfigurability for satellite and wireless communications systems [1]-[3].
A deployable quadrifilar helix antenna (QHA) and a conical log spiral antenna
(CLSA) were developed for the UHF band in [1]. In [2], a foldable frequency-
selective surface (FSS) was able to tune the frequency of operation. A 3D origami
antenna based on an accordion structure was designed and studied in folded or

unfolded conditions in [3].

The main disadvantage of 3D origami antennas is their complexity and the need for
flexible materials to realize the various folds necessary to produce the final model.
This means that more sophisticated fabrication methods are necessary than those
required for 2D structures, making them more time consuming and expensive. The
use of paper substrates is a very attractive solution for origami applications,
particularly if combined with inkjet printing technology. One of the problems with
inkjet printing is that the deposited layers of nanoparticle silver inks cannot be folded

easily without producing cracks and discontinuities [4].

An inkjet-printed dual band antenna for low-cost origami jumping robots [5]-[7] will
be presented in future work. The antenna is designed to follow the geometry of the
top surface of the origami frog, achieving the optimal dimensions for both the
antenna and the origami sheet. The model is fabricated directly onto photo paper
using inexpensive inkjet-printing technology and then folded to form an origami frog.
As a result of the design features of the antenna, the printed metallic layers are not
folded, avoiding potential cracks during the movement of the robot. The fabricated
antenna is tested and investigated in uncompressed and compressed states. The effect

of the proximity of the antenna to the concrete in a realistic environment was also
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studied. The antenna design will be optimized and simulation performance studies
carried out using CST Microwave Studio™.
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